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ABSTRACT OF THE DISSERTATION

Development of a Thermally Stable Magnesium-Based

Bulk Nanocomposite

by

Jacob William Stremfel
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2018

Professor Jenn-Ming Yang, Chair

Magnesium has the potential to become an indispensable structural material alongside
aluminum due to its low density. However, magnesium is currently held back in its use as a result of
its low strength and poor ductility with relatively limited structural applications. This dissertation
presents the results for a processing route that was used to achieve a high-strength and thermally
stable magnesium-based bulk nanocomposite in order to increase the applicability of magnesium-
based alloys. This processing route included the gas atomization of Mg-4Y-3RE (WE43) powders
which were treated by cryomilling (mechanical ball milling in liquid nitrogen) followed by
consolidation by spark plasma sintering (SPS) in order to obtain a bulk material. The resulting bulk
nanocomposite consisted of approximately 15-20% by volume fraction of extremely fine MgO

nanoparticles/grains (< 10 nm) with a bimodally distributed Mg matrix consisting of nanocrystalline



(~10 nm) and coarse grains (~1 um). Besides Mg and MgO, no other phases were detected suggesting
that the rare earth elements were elementally segregated to the grain boundaries. The
microstructure contained a quasi-duplex structure consisting of two distinct regions with one of
these regions containing only the coarse Mg grains with the other region containing all of the
nanocrystalline Mg grains, MgO nanoparticles, and rare earth elements. Focused ion beam (FIB) was
used to prepare 4 um micropillars in order to determine the bulk compressive yield strength along
with nanoindentation to evaluate the elastic modulus and hardness. Micropillar compression
revealed a compressive yield strength of 325 MPa (compared to 190 MPa for traditional processing
consisting of casting and a T6 heat-treatment) with nanoindentation demonstrating an elastic
modulus of about 60 GPa and a hardness of 1.25 GPa. The nanocomposite also showed remarkable
thermal stability with no observable differences in both its microstructure as well as in its mechanical
properties even up to an extremely severe heat-treatment at 450 °C (0.9Ty) for 100 hours. The
thermal stability was attributed to a combination of the MgO nanoparticles as well as the rare earth
elements segregated to the grain boundaries acting as grain boundary pinning sites with the thermal
stability of the nanocrystalline regions confining the growth of the discontinuous coarse-grained Mg

regions.



This dissertation of Jacob William Stremfel is approved.

Xiaochun Li

Jaime Marian

Jiann-Wen Ju

Jenn-Ming Yang, Committee Chair

University of California, Los Angeles

2018



For Meme



TABLE OF CONTENTS

LIST OF FIGURES .....ciiiiititisimimssissssissssssss s sssss st sasss st s st s e e e X
LIST OF TABLES ...ttt sssss s s s s s s R Xvi
ACKNOWLEDGEMENTS ..ottt sss s ssssssssasssssssssssssssss s sssasssssss sanassasssssans xix
CURRICULUDM VITAE ..ot sssssssssssssssssssssssssssssssssssss st sssassssssssmsassssssssassssssn sanas XX
CHAPTER 1: INTRODUCTION ...ociisiimisimsmsmsssssssmssisssssssissssssssssisssssssssssssssssssssssssssssssssssssssssssssssssasassssssssasssssns 1
1.1 Magnesium: A Brief OVEIVIEW ... ceeersesssessssesssssssssssesssssssssssssssssssssssssssssssessssssssssesssssesessssssssanes 1

1.1.1 GlODAl AVAIIADIIIEY ..ruureeereeesreceneeesereseerssee s sesessessssesesses s sssessssesssses s sssassssessasens 1

1.1.2 GlODAl PrOAUCION cuureerceecrnscssssesssessssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 2

1.1.3 Past and PreSent USE ... messsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssas 3

1.2 Motivations and CONSIIAINES ...reerississsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssens 4

1.3 Research ODjJectiVes and SCOPE ... rereerseeisessssessssessssessssss st sssassssessssesssses s s sasassssassssassssess 5
CHAPTER 2: LITERATURE REVIEW ..o sssassssssssasssssss 7
2.1 Magnesium and its CryStal STIUCTUTE ... ereereerseeerseeessssseesssesessssssssssssssssssssssssessssssssssessssssssssssssssasenes 7

2.2 Grain Boundary Strengthening ... ceeeesseeesssessesssesssssssssssssssssssssssssssssssssssssesssssssssessssssess 9

2.3 Severe PlastiCc DefOrmation. .. sssssssssssssssssssssssssssssssssssssssssssassssssssssssanes 10

2.4 CTYOIMIIINE covereteeieneceneceseesasecs et seessesssseessse s s bbb s R R RS R R R R 11

2.5 SPArk Plasma SINTETINE ...coeeeeersresseesseessesssesssssesssssssssssessssssssssssssessssessssessssesssssssssessssassssessssessasessasas 13
CHAPTER 3: MATERIALS AND PROCESSING .....oocvusmsmimsmsmsmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssnes 16
3.1 Gas Atomization and AllOY COMPOSILION c....eueeereeeeereeeseeissessssessseesssesesesssss s sssessssessssasssssssasas 16

Vi



3.2 Cryomilling of the AS-Received POWAET ......eereereeseeerseeessseesssssesssssessssssssssssssssessssssssesesass 20

3.3 Spark Plasma Sintering of the Cryomilled POWdET .......ooerreenreeneresereseeiseeeseeesseeessesesseseseesnnas 22
3.4 Materials and Processing OVEIVIEW .......oocererresmeesssmessssssessssesssssesssssssssssssssssssssssssssssssssssesesans 26
3.5 Heat Treatment of the AS-SPS’€d SAMPIE ......eeeeerreerreerneiseeesssessesessesessesesses s sssessssesesssssssss s 27
CHAPTER 4: CHARACTERIZATION TECHNIQUES .......occinnicrmninmsssssssssssssssssmssssssssssssssssssssssssssssssssssssss 28
4.1 PATTICLE SIZE covvurreeeemerermseeesseeesssesesseeesssesssssessssseesssssesssssesssass e s sas s e s AR R RS seRRneERE 28
4.2 Phase Identification and Crystallite SIZe ......ceereerseeessessessssesssesssesssessssesssssssssssanas 28
4.2.1 Conventional X-Ray DiffraCtion....ceeemeermeeesmeessssessssssesssessssssssssssssssssssssesesans 28

4.2.2 Synchrotron X-Ray DiffraCtion .....ccccececeeesmeesneesseesssssssesssssssssssssessssesssssssssssanas 31

4.3 IMICTOSEIUCEUL ...cvuverusersseerseeesseeessessssessssesssses s sssesssses s s s s E R R 33
4.3.1 Scanning EIectron MICTOSCOPY ..uceeeeeeereeesmeessssssssessssessssessssssssssssssassssassssessssassssessassssanes 33

4.3.2 Transmission EleCtron MiCTOSCOPY ...eeerressmsessmsesssssssssssssssssssssssssssssssssssssssesesans 34

4.3.3 Electron Backscattered Diffraction ........ssssssssessssssssssesans 34

4.4 MeChaniCal PrOPerties. .. ereeeseessmseessseessssesssssssessssssssssesssssesessssssssssesesssesesssessssssesssssessssssasssssasssasans 35
4.4.1 Elastic Modulus and Hardness........msssmsssssssssssssssssssssssssssssssans 35

4.4.2 Compressive Yield STrENGth ... ceeeeseeessesesssssesssssssssssesssssssssssssssessssssssssesesans 39

4.5 Pillar FADIICAtION veeuceeesecesreeersreeessesesssesesssseessssesssssessssssesssesssssesssssssessssesssssesssssesessssesssssesssssessssssasssssasssasens 42
CHAPTER 5: CHARACTERIZATION OF AS-RECEIVED AND CRYOMILLED POWDERS.........cccouuu. 46
5.1 Particle Size and COMPOSITION ... ssssssssssssssssssanes 46
5.2 Phase Identification and CryStallite SIZe ......renneeseesnessseessssssesesssssssssssssssssessssessssssssssssanas 50
5.2.1 Conventional X-Ray Diffraction ... 50

5.2.2 Synchrotron X-Ray Diffraction ... esseessesssssssssssssssssssssssssssssssseens 53

5.3 MICTOSTTUCEUTE .covvesrcssssssessssssssssssssssssssssssssssssssssssssssss s sss s s 55

vii



CHAPTER 6: CHARACTERIZATION OF MAGNESIUM-BASED BULK NANOCOMPOSITE................ 66

6.1 Phase Identification and CryStallite SIZe ... sssessssessssesssssssanas 66
6.1.1 Conventional X-Ray Diffraction..... s 66

6.1.2 Synchrotron X-Ray DiffraCtion ......eeeeemeesssessesssssessssssssessssssssssessssesees 70

6.2 MICTOSITUCLUT c.ovvuscvusitcsssssssssssssssssss bbb bbb bbb bR RS 72
6.2.1 Scanning Electron MiCTOSCOPY .wcecerrermeessmeessesssmssssssssssssssssmsssssssssssssessssssssssssssssssesees 72

6.2.2 Transmission EleCtron MiCTOSCOPY ...uereeesmessmessseessssssesssssssssssssssssssessssessssessssessanes 77

6.2.3 Electron Backscattered Diffraction ... 83

LRSI LY C=Tol o VoD Cor= I o (10 1<) ot =TSSP 86
6.3.1 Elastic Modulus and Hardness.....ermeesseessmsessssesssesessssssssssssssesssssssessssesssssesees 86

6.3.2 Compressive Yield Strength.... e sssesesssssssessssss s 88
CHAPTER 7: THERMAL STABILITY OF MAGNESIUM-BASED BULK NANOCOMPOSITE .............. 91
7.1 Phase Identification and CryStallite SiZe......eeeeseessssessesssssssssssssssesssssssssesessss 91
7.1.1 Conventional X-Ray Diffraction......eccenersesssesseessesssseesssesssessssssssssssesssssesns 91

7.1.2 Synchrotron X-Ray Diffraction ......eeeeesesssessssesssssssesssmsssssssssssssssssssssssssees 97

7.2 MICTOSITUCLUTE c.ovusrruscrsssssssssssssssss st s s b s bbb bbb bbb R RS 0s 101
7.2.1 Scanning Electron MiCIOSCOPY .eeereeesmeessmsessssssssesessssessssssssssesessssesssssssssssessssssssses 101

7.2.2 Electron Backscattered Diffraction ... 102

7.3 MeChaniCal PrOPerties. . ssssssssssssssssssssss s ssssssssssssssssssssssssssssssssssssesssssssssssses 106
7.3.1 Elastic Modulus and Hardness......emeessesmsesmsesssesssssessssesssssssssssessssssssss 106

7.3.2 Compressive Yield STrength.... e seessesssecesseessssessssssssssssssessnees 109
CHAPTER 8: CONCLUSIONS ....couiimstsmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssasssssssnssas 111
8.1 SUMMATY Of CUITENE WOTK...ioeieereeerceseiuseesseessessseesssssesssessssssssss s s sessssessssssssses s s sssessssessssessssasens 111

viii



8.2 Recommendations fOr FULUIE WOTK .. cesssessesssessesssssssssesssssssssssssssssssssssssssssssssssssssassees 114

8.2.1 Longer Cryomilling TIMES ...ccoueeieeermeeerresseesssesssessssesssseessesssessssssssssssssssssssssssessssessssesess 114
8.2.2  Further Investigation of the Thermal Stability Mechanisms .........cccoeeeeeennne. 115
8.2.3 Deformation Mechanisms Under Different Loading Conditions........ccccceneeen. 116
REFERENCES ...ttt sssssss st sssss st s s s s e e p R e e 117



LIST OF FIGURES

Figure 2.1: Hexagonal close-packed (HCP) crystal structure of magnesium with the basal plane

INAICALEA TN AATK BIOY .urrevurereeeeesereeseessesesse s sess e sesssesess s ses s bR bR R R RS R R R 8

Figure 2.2: Attrition ball mill involved in the cryomilling process showing the milling media and

JIQUIA NI O@ETL cvuveeeeeeeeeesseeesseeessectseessseesssessssessssesesses s bbb S RS EEEEReEEReEEReEReE e 13

Figure 2.3: Schematic of the spark plasma sintering (SPS) set-up showing the metallic powders

inside of the graphite die with applied pressure and applied CUITENt......occrrenrerrrreernreeeneeeeseseesssesesesees 15

Figure 3.1: Overview of the gas atomization process in which the molten metal alloy is transformed

INTO METAILIC POWAET'S vt s s sEsEseeenE EEaRnRnRen 17

Figure 3.2: Scanning electron microscopy (SEM) image the as-received powder as processed by gas

PR 00 /210 (0 ) o N 19

Figure 3.3: Modified attrition mill to accommodate the use of liquid nitrogen with the milling of

INETALIIC POWA TS cuureeereerernesssetssssse e sssssse s s st s s s SRS RS 21

Figure 3.4: Modified attrition mill to accommodate the use of liquid nitrogen with the milling of

INLETAITIC POWAETS c..eeeeeeceeecte ettt es et et bbb bbb R 23

Figure 3.5: Materials and processing overview for the as-SPS’ed sample.......cocooenneeennecennecesnecessecen. 26

Figure 4.1: Set-up for the synchrotron XRD data collected at the SAGA Light Source (SAGA-LS) in

Q0 ) o LT = o T- o TP 32

Figure 4.2: MTS Nano Indenter XP from MTS Nano Instruments (Oak Ridge, Tennessee) equipped
with the standard XP head and a Berkovich diamond indenter for the measurement of elastic

F0 006 R0YRUTIR=N o Lo B o = D e s U= 1S 36



Figure 4.3: Hysitron PI 85 in situ SEM Picolndenter for use in microcompression of the micropillars

PrePArEd VIA FIB ... ssssssssss s sssssssssssssssesssss s s s s s s ssssss s s s ssss s sssnsssssssnns 40

Figure 4.4: SEM images of the micropillar compression testing via the Hysitron PI 85 in situ SEM
Picolndenter with (a) the diamond indenter tip in contact with the top of the micropillar prior to
compression and (b) the diamond indenter tip withdrawn after compression the micropillar to

U1 L0 0 < 41

Figure 4.5: SEM overview of the annular FIB sequence used for the fabrication of 4 um micropillars

as outlined in Table 4.1. Stage is tilted 52° degrees relative to the electron beam........ccconmecnneeenrecnnne. 44

Figure 4.6: SEM image of a single micropillar as fabricated by FIB with the stage tilted 52° degrees

RS X ATL R W0 R o o LJ=) (=010 0(0) 0 0 1<T=1 o o AU 45

Figure 5.1: Scanning electron microscopy (SEM) images of (a) the as-received powder and (b) the

CTYOTNILLEA POWAET .ceeereeeeeeeraecessseeesssseessesesssesesssssesssse s ess s ses s s 8RR R SRR R R R R ES 47

Figure 5.2: Conventional X-ray diffraction (XRD) spectra for both the as-received and cryomilled

POWAELT'S w.eureeuseeuseeuseessseeessessssesessesessesssses s s E s e x££ RS AR+ SA LRSS EA LRSS EE SRR xR E b 52

Figure 5.3: Synchrotron XRD spectra for both the as-received and cryomilled powders......ccccoeuueunne. 54

Figure 5.4: Scanning transmission electron microscopy (STEM) high-angle annular dark-field
(HAADF) images showing (a) an entire as-received powder particle prepared by focused ion beam
(FIB), (b) a magnified portion showing the segregation of RE elements to the cell boundaries, (c) a
magnified section showing intermetallic sub grains, and (d) a magnified section showing the

passivation layers between two adjoining powder Particles ... eensensesesseesseesseseseesssess 56

Figure 5.5: Transmission electron microscopy (TEM) analysis of a single cryomilled powder. (a)
Bright-field image with (b) the resulting selected area diffraction (SAED) pattern generated by the
entire powder particle, along with complementary dark-field images taken with the objective

Xi



aperture encompassing the area of the SAED pattern indicated by (c) the black circle showing Mg
grains and (d) the white circle showing mostly MgO grains. Table showing the interplanar spacings

as calculated from each of the SAED rings along with the indexed planes and identified phases..... 58

Figure 5.6: Grain size histograms of the cryomilled powder as measured by TEM for both the (a) Mg

phases and (b) MgO phases in the cryomilled POWAET ... seesseessesesssssssesanas 60

Figure 5.7: S/TEM analysis of a single cryomilled powder prepared by FIB. (a) Low magnification
STEM HAADF image of cryomilled powder with (b) resulting SAED pattern generated from the area
indicated by the white box, along with a complementary (c¢) STEM HAADF and (d) dark-field image
taken of the area enclosed by the white box with the objective aperture encompassing the area of the

SAED pattern indicated by white circle showing both Mg and MgO0 Srains ........ccceeeemeeeseeesseeesseesnae 62

Figure 5.8: S/TEM analysis of a single cryomilled powder prepared by FIB. (a) Low magnification
STEM HAADF image of cryomilled powder with (b) resulting SAED pattern generated from the area
indicated by the white box, along with a complementary (c¢) STEM HAADF and (d) dark-field image
taken of the area enclosed by the white box with the objective aperture encompassing the area of the

SAED pattern indicated by white circle showing both Mg and MgO Srains .......ccceeemeesmeeeseesseesnae 63

Figure 5.9: STEM-EDS elemental mapping of the cryomilled sample showing the STEM HAADF image
of the overall sampling area with the individual mapped elements for Mg, Y, O, Nd, and Zr along with
complementary TEM bright-field and dark-field images (dark-field image taken from Figure 5.8 and
with both images appropriately cropped and scaled) showing the distribution of Mg and MgO grains.

All images are of the same region and set to the SAMe SCAle ... seesseee e 65

Figure 6.1: Conventional XRD spectra for both the cryomilled powder and the as-SPS’ed sample.. 67

Figure 6.2: Conventional XRD spectra for both the SPS control sample and the as-SPS’ed sample.. 69

Figure 6.3: Synchrotron XRD spectra for both the cryomilled powder and the as-SPS’ed sample... 71

xii



Figure 6.4: SEM microstructural images of (a) the SPS control sample and (b) the as-SPS’ed sample

Figure 6.5: SEM-EDS elemental mapping of the SPS control sample showing the SEM image of the
overall sampling area with the individual mapped elements for Mg, Y, O, Nd, and Zr along with EDS
point analysis for point 1 and point 2 as indicated in the SEM image where RE = Nd + Gd + Dy. All
images are of the same region and set to the same scale. Standard deviation values similar to those

PreSENtEd iN TADIE 6.4 ... s s s s see e e a E a aenen 74

Figure 6.6: SEM-EDS elemental mapping of the as-SPS’ed sample showing the SEM image of the
overall sampling area with the individual mapped elements for Mg, Y, O, Nd, and Zr along with EDS
point analysis for point 1 and point 2 as indicated in the SEM image where RE = Nd + Gd + Dy. All
images are of the same region and set to the same scale. Standard deviation values similar to those

PreSeNted iN TADIE 6.5 ... s s s e 75

Figure 6.7: STEM HAADF microstructural image of the as-SPS’ed sample .......ccconrennrcernnecesneeesnnenens 78

Figure 6.8: S/TEM analysis of the as-SPS’ed sample prepared FIB. (a) STEM HAADF image of as-
SPS’ed sample with (b) the resulting SAED pattern generated by the entire area displayed, along with
complementary dark-field images taken with the objective aperture encompassing the area of the
SAED pattern indicated by (c) the black circle showing Mg grains and (d) the white circle showing

MNOSELY MEO BIAINS .ooeeeeeeueceseeeeereesseesssesssseesssesesses s ssse s s s eSS 80

Figure 6.9: Grain size histograms overlays as measured by TEM for both the (a) Mg phases and (b)

MgO phases in both the cryomilled powder and as-SPS’ed Sample .......eenneennernnseenseeseeesesesseseseeee 82

Figure 6.10: STEM-EDS elemental mapping of the as-SPS’ed sample showing the STEM HAADF image
of the overall sampling area with the individual mapped elements for Mg, Y, O, Nd, and Zr along with

complementary TEM dark-field images (taken from Figure 6.8 and appropriately cropped and scaled)

xiii



showing the distribution of Mg and MgO grains. All images are of the same region and set to the same

Figure 6.11: (a) Electron backscattered diffraction (EBSD) grain map of the as-SPS’ed sample with
different colors corresponding to differing grain size ranges along with (b) a similarly scaled SEM
image of the as-SPS’ed sample. Note: these images are not of the same region. The SEM image is
provided to show similarity between the size and distribution of the measurable grains in the EBSD

sample and the dark regions in the SEM IMage.......ccuemeeeeneeseseeseesseesssesssssssssssssssssssssssssssessssessssssssssssanas 84

Figure 6.12: Grain size histogram as measured by EBSD for the Mg phase in the as-SPS’ed sample.
Note: data was acquired with a step size of 100 nm, meaning that grains smaller than 100 nm were

NOL ADIE £0 DE AELECTEM . s bbb bR b bbb bR bt 85

Figure 6.13: Compression results for the as-SPS’ed sample for both bulk compression testing and

micropillar compression testing along with their respective compressive yield strengths ................ 89

Figure 6.14: SEM images of a single micropillar as fabricated by FIB both (a) before and (b) after

COMPTeSSION 0 @ STFAIN OF 10D ccuuureeeurermreesseeesssesesssesessseesssssesesssesessssssssssasssssessssssssssssss s ssssssssssess s ssssssssssesssssesess 90

Figure 7.1: Conventional XRD spectra for both the as-SPS’ed sample and the sample heat-treated at

