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ABSTRACT

Electron Beam Freeform Fabrication (B a technique, developed at NASA Langley
Research CentédNASA-LaRC), which uses a computerized numerical controlled electron beam
welder and a wire feed system to fabricate large scale aerqsméseAdvantages of using EBF
asopposed to conventional manufacturingthods include decreased detgrproduct time,
decrease@vasted material, and the ability to adapt controls to produce geometricalpyexom
parts. TheEBF process is compatible thia range of aerospace alloys amakerial properties of
parts produced by this process have been shown to be comparable to wrought products.
However, to fully exploit the potential of tEBF® processdevelopment of materials tailored for
the process isequired.This research used alloy thepag well as powder cored tubular wire
technology, to develop aluminum based metal matrix composite feedstock for theySgim.

Five iterations of powder cored tubular wire were made using silicon caudnitieulates
with different surface conditions. Uncoated particles, as well as pastittesigh and low
amounts of copper and nickel coatings, were incorporated into the powder core. Single and
multiple layer deposits were made using each wire. Beam conditions wiexe feareach wire to
determine the optimaombination ofeedstock material and electron beam parameters required
to create a uniformly distributed metal matrix compodéposit using EBE

Completely uniform dispersion of the reinforcement particles was not achretresl i
matrix, however, it was determined that nickel additions enhanced particlesthspes well as
mitigated solidification cracking and secondary carbide formation. It sasdatermined that
using a lower energy beaafso promotes dispersion and mitigates secondary carbide formation.
Computational models were created to predict phase transformations ane péstiersion in
the matrix for various conditions. Thiegermodynamic and fluid dynammodelswere able to
describetrends observed through characterization of EB#positions. Results collected from
charaterization of the deposits as well as trends observed in the models can beplaed to
future iterations of powder cored tubular wire feedstock, as well as depositiorepensgto

create homogeneous metal matrix composite structures by Electron Beamnfifegtioication.



TABLE OF CONTENTS

LIST OF FIGURES. . ... e e Vi
LIST OF TABLES .. ..o e e e e e e e e e e ee e X
ACKNOWLEDGMENTS. .. .ot e e e e XV
CHAPTER 1: INTRODUCTION ..ottt e e e 1
CHAPTER 2: LITERATURE REVIEW .....cooiiii s 3

2.1 Solid Freeform Fabricain Processes and Applications.............c.cooveiiiiieennn.3

2.2 Alloy Systems Used iN EBE.........c....ooviii i 8
2.2.1 Previous work on EBBy the Colorado School of Mines...................... 9

2.3 AlUMINUM AllOYS... et e e e e e e e e ee e e eaeeneeee D

2.4 Aluminum Based Metal Matrix COMPOSILES........ovvviiiiiiiiiiee e e e 11
2.4.1 SiC Reinforced Aluminum Alloys and Their Properties.......................11
2.4.2 Potential Defects in Silicon Carbide Reinforcement of Aluminum........... 12

2.5 Welding and Solidification of Aluminum AllOYS..........ccciiiiiiiiiiii e e 13

2.6 Application of Fluid Mechanics to Predict Particle Dispersion in

Metal Matrix COMPOSILES. ..ot ee e e LT

CHAPTER 3: EXPERIMENTAL PROCEDURE..........ciiiiiiiiii e 19

3.1 Powder Cored Tubular Wire Manufacturing.............c.ccoovvveiiiiiiineie e vvennn.. 19
3.2 Silicon Carbid@artiCles. .. .........oouiei 22
3.3Particle Characterization.............oooov i i i a0 23
3.3.1 Static Laser Light Scattering.........co.oeuveiieiiiiie i 23
3.4Wire Characterization. ..........ccooviiii i e 24
IR =1 el 1= o Yo 1T 1T O |
3.6 Deposit CharaCterization...........cooviiiii i et eneee 2D
3.6.1 Microstructural ANAlYSIS..........ouiiriieie i e 26
3.6.2 Compositional ANalysSiS..........covveiie i e ae a0 20