Y O O o) a0 I 4 Lo 0/ 92

Figure 7.2: Conventional XRD spectra for both the sample heat-treated at 150 °C for 2 hours and the

sample heat-treated at 150 °C fOr 100 NOUT'S cwcorerreemeeeseeesssmeesssmesssssessssssssssssssssssessssssessssssssssesssssesesssssssssssssssesess 94

Figure 7.3: Conventional XRD spectra for both the sample heat-treated at 450 °C for 2 hours and the

sample heat-treated at 450 °C fOr 100 NOULS .. ssssssssses 95

Figure 7.4: Crystallite size as measured by XRD for the as-SPS’ed sample and samples heat-treated

at 150, 250, 350, and 450 °C for 2, 4, 8, 16, 32, 64, and 100 hoUTS ....rssssssssssssssssssssssssens 96

Xiv



Figure 7.5: Synchrotron XRD spectra for both the as-SPS’ed sample and sample heat-treated at 450

R O o) ol 000 0 )01 3T 98

Figure 7.6: Synchrotron XRD spectra for both the sample heat-treated at 150 °C for 2 hours and the

sample heat-treated at 150 °C fOr 100 NOUL'S cvceeeereemmeeereeesssmeesssmeesssssssssseesssssssssssssssssssssssssssssssssssssssssesssssesees 99

Figure 7.7: Synchrotron XRD spectra for both the sample heat-treated at 450 °C for 2 hours and the

sample heat-treated at 450 °C fOr 100 NOUTS ..ocrocrmermeesesess s ssssssssssssssssssssssssssssssses 100

Figure 7.8: SEM microstructural images of (a) the as-SPS’ed sample and (b) the sample heat-treated

P 3 Y I OO (o3l I L0 o XU o= 101

Figure 7.9: EBSD grain size mapping of (a) the as-SPS’ed sample and (b) the sample heat-treated at

450 °C for 100 hours, with different colors corresponding to particular grain size ranges............. 103

Figure 7.10: Grain size histograms overlays as measured by EBSD for both the as-SPS’ed sample and

the sample heat-treated at 450 °C fOr 100 ROUT'S ... sssssssssssssssssssssssssssssses 104

Figure 7.11: Elastic modulus as measured by nanoindentation for the as-SPS’ed sample and samples

heat-treated at 150, 250, 350, and 450 °C for 2,4, 8, 16, 32, 64, and 100 hours ... 107

Figure 7.12: Hardness as measured by nanoindentation for the as-SPS’ed sample and samples heat-

treated at 150, 250, 350, and 450 °C for 2,4, 8, 16, 32, 64, and 100 hoUTS ....cvrrnsenssnenssessssesssninns 108

Figure 7.13: Micropillar compression results for both the as-SPS’ed sample and the sample heat-

treated at 450 °C for 100 hours along with their respective compressive yield strengths ................ 110

XV



LIST OF TABLES

Table 3.1: Chemical analysis of as-received powder (Certificate of Compliance and Analysis)........ 18
Table 3.2: Particle size distributions of the as-received powders as measured via SediGraph........... 18
Table 3.3: Summary of cryomilling PAramEters .......eeeeeeeeeseesseesseesssesssessssssssss s sssessssessssessssessassssanas 21
Table 3.4: SUMMArY Of SPS ParameterS.. . sssssanss 23
Table 3.5: Summary of the SPS temperature and resulting as-SPS’ed density.......eeneeeenneeens 25

Table 3.6: Summary of heat treatments that the as-SPS’ed sample were subjected to along with the

homologous temperature of each teMPerature reGiMe ........coeeneenneesseeseeesssssess s seesssessssssssssssssseees 27
Table 4.1: Annular FIB sequence for the fabrication of 4 pm micropillars .......—————" 43
Table 4.2: Summary of pillar geometrical parameters of all pillars fabricated by FIB.....ccccumeennnnees 43

Table 5.1: Particle size distributions of the as-received and cryomilled powders as measured via

S AT AP Nttt ettt ettt e bbb bbb bR R R SRR RS R R R R R ER SRR R R RS R AR 47

Table 5.2: Chemical analysis of the as-received powder as measured by energy dispersive X-ray

SPECLIOSCOPY (EDS) ciruerurierssersisssssssssssssssssssssssssss s sssssssssssssassssassssessssss s sssss s s s s st sanas 48

Table 5.3: Chemical analysis of the cryomilled powder as measured by EDS.......corenneeennecersnnnens 50

Table 5.4: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the as-received and cryomilled powders given in Figure 5.2.....nennecennecenneeenseene 52

Table 5.5: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

spectra for the as-received and cryomilled powders given in Figure 5.3 neemeeeeeeseeesneeees 54

XVi



Table 6.1: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the cryomilled powder and the as-SPS’ed sample given in Figure 6.1 .....cconecnnecennecnnne. 67

Table 6.2: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the SPS control and the as-SPS’ed samples given in Figure 6.2.......eeeeneeesneeees 69

Table 6.3: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

spectra for the cryomilled powder and the as-SPS’ed sample given in Figure 6.3 ......coooneccnnecennenens 71

Table 6.4: Overall chemical analysis of the SPS control sample as measured by the EDS elemental

MAPPING ZIVEN N FIGUIE 6.5 ..ottt sssessssessssesesse s bbb 74

Table 6.5: Overall chemical analysis of the as-SPS’ed sample as measured by the EDS elemental

MapPIing GIVEN N FIGUIE 6.6 ... sesss s s sssessssss s 75

Table 7.1: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the as-SPS’ed sample and the sample heated at 450 °C for 100 hours given in Figure 7.1

Table 7.2: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the samples heat treated at 150 °C for both 2 and 100 hours given in Figure 7.2.............. 94

Table 7.3: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the samples heat treated at 450 °C for both 2 and 100 hours given in Figure 7.3.............. 95

Table 7.4: Homologous temperature and crystallite size summary as measured by XRD for the as-

SPS’ed sample and samples heat treated at 150, 250, 350, and 450 °C for 100 hours ... 96

Table 7.5: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

SPECLIa GIVEN N FIGUIE 7.5 .o seeeseceseceeetsee e ssse s s s e 98

XVii



Table 7.6: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

SPECITa GIVEN IN FIGUIE 7.6 oo ss s s s s s 99

Table 7.7: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

Spectra SiVen IN FIGUIE 7.7 .t st b s s sans 100

Table 7.8: Grain size values as measured by EBSD for the as-SPS’ed sample and samples heat-treated

at 150, 250, 350, and 450 °C fOr 100 NOUIS ..t sssss s sssssesssssssssssssssssssssssssssssssssssssssassassassases 105

Table 7.9: Homologous temperature and elastic modulus summary as measured by nanoindentation

for the as-SPS’ed sample and samples heat-treated at 150, 250, 350, and 450 °C for 100 hours....107

Table 7.10: Homologous temperature and hardness summary as measured by nanoindentation for

the as-SPS’ed sample and samples heat-treated at 150, 250, 350, and 450 °C for 100 hours............. 108

XViii



ACKNOWLEDGEMENTS

[ would like to take this opportunity to sincerely thank my advisor, Professor Jenn-Ming Yang
for his support and unwavering patience throughout this entire process, without whom, none of this
would have been possible. This was a particularly difficult process with lots of personal challenges,
and [ am extremely grateful for his kindness. I would also like to thank my committee members,
Professor Xiaochun Li, Professor Jaime Marian, and Professor Jiann-Wen Ju for their time as well as
their advice. In addition to my committee members, I would like to thank Dr. Marta Pozuelo for her
encouragement and guidance. I am truly grateful for the countless hours she spent with me,
particularly in preparation for the qualifying exam. I would like to thank Dr. Sergey Prikhodko for all
of his characterization expertise and genuine desire to teach. I would like to thank Dr. William
Hubbard for his extensive help with TEM characterization. His mastery of the Titan is unmatched,
bordering on wizardry. [ would also like to thank Dr. Saeed Khan for all of his help with XRD and for
his generosity in sharing both his time and knowledge. And finally, I would like to thank Dr. Rajiv
Tandon for both his advice and generosity with his time as well as his help in obtaining additional

magnesium powders. His knowledge and encouragement were immensely appreciated.

XiX



CURRICULUM VITAE

University of California, Los Angeles

M.S. in Materials Science and Engineering 2010-2012

B.S. in Materials Engineering 2008-2010

XX



Chapter 1

Introduction

1.1 Magnesium: A Brief Overview

1.1.1 Global Availability

Magnesium is the eight most abundant element and accounts for approximately 2% of the
Earth’s crust [1]. Due to magnesium’s reactivity, native magnesium deposits are not typical. Instead
of existing in pure form, magnesium is found in more than 60 naturally occurring minerals [2] and
must be mined and processed before elemental magnesium is obtained. Despite existing in this
multitude of minerals, magnesium is typically only mined from rock containing dolomite and
magnesite due to the relative abundance of these minerals as well as magnesium content and
processing restrictions, with dolomite accounting for the vast majority of current magnesium
extraction [2]. In addition to being plentiful in the earth, magnesium is the third most abundant
element found in the world’s oceans behind the elements sodium and chlorine (i.e. common table
salt), compromising about 0.13% of seawater by weight [3]. This means that one cubic meter of
seawater contains roughly 130 grams of magnesium, making extraction from salt water a viable
option given certain economic factors. Magnesium also exists naturally in large concentrations in
brines (highly concentrated salt solutions) found in lakes or other large bodies of water in the form
of dissolved magnesium chloride. Dissolved magnesium concentrations in brine vary, with the Great
Salt Lake in Utah containing an average magnesium concentration by weight of 0.5% [4] and the Dead

Sea containing about 3.8% magnesium [5].



1.1.2 Global Production

Up until the 1940s, the only method of commercially producing magnesium was through the
electrolysis of fused magnesium chloride. During World War II, with demands for magnesium quickly
outstripping supply, alternative forms of magnesium production were investigated with the direct
thermal reduction of magnesium oxide being the most feasible. This culminated in what was coined
the Pidgeon process [6] after Lloyd M. Pidgeon with the first pilot plant operating in early 1942 [7].
After the war and subsequent decline in demand for magnesium, electrolysis of magnesium chloride
returned as the main production method due to the lower production cost. However, since China
entered into the market with the first Pidgeon process production plant in 1988 [8], the Pidgeon
process (previously thought to be uneconomic and obsolete) has now dominated world production

with China’s relatively low operating cost and abundance of raw materials [8].

In 2017, world primary production of magnesium was just over 1 million metric tons
(1,100,000 metric tons [9]) with production of aluminum (60 million metric tons [10]) and iron and
steel (3 billion metric tons [11]) far outweighing overall production. (Just for scale: this means that
the world primary production of magnesium for 2017 is the roughly the same amount of magnesium
that is dissolved in one cubic kilometer of seawater). Of this over 1 million metric tons of primary
magnesium, about 85% (930,000 metric tons) was produced by China, extracted almost exclusively
from the mineral dolomite via the Pidgeon process [9]. For the same year, all primary production of
magnesium in the United States was recovered by a single electrolytic processing plant which
extracted brine from the Great Salt Lake in Utah operated by US Magnesium with a last reported
capacity of 63,500 metric tons per year [12]. There is currently no magnesium production through
seawater extraction, with the last seawater-based plant in the United States (Freeport, Texas)
operated by Dow shutting down in 1998 [13] due to severe price pressures imposed by China’s

growing magnesium production.



1.1.3 Pastand Present Use

Historically, magnesium was extensively used in both the aerospace and automotive
industries with large amounts being utilized at the outset of World War II. Magnesium saw its peak
for use in automotive applications with the introduction of the Volkswagen Beetle in 1938 which
used magnesium alloys for the engine block and gearbox which accounted for roughly 20 kg of the
total vehicle weight [14]. The same is true for the use of magnesium in aerospace applications during
World War Il with the United States Air Force’s B-36 long-range bomber reportedly using over 6,500
kg of magnesium in the form of sheets, castings, forgings, and extrusions [15]. Unfortunately,
widespread magnesium use in these industries was largely reduced with several concerns in regards
to safety and performance. Issues related to corrosion reported in the 1950’s and 1960’s and fears
about magnesium posing a fire hazard led to legislation by the International Air Transport
Association, relegating magnesium alloys to only non-structural components in commercial aircraft
[16]. Additionally, increasing performance demand on car components, including increased
operational temperature and load requirements, saw reduction and elimination of many of these

components in automotive production [17].

Use of magnesium and its alloys have since seen a resurgence in applications, with much of
these concerns alleviated with the better understanding of magnesium and the development of
stronger and more corrosion-resistant alloys. Despite this, however, magnesium alloys still
constitute a relatively low proportion of structural components. In the automotive industry,
magnesium alloys constitute a very small fraction of the overall vehicle weight, with magnesium only
being used in a limited number of body and chassis components [18]. In the aerospace industry,
magnesium alloys are not used for structural components by the major aircraft manufactures [19],
mainly limited to non-structural engine housings and casings. In the helicopter industry, where

weight is of more critical importance, larger adoption of higher strength magnesium alloys has been



seen, but still being restricted to non-structural components. In the United States in 2017, the leading
use of primary magnesium by weight was in the production of structural magnesium-based alloys
including casting and wrought products (38%), with its close secondary use being in the production
of aluminum-based alloys including transportation, packaging, and other applications (34%),
followed by desulfurization of iron and steel (22%) and other various uses (8%) [20]. Of the
structural uses magnesium-based alloys, the majority of these uses are in the automotive and

aerospace industries with 98% of the components being produced through casting [21].

1.2 Motivations and Constraints

There has been an ever-increasing interest in magnesium and magnesium-based alloys for
structural applications due to its low density (1.74 g/cm3 for pure magnesium) and relatively high
specific strength. There has been particular interest in regard to the automotive and aerospace
industries where decreased weight can drastically increase fuel efficiency and overall cost during the
lifetime of the vehicle or aircraft. However, despite this increased interest, magnesium has had
relatively low implementation in these industries and has largely been overshadowed and
outcompeted by aluminum-based alloys. As previously mentioned, behind steel and aluminum,
magnesium is the third most commonly utilized metal for use in structural applications. Use of
magnesium alloys in these industries has been steadily increasing, but its use has largely been

relegated to subcritical components such as casings and housings.

The reason for aluminum alloys being favored comes down to the overall crystal structure of
magnesium. Unlike materials with a cubic crystal system, such as aluminum, magnesium has a
hexagonal crystal system, specifically a hexagonal closed-packed (HCP) structure, which has
considerably less symmetry compared to its cubic competitors. This lower symmetry has a cascading

effect on the operating slip systems which has an effect on the ductility, strength, and texture. These



drawbacks of magnesium are one of the main reasons (other than cost) that aluminum alloys have
seen much wider implementation despite the fact that aluminum is 55% heavier than magnesium
with aluminum having a density of 2.70 g/cm3. Another reason why magnesium alloys have been
typically less favored in certain applications is due to low creep resistance at elevated temperature.
Magnesium and aluminum alloys both share this fate due to their relatively low melting temperatures

of 650 and 660 °C, respectively.

1.3 Research Objectives and Scope

The objective of this research will be to take an existing high-strength Mg alloy, Mg-4Y-3RE
(WE43) where Y = yttrium and RE = rare earth elements, and further strengthen this alloy through
grain boundary strengthening via grain refinement. This strengthening will be achieved by first
obtaining powder particles of the WE43 alloy from gas atomization and then processing these
powders via cryomilling (mechanical ball milling at liquid nitrogen temperatures) which will
drastically refine the grain structure, obtaining powders containing nanocrystalline grains. These
cryomilled powders will then be consolidated through a sintering process called spark plasma
sintering (SPS) in order to obtain a bulk sample (as-SPS’ed). The as-SPS’ed sample will then undergo
various heat treatments to study the thermal stability in regards to both the microstructure and
mechanical properties. The processes of gas atomization, cryomilling, and SPS will discussed in detail

in the subsequent chapters.

Several characterization methods will be used to investigate the various aspects of the
powder samples, as-SPS’ed sample, and heat-treated samples. For the powder samples, both the as-
atomized powder (or as-received powder) and cryomilled powder, the powder particle size and
morphology will be studied using a SediGraph particle analyzer along with scanning electron

microscopy (SEM). For all powder and bulk samples, the phase and chemical composition will also



be investigated using X-ray diffraction (XRD), both conventional and synchrotron, as well as energy
dispersive X-ray spectroscopy (EDS). For all powder and bulk samples, the microstructure will be
investigated using SEM, transmission electron microscopy (TEM), as well as scanning transmission
electron microscopy (STEM) with EDS being used for both SEM and STEM. For all bulk samples, the
microstructure will be further examined using electron backscattered diffraction (EBSD). Lastly, the
mechanical properties of all bulk samples will be tested using nanoindentation to obtain both the
hardness and elastic modulus, while also conducting bulk compression tests along with in situ micro-

pillar compression.



Chapter 2

Literature Review

2.1 Magnesium and its Crystal Structure

As briefly mentioned in the previous chapter, magnesium is non-cubic, forming a hexagonal
close-packed (HCP) crystal structure with lattice constants a = 0.3209 and ¢ = 0.5210 nm giving a c/a
ratio of 1.624. For an ideal HCP configuration, the c/a ratio would be equal to \/(8/3) or 1.633 with
the most densely packed planes being the {0001} planes (i.e. the basal planes). Since magnesium'’s
c/a ratio is close to ideal, this results in a low critical resolved shear stress (CRSS) with basal slip
being the dominate operating slip system at room temperature [22]. This is in contrast to titanium
which also has an HCP structure but has a c/a ratio of 1.588 which deviates from the ideal c/a ratio.
This relatively small deviation in the c/a ratio of titanium resulting in the most densely packed planes
being the prismatic planes with slip being more favorable on prismatic planes than basal planes. It
should be stated that while the c/a ratio is important in explaining some of magnesium’s fundamental
deformation characteristics, it does not lead to a fundamental understanding of the deformation
mechanisms. It is purely a configurational consideration with other factors, such as electronic

configuration, needing to be taken into account.

Another important aspect of magnesium’s crystal structure that needs to be considered when
trying to understand the deformation mechanisms is the underlying symmetry. Hexagonal lattices
are intrinsically less symmetric than cubic lattices, with HCP losing even more symmetry with its 2-

point basis compared to its 1-point basis counterpart. Compared to face-centered cubic (FCC) and
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body-centered cubic (BCC) which both have three 4-fold symmetry axes and four 3-fold axes, HCP
only has one 3-fold axis (<c>) and three 2-fold axes (<al>, <a2>, and <a3>) as seen in Figure 2.1 with
<a3> = -(<al> + <a2>) and the basal plane shown in black. This lower symmetry leads to non-
equivalent slip systems which is the source of magnesium’s lack of ductility and lack of formability at
room temperature. First demonstrated 1928, von Mises [23] showed that in order to perform an
arbitrary plastic deformation on a polycrystalline material by slip, the material needs to have a
minimum of five independent slip systems (i.e. a slip direction and slip plane). If five independent
slip systems are not present, lack of volume conversation can lead to the formation non-volumetric
changes such as of pores and cracks which are detrimental to the material properties eventually

causing the material to fracture.

— O
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Figure 2.1: Hexagonal close-packed (HCP) crystal structure of magnesium with the basal plane

indicated in dark grey.



2.2 Grain Boundary Strengthening

Ever since the early 1950s with the published works of both Hall [24] and Petch [25] on the
yield strength of polycrystalline a-Fe, it was known that the grain size of a material could influence
its yield strength with a decreasing grain size leading to an increase in the yield strength. This
empirical relationship between grain size and yield strength is known as the Hall-Petch relationship

and is given below in Equation 2.1:

oy =09 +— Equation 2.1

where oy is the yield strength of the material, d is the grain diameter or grain size, and gy and k are
material-dependent constants. This empirical relationship, while largely not understood when it was
first observed, has been explained on the basis of dislocation pile-up within a grain [26] with the
stress needed to induce a dislocation in an adjacent grain increasing with a smaller grain and less
ability of the grains to sustain pile-up. This effect can also be understood intuitively by imagining
grain boundaries as obstacles for the movement of dislocation with a decreasing grain size

constricting the movement of dislocations.

It should be noted that the relationship given by the Hall-Petch is somewhat limited in its
application, with applicability failing at the extremes (i.e. amorphous materials). That is to say, there
is a limit to how much you can strengthen a material by decreasing its grain size due to the practical
limitations on how small a grain can be. Also, it would be inconceivable for a material to increase its
yield strength beyond its theoretical strength. Nieh [27] theorized that the Hall-Petch relationship
would ultimately break down when the grain size decreased below a critical value such that the
grains could no longer support more than one dislocation. The equation governing this critical grain

size is given in Equation 2.2:



L __ 36
¢ m(l-v)-H

Equation 2.2
where L. is the critical equilibrium distance between two dislocations, G is the shear modulus, b is
the Burgers vector, v is Poisson’s ratio, and H is the hardness. Nieh postulated that if the grain size of
a material decreases below this critical equilibrium distance between two dislocations, the Hall-Petch
relationship would break down as no dislocation pile-up could take place and the yield strength of
the material would decrease. Nieh also reasoned that if the grain size approached zero, the material
would essentially be amorphous and any effects of grain boundary strengthening via Hall-Petch

would be lost.