3.6.3ReinforcemenANalysiS.........cocvviiiiiiiiii i 20



3.7.1 Predicting Equilibrium Thermodynamics of the
Metal Matrix COMPOSItES. .......covviiiiiiicie a2 29

3.7.2 Predicting Particle Dispersion Using Fluid Mechanics........................
CHAPTER 4: RESULTS AND DISCUSSION. ..ottt et et e 36
4.1 Consumabl€haracterization..............ooveiii i a2, 30
4.1.1 Powder Characterization............coe ot ieiiinii i e e e e eaeees 36
4.1.2 Wire CharaCterization..........o.uie et i e e e e 41
4.2 Effect of Coating Conditions on Deposit Quality.............ccccovvveveinineenn.n.... 44
4.2.1Build Characterization ahMatrix microstructural Analysis................ 45

4.2.2Particle DISPErSION. .......cuuiuiiie it e eie e ee e e ie e e e eeee 22, D3
4.3 Effect of Processing Parameters on Deposit Quality.............cccoveeveiiiininn. 54
4.3.1Build Characterization and Matrix microstructural Analysis............. 55
4.3.2Particle DISPErSION. .......vuitieeiee et ie e e e e s ie e ieeene e eee e DT
4.4 Computational Thermodynamic Moitdg.................ccoeivviiiieii i ienienenne....60
4.4.1 Thermdzalc Calculations. .........cocviiii e, 61
4.4.2 HSC CalCulations. .........oviue i s e et e e eie e e en ... 00
4.4.3Empirical Heat Diffusivity Criterion.............ccoevcvviievii i 12
4.5 ComputationaFluid MechanicModding...........ccovveiiiiiiiii i 72

CHAPTER 5: CONCLUSIONS. ... o e e e e 78
CHAPTER 6: RECOMMENDATIONS FOR FUTURE WORK........cccoiiiiiin 80
CHAPTER 7: REFERENCES ... 82
APPENDICES. . ...t e e e e e e e e 86



Figurel.l

Figure2.1

Figure2.2

Figure2.3

Figure2.4

Figure2.5

Figure2.6

Figure2.7

Figure2.8

Figure3.1

Figure3.2

Figure3.3

Figure3.4

Figure3.5

LIST OF FIGURES

Metallic airframe structural concepts; (a) conventional fuplt(b)
unitized,and (c)functionally graded, curvilinear stiffengd. ..................... 2

Schematic of the EBfprocessn the vacuum chamber, showitige
layeradditive concept as the wire is depodiggd..............................5

Theconstant EBEcoordinate system. The longitudinal direction (L) is

parallel to the direction of travel; the short transverse direction (S), or
direction across the width of the deposit; the long transverse direction
(T) is the direction normal to tteurface of the basepld#..................5

Examples of aluminum and titanium parts created using thé §REem

Tensile properties of EBFleposited 2219, with and without pot heat
treatment, as compared to typical handbook values for 2Ppki [7.....6

Tensile properties of EBRleposited TBAI-4V as compared to standard
QradeTi-BAI-4AV [7] ..o e e e e e e e eeeend [

Light optical photographs of the microstructure at 5@};Al-10%SiC,
(D) Al-20% SIC [13. .. e e 11

From top to bottomx@erimental results of AlLi [22], Al-Si [23],
Al-Cu [24], Al-Mg [25], and AFMQ2Si [26].....ccvveeeeieiiiiiiiiiiieieieeeeeeeeeeeee e, 14

The crack sensitivity of (ACu-Mg) system [27], and (ABi-Mg-Cu)
SY S EIM 2 .o e 15

Photograph of thebular mill showinghe forming rolls and powder

Tubular wire mill forming schematic showing the formation of the
tubular wire and powder filling [5]......cooveiii i 19