2.3 Severe Plastic Deformation

In order to obtain the increased strength associated with grain boundary strengthening,
nanocrystalline grains, that is grains less than 100 nm, must first be achieved. In this effort to produce
nanocrystalline or nanostructured materials (materials containing at least some dimensionality in
the nanocrystalline range), several techniques have been developed. Most of the techniques fall
under the top-down approach in which small grains are achieved through the decomposition of
larger grains. This is in contrast to a bottom-up approach in which small grains are built from non-
existing structures. For the top-down approaches, almost all of these techniques use the principle of
severe plastic deformation (SPD) [28,29] which imposes extremely high strains on a material
through mechanical deformation. Popular techniques that use SPD to achieve bulk nanocrystalline
or nanostructured materials include equal-channel angular pressing (ECAP) [30,31] and high-
pressure torsion (HPT) [32-34]. The process of ECAP involves taking a rod-shaped billet and making
repeated passes through a die which is constrained with a sharp bend, with HPT involving a thin disk

being subjected to high hydrostatic pressure while rotating [35].
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There also exists another SPD technique in which the levels of strain are imparted to metallic
powders in order to obtain nanocrystalline powders. This process is extremely popular with several
variations and with several different names including mechanical alloying, mechanical milling, or
more generally mechanical attrition. All of these names describe basically the same process in which
metallic powders (either elemental, mixed, multiphase, or composite) are placed inside a ball mill in
order to homogenize and/or reduce the grain size of the resulting powder. Strictly speaking,
mechanical alloying refers to the process of taking different powders (i.e. not an elemental or single
phase) and milling these powders together to produce a homogenous final powder which requires
mass transfer between particles, and mechanical milling refers to a process in which no
homogenization is required in the case of pure metals, and only grain refinement is needed [36,37].
However, these terms are used somewhat interchangeably in the literature. While this technique is
powerful in its ability to reliably produce nanocrystalline powders, there are some disadvantages to
this technique, mainly the introduction of impurities during the ball milling process and the
additional processing that is required to produce a bulk sample which has its own set of

disadvantages including grain growth and residual porosity.

2.4 Cryomilling

A more advanced version of mechanical ball milling was developed and patented by the
Exxon Research and Engineering Company in 1986 for the purpose of mechanically alloying
composite powders to produce an iron alloy [38]. This patent showed that compared to conventional
ball milling in either air or argon gas, milling in liquid nitrogen could achieve a finer particle size with
much shorter milling times and smaller overall grain structures. Soon after patenting this process,
the first described use of this process, coined cryomilling, occurred in 1988 with a dispersion-
strengthened aluminum composite [39] with the main advantage of this technique being that at

cryogenic temperature, the recovery and recrystallization process is suppressed allowing smaller

11



grain sizes to be achieved [36]. This is also one of the slight disadvantages of this technique, making
mass transfer more difficult to attain since cold welding is also suppressed at lower temperature.
Another disadvantage with this technique being that with the intimate contact with the liquid
nitrogen, contamination with nitrogen (as well as oxygen) is also introduced into the powders which

may or may not be advantageous.

Cryomilling typically occurs in an attrition mill as seen in Figure 2.2. In this process, prior to
milling, the powders and milling media are cooled to cryogenic temperature. This reduces powder
agglomeration and well as ensures consistent results across different milling runs. In an effort to
reduce powder agglomeration of the powders, a process control agent (PCA) is sometimes used
which adsorbs onto the surface of the powder particles, inhibiting cold welding between the particles.
Another benefit of using a PCA is an increase in powder yield as cold welding between powder
particles and the milling media and chamber is reduced, making more of the powder recoverable.
The PCA is typically an organic compound, with stearic acid being the most common. During the
milling operation, liquid nitrogen is circulated into the milling chamber and is continuously
monitored and replenished to maintain a constant cryogenic temperature. Evaporated nitrogen gas
is expelled through a special valve fitted with a particle filter so that no powder particles escape with
the exhausted nitrogen gas. The liquid nitrogen makes direct contact with the milling media and
powders, creating a liquid slurry with complete immersion of the powders. This is in contrast with
the “dry” variation of this technique where the powder and milling media are externally cooled to

cryogenic temperatures, with the powders never coming into direct contact with the liquid nitrogen.

Once the milling is complete, this powder and liquid nitrogen slurry is collected and
transferred to a glovebox where the nitrogen is allowed to evaporate. The final processing step prior
to compaction of the powders typically is a degassing step in which any residual contaminates such
as nitrogen or water vapor are removed. The degassing step is particularly important if a PCA is used

in the milling process.
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Figure 2.2: Attrition ball mill involved in the cryomilling process showing the milling media and

liquid nitrogen.

2.5 SparkPlasma Sintering

Once the powders have been processed either by conventional ball milling or by cryomilling
to achieve a nanocrystalline grain structure, the powders will need to be consolidated into a bulk
material while maintaining the nanocrystalline nature of the powders. Traditionally, the sintering of
the powders has been achieved with standard consolidation methods such as hot isostatic pression
(HIP) [40,41] which applies isostatic pressure and external heat to consolidate the powders.
However, due to the external heating by the HIP process, also commonly referred to as “HIPing,” long
dwell times, sometimes as long as several hours, and high temperatures are required to achieve

optimal densification of the powders. These long dwell times and high temperatures are due to the
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fact that the powders are heated externally and rely on radiation to conduct the external heat
internally to the powders. Due to this relatively slow heat transfer and thus slow heating rate,
considerable grain growth of the nanocrystalline grains can occur during the consolidation process
which ultimately defeats the purpose of creating nanocrystalline powders. Lower temperatures
along with higher pressures can be attempted during the HIPing process, but this usually results in
larger residual porosity in the material which requires extrusion or other post-processing techniques

in order to achieve a fully dense material.

Due to these issues associated with the consolidation of metallic powders, more specifically
with the consolidation of nanocrystalline metallic powders, a different method was developed called
spark plasma sintering (SPS) [42,43] to overcome some of the drawbacks associated with more
conventional sintering methods. Different from HIPing, SPS uses an applied and pulsed current to
heat the sample through a conductive die (usually graphite) as shown in Figure 2.3. Although current-
assisted densification of powders was first proposed and patented by Taylor in 1933 [44], the current
form of SPS was established in 1990 with the first commercial development by Sumitomo Heavy
Industries (Tokyo, Japan) [45]. As briefly just mentioned, the SPS process involves a pulsed DC
current which is applied through a conductive die along with the simultaneous application of a
uniaxial pressure. The heating of the sample is achieved through Joule heating in the graphite die as
well as through the powders themselves (if conductive), providing extremely high heating rates on
the order of 1,000 °C/min [43]. This high heating rate enables sintering with limited grain growth
due to the suppression of surface diffusion as well as the shorter dwell times, with the entire process
taking only a few minutes rather than a few hours compared to HIP. In addition to the limited grain
growth, SPS has been attributed to better powder densification as a result of plasma discharge which
eliminates surface oxides [46,47]. However, despite these claims that the SPS offers the advantage of
plasma discharge to enhance powder compaction, there is a lack of unambiguous experimental

evidence [43].
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Figure 2.3: Schematic of the spark plasma sintering (SPS) set-up showing the metallic powders

inside of the graphite die with applied pressure and applied current.
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Chapter 3

Materials and Processing

3.1 Gas Atomization and Alloy Composition

The Mg-4Y-3RE (WE43) powders were obtained through Magnesium Elektron Powders
(Manchester, New Jersey) which were produced via an inert gas atomization process. Gas
atomization is a widely used commercial process in which small spherical metal powder particles are
obtained which are subsequently used in applications such as powder metallurgy or can be used for
the production of pigments, catalysts, and solid rocket propellant [48]. In this process, which is
shown in Figure 3.1, the desired material is placed in an internal furnace which melts the metal prior
to gas atomization. This can be a pure metal or a particular alloy. For the case of an alloy, the alloy
chemistry is set in the molten metal prior to the gas atomization process. This is achieved by melting
an ingot with the desired composition and making slight adjustments to the melt if needed. In either
case, once the material is fully molten the liquid metal is then injected into a high-pressure nozzle
where an inert gas such as argon is pumped at high pressure, disrupting the flowing metal and
separating into distinct powder particles traveling at high velocity. This process results in each
powder particle having a representative chemical composition in relation to the master alloy. That is
to say, each powder has the same chemical composition and is not a result of adding separate
elements powders together. As previously mentioned, this process also results in mostly spherical
particles along with some asymmetrical particles. This powder is then collected and sorted by

particle size, usually by sieve.
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Figure 3.1: Overview of the gas atomization process in which the molten metal alloy is transformed

into metallic powders.

Other notable parts of the atomization process include rapid solidification and the intentional
passivation of the powders by oxidation. Due to the large temperature difference between the molten
metal and the atomization chamber and due to the large velocities in which the molten droplets are
subjected to, large cooling rates are observed for the powders one the order of 104 °C/s [48] for
powder particles in the micrometer size range. This rapid cooling rate often leads to significant
undercooling which gives rise to the supersaturation of alloying elements in solid solution beyond
their equilibrium values at room temperature or the solidification of non-equilibrium phases. As the
molten metal solidifies, the particles are also subjected to a controlled oxygen enriched environment
in which the powders are intentionally passivated. This passivation is done to reduce the risk of the
powders igniting as magnesium powders tend to be highly flammable. This results in a relatively thin

oxide layer on the particle’s surface.
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Below is the chemical position of the WE43 powders provided by Magnesium Elektron in the
Certificate of Compliance and Analysis presented in Table 3.1 which shows the yttrium content at
just below 4 wt. % along with a rare earth (RE) content of just over 3 wt. % with neodymium (Nd)
contributing about 70% of the overall RE elements. There is also about a half percent of zirconium
(Zr) which is typically added to this alloy to promote grain refinement during solidification when this
alloy is cast. It is also important to note that the particle size of the gas atomized powders was a -325
mesh, meaning that the maximum nominal particle diameter is less than 45 pm as a result of the
sieving process. The complete particle size data is presented in Table 3.2 which shows that the
number and volume mean diameter of the as-received powder are 4.8 + 2.5 pm and 19.6 + 11.6 ym,
respectively. Additionally, a scanning electron microscopy (SEM) image of the as-received powder is
given in Figure 3.2 which shows that most of the particles are spherical in shape due to the gas

atomization process as just described.

Table 3.1: Chemical analysis of as-received powder (Certificate of Compliance and Analysis).

Mg Y Total RE Zr Li Al, Ag, Mn Cu, Si, Zn (each) Fe

wt.% 921 396 3.29(Nd:2.30) 0.56 0.05 0.01 (each) <0.01 <0.005

at.% 979 115 0.57(Nd:0.41) 0.16 0.2 0.01,0.002,0.005 <0.004 <0.002

Table 3.2: Particle size distributions of the as-received powders as measured via SediGraph.

Mass division diameters” Avg. particle diameterst Span#

D10 (um) D50 (um) D90 (um)  DJ[1,0] (um) D[4,3] (um)

As-Received pwd. 4.4 17.1 35.4 48+25 19.6 £ 11.6 1.8

* Represent the particle size in which the stated value (in percent) of the powder’s cumulative mass falls below.
1 D[1,0] and D[4,3] are the number and volume averages, respectively.
% (D90-D10)/D50
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Figure 3.2: Scanning electron microscopy (SEM) image the as-received powder as processed by gas

atomization.
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3.2 Cryomilling of the As-Received Powder

In order to reduce the grain structure as well as homogenize the phases and elemental
distribution of the as-received powder, a Szegvari Batch Attritor (Model 1-S, 5.7 Liter) by Union
Process (Akron, Ohio) extensively modified for liquid nitrogen and argon use by California
Nanotechnologies (Cerritos, California) was used for cryomilling of the as-received WE43 powders,
with a similarly modified mill given in Figure 3.3 [49]. Grade 440C martensitic stainless-steel balls
(6.4 mm diameter) were used as the milling media with a 30:1 ball-to-powder mass ratio which is
common for the milling of metallic powders. It should be noted that no process control agent (PCA)
was added to the powders for the cryomilling, which is typically used in order to coat the powder to
prevent or reduce powder agglomeration during the milling process. A typical PCA used in milling is

stearic acid which is usually added in about 1 wt. % of the total powder mass.

Prior to the cryogenic milling, in order to minimize iron contamination, approximately 400 g
of the 1 kg of powder was run in the mill at ambient temperature for a coating process to coat the
chamber walls and milling media. About half of this powder (200 g) was consumed in the coating
process, with the other half of the powder (200 g) being removed from the chamber and discarded
due to probable iron contamination, leaving just the coated milling media and chamber behind. This
was followed by a 2-hour cool-down period in which the coated chamber walls and milling media
were brought from ambient to cryogenic temperatures with liquid nitrogen (77 K). Once final
temperature was reached, 500 g of fresh powder was added to the chamber and milling was
performed for 8 hours with a rotation speed of 180 rpm. Once milling was complete, the liquid
nitrogen and slurry mixture was collected via a gravity valve at the bottom of the tank and taken to a
nitrogen glove box where the liquid nitrogen was allowed to evaporate in order to reduce oxidation
of the powders. A summary of the milling parameters used for the cryomilling of the as-received

powder is presented on the next page in Table 3.3.
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Figure 3.3: Modified attrition mill to accommodate the use of liquid nitrogen with the milling of

metallic powders [49].

Table 3.3: Summary of cryomilling parameters.

Milling media: 440C stainless steel balls / 6.4 mm diameter
Ball-to-powder mass ratio: 30:1 /500 g of powder

Temperature: 77 K (liquid nitrogen)

Milling speed, milling time: 180 rpm, 8 hours

Process control agent: None used
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3.3 Spark Plasma Sintering of the Cryomilled Powder

With the goal of consolidating the nanocrystalline powders with the least amount of grain
growth, spark plasma sintering (SPS) was used with a Dr. Sinter Lab Spark Plasma Sintering System
(Model SPS-515S) by SPS Syntex (Kawasaki, Japan) shown in Figure 3.4. SPS consolidation was also
performed at California Nanotechnologies. Prior to compaction, 10 g of cryomilled powder was
placed in a graphite die with a diameter of 25 mm, lined with graphite foil to help in the heat
distribution as well as the longevity of the die. The die was then placed between the two graphite
punches which transfer the uniaxial load to the powders during loading. The heating was achieved
through a pulsed alternating electric current that was applied through the graphite punches and was
monitored by a K-type thermocouple attached to the outer wall of the graphite die. The pulse
duration was 3.3 ms with an on-off ratio of 12:2 meaning that current was pulsed continuously for
39.6 ms followed by 6.6 ms with no pulse and subsequently repeated. This cyclic heating allows for
localized joule heating to take place, compacting the powders locally without excessively heating the

entire sample.

Prior to heating, a pre-press of 10 kN (20 MPa) was applied to slightly compact the powders
and aid in powder consolidation when heated. The sintering was performed under vacuum with the
force and temperature simultaneously ramping up with an approximate heating and loading rate of
100 °C/min and 10 kN/min, respectively, before reaching a maximum temperature of 425 °C and a
maximum force of 50 KN (100 MPa). The powders were then held at maximum temperature and force
for a duration of approximately 5 minutes before the current and force were quickly removed,
allowing the now-compacted sample to cool to room temperature. The consolidated bulk samples
this process produced are cylindrical in shape, referred to as SPS pucks and more generally as the as-
SPS’ed sample, having a nominal diameter of 25 mm and an approximate height of 10 mm. A complete

summary of the SPS parameters are listed below in Table 3.4.
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Figure 3.4: The Dr. Sinter Lab Spark Plasma Sintering System (Model SPS-515S) by SPS Syntex

(Kawasaki, Japan) located at California Nanotechnologies (Cerritos, California).

Table 3.4: Summary of SPS parameters.

Die material, diameter:
Pre-press:
Loading rate, max. load:

Heating rate, max. temp.:

Pulse duration, on-off sequence:

SPS puck mass, dimensions:

Graphite, 25 mm

10 kN (20 MPa) prior to heat ramp
10 kN/min, 50kN (100 MPa)

100 °C/min, 425 °C

3.3 ms, 12:2 (39.6 ms on, 6.6 ms off)

10 g, 25 mm diameter x 10 mm height
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It is important to note that several different sintering temperatures were experimented with
before 425 °C was settled on as the optimum sintering temperature. Other temperatures that were
investigated were 375 and 400 °C with the first sintering temperature being 375 °C and then
increasing at intervals of 25 °C to enhance the consolidation by minimizing porosity. Attempts to
increase the sintering temperature beyond 425 °C were not attempted due to the relatively low
porosity with the sample sintered at 425 °C (discussed below) and due to the fact that the sample
SPS’ed at 425 °C only saw slight increases in density compared to the sample sintered at 400 °C. An
additional concern was that increasing the sintering temperature any further would result in a
homologous temperature nearing 0.9T. where appreciable grain growth could occur and the
possibility of localized melting. This concern was also based on the method in which the sintering
temperature is monitored which is by a thermocouple which is placed on the outside of the graphite
die, just inside of a small grove made for the thermocouple to sit in. Due to the fact that the powder
are themselves conductive, the true temperature of the powders is therefore likely higher than the
temperature that is monitored during the sintering process. In hindsight, given the remarkable
thermal stability of the consolidated alloy which will be discussed in Chapter 7, sintering the
cryomilled powders at 450 °C would have probably worked as well and reduced the residual porosity

even further.

All of the resulting density values of the as-SPS’ed samples for the differing SPS consolidations
temperatures performed at 375, 400, and 425 °C are listed in Table 3.5 along with their respective
relative densities. For the relative density values, all three of the as-SPS’ed samples consolidated at
375, 400, and 425 °C were extruded at a 2:1 ratio in order to remove any porosity to achieve a
perfectly dense material. Despite having different as-SPS’ed densities, after extrusion they all had the
density of 2.14 g/cm3 indicating that this was the fully compact density with the lower as-SPS’ed
densities indicating various degrees of porosity. The value of 2.14 g/cm3 was then used as the true

density and the as-SPS’ed density values were simply divided by this value to obtain their respective
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relative densities. Therefore, the as-SPS’ed sample consolidated at 425 °C has a measured density of
2.11 g/cm3 with an estimated relative density of 98.6%. Although several different sintering
temperatures were experimented with when determining the best SPS temperatures, all of the
experimental data generated and presented in the following chapters is with as-SPS’ed samples

sintered at 425 °C.

Table 3.5: Summary of the SPS temperature and resulting as-SPS’ed density.

SPS temperature (°C) Density (g/cm3)* Relative densityt (%)
375 1.99 93.0
400 2.08 97.2
425 2.11 98.6

* Measured by Archimedes’ method.
T Calculated by dividing the density by the extruded density (2.14 g/cm3) which was assumed to be fully dense.

It is important to note that the as-received powders were also compacted via the SPS process
to serve as a control or baseline to better elucidate the effect that the cryomilling and the SPS process
has on both sets of powders. In order to avoid confusion between these two SPS samples, that is the
sample produced from consolidating the as-received powder and the sample produced from
consolidating the cryomilled powder by the SPS consolidation process, the sample derived from the
as-received powder will be referred to as the SPS control sample and the sample derived from the
cryomilled powder will strictly be referred to as the as-SPS’ed sample, as described earlier. An
interesting first observation is that the as-received powder, and the WE43 alloy in general, has a
reported density of 1.84 g/cm3 which is significantly different than the density of the as-SPS’ed
sample which was measured at 2.14 g/cm3 for the fully compacted (i.e. extruded) sample. This
density of 1.84 g/cm3 was also measured for the SPS control sample (the sample produced from

consolidating the as-received powders by SPS) which indicates that there is indeed a fundamental
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density difference between the as-received and cryomilled powders. This difference in density will
be explored in detail later on in Chapter 4 which will demonstrate that the increased density related
to the cryomilled powder is indeed real and was a result of in situ oxidation during the cryomilling

process.

3.4 Materials and Processing Overview

The overall process from gas atomization, cryomilling, and SPS consolidation to achieve the
as-SPS’ed sample is given in Figure 3.5 along with the major parameters involved with each of these
steps and overall dimensions of the final consolidated material. Again, it will be noted that all three
of these steps (gas atomization, cryomilling, SPS consolidation) will be involved in producing the as-
SPS’ed sample from the consolidation of the cryomilled powders. In addition to this sample, the as-

received powder will also be consolidated via SPS, thus skipping the cryomilling process with this

sample being referred to as the SPS control sample.

)/

Gas Atomization Cryomilling SPS Consolidation As-SPS’ed Puck
« 1 kg powder + 50049 » 425 °C * Height: 10 mm
« 10%4-108°C/s cooling |+ 77 K (liquid nitrogen) |+ 100 MPa (50 kN) + Diameter: 25 mm
e -325 mesh (<45 ym) |+ 8 hours * 5 minutes * 99% dense

Figure 3.5: Materials and processing overview for the as-SPS’ed sample.
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3.5 Heat Treatment of the As-SPS’ed Sample

In order to determine the thermal stability of the as-SPS’ed sample, four different heating
regimes were devised: 150, 250, 350, and 450 °C. As-SPS’ed samples were subjected to each of these
temperatures for 2, 4, 8, 16, 32, 64, and 100 hours for a total of 28 separate testing conditions. A
summary of these heat treatments along with the homologous temperatures are presented in Table
3.6. All samples were heated in a 2.5 cm diameter quartz tube that was brought to working
temperature prior to the samples being inserted. Once the samples were placed inside the quartz
tube, the tube was quickly placed under vacuum (< 0.1 Pa) to reduce oxidation. Samples were
subsequently removed at the predetermined times while the furnace was still at operating
temperature and allowed to cool to room temperature. It should be noted that the surface finish on
the all the heat-treated samples appeared to be unaffected with exception of the sample heat treated
at 450 °C for 100 hours. After this particular heat treatment, the surface of the sample contained a
significant amount of white powder which was assumed to be MgO. All other heat-treated samples

contained no such powder.

Table 3.6: Summary of heat treatments that the as-SPS’ed sample were subjected to along with the

homologous temperature of each temperature regime.