Conveyor belt powder feed system for homogenous powder distribution
in the wire. Uniform powder fill ratio is maintained using this method20

lllustration of a powder cored tubular wire showing the lap joint method
for sealing the powder iF2]........c.ooiiii e, 20

Wire drawing schematic showing the die and lubrication station as well

Vi



Figure3.6

Figure3.7

Figure3.8

Figure3.9

Figure3.10

Figure3.11

Figure3.12

Figure3.13

Figure3.14

Figure3.15

Figure4.1

Figure4.2

Figure4.3

Figure4.4

as the motorized and transfer SPOOIS [S5]......ovviiiiii 21

An illustration of monochromatic light rays interacting with a particle
[0, ittt 23

Photograph of the EBBystem showing the various controlled
COMPONENES [ 2]ttt ettt e e et e e e e e e e e eae e aens 24

Schematic showing the IGBES analysis technique, the method by
which photons are emitted, and the linear relationship between photon
intensity and concentration [40].......cooi i 26

Screenshot showing the method for determining volume fraction of the
silicon carbide inthe MatriX ..., 27

Macrographdemonstrating the method fdetermining the area of each
cluster and the amount of clusters in each multilayer deposit for
calculatingthe mean freepath...............ccoi il 28

Image showing the process for creating a plot using the data previously
CalCulated.. ... ..o 30

The reaction equation module showing the values and units that can be
varied form computing fundamental thermodynamic values of the

Image of a generated table showing the results of the equilibrium
reaction at various temperatureS . .......ooovvveeeviiieriee e e e 31

Still images showing the calibration method for calibratingaisg to
pixel ratio in on the high speed video. Increments given in 0.40 mm........ 33

Still image time lapse showing the position tracking of the tracer
particles indicated by d®..............cco i34

Light optical images of) aluminum, B silicon, C) copper, and P
chromium powders showing morphology and relative size distribution.....36

Light optical image of uncoated silicon carbide powder, showing the
morphology and relat/Size. ... ... ..o 37

SEM images oA) high copper content (HCC), B) low copper content

(LCC), C) high nickel content (HNC), and D) low nickel content (LNC)
coated silicon carbide powders. Relative size distribution and coating
guality can be compared.............ccooei i 0 3T

Particle &e distribution histograms of)Aaluminum, B) siliconC)
copper, and Dchromium powders analyzed by static laser light

vii



Figure4.5

Figure4.6

Figure4.7

Figure4.8

Figure4.9

Figure4.10

Figure4.11

Figure4.12

Figure4.13

Figure4.14

Figure4.15

CS10r= LU= ] o 38

Particle size distribution histogram of uncoated silicon carbide powder
analyzed by static laser light scattering............cccocev i iii i eene. 39

Particle size distribution histograms #y high copper content (HCC),
B) low copper content (LCC),)digh nickel content (HNC), and)Dow
nickel content (LNC) coated silicon carbide particles analyzed by static
laser light scattering.........ccooveevie i e 20039

Logitudinal cross-sections of A) uncoated, B) high copper coated, C)
low copper coated, D) high nickel coated, E) low nickel coated silicon
carbide particleontaining WIresS...........coviiiiiiiiiii i e e e, 42

A) Macroscopic cross-section of uncoated SiC containing deposit using
a focused rastered electron beam. B) High magnification of a silicon
carbide cluster showing particle separation and aluminum carbide
FOMMALION. ... e 46

A) Macroscopic image of a deposit with high copper content made using
a matrix showing the highh@ounts of intermetallicompoundss well
as the presence of aluminum carbide..................c 47

A) Macroscopic image of a deposit with low copper content made using
a focused rastered beam. B) High magnification image of clusters in the
matrix showing the low amounts of intermetattiempoundss well as

the presence of aluminum carbide.................cooci i 48

A) Macroscopic image of a deposit with high nickel content made using
a focused rastered beam. B) High magnification image of clusters in the
matrix showing the high amounts of intermetai@mmpounds with no

presence aluminum carbide..................ooiin 049

A) Macroscopic image of a deposit with low nickel content made using
a focused rastered beam. B) High magnification image of clusters in the
matrix showing the low amounts of intermetaimmpounds with no
presence aluminum carbide..............cooi i, 49