Temperature (°C) T/Tm" Time (hr)

150 0.52 2,4,8,16,32, 64,100
250 0.64 2,4,8,16,32, 64,100
350 0.77 2,4,8,16,32, 64,100
450 0.89 2,4,8,16,32, 64,100

* Calculated using a melting temperature of 540 °C (813 K).
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Chapter 4

Characterization Techniques

4.1 Particle Size

To characterize the particle size distributions of the powders, a SediGraph III 5120 by
Micromeritics was used for both the as-received and cryomilled powders. In this process,
approximately 1 g of powder was dispersed in 50 mL of a commercial dispersant (SediSperse A-11)
operating at 35 °C with the dispersant having working density and viscosity of 0.746 g/mL and of
1.17 mPa-s, respectively. During operation, a narrow collimated beam of x-rays is used to directly
measure the concentration via absorption of x-ray radiation (Beer’s Law) and is used in conjunction
with sedimentation theory (Stokes’ Law) to the determine particle size distribution. From this

technique, we are able to fully characterize the particle size distributions.

4.2 Phase Identification and Crystallite Size

4.2.1 Conventional X-Ray Diffraction

For phase identification and crystallite size measurements, an X'Pert PRO Multipurpose
Powder Diffractometer from PANalytical (Almelo, Netherlands) was used. Copper K, radiation (A =
0.154187 nm) was generated via a copper anode operated with a voltage and current of 45 kV and
40 mA, respectively. Data was collected over the 26 range of 5-65° for phase identification and a 26

range of 25-50° for crystallite size measurements for the Mg and MgO phases. Scanning was
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performed with a 26 step size of 0.008° for both of the 26 ranges and a nominal scan speed of 1.2
deg./min. For data acquisition, a scanning X'Celerator detector was used with variable anti-scatter
and divergent slits with a beam mask of 15 mm. A second anti-scatter slit of 2° was used to help
improve the signal-to-background ratio. All scans were carried out in ‘continuous’ mode at room

temperature.

When measuring the crystallite size for the as-SPS’ed and heat-treated samples, many small
rectangular samples (4 x 4 x 2 mm) were cut from a single SPS puck to ensure any differences in
samples were a result of the heat treatment, and not due to variance between SPS samples. In order
to subtract the background and deconvolute Cu Ka; from Cu Koy, the software package PANalytical
X'Pert HighScore Plus was used assuming a Cu Ka; to Cu Ka ratio of 2:1. For calculating the crystallite

size, the Scherrer formula [50] was used which has the form:

KA

L=———
,Bsize cost

Equation 4.1

where L is the crystallite size, K is a dimensionless number (on the order of unity), A is the wavelength
of the radiation used, 6 is the Bragg angle, and S is the line broadening or full with at half maximum
(FWHM) due to the size broadening. In order to obtain the size broadening, we must first subtract all
other contributions from the measured or observed broadening from the FWHM. If the peak profiles

are assumed to be Lorentzian, the size broadening can be calculated from the following equation:

Bobs. = Bsize + Bstrain + Binst. Equation 4.2

where S is the total observed FHWM broadening, Ssin is the component of broadening due to

strain, and Sins: is the inherent broadening from the instrument.

29



A standard value of 0.9 was chosen for K, and the FWHM values were measured from the most
intense diffraction peak at approximately 20 = 36.6° for Mg and approximately 20 = 43.0°. For A, the
value of 0.154060 nm corresponding to Cu Ka; was used as Ko, was stripped using the PANalytical
X'Pert HighScore Plus software package. Instrument broadening was calculated to be 0.07° from a
standardized lanthanum hexaboride (LaBs) powder sample, and the broadening due to strain was
assumed to be negligible. When measuring crystallite size, ten separate measurements were taken
for the as-received powder, cryomilled powder, as-SPS’ed sample, and all heat-treated samples
heated for 100 hours (i.e. 150, 250, 350, 450 °C at 100 hours). For all other heat-treated samples (i.e.
150, 250, 350, 450 °C at 2, 4, 8, 16, 32, 64 hours), only 5 separate measurements were made. For
phase identification and lattice parameter measurements, the powder diffraction files (PDFs) of 03-

065-3365 and 03-065-0474 for Mg and MgO, respectively.

It should be noted with caution the distinction between crystallite size and grain size and the
limitations associated with the former as measured via XRD and the Scherrer equation. For the
purposes of this work, a clear distinction will be made between crystallite size and grain size. The
term crystallize size will be confined to indirect methods of measurement such as XRD via line
broadening, and the term grain size will used only in the context of direct measurements such as TEM
(dark field images) and EBSD. The reasons for these distinctions are due to limitations of applying
the Scherrer formula which will briefly be discussed. The Scherrer equation gives the average or
apparent crystallite size which may or may not be equivalent to the grain size as measured by direct
methods. The presence of planar defects such as stacking faults, dislocation bands, or twins may
cause the crystallite size to be smaller than the grain size in some cases. In general, the crystallite size

gives the lower limit or lower bound on the grain size.

In addition to these subtleties in the difference between crystallite size and grain size, there
are some cases in which it is not appropriate to apply the Scherrer equation or cases in which the

results from this method have no physical interpretation. These cases would be when the crystallites
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are too broadly distributed or the crystallites of the material are too large, having a size broadening
on the order of the instrument broadening. The Scherrer equation is only appropriate when the
crystallite size is narrowly distributed in a unimodal distribution. Applying this method to a bimodal
crystallite size distribution would give no real physical interpretation as multimodal distributions
are not adequately characterized by a single grain size and would lead to an incorrect impression of
the microstructure. In relation to the size restriction, crystallite size is inversely proportional to the
FWHM, meaning that the accuracy of the measurement decreases as the grain size increases due to
the decrease in resolution. Even with the best laboratory instruments, Cu-based radiation techniques
are only accurate for crystallite sizes below 100-200 nm [51] with 100 nm being the generally

accepted lower limit cutoff for accurate measurements [52].

Despite all of these restrictions and caveats, line broadening is a powerful, easy, and widely
used tool to measure crystallite size under the correct conditions and serves as a stand-alone method
for estimating the grain size of a material as well as serving as an additional characterization method
to supplement direct grain size measurements such as TEM and EBSD. Even if the absolute crystallite
size cannot be obtained from XRD, the relative crystallite size can be used to compare samples when

direct grain size measurements are uneconomical or impractical.

4.2.2 Synchrotron X-Ray Diffraction

In order to confirm our results and to ensure that there were no additional phases that went
undetected by the lower brightness of the conventional XRD, samples were testing with using X-rays
produced via synchrotron radiation at the SAGA Light Source (SAGA-LS) in Kyushu, Japan. SAGA-LS
is a third-generation synchrotron radiation source equipped with a 1.4 GeV storage ring [53]. Testing
was conducted using the BLO7 beamline which uses a 4 T superconducting wiggler capable of

generating hard X-rays up to 40 keV. The diffraction experiments were conducted in transmission
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geometry (as compared to reflective geometry for convention XRD) with X-rays having traveled
through the samples prior to being detected. The synchrotron set-up is shown in Figure 4.1. For the
samples, thin slices were cut from a single SPS puck roughly measuring 20 x 10 mm in cross-section
and 1 mm in thickness. X-rays with energies of 25 keV (A = 0.049594 nm) were used in order to
penetrate the sample with a beam cross-sectional area of approximately 1 mmz2. During testing,
Debye-Scherrer rings were recorded on a 2D PILATUS 100K detector with an area of 487 x 195 pixels
with a pixel size of 172 x 172 pm. Data was collected over a 20 range of 2-24° in three separate and
slightly overlapping segments of about 7.5° with an acquisition time of 600 s for each segment.
Conventional line profiles were obtained from the diffraction patterns by using an azimuthal
integration of the Debye-Scherrer rings. The individual line profile datasets were combined into one
overlapping dataset with the overlapping data being deleted and the background baseline subtracted

using the Origin data analysis software.

Figure 4.1: Set-up for the synchrotron XRD data collected at the SAGA Light Source (SAGA-LS) in

Kyushu, Japan.
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4.3 Microstructure

Several methods were used to characterize the microstructure for both the powder (both as-
received and cryomilled) and bulk samples. These methods include scanning electron microscopy
(SEM), transmission electron microscopy (TEM) including the more advanced scanning transmission
electron microscopy (STEM), electron backscattered diffraction (EBSD), and energy-dispersive X-ray
spectroscopy (EDS) which was used in combination with both the SEM and STEM. To directly
characterize the grain structure of both the powder and bulk samples, TEM (specifically dark field
micrographs) and EBSD were utilized. For the powder samples, only TEM was used to measure the
grain size distributions. For the bulk samples, both TEM and EBSD were used. Again, it is important
to distinguish grain size from crystallite size, as briefly mentioned earlier in this chapter, with grain
size only referring to measurements taken from direct methods such as TEM and EBSD with
crystallite size referring to data obtained using line broadening analysis from XRD (both conventional

and synchrotron).

4.3.1 Scanning Electron Microscopy

The morphology, composition, and microstructure of the powders and bulk samples were
investigated using an FEI Nova Nano 230 Field Emission SEM equipped with a Thermo Scientific
UltraDry EDS Detector. For regular SEM images, an accelerating voltage of 10 kV. For EDS analysis
including point analysis and mapping, an accelerating voltage of 20 kV with a working distance of 5
mm was used. For the preparation of powder samples, loose powders were simply pressed into
carbon take with the excess powder removed with compressed air. For bulk microstructural
investigations, samples were hand polished to a final polish of 0.05 pm gamma alumina powder. In
order to reveal contrast, the bulk samples were slightly over polished. No etchant solutions were

used to achieve this.
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4.3.2 Transmission Electron Microscopy

The microstructure, specifically the grain structure, of the powders and bulk samples were
investigated using an FEI Titan Field Emission S/TEM equipped with a high-angle annular dark-field
(HAADF) as well as an EDS detector. For all uses (TEM, STEM, EDS), an accelerating voltage of 300
kV was used. For dark field images, the smallest objective aperture was used to isolate both the Mg
and MgO diffraction rings for the purpose of isolating the grains belonging to both of these phases.
For the preparation of powder samples, powders were suspended and sonicated in ethanol before
transferred to the carbon side of a Formvar/carbon 200 mesh copper TEM grid and placed under
vacuum to dry. For the preparation of bulk samples, the focused ion beam (FIB) in situ “lift-out”
technique was used to selectively remove small 10 um x 5 um cross-sections from the bulk and then

thin enough to be transparent to electrons, usually < 100 nm.

4.3.3 Electron Backscattered Diffraction

All electron backscattered diffraction (EBSD) testing was conducted by EBSD Analytical (Lehi,
UT). Data was collected on a Philips XL-30 Field Emission SEM equipped with an EDAX Hikari EBSD
Camera. Images were collected over a 75 x 75 um area using a hexagonal grid sampling with a step
size of 0.1 pm using an accelerating voltage of 20 kV with a beam current of 5 nA. For grain size
characterization, the areas of each grain were calculated by grouping together adjacent pixels with
orientations differing by less than 5°. Grain diameters were calculated assuming the area came from
a circular grain. It should be noted that due to step size, grains below 100 nm were not able to be
detected and these regions will be represented by the color black. Decreasing the step size would not
increase grain size resolution to a large degree as EBSD is ultimately limited by the interaction
volume of electrons as well as the probe diameter which are both roughly on the same order as the

step size.
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4.4 Mechanical Properties

4.41 Elastic Modulus and Hardness

Elastic modulus and hardness were both obtained via an MTS Nano Indenter XP from MTS
Nano Instruments (Oak Ridge, Tennessee) equipped with the standard XP head and a Berkovich
diamond indenter shown in Figure 4.2. The indentations were conducted under load-control with a
constant strain rate of 0.05 s! and indented to a total indentation depth of 2,000 nm. Both the
hardness and elastic modulus were simultaneously measured via the continuous stiffness
measurement (CSM) method which superimposes a harmonic displacement of 2 nm at 45 Hz to
produce a continuous elastic response. With the CSM, the contact stiffness was able to be
continuously measured which enabled the contact depth, hardness, and elastic modulus to be
calculated for all indentation depths over the 2,000 nm range as opposed to a conventional or non-
CSM method which only obtains one result for both the elastic modulus and hardness at one
particular indention depth upon unloading. For each indentation using the CSM method, an average
elastic modulus and hardness were calculated over the indentation depth from 200 to 1,800 nm,
disregarding the initial and final loading portions of the curve. For each test condition, one of the
square samples used in the crystallite measurements was chosen for testing. For the as-SPS’ed
sample and all of heat-treated samples heated for 100 hours (i.e. 150, 250, 350, 450 °C at 100 hours),
50 indentations were performed. For all other test conditions, 25 indentations were made with
indentations being spaced 250 pm apart (center-to-center) with a lateral distance of the indentations

having an approximate length of 15 pm at the maximum indentation depth of 2,000 nm.

In order to understand how the elastic modulus and hardness are calculated in
nanoindentation, we first have to look to the seminal work of Oliver and Pharr [54] who were able to
derive a formula for calculating the contact depth based on both the maximum load measured at full

indentation depth and the sample stiffness [55], with the contact depth always being less than the
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indentation depth due to compliance in the substrate assuming a rigid indenter tip. These results
were only possible due to initial work done by Sneddon [56] who provided a solution to the
axisymmetric Boussinesq problem, providing a simple formula for the depth of penetration of a
punch of arbitrary profile into an elastic half space. Oliver and Pharr would later build upon this
initial work by Sneddon, making it possible for the direct and simultaneous measurement of both
elastic modulus and hardness from simple indentation based on the applied load and indentation

depth of the indenter tip.

Figure 4.2: MTS Nano Indenter XP from MTS Nano Instruments (Oak Ridge, Tennessee) equipped

with the standard XP head and a Berkovich diamond indenter for the measurement of elastic

modulus and hardness.
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As just mentioned, the work by Oliver and Pharr was fundamental for the ability to acquire
the elastic modulus and hardness of a given material at a particular depth. This field of study
eventually became known as nanoindentation and was based on the formation of Oliver and Pharr to
calculate the contact depth that an indenter tip made when penetrating a material with a specific

indenter geometry. This equation is given below in Equation 4.3:

max

el
“n

he = hpax — k Equation 4.3

where h.is the contact depth, hnmay is the full or maximum indentation depth, kis a constant dependent
on the indenter geometry which is equal to 0.75 for a Berkovich tip, Pnax is the maximum load at the
maximum indentation depth, and S is the stiffness of the material as calculated from the elastic
unloading region of the load vs. displacement curve (dP/dh). Once the contact depth is known, the

projected contact area can be calculated according to Equation 4.4:

Ac proj.(he) = 3V3 h tan?65.27° = 24.5 h2 Equation 4.4

which is simply derived from the indenter tip which in this particular case is the Berkovich indenter
tip which is a three-sided equilateral pyramid with a total included angle of 142.3° and a half angle
of 65.27° [57,58]. It should be noted that the Berkovich geometry was set up in such a way as to have
the same projected area-to-depth ratio as the Vickers indenter. It also should be noted that the
projected contact area function given in this equation is for a perfect indenter geometry, and for
actual indenters additional terms are added to this function to correctly account for imperfections
such as rounding of the indenter tip. These additional area function terms are determined through
indentation of a calibration material, typically fused silica, in which the material properties are

known.
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With both the stiffness and the projected contact area between the indenter tip and the
material known, the reduced elastic modulus can be calculated from a relationship that was
presented in the original Sneddon analysis which is modified with the addition of a constant {3 term
which accounts for the indenter tip having a different boundary condition than the one assumed by
Sneddon [55], mainly that the indenter tip used in testing (almost always diamond) is not perfectly
rigid as in the analysis done by Sneddon. This reduced elastic modulus equation is given below in

Equation 4.5:

g V2 S
" Z:BVAcproj.

Equation 4.5

with a  value of 1.0 used in the case for the Berkovich indenter tip.

And finally, with these concepts and equations, the equations to calculate the elastic modulus
and hardness can finally be presented with the elastic modulus being calculated from Equation 4.6

and the hardness being calculated from Equation 4.7:

—_— = E tion 4.6
E. E + 7 quation
P
H=-1% Equation 4.7
Ac proj.

where E; is the reduced elastic modulus, E; is the elastic modulus of the test specimen, E; is the elastic
modulus of the indenter, v; is the Poisson’s ratio of the test specimen, v; is the Poisson’s ratio of the
indenter, and H is the hardness of the test specimen. For a diamond indenter tip, v; and E; are 0.07

and 1,141 GPa [59], respectively.
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4.4.2 Compressive Yield Strength

Two different characterization methods were used to determine the compressive yield
strength of the as-SPS’ed sample. Those two characterization methods being bulk compression via
conventional bulk compression testing and microcompression with micropillars prepared via
focused ion beam (discussed in next section). Bulk compression testing was conducted using an
Instron SATEC 5590 Series static hydraulic testing machine with cylindrical samples cut from the SPS
puck measuring approximately 6 mm in diameter and 6 mm in height. Five compression tests were
performed with a nominal strain rate of 2 x 10-3 s.. Microcompression testing was conducted using
a Hysitron PI 85 in situ SEM Picolndenter shown in Figure 4.3 with micropillars prepared via focused
ion beam (discussed in next section). Similarly, five microcompression tests were performed on
micropillars approximately 4 um in width and approximately 12 pm in height under displacement-
control with a displacement rate of 20 nm/s and an effective strain rate of 2 x 10-3 si. The
microcompression process of the micropillars is shown in Figure 4.4 with an SEM image of the
indenter tip in contact with the micropillar just prior to compression in Figure 4.4(a) and an SEM
image showing the indenter withdrawn from the micropillar following compression, and ultimate

fracture, of the micropillar in Figure 4.4(b).

Due to the fact that there was excellent agreement between the compressive yield strength
obtained from both the bulk compression and microcompression testing and due to a limitation in
the overall quantify of samples, microcompression was only used to characterize the yield strength
of heat treated samples with high confidence that microcompression testing was an accurate
analogue for calculating the bulk compressive yield strength. Also, due to the fact that there was no
discernable difference between the hardness values of the as-SPS’ed sample and any of the heat-
treated samples as determined by nanoindentation, microcompression testing was only performed

on the sample heat-treated at 450 °C for 100 hours as this was the most aggressive of the heat
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treatments carried out. It was assumed that if there was no difference in compressive yield strength
as determined by microcompression between the as-SPS’ed sample and the sample heat-treated at
450 °C for 100 hours, microcompression tests for the other numerous heat treatment conditions

would be unnecessary.

When calculating the compressive yield strength from the microcompression data, it is
important to note that certain modifications to the raw displacement data were performed due to
compliance of the substrate, and to a much lesser degree, the compliance of the indenter tip which
result in an overestimation of the strain in the pillar during compression. The overall relationship
between the total measured displacement and separate components of compliance is given below in

Equation 4.8:

Xtotal = DXina. + DxXpiiar + AxXsyp. Equation 4.8

Figure 4.3: Hysitron PI 85 in situ SEM Picolndenter for use in microcompression of the micropillars

prepared via FIB.
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Figure 4.4: SEM images of the micropillar compression testing via the Hysitron PI 85 in situ SEM

Picolndenter with (a) the diamond indenter tip in contact with the top of the micropillar prior to
compression and (b) the diamond indenter tip withdrawn after compression the micropillar to

failure.

which shows that the total measured displacement (Xt) is simply a linear summation of the
compliance due to the indenter (4xinq), compliance due to the pillar (4xpirer), and compliance due to
the substrate (4xsu). This modification is unique to micropillar compression, where the compliance
of the substrate can be considerable and can significantly affect the displacement and thus the strain
data. The initial work, again, was done by Sneddon which was later adopted for the use in micropillar
compression [60,61] to give the total displacement in just the pillar in the relation given below in

Equation 4.9:

(1 - viznd.) Preas. _ (1 - Uszub.) Brneas.

Eind. dtop Esub. dbot.

Axpiiiar = Xtotal — Equation 4.9
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where ving and v, are the Poisson’s ratio for the indenter and substrate, respectively, Einq. and Esus.
are the elastic modulus of the indenter and substrate, respectively, Pmeas is the measured load on the
micropillar, and d:p and dpo:. are the pillar diameters measured at the top of the pillar and the bottom

(or base) of the pillar, respectively.

Using the raw displacement data without making this modification will lead to an
overestimation of the strain in the pillar which will lead to an overestimation in the modulus. It
should, however, not have a significant impact on the yield strength due to the fact that the 0.2%
offset method for determining yield strength is not very sensitive to this effect. When calculating this
displacement correction for the as-SPS’ed and heat-treated samples, an elastic modulus of 60 GPa, as
calculated from nanoindentation, was used along with an assumed Poisson ratio of 0.3. With these
values and the values for the diamond indenter tip, it was shown that the pillar displacement during

micropillar compression accounted for approximately 85% of the total overall displacement.

4.5 Pillar Fabrication

In order to prepare the micropillars for microcompression, FIB was utilized for micropillar
fabrication using an FEI Nova 600 Nano Lab Dual Beam SEM/FIB with a gallium source. Prior to
fabrication, samples were tilted to 52° relative to the electron beam such that the ion beam (Ga+ ions)
was normal to the sample surface. During fabrication, an ion beam accelerating voltage of 30 kV with
various beam currents (or spot sizes) being used. The micropillar fabrication process followed four
primary fabrication steps in order to achieve a micropillar with a nominal diameter of about 4 pm
with an aspect ratio (height-to-diameter) of 3:1. Milling was performed in an annular fashion with
disks of various sizes being used with ever decreasing diameters. This annular fabrication sequence
is documented in Table 4.1 which outlines the four sequences along with the beam current and

annular disc diameters.
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Table 4.1: Annular FIB sequence for the fabrication of 4 um micropillars.

Step Outer dia. (um) Inner dia. (um) Current (nA) Beam dia. (nm)
1 35 15 20 ~400
2 17 8 20 ~400
3 9 5 5 ~100
4 5.5 4 1 ~50

This fabrication sequence is also visually presented in Figure 4.5 in which each step in Table
4.1 is shown with SEM images. From this sequence of images, the overall pillar fabrication is shown
in which the micropillar is milled out of the bulk material with ever decreasing probe currents until
a pillar is formed with only a slight taper. Also present in these SEM images is a “viewing window”
that is milled into the sample in order to accurately monitor and measure the overall progress and
height of the pillar during fabrication. This window is also useful for viewing deformation of the
micropillar during microcompression. A complete summary of the pillar geometry including pillar

diameters, height, aspect ratio, and taper angle is given in Table 4.2 along with a higher magnification

SEM image of a single micropillar as-fabricated by FIB in Figure 4.6.

Table 4.2: Summary of pillar geometrical parameters of all pillars fabricated by FIB.

Geometrical parameter Avg. * std. dev.
Top diameter: 3.57 £ 0.05 pm
Median diameter™: 4.15 + 0.04 pm
Bottom diameter: 4.83+0.12 pm
Height: 12.49 + 0.05 um
Aspect ratio: 3.01+£0.24
Taper angle: 1.51+0.13°

* Measured at half the pillar’s height.
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Figure 4.5: SEM overview of the annular FIB sequence used for the fabrication of 4 pm micropillars

as outlined in Table 4.1. Stage is tilted 52° degrees relative to the electron beam.
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Figure 4.6: SEM image of a single micropillar as fabricated by FIB with the stage tilted 52° degrees

relative to the electron beam.
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Chapter 5

Characterization of As-Received and Cryomilled Powders

5.1 Particle Size and Composition

Figure 5.1 shows two side-by-side scanning electron microcopy (SEM) images of both the as-
received WE43 powders and the powders after the cryomilling process. From these SEM images, the
as-received powders generally appear round in shape due to the gas atomization process in which
the molten metal is sprayed and rapidly quenched. This process, as previously mentioned, also
involved an intentional passivation process, introducing a thin oxygen-rich passivation layer on the
surface of the particles. After cryomilling, the powders show a faceted morphology indicative of the
ball milling process where the particles are repeatedly welded and fractured. It is assumed that the
passivation layer is mechanically broken up and incorporated into the bulk of the cryomilled
powders. There does not appear to be any elongation in the cryomilled powders which sometimes
occurs when powders are not adequately milled. From a simple visual inspection of the SEM images,
there does not seem to be any significant difference in particle size distribution between both sets of
powders. This is confirmed with the results from the SediGraph which shows that volume mean
diameter of the as-received powder and cryomilled powders are 19.6 + 11.6 um and 17.9 * 6.8 um,

respectively.

The complete particle size data is presented in Table 5.1. These results suggest that there was
no significant issue with agglomeration during milling and show that the cryomilled powders slightly

narrowed in their size distribution compared to the as-received powders. In addition, the Sedigraph
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results indicate that the -325 mesh (i.e. particle size below 45 um) for the as-received powders was
accurate with a D90 value of 35 um, indicating that 90% of the powder’s cumulative mass is below

this particle size.

Figure 5.1: Scanning electron microscopy (SEM) images of (a) the as-received powder and (b) the

cryomilled powder.

Table 5.1: Particle size distributions of the as-received and cryomilled powders as measured via

SediGraph.
Mass division diameters” Avg. particle diameterst Span#
D10 (um) D50 (um) D90 (um)  D[1,0] (um)  D[4,3] (um)
As-Received pwd. 4.4 17.1 35.4 48+2.5 19.6 £+11.6 1.8
Cryomilled pwd. 6.3 15.9 32.0 9.2+43 179 +6.8 1.6

* Represent the particle size in which the stated value (in percent) of the powder’s cumulative mass falls below.
1 D[1,0] and D[4,3] are the number and volume averages, respectively.
$(D90-D10)/D50
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In addition to particle size, the chemical composition was verified by energy dispersive X-ray
spectroscopy (EDS) which was in good agreement with the certificate of analysis provided by the
manufacturer (see Chapter 3 for this analysis). A complete summary of the EDS analysis is presented
in Table 5.2 which gives both the weight and atomic percentages of Mg and each of the major alloying
elements. The RE elements identified were Nd, Gd, and Dy with Nd being the main RE alloying
element comprising approximately 75% by weight of the total RE elements (compared to about 70%
as stated from the certificate of analysis). Besides the main alloying elements (i.e. Y, Nd, Gd, Dy, and
Zr), no other impurity elements were detected, indicating low impurity levels. Oxygen, however, was
detected and calculated to be about 1 wt.%. The presence of oxygen is most likely due to the thin

passivation layer formed on the surface of the particles during the passivation process.

Table 5.2: Chemical analysis of the as-received powder as measured by energy dispersive X-ray

spectroscopy (EDS).
Mg Y Total RE (Individual RE) Zr 0

Nd: 2.90 £ 0.06

wt.% 90.04+034 4.02+006 3.75+x0.13 Gd:0.37+0.03 116+0.06 1.03+0.05
Dy: 0.48 + 0.04
Nd: 0.52 £ 0.01

at. % 96.17x036 1.17+0.02 0.66+0.03 Gd:0.06+0.01 033+0.02 1.67+0.04
Dy: 0.08 +0.01

Although Zr was identified in the quantified EDS data with a value of 1.16 wt. % and is close
to the value reported from the manufacturer (0.56 wt. %), the proximity of the characteristic La line
energy for Zr (2.042 keV) to that of the La line energy for Y (1.922 keV) makes it difficult to ascertain

the accuracy of the values for Zr considering the Y signal at this energy dominates the signal of Zr due
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to the fact that Y has a much higher weight percentage in this alloy compared to Zr. In order to confirm
the presence and accuracy of the Zr semi-quantitative data, higher energy values for the electron
beam accelerating voltage would be required since it is only at higher energies that the energy lines
between these two elements becomes large enough to uniquely distinguish them. However, the
highest energies capable of the SEM were unable to generate adequate signal to achieve this.
Therefore, the Zr semi-quantitative data along with the Zr elemental mapping (presented in Chapters

6 and 7) should be viewed with uncertainty, with this data not being omitted.

Table 5.3 shows the complete EDS analysis for the cryomilled powders which shows
approximately a tenfold increase in the oxygen content with the cryomilled powders consisting of
about 13 wt. % compared to about 1 wt. % for the as-received powders. This oxygen uptake is a bit
surprising considering one of the reported benefits of the cryomilling process has been the decrease
in powder oxidation compared to conventional ball milling. However, there does seem to be
conflicting reports in the literature with some results [62,63] reporting significant oxygen uptake in
cryomilled powders with the authors mostly attributing this effect to ex situ oxidation of the powders
after the cryomilling process and not a direct result of the cryomilling process. From EDS analysis
alone, itis unclear as to whether this tenfold increase in oxygen of the cryomilled process was a result
of in situ oxidation or a result of ex situ oxidation with the cryomilled powders being more susceptible
to oxidation with the native oxidation layer no longer passivating the powders. It is reasonable to
expect that the cryomilled powders are more susceptible to oxidation after the cryomilling process,
and that some oxidation of the powders occurred after cryomilling during transport outside of the
glovebox for characterization and for consolidation. However, it is unlikely that oxidation after
cryomilling could explain the significant percentage of oxygen considering the native passivation
layer on the as-received powders only accounted for about 1 wt. %. Further analysis will need to be
provided in order to ascertain the source of this oxidation and in order to determine in which

phase(s) the oxygen is present.
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Table 5.3: Chemical analysis of the cryomilled powder as measured by EDS.

Mg Y Total RE (Individual RE) Zr 0

Nd: 2.63 £ 0.09
wt.% 79.79+030 331%20.02 341+020 Gd:035%+0.05 0.63+0.05 12.86=0.05
Dy: 0.43 £ 0.06

Nd: 0.44 £ 0.01
at. % 79.03+0.29 090+0.01 0.55+0.03 Gd:0.05+0.01 0.17x0.01 19.35+0.07
Dy: 0.06 £ 0.01

5.2 Phase Identification and Crystallite Size

5.2.1 Conventional X-Ray Diffraction

Conventional X-ray diffraction (XRD) was used to characterize the phases, lattice parameters,
and crystallite size for both the as-received as well as cryomilled powders. XRD spectra for both
powders are presented in Figure 5.2. It should be noted that the units for intensity are given in a
logarithmic scale. The relevant lattice constants and crystallite sizes calculated from the XRD spectra

are also given in Table 5.4.

For the as-received powders, besides Mg the largest phase detected was a Mg3;RE
intermetallic phase where RE can represent a solid solution of differing rare earth elements (i.e. Nd,
Gd, Dy, etc.) along with Y due to its similar metallic radius. Due to the rapid quenching of the powders
during the gas atomization process, this intermetallic phase is most likely a non-equilibrium phase
with reported equilibrium phases of Mg41Nds [64] and Mgi2Nd [65] at temperatures near the melt
temperature. Besides this intermetallic phase, the only other phases present in the as-received
powders are trace amounts of yttrium (a-Y) and yttrium oxide (Y203) with the yttrium oxide probably

serving as the protective oxide layer during the passivation process just after gas atomization. It is
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also important to note that there is no presence of magnesium oxide in the as-received powders
indicating a preferential reaction with Y or RE elements during the passivation process. This is most
likely a result of Y and RE elements segregating to the molten surface of the powder particles prior
to solidification and passivation which resulted in the creation of Y203 and the absence of MgO. There
does not seem to be any noticeable difference between the lattice parameters of the as-received
powders compared to the Mg reference values which indicates low solubility of Y or RE elements in
a-Mg. The solubility of RE elements in Mg is quite low, usually less than a few atomic percent at room
temperature due to the large atomic mismatch between the RE elements and Mg, supporting this
conclusion. The measured Mg crystallite was found to be 95 + 5 nm as measured by the Scherrer
equation which may or may not hold any significance as previously discussed at length in the

previous chapter.

After the cryomilling process, three major observations are made from the XRD results of the
cryomilled powders. These observations being: (1) the Mg3;RE intermetallic compound is eliminated,
(2) the magnesium crystallites have become nanocrystalline with a measured crystallite size of 18 +
2 nm, and (3) the introduction of a nanocrystalline MgO phase with a crystallite size of 2 + 1 nm. As
previously stated, the intermetallic compound present in the as-received powders was a non-
equilibrium phase due to the rapid solidification during the atomization process which makes is not
so surprising that this phase is no longer present after cryomilling. In addition to the elimination of
the intermetallic compound, it is also apparent that the yttrium and yttrium oxide have essentially
been reduced to peak intensities just above the background level, although it is difficult to tell if
yttrium is still present due to the large broadening of the Mg peaks. The transformation of the Mg
phase into nanocrystallites is not surprising as this was the ultimate goal of the cryomilling process.
As previously mentioned, the introduction of oxygen during the cryomilling process was surprising.
But it is apparent that almost all of the oxygen introduced into the cryomilled powders is present in

the form of MgO with negligible amounts of oxygen in Y20s.
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Figure 5.2: Conventional X-ray diffraction (XRD) spectra for both the as-received and cryomilled

powders.

Table 5.4: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the as-received and cryomilled powders given in Figure 5.2.

Mg Lattice Parameters Crystallite size (nm)

a (nm) ¢ (nm) c/a Mg MgO

As-Received pwd. 0.3215+0.0004 0.5210 % 0.0005 1.621 + 0.003 95+5 -
Cryomilled pwd.  0.3213 +0.0004  0.5212 +0.0003 1.622 +0.003 18+ 2 21

Pure Mg 0.3209 0.5210 1.624 - -
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5.2.2 Synchrotron X-Ray Diffraction

Figure 5.3 shows the synchrotron XRD spectra for both the as-received and cryomilled
powders conducted at the SAGA Light Source in Kyushu, Japan. The lower 20 values compared to
conventional XRD is the result of a smaller wavelength of x-rays which decreases the diffraction
angles according to Bragg’s Law. The synchrotron XRD spectra confirms the presence of both the Mg
and MgO phases. There are, however, some additional phases that the synchrotron radiation was able
to pick up. Unfortunately, these extra phases could not be identified. Intermetallic compounds
between Mg and RE elements were ruled out as possibilities for these phases as these intermetallic
compounds are largely known and documented in the literature. The first of these unknown phases
appears in both the as-received and cryomilled powders with a single observable peak just below 5°.
The second unknown phase appears in the cryomilled powders with the three most intense peaks

(assuming these come from a single phase) occurring below 5°.

Table 5.5 gives the Mg lattice parameters and calculated crystallite size for both the Mg and
MgO phases. The lattice parameters as calculated by the synchrotron radiation are a little smaller
compared to the values as calculated from conventional XRD, but are largely in agreement and do not
show much deviation from the values for pure Mg. The crystallite size of Mg for the as-received
powder is calculated to be 50 nm which is almost half the value as calculated by conventional XRD
with a crystallite size of 95 * 5 nm. There does not seem to be much agreement between the Mg
crystallite size of the as-received powder for the conventional and synchrotron XRD, but this is not
too surprising since the grain size for the as-received powder is probably not narrowly distributed
which makes the crystallite size unreliable. The crystallite sizes of the cryomilled, however, are in
much better agreement with Mg and MgO having a crystallite size of 18 + 2 nm and 2 # 1, respectively.
The phases in the cryomilled powder are expected to be nanocrystalline which are much narrower

and more reliably characterized by the crystallite size.
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Figure 5.3: Synchrotron XRD spectra for both the as-received and cryomilled powders.

Table 5.5: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

spectra for the as-received and cryomilled powders given in Figure 5.3.

Mg Lattice Parameters Crystallite size (nm)
a (nm) ¢ (nm) c/a Mg MgO
As-Received pwd. 0.3204 0.5188 1.619 50 -
Cryomilled pwd. 0.3202 0.5189 1.621 17 3
Pure Mg 0.3209 0.5210 1.624 - -
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5.3 Microstructure

In order to investigate the microstructure and to more accurately characterize the grain
structures of both the as-received and cryomilled powders, both scanning transmission electron
microscopy (STEM) and traditional TEM techniques were used. Figure 5.4 shows a STEM image of a
single as-received powder particle along with other STEM images of selected magnifications
generated from a high-angle annular dark-field (HAADF) detector. This means that any electrons
detected by the HAADF detector have been scattered to very high angle just by the nature of how the
signal is selected by the detector. This scattering is achieved mainly from atomic scattering which is
dependent on the atomic number (Z) of the individual atoms with heavier elements producing more
scattering. This ability of heavier elements to scatter more of the electron beam means that elements
with larger Z values will generate more of a signal in HAADF than smaller Z elements. This difference
in scattering leads to HAADF producing images with contrast mostly attributed to difference in Z, or

Z-contrast.

Itis clear from the high Z-contrast shown in the STEM HAADF image in Figure 5.4(a) that the
fast cooling of the gas atomization process has resulted in the segregation of the RE elements to the
grain/cell boundaries where the intermetallic phases ultimately precipitated. This segregation is
highlighted in both Figure 5.4(b) and Figure 5.4(c) where the higher brightness indicates more
scattering due to higher Z-containing elements. Individual grains of the intermetallic phase can be
seen in both of these images with the grains becoming more apparent at higher magnification in
Figure 5.4(c). There is also the presence of a yttrium-rich oxide, as indicated by STEM-EDS, serving
as a passivation layer on the particle surface as seen in Figure 5.4(d) which is the interface of two
adjoining powder particles of around 10 nm in thickness. It is important to note that the thicker high-
contrast material surrounding the powder particle is platinum which was deposited during the FIB

process and is not the oxide layer.
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Figure 5.4: Scanning transmission electron microscopy (STEM) high-angle annular dark-field
(HAADF) images showing (a) an entire as-received powder particle prepared by focused ion beam
(FIB), (b) a magnified portion showing the segregation of RE elements to the cell boundaries, (c) a
magnified section showing intermetallic sub grains, and (d) a magnified section showing the

passivation layers between two adjoining powder particles.
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TEM was also utilized in order to investigate the microstructure of the cryomilled powders.
This time, however, selected area diffraction (SAED) was used in order to identify phases and the use
of complementary bright-field (BF) and dark-field (DF) techniques were used in order to provide
direct and complete grain size characterization. For reference, BF TEM images are generated by
placing an aperture in the back focal plane of the objective lens, otherwise known as an “objective
aperture,” which only allows the direct beam to pass through, thus generating an image mostly with
mass-thickness and diffraction contrast. DF TEM images, on the other hand, are generated by placing
the objective aperture around one or more of the diffracted beams, which only allows the diffracted
beam or beams to pass through, thus generating a highly selected image which can only include

particular grains of a particular orientation.

Such analysis was done on several cryomilled powder particles with one of these powder
particles with the complete analysis being shown in Figure 5.5. A BF TEM image of the single
cryomilled particle is shown in Figure 5.5(a) as well an indexed SAED pattern in Figure 5.5(b) along
with the accompanying table which identifies each phase, plane, and lattice constant. From the
indexed SAED patterns in along with the accompanying table, Mg and MgO are the only two phases
present which confirms the results of XRD. In order fully characterize these two phases individually,
the smallest objective aperture was used in conjunction with the SAED rings in order to isolate the
different phases and generate DF images of selected composition. Due to the size restriction of the
objective aperture as shown in Figure 5.5(b) with the black and white circles, it was impossible to
completely isolate MgO due to the particular arrangement of the SAED rings in relation to Mg. There
was no such issue for Mg as the first three rings were easily isolated. Despite these restrictions for
MgO, it was still possible to generate a DF image mostly consisting of MgO by maximizing the area of
the MgO rings and minimizing the area of Mg inside the objective aperture. This resulted in a DF
image of only Mg grains as shown in Figure 5.5(c) and a DF image of predominantly MgO grains as

shown in Figure 5.5(d).
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Figure 5.5: Transmission electron microscopy (TEM) analysis of a single cryomilled powder. (a)

Bright-field image with (b) the resulting selected area diffraction (SAED) pattern generated by the
entire powder particle, along with complementary dark-field images taken with the objective
aperture encompassing the area of the SAED pattern indicated by (c) the black circle showing Mg

grains and (d) the white circle showing mostly MgO grains.
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Ring d (nm) Ref. (nm) Error (%) Lattice Plane Phase

1 0.2782 0.2779 0.05 HCP 1010 Mg
2 0.2609 0.2605 0.01 HCP 0002 Mg
3 0.2438 0.2452 0.58 HCP 1011 Mg
4 0.2098 0.2102 0.19 FCC 200 MgO
5 0.1899 0.1901 0.05 HCP 1012 Mg
6 0.1608 0.1604 0.20 HCP 1120 Mg
7 0.1482 0.1486 0.27 FCC 220 MgO
8 0.1462 0.1473 0.75 HCP 1013 Mg

Figure 5.5 (cont. from previous page): Table showing the interplanar spacings as calculated from

each of the SAED rings along with the indexed planes and identified phases.

Looking at the two DF images in Figure 5.5, it is clear that the Mg and MgO grains have
different grain size distributions with Mg grains appearing noticeably larger. In order to characterize
the two grain size structures, several powder particles were imaged with Mg and MgO DF images
similar to the ones shown in Figure 5.5. From these DF images, several hundred individual grains of
Mg and MgO were measured. Histograms of both the Mg and MgO grain size measurements are
provided in Figure 5.6 with the number and area averages provided for the Mg grains in Figure 5.6(a)
and the MgO grains in Figure 5.6(b). For Mg, the area and volume average grain diameter are 11 + 7
nm and 20 * 9 nm, respectively. For MgO, the area and volume average grain diameter are 5 * 2 nm
and 6 * 2 nm, respectively. These values are in good agreement with the crystallize size
measurements from XRD which showed an average crystallite size for Mg of 18 + 2 nm and an average
crystallite size of MgO of 2 + 1 nm. The slight discrepancy between the MgO crystallite and grain sizes
is most likely due to the inability to accurately measure grains below a few nanometers in diameter.
Signal from such small grains is often diffuse and does not produce enough contrast to distinguish

from the background.
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Figure 5.6: Grain size histograms of the cryomilled powder as measured by TEM for both the (a) Mg
phases and (b) MgO phases in the cryomilled powder.
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To further characterize the grain and phase distribution of the cryomilled powder, FIB was
used to create a thin slice of a selected cryomilled powder particle for analysis with S/TEM, similar
to the process used on the as-received powder. These results are presented in Figure 5.7. The
individual powder particle as imaged by STEM HAADF is shown in Figure 5.7(a) which shows a
unique and non-homogenous microstructure. The uneven contrast of the STEM HAADF image
suggests an uneven distribution of phases and/or elements. The SAED pattern as generated from the
area enclosed by the white box of the powder particle is presented in Figure 5.7(b) which shows that
the only two phases are Mg and MgO which confirms the results obtained from XRD. A separate STEM
HAADF image of this area enclosed by the white box is also shown in Figure 5.7(c) which highlights
what appears to be a slight lamellar-type structure. Figure 5.7(d) shows the TEM DF image of this
region with the objective aperture placed on the region of the SAED pattern as shown by the white

circle indicating that both Mg and MgO phases are selected.