Comparison of coatings and the effect they have on mitigating
aluminum cabide formation...........coi i 50

Comparison of average volume percent of silicon carbide retained in the
matrix between different coating conditions.................cccoeeiiiieninn . 51

Plot comparing normalized mean free path and cluster size values for

the five coating conditions. Highest favorability of dispersion in the
directionof the arrow............ccooiiiiiii i e D2

viii



Figure4.16

Figure4.17

Figure4.18

Figure4.19

Figure4.20

Figure4.21

Figure4.22
Figure4.23
Figure4.24
Figure4.25
Figure4.26
Figure4.27

Figure4.28

Figure4.29

Figure4.30

Figure4.31

Figure4.32

Comparison of aluminum carbide formation as a function of beam
conditions for each of the depositS...........ccccoviiiiii i, 54
A comparison of average volume fraction of silicon carbide in the

matrix as a function of beam conditions....................ccceeeiivveennl..05
The effect of beam calitions on single layer deposit morphology.......... 57
Plot comparing normalized mean free path and cluster size values for

the four beam conditions. Highest favorability of dispersion in the
direction Of the arrOW...........ocooiviiiiiie e e e ee. D8

Pseudo-binary phase diagram of the Al 6061 alloy. Composition set at
Al-0.6wt. % Si— 0.25 pct. wt. Cu with varying amounts of magnesium....60

Scheil solidification model predicig which phases form in the Al

6061/ SiC system under equilibrium cooling conditions.......................61
Cu-Si-C isothermal ternary phase diagram at 2700.K.................... 62
Cu-Si-C isothermal terary phase diagram at 1350 K.............cccevevnees 62
Cu-Si-C isothermal ternary phase diagram at 675.K...................... 63
Ni-Si-C isothermal ternary phase diagram at 2700 K...........................64
Ni-Si-C isothermal ternary phase diagram at 1350 K...........................64
Ni-Si-C isothermal ternary phase diagram at 675 K.......................c..s 65

Time and temperature data of the melt pool in the GT4Btem
measured using an infrared pyrometer...........ccccoo v, 70

Al-Cu binary phase diagram used to predict what phases may form in
localized regions as a result of using copper coated silicon carbide
PArtiClES[48], [40]. .. i 71

Al-Ni binary phase diagram used to predict what phases may form in
localized regions as a result of using nickel coated silicon carbide
particles[48], [50].....coe i e T

The required velocity to promote dispersion as a function of particle
radius for various liquids that may be present in the matrix in le@zhliz
170 0] 0 7Y 024

The required velocity to promote dispersion as a function of
temperature (viscosity) for various liquidsat may be present in the
matrix inlocalized regions. Vertical lines indicate the melting
temperature foeach liquid.............coooi i 73



Figure A.1

Figure A.2

Figure A.3

Figure A.4

Figure A.5

Figure A.6

Figure A.7

Figure A.8

Figure A.9

Axial crosssectional backscattered electron image of a wire containing
uncoated silicon carbide. The integrity of the lap joint is maintained and
particles are fully packed in a uniform distributian......................... 86

A longitudinal cross sectional backscattered electron image of a wire
containing uncoated silicon carbide. EDS and contrast measurements
determine the difference between silicon (light) and silicon carbide
(dark) particles in the wire. Relatively uniform distribution of silicon
carbide particles in the wire is shown. Voids are not present in the core
Of the Wire ... ... 08T

A longitudinal cross sectional backscattered electron image of a wire
containing silicon carbide with a high copper content. High copper
content particles agglomerate towards the center of the wire in a straight
line. The copper coating was determined to maintain uniform coverage
on the silicon carbide particle...................coccoiiiiieieeie vl .. 88

Axial crosssectional backscattered electron image of a wire containing
silicon carbide with a low copper content. The integrity of the lap joint

is compromised to due powder entrapment. This leads to unravelling of
the sheath during deposition, which creates less desirable deposits.
Uniform distribution of silicon carbide in the core was observed...... 89....