Another cryomilled powder particle was prepared and thinned via the FIB process for
additional characterization by S/TEM. This second cryomilled powder particle study is presented in
Figure 5.8. A similar STEM HAADF image of the overall powder particle is shown in Figure 5.8(a)
which again shows a non-homogenous distribution of elements and/or phases as evident by the non-
uniform contrast. Figure 5.8(b) shows the SAED pattern from the area enclosed by the white box
which again confirms the presence of only Mg and MgO. Figure 5.8(c) displays a higher magnification
STEM HAADF image of the area indicated by the white box which shows additional contrast than the
first powder particle in Figure 5-7 did. This image shows additional contrast with the addition of a
brighter, almost white, contrast shown towards the bottom half of the image. The TEM DF image of
this same region is shown in Figure 5.8(d) with the objective aperture placed on the region of the
SAED pattern as shown by the white circle indicating that both Mg and MgO phases are selected
which shows a similar distribution as shown in Figure 5.7. Further analysis of this region will be

discussed in the following paragraphs.
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Figure 5.7: S/TEM analysis of a single cryomilled powder prepared by FIB. (a) Low magnification

STEM HAADF image of cryomilled powder with (b) resulting SAED pattern generated from the area
indicated by the white box, along with a complementary (c¢) STEM HAADF and (d) dark-field image
taken of the area enclosed by the white box with the objective aperture encompassing the area of the

SAED pattern indicated by white circle showing both Mg and MgO grains.
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Figure 5.8: S/TEM analysis of a single cryomilled powder prepared by FIB. (a) Low magnification

STEM HAADF image of cryomilled powder with (b) resulting SAED pattern generated from the area
indicated by the white box, along with a complementary (c¢) STEM HAADF and (d) dark-field image
taken of the area enclosed by the white box with the objective aperture encompassing the area of the

SAED pattern indicated by white circle showing both Mg and MgO grains.
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From both of the analysis represented in both Figure 5.7 and Figure 5.8, it is clear that there
is a non-uniform distribution of elements as shown by the differing contrast in the STEM HAADF
images. As mentioned previously, the contrast from STEM HAADF images comes mainly from Z-
contrast, indicating that the brighter regions in these images contain heavier elements such as RE
elements. From these figures it is also apparent that these different contrast regions. It also appears
that that these different regions, as identified by contrast, have a difference in phase and grain
distributions. If we look at the darker regions in the STEM HAADF images and compare them to the
TEM DF images, we can see that the coarser Mg grains are somewhat concentrated in these regions
with the nanocrystalline Mg and MgO grains predominantly in the lighter contrast images. From both
of these observations about contrast and phase distribution, it is likely that the powders were not

milled sufficiently which resulted in insufficient mass transfer.

In order to correlate the contrast seen in the STEM HAADF images and in order to determine
the elemental distribution, STEM-EDS mapping was performed on a zoomed-in portion of Figure
5.8(c). These elemental maps are provided in Figure 5.9 with the mapped elements of Mg, Y, O, Nd,
and Zr along with a BF and DF TEM images showing the same area and showing the distribution of
both the Mg and MgO grains. From this figure, we can see that there is a clear segregation of elements
in the different contrasted regions in the STEM HAADF image. It is evident that these dark contrasted
regions are essentially pure Mg with the bulk of the oxygen (and thus MgO) located in these grey
contrasted regions along with the addition of some RE elements. The brightest contrasted region
seen in the STEM HAADF image seems to be a large pocket of Y and Nd which is why there appears
to be so much contrast from this region. However, from the overall STEM images of the powder
particles in Figure 5.7 and Figure 5.8, this region is not quite representative. Despite this, it is clear
that the overwhelming majority of the microstructure is composed of these grey contrasted regions
which contain Y, RE elements, and the MgO grains while the dark contrasted regions are essentially

pure Mg.
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Figure 5.9: STEM-EDS elemental mapping of the cryomilled sample showing the STEM HAADF image

of the overall sampling area with the individual mapped elements for Mg, Y, O, Nd, and Zr along with
complementary TEM bright-field and dark-field images (dark-field image taken from Figure 5.8 and
with both images appropriately cropped and scaled) showing the distribution of Mg and MgO grains.

All images are of the same region and set to the same scale.
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Chapter 6

Characterization of Magnesium-Based Bulk Nanocomposite

6.1 Phase Identification and Crystallite Size

6.1.1 Conventional X-Ray Diffraction

Figure 6.1 shows the conventional XRD spectra for both the cryomilled powder and the as-
SPS’ed sample (the sample made by consolidating the cryomilled powder), showing the effect of the
SPS process. From both spectra, it is clear that no additional phases are produced from the
consolidation process, and the only phases present in any meaningful quantities are Mg and MgO. It
is also clear from the spectra that the SPS process has led to the coarsening of the Mg grains as
illustrated by the sharpening (decrease in width) of the peaks along with an increase in relative peak
intensity. There does not seem to be a similar sharpening with the MgO peaks, indicating little or no
grain growth. To quantify this effect, the crystallite size of both the Mg and MgO phases is presented
in Table 6.1 along with the Mg lattice parameters for both the cryomilled powder and the as-SPS’ed
sample. The crystallite size for the Mg phase goes from 18 + 1 nm for the cryomilled powder to 79 *
4 nm for the as-SPS’ed, indicating grain growth. The crystallite size for the MgO phases stays constant
at 2 = 1 nm for both the cryomilled powder and the as-SPS’ed sample, indicating no grain growth. It
should be noted, as mentioned in Chapter 4. that if the grain size distribution of the Mg grains after
the SPS process is not unimodal, the crystallite size might not be an accurate representation of the
actual Mg grain size. However, the Mg crystallite size does qualitatively indicate that grain growth

has occurred and that significant changes have occurred to the overall grain structure of the material.
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Figure 6.1: Conventional XRD spectra for both the cryomilled powder and the as-SPS’ed sample.

Table 6.1: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the cryomilled powder and the as-SPS’ed sample given in Figure 6.1.

Mg Lattice Parameters Crystallite size (nm)

a (nm) ¢ (nm) c/a Mg MgO

Cryomilled pwd.  0.3213 £0.0004 0.5212 £ 0.0003 1.622 £ 0.003 182 21
As-SPS’ed 0.3215+0.0004 0.5215+0.0004 1.622 £ 0.003 79+ 4 21

Pure Mg 0.3209 0.5210 1.624 - -
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In terms of the Mg lattice parameters, there appears to be no difference between the two
samples and in relation to the pure Mg reference, indicating that the SPS process did not have any
significant effect on the solubility of the rare earth elements in a-Mg. If the cryomilling process had
induced a solid supersaturation of RE elements in magnesium, the SPS process would have likely
precipitated out these elements in the form of intermetallic compounds. The fact that there is almost
no change in the lattice parameters and the fact that these lattice parameters are almost identical to
that of pure Mg suggests that there is no significant solubility of the RE elements in the a-Mg. This
along with the absence of any intermetallic phases suggests that the RE elements might be
elementally segregated to the large area fraction of the nanocrystalline a-Mg grain boundaries,
making them less likely to coalesce and form intermetallic compounds during the relatively short

time in which the consolidation takes place.

Figure 6.2 shows the conventional XRD spectra for both the SPS control sample (the sample
made by consolidating the as-received powder) and the as-SPS’ed sample, along with the relevant
lattice parameters and crystallite sizes in Table 6.2, showing the effect that the SPS process has on
the as-received powders without the cryomilling process. The differences between these two
samples is stark, with the SPS control sample showing the creation of the equilibrium Mgs:1Nds
intermetallic compound. This intermetallic compound is absent in the as-SPS’ed sample, showing a
large difference between the two powder samples. In addition to the creation of this equilibrium
intermetallic phase, it is also clear that the intermetallic compound present in the as-received
powders (MgzRE) was eliminated during the SPS process without mechanical milling, supporting the
conclusion that this was a non-equilibrium phase. Also, the fact that the SPS process did not lead to
the formation of the Mgs1Nds intermetallic phase with the cryomilled powder, as did in the SPS
control sample, reaffirms the conclusion that the RE elements are elementally segregated to the grain
boundaries. Another large difference between these two samples in the absence of MgO in the SPS

control sample, demonstrating that the SPS process is not a source of MgO in the as-SPS’ed sample.
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Figure 6.2: Conventional XRD spectra for both the SPS control sample and the as-SPS’ed sample.

Table 6.2: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the SPS control and the as-SPS’ed samples given in Figure 6.2.

Mg Lattice Parameters Crystallite size (nm)
a (nm) ¢ (nm) c/a Mg MgO
SPS control 0.3215+0.0005 0.5215+0.0004 1.622 £0.003 113 +45 -
As-SPS’ed 0.3215+0.0004 0.5215+0.0004 1.622 £ 0.003 79+ 4 2+1
Pure Mg 0.3209 0.5210 1.624 - -
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6.1.2 Synchrotron X-Ray Diffraction

Figure 6.3 shows the synchrotron XRD spectra for both the cryomilled powder and the as-
SPS’ed sample, again showing the effect of the SPS process had on the cryomilled powders. Almost
identical data is presented in the synchrotron XRD spectra, compared to the spectra given from
conventional XRD. The synchrotron XRD spectra confirms that the only phases present in any
meaningful concentration in both the powders and the as-SPS’ed sample are Mg and MgO. Table 6.3
displays the Mg lattice parameters as well as the crystallite sizes for both the Mg and MgO phases,
showing that the Mg crystallites grew from 17 nm in the cryomilled powder to 37 nm in the as-SPS’ed
sample with the MgO crystallites just slightly increasing from 3 nm to 4 nm in the as-SPS’ed sample.
Again, it is not clear if the Mg crystallite size for the as-SPS’ed sample is meaningful. There does seem
to be a slight difference in the Mg lattice parameters between the cryomilled powder and the as-
SPS’ed sample, with the Mg lattice parameters of the cryomilled sample being smaller which could
be due from strain induced during the cryomilling process. However, if this difference is indeed due
to stresses induced from cryomilling, the SPS process seems to relieve these stresses as the Mg lattice
parameters increase to the values of pure Mg in the as-SPS’ed sample. Also, due to only one sample
being run for the synchrotron data, it is difficult to tell whether this is within the error of the

measurements.

It is important to note that one of the two unknown phases identified in the cryomilled
powders was eliminated during the SPS consolidation process. Although this phase was unknown
and was only present in the cryomilled powders, it is not present in the as-SPS’ed sample making it
less critically important. The other unknown phase that was shown in the synchrotron XRD of the as-
received powders is still present in the as-SPS’ed sample, with a single faint peak around 5°. However,
it is in such a small quantity in relation to the Mg and MgO phases, and its impact on the

microstructure and mechanical properties will most likely be negligible.
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Figure 6.3: Synchrotron XRD spectra for both the cryomilled powder and the as-SPS’ed sample.

Table 6.3: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

spectra for the cryomilled powder and the as-SPS’ed sample given in Figure 6.3.

Mg Lattice Parameters

Crystallite size (nm)

a (nm) ¢ (nm) c/a Mg MgO
Cryomilled pwd. 0.3202 0.5189 1.621 17 3
As-SPS’ed 0.3210 0.5209 1.623 37 4
Pure Mg 0.3209 0.5210 1.624 - -
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6.2 Microstructure

6.2.1 Scanning Electron Microscopy

Figure 6.4 presents the side-by-side SEM images showing the microstructures of both the SPS
control sample and the as-SPS’ed sample. There are quite a few differences between the
microstructures of these two samples with the main difference being that for the SPS control sample
in Figure 6.4(a), the prior particle boundaries (PPBs) are still present. It appears that the passivation
layer on the as-received powders was not broken up during the SPS process which inhibited diffusion
between adjacent powder particles leading to incomplete bonding. This incomplete bonding is most
evident at triple-point junctions where diffusion across the passivation layer was not enough to
sufficiently fill the geometrical voids during the sintering process. Additional proof that these
apparent PPBs are indeed the remaining particle oxide layers is that the size distribution of these
PPBs is roughly equal, by simple visual inspection, to the particle size distribution data obtained from
the as-received powder via the SediGraph analysis, with a volume average powder particle diameter

0f19.6 + 11.6 pm.

In the case for the as-SPS’ed sample in Figure 6.4(b), there does not seem to be any issues
with PPBs as this oxidation layer was broken up during the cryomilling process and therefore is
absent in the SEM image. The as-SPS’ed sample does, however, display what looks like a duplex
microstructure consisting of two distinct regions: one region with darker contrast occupying a
relatively small volume fraction of the overall material, and another region with brighter contrast
occupying the remaining vast majority of the volume fraction. It should also be noted that no etchant
was used in preparing the samples for SEM by polishing, indicating that these darker regions in the
as-SPS’ed sample are softer in comparison to the lighter regions, showing topographical relief due to
a faster removal rate in these darker regions during the final polishing steps. Additional techniques

will be needed to further characterize these two regions of the as-SPS’ed microstructure.
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Figure 6.4: SEM microstructural images of (a) the SPS control sample and (b) the as-SPS’ed sample.

In order to determine the chemical composition and elemental distribution of both bulk
samples, EDS elemental mapping was performed with the SEM on the SPS control sample as well as
on the as-SPS’ed sample with the results presented in Figure 6.5 and Figure 6.6, respectively. Each of
these figures display an SEM image of a selected representative area along with EDS elemental
mapping for Mg, Y, O, Nd, and Zr along with EDS point analysis for two selected points of each sample
as indicated on the SEM images. Additional chemical analysis of the SPS control sample and the as-
SPS’ed sample is provided in Table 6.4 and Table 6.5, respectively, which gives the overall chemical
analysis as measured by the EDS elemental maps given in their respective figures. As noted
previously in Chapter 5, the EDS analysis for Zr should be viewed with skepticism as there does not
seem to be any difference in the elemental maps from these two elements, suggesting that the Zr
elemental map is simply produced based on the larger EDS signal from Y. The same skepticism should
be applied to the EDS point analysis for Zr in both the SPS control sample as well as the as-SPS’ed

sample.
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wt. %

at. %

Mg 94.50 98.58 Mg 77.12 82.59
Y 3.17 0.90 Y 11.16 3.27

i| RE (Nd) | 1.28 (1.10) | 0.22 (0.19) || RE (Nd) | 3.17 (2.65) | 0.56 (0.48)
zr 1.04 0.29 zr 0.25 0.07
o 0.01 0.01 o 8.30 13.51

Figure 6.5: SEM-EDS elemental mapping of the SPS control sample showing the SEM image of the

overall sampling area with the individual mapped elements for Mg, Y, O, Nd, and Zr along with EDS

point analysis for point 1 and point 2 as indicated in the SEM image where RE = Nd + Gd + Dy. All

images are of the same region and set to the same scale. Standard deviation values similar to those

presented in Table 6.4.

Table 6.4: Overall chemical analysis of the SPS control sample as measured by the EDS elemental

mapping given in Figure 6.5.

Mg Y Total RE (Individual RE)

r

Nd: 2.25 £ 0.03
wt.% 91.60+034 436+0.02 2.63+0.08 Gd:0.31+0.03
Dy: 0.07 £0.02

1.04+£0.02 0.37+0.01

Nd: 0.40 +0.01
at.%  97.39£0.36 1.27+0.01 046+0.03 Gd:0.05 0.01
Dy: 0.01 +0.01

0.29+0.01 0.59x0.02
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wt. % at. %
Mg 98.22 98.90 Mg 77.96 78.02
Y 0.52 0.14 Y 5.03 1.38
RE (Nd) | 0.25 (0.21) | 0.09 (0.08) || RE (Nd) | 3.38 (2.62) | 0.55 (0.44)
Zr 0.53 0.14 Zr 0.55 0.15
o 0.48 0.73 o 13.08 19.90

Figure 6.6: SEM-EDS elemental mapping of the as-SPS’ed sample showing the SEM image of the

overall sampling area with the individual mapped elements for Mg, Y, O, Nd, and Zr along with EDS

point analysis for point 1 and point 2 as indicated in the SEM image where RE = Nd + Gd + Dy. All

images are of the same region and set to the same scale. Standard deviation values similar to those

presented in Table 6.5.

Table 6.5: Overall chemical analysis of the as-SPS’ed sample as measured by the EDS elemental

mapping given in Figure 6.6.

Mg Y Total RE (Individual RE)

Zr

Nd: 2.17 £ 0.03
wt.% 82.14+0.30 3.61+x0.02 2.72+0.07 Gd:0.24+0.02
Dy: 0.31 £0.02

1.42 +0.02

10.11 £ 0.03

Nd: 0.37 +0.01
at.% 8270030 0.99+0.01 046+0.03 Gd:0.04+0.01
Dy: 0.05 + 0.01

0.38+0.01

15.47 £ 0.05
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Looking at the EDS elemental mapping for the SPS control sample in Figure 6.5, it is clear that
the areas previously identified as the PPBs (the areas in the SEM image with lighter contrast) are
indeed the outlines of individual particles fused during the SPS consolidation process as indicated by
the elemental maps of Mg, Y, and O. The Mg elemental map shows that the PPBs are slightly depleted
in Mg as indicated by the slightly darker color along these regions. The EDS point analysis also
quantifies this Mg difference showing that the interior of one of these particles is roughly 95 wt. %
Mg (point 1) while a point sampled from one of triple-point junctions measured 77 wt.% Mg (point
2). The Y and O elemental maps shows an even greater contrast, showing a substantial difference in
the amount of Y and showing that the oxygen content is segregated to these boundaries. There does
not seem to be any noticeable contrast in the Nd elemental map, suggesting that the distribution of
Nd is uniform which is also supported by the EDS point analysis. It is also quite possible that the
signal generated from Nd has a low signal-to-background ratio, making it difficult to distinguish
between the background and thus making it difficult to accurately ascertain the distribution of Nd.
Although Nd is the only RE element that is mapped, other RE elements were measured, including Gd
and Dy. However, since the majority of the RE elements are from Nd, the elemental maps for Gd and
Dy were not useful as they were indistinguishable from the background signal. And lastly, for the
overall chemical composition of the SPS control sample from Table 6.4, we see that the total oxygen
content is only 0.37 wt. % which is similar to the EDS results of the as-received powder which was

measured to be 1.03 wt. %.

For the elemental mapping of the as-SPS’ed sample in Figure 6.6, we can see that these two
previously identified regions in the SEM image (i.e. the dark and light regions) are completely
different in composition. The dark regions appear to simply be a-Mg with the other elemental maps
showing almost no signal from these regions, indicating that these elements are absent. This
observation is backed up by the EDS point analysis which shows that these dark regions are about

98 wt. % Mg (point 1). Contrasting this with the EDS point analysis from these light regions, we see
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that these lighter regions only constitute about 78 wt. % Mg (point 2) with a very high concentration
of oxygen (13 wt. %) and a high concentration of Y and RE elements which are just slightly higher
than their total representative percentages in the overall alloy (i.e. about 4 wt. % for Y and about 3
wt. % for RE elements). Also, since oxygen was only detected in these light regions, this analysis also
shows that these regions are where the nanocrystalline MgO grains are located. From this analysis, it
is clear that these two separate regions of the microstructure are chemically as well as
microstructurally distinct with essentially pure Mg regions with the additional of regions rich in RE
elements on MgO. For the overall chemical composition of the as-SPS’ed sample from Table 6.5, we
see that the total oxygen content is 15.47 wt. % which is very similar to the results from the
cryomilled powder which has an oxygen content of 12.86 wt. %. Later on in this section, we will use
the atomic percent values of oxygen as measured in the as-SPS’ed sample to estimate the volume

fraction of MgO.

6.2.2 Transmission Electron Microscopy

In order to investigate the as-SPS’ed sample in more detail and in order to gain greater insight
into these two distinct microstructural regions, TEM along with STEM and STEM-EDS were used. The
first image of the overall microstructure of the as-SPS’ed sample as taken from STEM HAADF is given
in Figure 6.7. In this image, the two different microstructural regions are quite clear with the same
contrast given in the SEM. From this image, we can see that even these regions rich in both Mg0O and
RE elements have somewhat of a non-homogenous grain structure with the darker Mg regions
appearing to be interwoven into the microstructure. This microstructure is similar to the
microstructure as seen from the cryomilled powders seen under STEM HAADF in Chapter 5,
indicating that this microstructure might be a vestige of the cryomilling process. Further
characterization will need to be conducted in order to more precisely investigate these regions and
in order to figure out the distribution of the nanocrystalline MgO grains.
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Figure 6.7: STEM HAADF microstructural image of the as-SPS’ed sample.
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Further analysis of the region displayed in Figure 6.7 was performed, with a closer look at
one of the features displayed in this figure which had a distinctive “fish hook” shape which was darker
in contrast compared to the rest of the STEM HAADF image. This feature can be seen towards the
top-center of Figure 6.7 measuring about 750 nm across. A closer look at this “fish hook” feature can
be seen in Figure 6.8 which shows complete STEM and TEM analysis of this region with a STEM
HAADF image presented in Figure 6.8(a). As noted in the previous chapter, STEM HAADF produces
signal primarily from Z-contrast which shows regions containing higher atomic number in higher
contrast. This suggest that this dark region is deficient in any RE alloying elements as these elements
would produce much greater signal compared to a-Mg. Figure 6.8(b) shows the SAED pattern
generated from the area of the sample which confirms that the only phases present are Mg and MgO.
Figure 6.8(c) displays the DF TEM image produced using the objective aperture as indicted by the
black circle in the SAED image showing Mg grains, and Figure 6.8(d) displays the DF TEM image
produced using the objective aperture as indicated by the white circle in the SAED image showing
mostly MgO grains. As stated in the previous chapter, it was difficult to completely isolate the MgO

grains from the Mg grains.

From these two DF images in Figure 6.8, it is clear that the high contrast regions are populated
with very fine MgO grains while the low contrast regions are absent of MgO and mostly contain
coarser Mg grains compared to the regions containing MgO. This confirms the SEM-EDS results from
the as-SPS’ed sample which show almost no oxygen content in the a-Mg regions of the
microstructure. This initial analysis also suggests that the RE elements are also in these higher
contrast regions that contain the MgO grains. Since oxygen has a lower Z value compared to Mg and
because of how the signal is received in HAADF generated images, the high contrast between these
two regions must be coming from much higher Z elements such as the RE elements and Y. This would
also confirm the results from SEM-EDS which shows the oxygen containing regions also contain the

majority of the RE elements along with Y.
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Figure 6.8: S/TEM analysis of the as-SPS’ed sample prepared FIB. (a) STEM HAADF image of as-

SPS’ed sample with (b) the resulting SAED pattern generated by the entire area displayed, along with
complementary dark-field images taken with the objective aperture encompassing the area of the
SAED pattern indicated by (c) the black circle showing Mg grains and (d) the white circle showing

mostly MgO grains.
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In order to characterize the grain size distribution from both the Mg and MgO grains in these
nanocrystalline regions, close to a thousand individual grains for each Mg and MgO were measured
from the nanocrystalline regions with the results presented in Figure 6.9 in the form of histograms
with the Mg grain data given in Figure 6.9(a) and the MgO grain data given in Figure 6.9(b). These
histograms also have the grain size histograms as measured by TEM for the cryomilled powder, as
previously presented in Chapter 5, overlayed to show the effects the SPS process. It should be noted
that the Mg grain size histogram given in Figure 6.9(a) for the as-SPS’ed sample only includes grain
data from the nanocrystalline regions (i.e. the regions containing Mg0) and does not include the
coarse-grained regions. This data shows that there is no difference between the overall Mg grain size
in the cryomilled powders and the Mg grain size in the nanocrystalline regions of the as-SPS’ed
sample, with both having a number and area average grain size of about 10 nm and 20 nm,
respectively, with no grains over 50 nm being observed. In terms of the MgO grains, there seems to
be a slight increase in the grain size, at least in terms of the area average grain size, with an area
average grain size almost doubling in the as-SPS’ed sample from 6 nm in the cryomilled powder to

11 nm with almost no change in the number average.

To further characterize the microstructure of the as-SPS’ed sample, STEM-EDS was
performed on a zoomed-in portion of the region presented in Figure 6.8, with EDS elemental maps
being generated for Mg, Y, O, Nd, and Zr. This data along with similarly scaled DF images from Figure
6.8 are shown in Figure 6.10. These elemental maps confirm the results from SEM-EDS which showed
the oxygen content and RE content occur in the same regions. These results along with the results
from the DF TEM analysis show that these same regions are nanocrystalline in nature, with a mixture
of both Mg and MgO nanocrystalline grains. It is also interesting to note that the coarser Mg grains,
as seen in the “fish hook” structure, are lacking in the RE elements and nanocrystalline MgO grains,
suggesting that the nanocrystalline MgO grains and RE elements are stabilizing the nanocrystalline

Mg grains during the SPS consolidation process.
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Figure 6.9: Grain size histograms overlays as measured by TEM for both the (a) Mg phases and (b)

MgO phases in both the cryomilled powder and as-SPS’ed sample.
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Figure 6.10: STEM-EDS elemental mapping of the as-SPS’ed sample showing the STEM HAADF image

of the overall sampling area with the individual mapped elements for Mg, Y, O, Nd, and Zr along with
complementary TEM dark-field images (taken from Figure 6.8 and appropriately cropped and scaled)
showing the distribution of Mg and MgO grains. All images are of the same region and set to the same

scale.

6.2.3 Electron Backscattered Diffraction

In order to characterize the coarser grains in the as-SPS’ed sample, electron backscattered
diffraction (EBSD) was used. Figure 6.11(a) shows the EBSD grain map that was generated from the
as-SPS’ed sample alongside a similarly scaled SEM image of the as-SPS’ed sample in Figure 6.11(b)
(same image that is shown in Figure 6.4). It should be noted that these images are not taken of the
same region of the sample. The EBSD data was collected off campus by EBSD Analytical which, for
unstated reasons, was unable to simultaneously take an SEM image of the area in which the EBSD
grain maps were generated. Additionally, as stated in Chapter 4, due to the limitations of this

technique as well as the step size, grain sizes below 100 nm were not able to be measured and appear
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black in Figure 6.11(a) indicating that no grain data was received from this portion of the sample.
Despite this inability to directly correlate the distribution of large grains with the microstructure
from an SEM image of the same area that was scanned by EBSD, a reasonable argument can be made
that these dark Mg regions as seen in the SEM images have a direct relationship to the size and
distribution of the coarse (i.e. measurable) Mg grains as measured by EBSD. It also appears that the
coarser of these measured grains appear in small, somewhat isolated clusters, with a disbursement
of finer grains throughout the remaining of the microstructure. This observation confirms the results
from TEM which shows that the coarse Mg grains were void of MgO as well as RE elements, only

containing Mg.

Figure 6.11: (a) Electron backscattered diffraction (EBSD) grain map of the as-SPS’ed sample with

different colors corresponding to differing grain size ranges along with (b) a similarly scaled SEM
image of the as-SPS’ed sample. Note: these images are not of the same region. The SEM image is
provided to show similarity between the size and distribution of the measurable grains in the EBSD

sample and the dark regions in the SEM image.
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Figure 6.12 gives the grain size histogram of the as-SPS’ed sample as measured in the EBSD
grain map given in Figure 6.11(a). For this 75 pm x 75 pm scanned area, just over 2,000 grains were
measured giving us a large sampling of grains. Even though the histogram only has grain data for
grain sizes larger than 100 nm, the histogram still generally follows a lognormal distribution with a
number and area average grain size of 0.64 * 0.59 um and 1.73 * 0.86 um, respectively, with no Mg
grains larger than 5 pm being measured. No other phases besides Mg were measured, including MgO,
indicating that all of the MgO grains were below 100 nm which confirms the TEM results which
indicated that no MgO grains over 50 nm were detected, proving that the MgO grains are very

narrowly distributed.
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Figure 6.12: Grain size histogram as measured by EBSD for the Mg phase in the as-SPS’ed sample.
Note: data was acquired with a step size of 100 nm, meaning that grains smaller than 100 nm were

not able to be detected.
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6.3 Mechanical Properties

6.3.1 Elastic Modulus and Hardness

To further investigate the mechanical properties of the as-SPS’ed sample, nanoindentation
was performed. Testing was performed on the as-SPS’ed sample with 50 indents being performed,
resulting in a measured elastic modulus and hardness value of 58.4 + 3.6 GPa and 1.26 + 0.13 GPa,
respectively. It should be noted that when calculating the elastic modulus, a Poisson ratio of 0.3 was
assumed. The first thing to note of these results is that the elastic modulus is considerably higher
than pure Mg which is 45 GPa. The measured elastic modulus of the as-SPS’ed sample is 58.4 GPa
which is 30% higher than pure Mg. However, this result is not that surprising considering the fact
that the material contains a non-inconsequential amount of MgO which could be resulting in this high
elastic modulus. The high hardness value of 1.26 GPa also suggest that the material has a high yield
strength. The standard convention of dividing the hardness by 3 to get the yield strength [#] gives a
yield strength of 420 MPa. However, the compressive yield strength will have to be obtained via

compressive testing before a yield strength value can be quoted.

In order to determine the effect of the finely dispersed MgO particles on the elastic properties
of the as-SPS’ed sample, we will need an equation which relates the elastic properties of both Mg and

MgO. Such an equation is given below in Equation 6.1 [66]:

F= Emg [EMngg + Enmgo (fMgO + 1)]
Emgofug + Emg(fugo + 1)

Equation 6.1

where E is the elastic modulus of the composite material (i.e. the as-SPS’ed sample), fuy and fuyo are
the volume fraction of Mg and MgO and Euy and Engo are the elastic moduli of Mg and MgO with their

respective values of 45 GPa and 300 GPa [67].
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In order to estimate the volume fraction of MgO, the semi-quantitative SEM-EDS data given
in Table 6.5 was used which showed that oxygen contributed to about 15 at. % (10 wt. %). Using this
15 at. % value along with the assumption that all of the oxygen is participating in MgO with all of the
RE elements elementally distributed to the grain boundaries, it is possible to estimate the volume

fraction using a simple volume fraction equation as given in Equation 6.2:

0.15 My g0
f Piago Equation 6.2
= quation 6.
M9 0.70 My, 4 015 Mygo

Pmyg Pmgo

where fugo is the volume fraction of MgO, My, and Muyyo are the respective molar masses for Mg and
MgO, pumg and puyo are the respective densities of Mg and MgO, and the values 0.15 and 0.70 come
from the assumption that 15% of the Mg atoms are participating in the formation of MgO leaving only
70% of the Mg atoms to participate in Mg. In addition, this calculation also assumes that the Mg and
MgO are equal to their pure counterparts with the molar mass and density for Mg of 24.3 g/mol and
1.74 g/cm3, respectively, and a molar mass and density for MgO of 40.3 g/mol and 3.58 g/cm3,

respectively.

Using Equation 6.2 and plugging in the values given, we calculate that the MgO volume
fraction is 0.15 meaning that the MgO particles compromise about 15% of the as-SPS’ed sample by
volume which seems like a reasonable number given all of the other data. Taking this volume fraction,
we can now calculate the elastic modulus of this composite by using Equation 6.1 which yields a value
of 56 GPa which is close enough to the experimentally calculated value of 58.4 + 3.6 GPa to feel
confident in the results. In order to get both the calculated and experimental values to match, a MgO
volume fraction of 0.18 had to be used which suggests that the true volume fraction is most likely

between 15% and 20%.
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6.3.2 Compressive Yield Strength

Compression testing, both conventional bulk compression testing (Instron) as well as
microcompression testing compression (Hysitron Picolndenter) via the compression of micropillars,
was conducted in order to calculate the compressive yield strength of the as-SPS’ed sample. Both of
these test methods were also conducted so that the microcompression testing could be established
as an accurate analogue for standard bulk compression testing for later testing. Due to the limited
supply of the as-SPS’ed material, we were only able to make small number of samples for bulk
compression testing and would need to rely on the microcompression testing results as an analogue

for testing the heat-treated samples.

These compression results are presented in Figure 6.13 which has both the results from the
bulk compression and the results from micro-compression. These results are in quite good
agreement with each other, with a compressive strength from the bulk testing of 320 + 4 MPa and a
compressive strength for the micro-compression of 325 + 19 MPa with 5 samples being tested for
both compression methods with both having a nominal strain rate of 2 x 10-3 s'.. Not only do these
results show a very high compressive yield strength, they provide high confidence that the micro-
compression testing is an accurate and reliable analogue for standard bulk compression testing
which can be used to calculate the bulk compressive strength for later test specimen, mainly the heat-
treated samples. These results also show that we were successful in our goal to make a high-strength
Mg alloy with the nanocrystalline grains indeed providing a substantial strength in the material. The
reported compressive yield strength for bulk WE43 after a T6 heat treatment is 190 MPa, showing
that the current process of cryomilling and SPS consolidation offers a 130 MPa improvement
compared to the traditional processing. Although this is not a quite fair comparison considering the
cryomilling process introduced nanocrystalline MgO particles creating a bulk nanocomposite, it

serves as a baseline comparison.
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Figure 6.13: Compression results for the as-SPS’ed sample for both bulk compression testing and

micropillar compression testing along with their respective compressive yield strengths.

It should also be noted that in addition to the high strength, the as-SPS’ed sample also shows
quite a bit of elongation as evidenced in Figure 6.14 which shows two side-by-side SEM images of a
pillar before and after being compressed to a strain of about 10%. This result is unexpected since the
one major drawback of nanocrystalline materials is that they do not exhibit much ductility since they
do not have the ability to work harden. The ability of the as-SPS’ed sample to accommodate so much
compressive ductility must be due to the bimodal grain size distribution with the coarser Mg grains

providing ductility with their ability to work harden with the nanocrystalline grains providing the
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Figure 6.14: SEM images of a single micropillar as fabricated by FIB both (a) before and (b) after

compression to a strain of 10%.
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Chapter 7

Thermal Stability of Magnesium-Based Bulk Nanocomposite

7.1 Phase Identification and Crystallite Size

7.1.1 Conventional X-Ray Diffraction

Figure 7.1 shows the conventional XRD spectra for both the as-SPS’ed sample and sample
heat-treated at 450 °C for 100 hours, the most aggressive of heat treatments the as-SPS’ed sample
was subjected to. From the XRD spectrum, it is clear that no additional phases were produced as a
result of the heat treatment, with Mg and MgO being the only phases present in both samples. Besides
the slight sharpening of the MgO peaks, there is no major differences in the two spectra. The
sharpening of the MgO is most likely due to the result of coalescing and coarsening of MgO grains due
to the prolonged heat treatment. Table 7.1 shows the lattice constants for Mg as well as the crystallite
sizes for both the Mg and MgO phases as calculated from the XRD spectra. From this table, we see
that there is no discernable difference from the Mg lattice parameters and no substantial change in
the crystallite sizes for both the Mg and MgO phases before and after the heat treatment at 450 °C for
100 hours. The crystallite size for Mg only marginally increases for the heat treated at 450 °C for 100
hours sample, increasing from 79 + 4 nm to 87 + 6 nm, indicating some minor grain growth. For MgO,
there is only a slight increase in crystallite size, increasing from 2 + 1 nm to 3 + 1 nm which is within
the margin of error. However, the peak sharpening from the XRD spectra indicate a noticeable
difference between the MgO peaks before and after heat treatment. It is possible that the heat

treatment has caused the formation of a bimodal grain size distribution for the MgO phase.
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Figure 7.1: Conventional XRD spectra for both the as-SPS’ed sample and the sample heat-treated at

450 °C for 100 hours.

Table 7.1: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the as-SPS’ed sample and the sample heated at 450 °C for 100 hours given in Figure 7.1.

Mg Lattice Parameters

Crystallite size (nm)

a (nm) ¢ (nm) c/a Mg MgO
As-SPS’ed 0.3215+0.0004 0.5215+ 0.0004 1.622 +0.003 794 2+1
450 °C, 100 hrs. 0.3215+0.0003  0.5219 +0.0002 1.623 £ 0.002 87+6 3+1
Pure Mg 0.3209 0.5210 1.624 - -
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Other than the conventional XRD data for the sample heat-treated at 450 °C for 100 hours,
comparative XRD spectra at 150 °C for 2 and 100 hours as well as comparative XRD spectra 450 °C
for 2 and 100 hours given in Figure 7.2 and Figure 7.3, respectively, along with their respective lattice
constants for Mg as well as the crystallite sizes for both the Mg and MgO phases listed in Table 7.2
and Table 7.3. From these results it is apparent that the material is extremely stable over various heat
treatments with no noticeable differences in either lattice parameters or crystallite size. The
noticeable difference between the four selected heat-treated samples being, as previously discussed,
the peak sharpening in relation to the MgO peak for the sample heat treated at 450 °C for 100 hours.
It is possible that this particular heat treatment has caused the formation of a bimodal grain size

distribution for the MgO phase.

In addtion to the Mg crystallite measurments for the four heat-treated samples just described,
Mg crystallite measurements for all of the four temperature regimes (150, 250, 350, and 450 °C) for
the varying times (2, 4, 8, 16, 32, 64, and 100 hours) were performed. These results are presented in
Figure 7.4 along with the summarized data from the four temperature regimes at 100 hours in Table
7.4. These results show the material’s remarkable thermal stability across all temperature regimes.
[t appears that any prolonged heat treatment causes the Mg crystallites to slightly increase and then
to stabilize without any further growth, and it appears that even the most modest of heat treatments
will initiate this grain coarsening, at least in relation to the crystallite size. It also quite possible that
this apparent increase in crystallite size for the heat-treated samples could be due to lattice strain
relaxation. Since the lattice strain was assumed to be negligible, no attempt to subtract the peak
broadening was undertaken when calculating the crystallite size. This decrease in peak broadening
which corresponds to a slightly larger crystallite size, might simply be the result of eliminating the
broadening due to strain. This strain relaxation should theoretically be ascertained by a change in
lattice parameter, but if the effect is so small as to be within the margin of error of the measurement,

it would be difficult to reasonably detect.
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Figure 7.2: Conventional XRD spectra for both the sample heat-treated at 150 °C for 2 hours and the

sample heat-treated at 150 °C for 100 hours.

Table 7.2: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the samples heat treated at 150 °C for both 2 and 100 hours given

in Figure 7.2.

Mg Lattice Parameters

Crystallite size (nm)

a (nm) ¢ (nm) c/a Mg MgO
150 °C, 2 hrs. 0.3213+0.0006  0.5213 +0.0004 1.622 +0.004 84 +2 2+1
150 °C, 100 hrs. 0.3212+0.0003  0.5213 +0.0002 1.623 £ 0.002 86+5 2+1
Pure Mg 0.3209 0.5210 1.624 - -
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Figure 7.3: Conventional XRD spectra for both the sample heat-treated at 450 °C for 2 hours and the

sample heat-treated at 450 °C for 100 hours.

Table 7.3: Relevant lattice constants and crystallite sizes as calculated from the conventional XRD

spectra for the samples heat treated at 450 °C for both 2 and 100 hours given in Figure 7.3.

Mg Lattice Parameters Crystallite size (nm)
a (nm) ¢ (nm) c/a Mg MgO
450 °C, 2 hrs. 0.3213+0.0004 0.5214 +0.0004 1.623 +0.003 89+3 21

450 °C, 100 hrs. 0.3215+0.0003 0.5219 % 0.0002 1.623 £ 0.002 876 31

Pure Mg 0.3209 0.5210 1.624 - -
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Figure 7.4: Crystallite size as measured by XRD for the as-SPS’ed sample and samples heat-treated

at 150, 250, 350, and 450 °C for 2, 4, 8, 16, 32, 64, and 100 hours.

Table 7.4: Homologous temperature and crystallite size summary as measured by XRD for the as-

SPS’ed sample and samples heat treated at 150, 250, 350, and 450 °C for 100 hours.

T/Tw' Crystallite size (nm)
As-SPS’ed - 79 + 4
150 °C, 100 hrs. 0.52 86+ 5
250°C, 100 hrs. 0.64 864
350°C, 100 hrs. 0.77 89+4
450 °C, 100 hrs. 0.89 876

* Calculated using a melting temperature of 540 °C (813 K).



7.1.2 Synchrotron X-Ray Diffraction

In addition to conventional XRD, synchtrotron XRD was also used to confirm our results from
conventional XRD. Figure 7.3 shows the spectra from synchrotron XRD for both the as-SPS’ed sample
and sample heat-treated at 450 °C for 100 hours. Results from both the conventional and synchrotron
XRD are in good agreement, with no additonal phases forming as a result of the heat treatment. The
MgO peak sharpening is also confirmed, with the same result appearing in the synchrotron data.
Table 7.2 shows the lattice constants and crystallite sizes for both the Mg and MgO phases as
calculated from the spectra in Figure 7.2. These results are also similar to the results from
conventional XRD. There is no perceived difference in the lattice parameters and no significant
differences between the crystallite sizes for the Mg and MgO phases. Due to beam time restrictions,
only one sample was tested for each test condition so standard deviation values are not possible. It
should be noted that there is a significant difference between the apparent crystallite size of Mg
between both techniques. This value is off less importance, however, compared to the relative values

between them.

Other than the conventional XRD data for the sample heat treated at 450 °C for 100 hours,
comparative XRD spectra at 150 °C for 2 and 100 hours as well as comparative XRD spectra 450 °C
for 2 and 100 hours given in Figure 7.5 and Figure 7.6, respectively, along with their respective lattice
constants for Mg as well as the crystallite sizes for both the Mg and MgO phases listed in Table 7.5
and Table 7.6. These results are extremely similar to the results of the conventional XRD data,
showing no noticeable difference for the Mg lattice parameters or the Mg and MgO crystallite sizes
between the as-SPS’ed sample and the heat treated samples, with exception to the sample heat-
treated at 450 °C for 100 hours as just mentioned in the previous paragraph which showed a slight
increase of the MgO crystallites in the as-SPS’ed sample increasing from 4 nm to 6 nm in the sample

heat treated at 450 °C for 100 hours.
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Figure 7.5: Synchrotron XRD spectra for both the as-SPS’ed sample and sample heat-treated at 450

°C for 100 hours.

Table 7.5: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

spectra given in Figure 7.5.

Mg Lattice Parameters Crystallite size (nm)
a (nm) ¢ (nm) c/a Mg MgO
As-SPS’ed 0.3210 0.5209 1.623 37 4
450 °C, 100 hrs. 0.3209 0.5206 1.622 39 6
Pure Mg 0.3209 0.5210 1.624 - -
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Figure 7.6: Synchrotron XRD spectra for both the sample heat-treated at 150 °C for 2 hours and the

sample heat-treated at 150 °C for 100 hours.

Table 7.6: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

spectra given in Figure 7.6.

Mg Lattice Parameters Crystallite size (nm)
a (nm) ¢ (nm) c/a Mg MgO
150 °C, 2 hrs. 0.3210 0.5209 1.623 37 4
150 °C, 100 hrs. 0.3210 0.5207 1.622 40 4
Pure Mg 0.3209 0.5210 1.624 - -
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Figure 7.7: Synchrotron XRD spectra for both the sample heat-treated at 450 °C for 2 hours and the

sample heat-treated at 450 °C for 100 hours.

Table 7.7: Relevant lattice constants and crystallite sizes as calculated from the synchrotron XRD

spectra given in Figure 7.7.

Mg Lattice Parameters

Crystallite size (nm)

a (nm) ¢ (nm) c/a Mg MgO
450 °C, 2 hrs. 0.3210 0.5207 1.622 38 4
450 °C, 100 hrs. 0.3209 0.5206 1.622 39 6
Pure Mg 0.3209 0.5210 1.624 - -
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7.2 Microstructure

7.2.1 Scanning Electron Microscopy

Figure 7.8 presents side-by-side SEM images showing the microstructures of both the as-
SPS’ed sample and the sample heated at 450 °C for 100 hours. According to XRD, there was a slight
coarsening of both the Mg and MgO phases. However, this coarsening is not seen in the
microstructural SEM images with no discernable difference between the two microstructures. The
coarse Mg grains and nanocrystalline regions consisting of Mg and MgO appear to be in the same
relative proportions in both SEM images, with no noticeable growth of the coarser of the Mg grains.
The finely dispersed MgO particles/grains seem to be pinning down the grains, stabilizing the grain
structure at very high temperatures. In order to confirm this, however, additional characterization

techniques would have to be used to directly measure the grain size distribution.