A longitudinal cross sectional backscattered electron image of a wire
containing silicon carbide with a copper content. There is incomplete
coverage of copper coating on the silicon carbide. The particles show a
much more uniform distribution high coppmantent particles............. 90

A longitudinal cross sectional backscattered electron image of a wire
containing silicon carbide with a high nickel content. Complete
coverage of the coating was observed. Insufficient volume fraction can
be observed compared to that of other wires................cccoii i, 91

Axial crosssectional backscattered electron image of a wire containing
silicon carbide with a high nickel content. The lap joint is completely
sealed near the powder, protectinffom loss or contamination,

however it maintains a gap which could lead to unravelling during

0 =7 o0 571 1T o 92

A longitudinal cross sectional backscattered electron image of a wire
containing silicon carbide wita low nickel content. Incomplete
coverage of the coating was observed. Uniform distribution of the
powder was maintained in the longitudinal direction........................... 93

Axial crosssectional backscattered electron image of a wire containing
silicon carbide with a low nickel content. The lap joint is not completely



Figure B.1

Figure B.2

Figure B.3

Figure B.4

Figure B.5

Figure B.6

Figure B.7

Figure B.8

Figure B.9

sealed which could lead to unravelling during deposition. The particles
are evenly distributed in thEowder core..........ccooeviiiiiii i, 94

A) Macroscopic crossection of a multiple layer deposit containing

uncoated silicon carbide using a focused rastered electron beam with a
(0.25f) frequency pulse. B) High magnification of a silicon carbide

cluster showing particle separation and aluminum carbide formation....... 95

A) Macroscopic image of a deposit with high copper content made using
afocused rastered beamith a (0.25f) frequency pulse. B) High
magnification image of a cluster in the matrix showing the high amounts
of intermetallic as well as the presence of aluminum carbide.......... 95

A) Macroscopic image of a deposit with low copper canten

made using a focuserhstered beam with a (0.25f) frequency pulse.

B) High magnification image of clusters in the matrix showing

thelow amounts of intermetallic aselV as the presence of
aluminumcarbide............coo .96

A) Macroscopic image of a deposit with high nickel content made using
a focusedastered beam with a (0.25f) frequency pulse. B) High
magnification image of clusters in the matrix showing the high amounts
of intermetallic with no presence aluminum carhide......................96

A) Macroscopic image of a deposit with low nickel content made using
a focused rastered beam with a (0.25f) frequency pulse. B) High

magnification image of clusters in the matrix showing the low amounts
of intermetallic with no presence aluminum carhide...................... 97

A) Macroscopic crossection of a multig layer deposit containing

uncoated silicon carbide using a focused rastered electron beam with

a (f) frequency pulse. B) High magnification of a silicon carbide cluster
showing particle separation and aluminum carbide formation................ 97

A) Macroscopic image of a deposit with high copper content made using
afocused rastered beanith a (f) frequency pulse. B) High
magnificationimage of a cluster in the matrix showing the high amounts
of intermetallic as well as the presence of aluminum carbide........... 98

A) Macroscopic image of a deposit with low copper content made using
a focused rastered beam with a (f) frequency pulse. B) High
magnification image of clusters the matrix showing the low amounts

of intermetallic as well as the presence of aluminum carbide........... 98

A) Macroscopic image of a deposit with high nickel content made using
a focused rastered beam with a (f) frequency p@séligh

Xi



Figure B.10

Figure B.11

Figure B.2

Figure B.13

Figure B.14

Figure B.15

Figure D.1:

Figure D.2

Figure D.3

Figure D.4

magnification image of clusters in the matrix showing the high amounts
of intermetallic with no presence aluminum carbide......................99

A) Macroscopic image of a deposit with low nickel content made using a
focused rastetebeam with a (f) frequency pulse. B) High magnification
image of clusters in the matrix showing the low amounts of intermetallic
with no presence aluminum carbide...............ooo i 99

A) Macroscopic crossection of a multiple layer deposit containing
uncoated silicon carbide using a defocused electron beam. B) High
magnification of a silicon carbide cluster showing particle separation

and aluminum carbide formation..................ooii i 100

A) Macroscopic image of a deposit with high copper content made using
a defocused beam. B) High magnification image of a cluster in the
matrix showing the high amounts of intermetallic as well as tbsepce

of aluminum carbide............c..co o222 100

A) Macroscopic image of a deposit with low copper content made using
a defocused beam. B) High magnification image of clusters in the matrix
showing the low amounts of intermei@las well as the presence of

aluminum carbide..........ooiii i 101

A) Macroscopic image of a deposit with high nickel content made using
a defocused beam. B) High magnification image of clusters in the matrix
showing the higlamounts of intermetallic with no presence aluminum
CarDIde. . e e 101

A) Macroscopic image of a deposit with low nickel content made using
a defocused beam. B) High magnification image of clusters in the matrix
showing the low amounts of intermetallic with no presence aluminum
CarDIdE. ... 102

Pseudo-binary phase diagram of the Al 6061 alloy. Composition set at
Al — 1.0 wt. pct. Mg — 0.25 pct. wt. Cu with varying amountsikdon...105

Al-Cu-Si isothermal ternary phase diagram at 675 K...................106
Al-Ni-C isothermal ternary phase diagram at 1350 K.............cc.ccevennn. 107
Al-Ni-C isothermal ternary phase diagram at 675 K......................108

Xii



Table2.1

Table2.2

Table4.1

Table4.2

Table4.3

Table4.4

Table4.5

Table4.6

Table4.7

Table4.8

Table4.9

Table4.10

Table B.1

Table C.1

TableE.1

LIST OF TABLES

Designation of aluminum alloys [5]......ccooiiiiiiiiiiiii e e 9
Composition (ranges) of 2219 and 6061 aluminum alloys [].......... 9
Comparison of analytical methods to material specificatians.............. 40

Comparison of composition for each of five iterations of metal matrix
composite powder cored tubular WIres. ...........coooeiiiiiiiiiii i 40

Comparison of volume fraction measurements in the five
IEEIrALIONS Of Wi iiiiiiiiiie e s 42

Compositional analysis of metal matrix compesiepositions............... 44

Comparison of macroscopic images for each of the various material and
Deam CONAILIONS. .......vuie e e e e e e e eaes e 45

Comparison of single layer deposit Cregstions.................uvvveciiiiiieeeee .. 56

Equilibrium reaction between aluminum and silicon carbide over 100°C
T To (=10 0= | PSSR 66

Equilibrium reaction between aluminum and silicon carbide over 100°C
increments in the presence of a copper Coating............cuvvvvviiiiieeeeeeeee e 67

Equilibrium reaction between aluminum and dissolved silicon carbide
over 100°C increments in the presence of a copper coating.........cccceeeeeeee ... 68

Empirical heat diffusivity criterion valuesalculated for various possible
particle/liquid INEraCtioNS............uuuiiiieie e e e e e e e eee e 69

Multiple layer build comparison of different measurements taken for
each coating and beam condition. Defocused pulsed beam condition
trials included......... ..o ... 103

Singlelayer build comparison of different measurements taken for each
coating and beam condition. Defocused pulsed beam condition trials
INCIUAEA. .. ..o e e e e 104

Equilibrium reaction data for the Mg-SiC system predicting the

favorability of maintaining silicon carbide stability in the presence of
(g F=To | TCES] U o PP L0 L° |