Figure 7.8: SEM microstructural images of (a) the as-SPS’ed sample and (b) the sample heat-treated

at 450 °C for 100 hours.

101



7.2.2 Electron Backscattered Diffraction

In order to confirm the thermal stability, EBSD was used to characterize the coarser grains.
Figure 7.9 shows a side-by-side EBSD grain size mapping images showing the distribution of grains
for both the as-SPS’ed sample and sample heated at 450 °C for 100 hours. From first glance of these
images, there does not seem to be any discernable difference between the grain sizes of the two
samples. This is further proved in Figure 7.10 which graphs a histogram overlay of the raw EBSD
grain sizes of both the as-SPS’ed sample and the sample heat-treated at 450 °C for 100 hours. This
data confirms that there is no distinguishable difference between the two grain size distributions
with the number grain size average of the as-SPS’ed and sample heated 450 °C for 100 hours being
0.64 = 0.59 um and 0.57 * 0.54 pm, respectively, and the area grain size average of the as-SPS’ed and
sample heated 450 °C for 100 hours being 1.73 * 0.86 um and 1.69 * 0.94 um, respectively. A
complete EBSD grain size analysis of all the heat-treated samples heated for 100 hours at 150, 250,
350, and 450 °C is listed in Table 7.8 with the number and area grain size averages of each sample
which shows no statistical differences. Additionally, for all five of these samples measured, no grains

over 5 um in diameter were observed.

This EBSD analysis is the first direct evidence that no grain growth as occurred for the heat-
treated samples, at least in relation to Mg grains over 100 nm. Also, due to the relative areas of
undetectable Mg grains (i.e. the black regions of the graphs), the coarser grains do not seem to
comprise a larger volume fraction of the material. This is also evident in the SEM images (Figure 7.8)
showing that these lighter nanocrystalline regions comprise about the same area fraction of the
image both before and after heat treatment. This should suggest that the nanocrystalline Mg grains
(unable to be measured in this technique), are thermally stable as well. And it might well be that the
thermal stability of these nanocrystalline grains is the reason for the thermal stability of the coarse

Mg grains, constraining their growth.
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Figure 7.9: EBSD grain size mapping of (a) the as-SPS’ed sample and (b) the sample heat-treated at

450 °C for 100 hours, with different colors corresponding to particular grain size ranges.

As previously speculated, the MgO particles might be the reason for the overall thermal
stability of the material, acting as pinning particles at the Mg grain boundaries and inhibiting grain
growth. This pinning effect was discussed by Zener [68] who proposed that the driving force for grain
growth due to the grain boundary curvature of these grains would be counteracted by a pinning force
exerted by particles along these grains boundaries [69]. This effect was quantified by Zener, given in
Equation 7.1, which stipulates that normal grain growth would be completely inhibited once a critical

grain size was achieved given a particular size and volume fraction of pinning particles:

R, =— Equation 7.1

where R. is the critical maximum grain size radius, r is the radius of the pinning particles, and f’is the
volume fraction of the pinning particles.
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Figure 7.10: Grain size histograms overlays as measured by EBSD for both the as-SPS’ed sample and

the sample heat-treated at 450 °C for 100 hours.

Given this Zener equation and assuming that the pinning particles in the as-SPS’ed sample
are MgO with a number average particle size of 7 + 3 nm (as measured by TEM) with a volume
fraction between 0.15 and 0.20 (as estimated by EDS), we are able to calculate the critical maximum
grain size for the Mg grains in which normal grain growth above this critical value will not take place
due to the pinning force exerted by the MgO particles. Given these values, a critical maximum grain
size of approximately 50 nm is calculated, below which the Mg grains will be stable. While it is clear
that there are Mg grains that are larger than this critical value, as demonstrated by TEM and EBSD,
these coarse Mg grains are absent of the nanocrystalline MgO grains. This absence of the MgO grains
means that the pinning force is not present for these grains. However, as stated earlier, the thermal

stability of these coarse Mg grains might be due to their relative confinement.
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Table 7.8: Grain size values as measured by EBSD for the as-SPS’ed sample and samples heat-treated

at 150, 250, 350, and 450 °C for 100 hours.

Number avg. (um) Area avg. (um)
As-SPS’ed 0.64 £ 0.59 1.73 £ 0.86
150 °C, 100 hrs. 0.55+0.51 1.59+0.92
250°C, 100 hrs. 0.65 +0.62 1.86 +1.01
350°C, 100 hrs. 0.65 £ 0.60 1.81 +1.00
450 °C, 100 hrs. 0.57 £ 0.54 1.69 + 0.94

It is also important to acknowledge that the RE elements might be playing a minor, or even
an equal role, in the thermal stability of the as-SPS’ed compared to the thermal stability effect of the
MgO particles. In truth, the role of the RE elements in the thermal stability is largely unknown. It is
possible for there to be an unknown synergetic effect between the MgO and RE elements as there
appears to be an intimate connection between the distribution of MgO particles and the distribution
of the RE elements, with both distributions occurring in the nanocrystalline regions as measured
from the ESD mapping and point analysis (both from the SEM and STEM), This correlation between
the nanocrystalline regions and the distribution of the RE elements might simply be due to the fact
that this is where the overwhelming area fraction of grain boundaries are located due to the nature
of nanocrystalline grains, and due to the large lattice mismatch between Mg and the RE elements, this
is their preferred location. This would also be supported by the XRD analysis which shows that no
RE-containing phases are present, indicating that they are elementally distributed to the grain
boundaries. Additionally, it is also important to note that no other phases were detected in the EBSD
data for any of the heat-treated data, including the sample heat-treated at 450 °C for 100 hours,
showing that the MgO grains remain nanocrystalline and supporting the results from both the

conventional and synchrotron XRD.
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7.3 Mechanical Properties

7.3.1 Elastic Modulus and Hardness

The elastic modulus and hardness for all of the four temperature regimes for the varying
times were measured with the MTS Nano Indenter XP with the elastic modulus and hardness data
presented in Figures 7.11 and Figure 7.12, respectively. These graphs also display the as-SPS’ed
properties at an annealing time of zero hours indicating no heat treatment. For all data within each
temperature (i.e. all samples heated at 150 °C), the data was averaged and a line was horizontal line
was placed on each graph with the average value being placed just below the data. In addition to
these graphs, the elastic modulus and hardness data from heat-treated samples heated for 100 hours
at 150, 250, 350, and 450 °C is listed in table format with the elastic modulus data being given in

Table 7.9 and the hardness data being given in Table 7.10.

Comparing the most extreme heat treatment, i.e. the sample heated at 450 °C for 100 hours,
to the as-SPS’ed samples, there does not seem to be any significant differences for both the elastic
modulus and hardness values. Looking at the elastic modulus values, the as-SPS’ed sample had an
elastic modulus of 58.4 + 3.6 compared to 62.2 + 3.3 for the sample heated at 450 °C for 100 hours.
While this difference in elastic modulus is technically statistically significant given number of
indentations and their standard deviation values, it is not different enough to draw any real
conclusions from. This difference could simply be due to slight variations in the testing conditions as
elastic modulus measurements are quite sensitive to differences in sample tilt and frame stiffness. In
terms of hardness, which is less sensitive to these conditions, there is no statistical difference
between the as-SPS’ed sample and the sample heated at 450 °C for 100 hours with hardness values
of 1.26 + 0.13 GPa and 1.22 + 0.12 GPa, respectively. From this data it is clear that there is no
significant difference between the as-SPS’ed sample and any of the heat-treated samples, and that

the material is remarkably stable at elevated temperatures even up to 100 hours at 450 °C.
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Figure 7.11: Elastic modulus as measured by nanoindentation for the as-SPS’ed sample and samples

heat-treated at 150, 250, 350, and 450 °C for 2, 4, 8, 16, 32, 64, and 100 hours.

Table 7.9: Homologous temperature and elastic modulus summary as measured by nanoindentation

for the as-SPS’ed sample and samples heat-treated at 150, 250, 350, and 450 °C for 100 hours.

T/Tm Elastic modulus (GPa)*
As-SPS’ed - 58.4 + 3.6
150 °C, 100 hrs. 0.52 59.6 + 4.2
250 °C, 100 hrs. 0.64 59.2+3.5
350 °C, 100 hrs. 0.77 61.7 +3.1
450 °C, 100 hrs. 0.89 62.2+3.3

* Calculated using a melting temperature of 540 °C (813 K).
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Figure 7.12: Hardness as measured by nanoindentation for the as-SPS’ed sample and samples heat-

treated at 150, 250, 350, and 450 °C for 2, 4, 8, 16, 32, 64, and 100 hours.

Table 7.10: Homologous temperature and hardness summary as measured by nanoindentation for

the as-SPS’ed sample and samples heat-treated at 150, 250, 350, and 450 °C for 100 hours.

T/Tm Hardness (GPa)
As-SPS’ed - 1.26 £ 0.13
150 °C, 100 hrs. 0.52 1.25+0.16
250 °C, 100 hrs. 0.64 1.29 +0.09
350 °C, 100 hrs. 0.77 1.36+0.12
450 °C, 100 hrs. 0.89 1.22+0.12
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7.3.2 Compressive Yield Strength

In order to confirm the hardness results which demonstrated that there was no difference
between the as-SPS’ed sample and the sample heat treated at 450 °C for 100 hours, micro-
compression testing of the sample heat treated at 450 °C for 100 hours was conducted. These results
are presented in Figure 7.13 which shows the as-SPS’ed sample having a compressive yield strength
of 325 + 19 MPa and the sample heat-treated at 450 °C for 100 hours having a value of 327 + 17 MPa.
These virtually identical results confirm the hardness results and shows that the sample is unaffected
in terms of mechanical properties by a very harsh heat treatment of 0.9Ty, for 100 hours. These
micropillar compression results also heavily reinforce the conclusions that there were no significant
microstructural changes as determined by SEM, XRD, and EBSD. Although TEM analysis was not
conducted on the sample heated at 450 °C for 100 hours in order to ascertain the nanocrystalline
grains, EBSD showed that there was no distinguishable difference in coarse grain size (grains over

100 nm) compared to the as-SPS’ed sample.

In addition to there not being any discernable difference between the compressive yield
strengths for both the as-SPS’ed sample and sample heat-treated at 450 °C for 100 hours, there also
does not seem to be any difference in ductility as both samples with both samples showing ductility
well beyond 5% strain during compression. This is not surprising given all of the microstructural
characterization and initial mechanical property results from nanoindentation which showed that no
major differences between the as-SPS’ed sample and heat-treated samples could be detected. It also
proves that the slight coarsening of the MgO grains in the sample heat-treated at 450 °C for 100 hours
had no effect on the strength or ductility of the sample, at least when performed under compression.
As we will discuss in the next chapter, additional mechanical testing would have to be performed in
order to determine the ductility of the as-SPS’ed sample and heat-treated samples under different

loading conditions.

109



450

400 4 —— As-SPS'ed —450 °C, 100 hours
350 -
© 300 -
D_ -
E 250 -
A 200
o | Micropillars Yield strength
N 150-
l As-SPS’ed 325 + 19 MPa
100 -
. 450 °C,100 hrs 327 + 17 MPa
50

0 =& y T ' T y T ' T y
0 1 2 3 4 5

Strain (%)
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treated at 450 °C for 100 hours along with their respective compressive yield strengths.
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Chapter 8

Conclusions

8.1 Summary of Current Work

Mg-4Y-3RE gas atomized powders were successfully cryomilled, achieving the desired goal
of obtaining a nanocrystalline grain structure for the Mg-based alloy with a number and area average
grain size for the Mg grains of 11 # 7 nm and 20 * 9 nm, respectively, as directly measured by TEM
with no grains over 50 nm being measured. In addition to achieving nanocrystalline Mg grains from
the cryomilling process, an extremely fine dispersion of MgO nanoparticles were introduced into the
Mg matrix as a result of the cryomilling with a number and area average grain size for the MgO grains
of 5+ 2 nm and 6 * 2 nm, respectively, again directly measured from TEM analysis. While the
cryomilling process had a drastic effect on the grain size of the powders, it did not seem to have any
effect on the powder particle size which was virtually unchanged before and after cryomilling with a
volume mean diameter of the as-received powder and cryomilled powders are 19.6 + 11.6 um and
17.9 £ 6.8 um, respectively. The cryomilling process also was shown to eliminate the non-equilibrium
Mg3RE intermetallic phase in the as-received powders created during the gas atomization process
while not creating any additional intermetallic phases with the only additional phase to the a-Mg
phase being the MgO phase. The STEM HAADF images along with the STEM-EDS mapping showed
that there was an uneven distribution of the Mg and MgO phases along with un uneven distribution
of the RE elements with the RE elements seeming to solely occupy the regions containing the

nanocrystalline Mg grains and MgO nanoparticles.
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Both the as-received and cryomilled powders were consolidated by SPS at 425 °C with
consolidated densities of 1.84 g/cm3 and 2.11 g/cm3 for the SPS control sample (SPS of as-received
powders) and the as-SPS’ed sample, respectively, showing a significant different in density despite
both samples being almost fully consolidated. Consolidation by SPS was shown to be successful for
the cryomilled powders but was shown to not quite be a success for the as-received powders due to
the distinct presence of PPBs in the SPS control sample as imaged by SEM which showed that the
passivated oxygen layer on the surface of the powders inhibited surface diffusion during the sintering
process. No such PPBs were seen in the as-SPS’ed sample primarily due to the fact that the
cryomilling process broke up this passivation layer and homogenized the powders to a certain extent,
making surface diffusion of the powders much easier. There was also a large difference in the
occurrence of phases in both the SPS control sample as well as the as-SPS’ed sample. While the
predominant phases present in the as-received powders were a-Mg and the Mgz;RE intermetallic
phase, the SPS control sample showed that the intermetallic MgsRE phase was eliminated and
replaced with a different intermetallic phase, that being the equilibrium Mgs1Nds intermetallic phase.
The as-SPS’ed sample showed no such additional phases, besides a-Mg and MgO0, indicating that the
RE elements were not participating in the formation of any phases and most likely elementally
distributed to the nanocrystalline grain boundaries as evidenced by their overwhelming occurrence

in these nanocrystalline regions.

While the as-SPS’ed sample did not show any additional phases as a result of the SPS process,
the grain structure was affected, resulting in a bimodal distribution of the Mg grains while also
showing a quasi-duplex microstructure with two distinct regions as seen with SEM. These two
regions, while not strictly a duplex microstructure, were easily differentiated by SEM which showed
dramatic contrast differences with the brighter regions containing most, if not all, of the MgO and RE
elements with the darker regions containing essentially all Mg. Two main methods were used to

characterize the grain structure of these two regions, with TEM characterizing the nanocrystalline
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Mg grains (grains < 100 nm) and EBSD characterizing the coarser Mg grains (grains > 100 nm) with
nanocrystalline grains having a number and area average grain size for the Mg grains of 9 + 6 nm and
20 + 12 nm, respectively, and the coarser grains having a number and area average grain size for the
Mg grains of 0.64 * 0.59 pm and 1.73 % 0.86 um, respectively, showing a distinctly bimodal grain
structure. TEM grain analysis was also performed on the MgO grains which showed a number and
area average grain size for the MgO grains of 7 £ 3 nm and 11 * 6 nm, respectively, with no coarse
MgO grains being detected by EBSD indicating a very narrow grain size distribution. This
characterization for both the Mg and MgO grains demonstrates that a large portion of the
nanocrystalline Mg grains were unaffected by the SPS process with the MgO grains virtually not
impacted at all. [t was also noticed that all of the nanocrystalline MgO grains were found in regions
containing nanocrystalline Mg grains, suggesting that the MgO grains might have an inhibiting effect

on the grain growth of Mg.

In terms of mechanical properties, the bulk compressive strength of the as-SPS’ed sample was
found to be 320 + 4 MPa which is a remarkable increase compared to the reported compressive yield
strength for bulk WE43 after the traditional processing via a T6 heat treatment which is 190 MPa.
Additionally, it was shown that the bulk compressive yield strength could accurately and reliably be
calculated via micropillar compression with a compressive yield strength of 325 * 19 MPa
demonstrating that the result from micropillar compression were representative of bulk properties.
Elastic modulus and hardness values were also obtained for the as-SPS’ed sample via
nanoindentation resulting in an elastic modulus and hardness values of 58.4 + 3.6 GPa and 1.26 *
0.13 GPa, respectively. While the elastic modulus is considerably higher than pure Mg (45 GPa), it
was found to be a reasonable value given the non-inconsequential amount of MgO which was
calculated to be between 15 and 20 volume percent as calculated via the EDS analysis which showed
that oxygen constituted about 15 to 20 atomic percent of both the cryomilled powder as well as the

as-SPS’ed sample.
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The as-SPS’ed sample showed remarkable thermal stability in terms of both its
microstructure as well as in its mechanical properties. From both SEM and EBSD results, there was
no distinguishable difference between the as-SPS’ed sample and any of the heat-treated samples,
including the sample heat-treated at 450 °C for 100 hours. The coarse Mg grains showed no statistical
difference for the heat-treated samples as measured by EBSD with the sample heat-treated at 450 °C
for 100 hours having a number and area average grain size for the Mg grains of 0.57 * 0.54 pm and
1.69 + 0.94 um, respectively. Additionally, EBSD did not detect any coarse MgO grains indicating the
stability of the MgO grains as well. There was also no noticeable difference between the compressive
yield strengths of the as-SPS’ed sample and the heat-treated samples with the compressive yield
strength of the sample heat-treated at 450 °C for 100 hours having a compressive yield strength of
327 £ 27 MPa as measured by microcompression. Similarly, there was almost no difference in both
the elastic modulus and hardness for the heat-treated samples with the sample heat-treated at 450
°C for 100 hours having an elastic modulus and hardness values of 62.2 + 3.3 GPa and 1.22 + 0.12
GPa, respectively, as measured by nanoindentation. Ultimately, the excellent thermal stability of the
composite structure was attributed to the combined effect of both the MgO nanoparticles along with
the presence of the RE elements likely elementally distributed to the grain boundaries of the

nanocrystalline Mg grains.

8.2 Recommendations for Future Work

8.2.1 Longer Cryomilling Times
No attempts were made in the current work to study the effects of different milling times on
the microstructural and chemical evolution of the powders. Due to the high cost of the WE43 powders

and high cost of the cryomilling process, a single milling time of 8 hours was chosen. This choice was

mainly influenced by previous work with the mechanical alloying of elemental Mg and Al powders
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under the same milling conditions which showed a homogenous microstructure and an even
distribution of phases for the same milling parameters at 8 hours. The assumption was that the Mg
powders, although different chemically, would behalf similarly with the same pilling parameters.
However, in looking back at the S/TEM images of the cryomilled powders of this current work
(Chapter 5) and subsequently the as-SPS’ed sample (Chapter 6), it is apparent that 8 hours was an
insufficient milling time and lead to a non-uniform distribution of elements and phases. In truth, the
large in situ oxidation was not expected due to no such oxide forming in the earlier work previously
described, and the formation of the MgO during the milling process probably added additional
complexity. The non-homogeneous microstructure in the cryomilled powders, mainly the non-
uniform distribution of MgO, was cited as the precursor for the eventual bimodal grain growth in the
as-SPS’ed sample. While this bimodal grain structure was probably a large contributing factor to the
relatively large compressive strains, it would be interesting to see the mechanical properties of a
completely uniform microstructure with an even distribution of MgO. Perhaps a milling time of 16 or

even 24 hours would be sufficient to achieve this.

8.2.2 Further Investigation of the Thermal Stability Mechanisms

Although the heat-treated samples were extensively investigated by EBSD, none of the heat-
treated samples were microstructurally characterized by TEM, namely the sample heat-treated to
450 °C for 100 hours. From the XRD data, it was clear that the MgO particles slightly coalesced and
grew during the heat treatment as evidenced by the sharpening of the MgO peaks. In order to
definitively prove the microstructural thermal stability of the sample heat-treated to 450 °C for 100
hours, direct grain size measurements by TEM would have to be performed. However, based on the
mechanical results, it is unlikely that these results would be significantly different than the as-SPS’ed
sample due to the fact that they virtually indistinguishable from each other. In addition to further
charactering the heat-treated samples, it would also help get a better insight into the thermal stability

115



mechanism that has led to the remarkable thermal stability. Another way to gain greater insight into
the thermal stability mechanisms could be achieved through mechanical testing at elevated
temperature which could also demonstrate similar high-strength even at high operating
temperatures. Through these additional characterization methods, a better understanding of the
underlying thermal stability mechanisms could be achieved which would be extremely valuable
when applying this knowledge to other material systems in order to achieve a similar level of thermal

stability.

8.2.3 Deformation Mechanisms Under Different Loading Conditions

In order to fully flesh out the mechanical properties and ultimately the applicability of this
nanocomposite material, sufficient ductility under non-compression type testing would have to be
demonstrated. Bulk tensile samples were cut from the as-SPS’ed sample but ultimately failed when
the treads sheared off during the lathe turning process. This failure was attributed to residual
porosity in the material, but it is unclear whether a lack of ductility also played a role. While the
ductility in both the as-SPS’ed and sample heat-treated to 450 °C for 100 hours showed promising
amounts of ductility, additional modes of testing would have to be conducted to verify that the
material is indeed ductile and not susceptible to brittle fracture under different loading conditions.
In addition, understanding the fracture mechanisms under different loading conditions will be
needed in order to better understand the complete mechanical behavior of the material. Due to the
limited supply of material, micromechanical bending tests similar to microcompression could be

performed with a cantilever-type structure being milled by FIB.
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