Xiii



Table E.2

Table E.3

Table F.1

Table F.2

Equilibrium reaction data for the Allg-SiC system predicting the
favorability of stabilizing aluminuntarbide formatiornn the presence
of magnesiumlt is more favorable than maintaining silicon carbide...... 110

Equilibrium reaction data for the Allg-Cu-SiC system predicting the
favorability of maintaining silicon carbide stability......................... 111

Temperatures of the melt pool measured by the infrared pyrameted 12

Viscosity and steady state velocity data for various compositions and
temperatures seen in the meltpool..................oco sl 113

Xiv



ACKNOWLEDGEMENTS

| would like to thank Marcia Domack and Robert Haflegm NASA Langley Research
Centerfor their continuous support and funding of this research. Their advice and direction
during the work wer@mportant inhelping me grow as a researcher and a student. | would also
like to thank them for allowing me to visit NASKEaRC and work directly with the EBFgroup.
The visits were invaluable experiences in helping me complete my work as wditidgisg
my dreanmof one day working with NASAThe many people in the Advanced Materials and
Processing Branch at NASAaRC were great twork with and learn from. Next, | would like
to thank Dr. Liu, my advisor and mentor, for believing in me and allowing me the opieguin
needed to succeed. He has helped to build me inteslearcher and engindeam today,
without him | would not have made it to this point in my career. | would like to thank my
committee members, Dr. Gerald Bourne and Dr. Zhenzhen Yu, foathgae given and for
participating in my thesis defense. | would also like to acknowledge my friendgroéfies, and
colleagues in the department who helped me with my experiments. Namely, | weutd li
thank Stephen Tate and Erik Pfiar their mentoing as senior graduate students and assistance
in developing experimental setups. Lastly, | would like to thank all of my frieadslyf and

girlfriend for their belief and support. Without them | wouldn’t be who | am today.

XV



CHAPTER 1: INTRODUCTION

Solid freeform fabrication is becoming a highly favorable technology in the additive
manufacturing industry. The ability to incorporate material as requiredsaftmthe production
of highly intricate parts with little excess material, makingaitticularlyefficient when
manufacturingcomplex, expensive parts. In addition to manufacturing, solid freeform fabricati
processes can be used to extend the service lifarodged partsy repairinglocally rather than
replacing entire partdMany solid freeform fabrication techniques have been developed to create
large scale parts for use in aeronautics and aerospace applications. NASA‘srHBeam
Freeform Fabrication (EBFsystem uses a computerized numerical controlled (CNC) electron
beam welder with a manipulating stage amdudtiple wire feed system to create large scale
parts. The ability to useaultiple wire feedstock of different compositions is a major advantage
of the EBPF systemenabling the ability to introduddifferent materiad to achieve the best
performance in critical sections of a large part.

Currently, there is a push in the commercial aircraft industry to reducednglimption
with new aircraft desigs. One way to reduce fuel consumption is to reduce the overall weight of
the aircraft whiclcan be accomplished through the use of improved materials and more efficient
designsTypical aircraft fuselage structure is mgpiece construction with sparsdaribs riveted
to thin sheet (Figure 1.1a). Typically, fuselage skins are 2XXX series alunailhayafor high
toughness and spars and ribs are 7xxx series aluminum for high strength. Unitizieadadt
concepts (Figure 1.1b) eliminate fasteners which reduce manufacturingudsise.
However, machined unitized structures are fabricated from a single rhatexrking it
impossible to fulfil the toughness and strength requirements of conventional airframe fuselage
structure Advanced manufacturing mettis such as EBRre being implemented tmable
singlepiece fabrication by depositirggiffeners directly onto the fuselagkin, eliminating the
fasters and reducing manufacturing costs. EBfables advanced design concgifitsstrated in
Figure 1.1, that combine novel stiffeners follog/the load paths with graded material
composition to locally tailor properties. These concepts offer the potential fooved
structural performance which translates to reduced structural wékghalloysused in
conventional airframe structurase generallyiot amenable to joining by fusion methods,

consequently alternative materials are needed to realize the potential of advaceptiscon



produced by EBE Powder core wire technology has been investigated ashmdi® produce
custom chemical compositidaedstock for the EBFprocess and has demonstrated success with
aluminum and titanium alloyd ], [2]. Powder cored tubular wire technologgn & used to
adjust alloy compositioand produce specialty materials which, combined with process
parameter adjustments, produces deposited material with properties talospddific service
requirements.

Themajorobjective of this researahas to develop and manufacturetal matrix
composite powder cored tubular wires to have a target as-solidified composition @G0B
when deposited using EBRKinetic and thermodynamic models were created to predict the
behavior during solidificationCustom alloyed wires were manufacturathwoated

reinforcement particleim the powder core to create a composite structure using EBF

Figure 1.1  Metallic airframe structural concepts; (a) conventional fuplt(b) unitized, and
(c) functionally graded, curvilinear stiffened [1].



CHAPTER 2: LIT ERATURE REVIEW

This chapter gives a comprehensive literature review which was used to develop the
research and experimental procedures of the project.

2.1  Solid Freeform Fabrication Processes and Applications

Additive manufacturing is a process of producing solid objectsarts through a
buildup of material to create a product rather than machining or piette assemblyThis
technique uses joining process, such as sintering, melting, or welding to depesdlmato a
base until the desired three-dimensional shapehgved Solid Freeform Fabrication (SFF) is a
layeradditive manufacturing process that produces-net shap parts by depositing feedstock
such as wire, powder, or sheet, on a substrate in layers of finite thicknesses esrpputer
aided design (CAD) modg2], [3].

Solid FeeformFabricationwas originally developed for nonmetaliitaterials
specifically polymetbased feedstoskio fabricate models and patterns for molds used in casting.
These are typically made by stereolithography or selective laser sintetfBg®cesses,
commonly known as 3-D printing. SFF technology has since been expanded to incorporate
metdlic systems. Processes suctEesctron Beam Freeform Fabrication (ERDirect Metal
Deposition (DMD),and Laser Engineered Net Shaping (LEN)Shave all been developed to
incorporate metal systems. These processes can be utilized to createt isbaped parts, or for
repair or detailing of previously manufactured pg2is[4].

Thepotentialadvantages gained by SFF technologies are desiredny emerging
technologies. Many SFF processes require less energy, optimize masgeabuos desigto-
productiontime, while often enhancing material propertiese benefit€an equate to a
difference in costs for industries such as aerospace or medical instruomentaere specialty
and often expensive materials are used. Castiggires fixtures and molds to form a final part.
Often, the surface finishes and tolerances are not to specification so subseaghamnhge
required. Forgings require dies and heavy machinery to form the delsape; excess
machining is often required to finish the part. The amount of energy to melt large ammbunt
metal for casting, or to heat and forge a part is significantly higher thapr8E€sses.
Conventional machining of parts requires fixturing and tooling to cut away unwantedatat

These operationalso require high tolerances in many applications. SFF technofgagiesally



requires less machining to create the final product than conventional manufaptodagses,
whichresults inless wasted material astiortenedead time. Thduy-to-fly ratio (ratio of
purchased raw materials to the amount of material in the final part) fardredimanufacturing
methodscan be as high dst:1 to 20:1, where as little as five percent of the initial material is
used in the final part. SREchnologiesan have &uy-+o-fly ratio of 2:1 where up to half of the
original material igetained in the final part. SRiechnologies also offemproved
microstructural and mechanical properties as compared to those of laggprpdticed by
traditional methods. Localized heating and cooling of layers in SFF leads to refined
microstructures and mitigates compositional segregation observed in mangdsirgarts where

cooling rates differ between the middle of the part to the suiZhcb].
2.1.1 Electron Beam Freeform Fabrication (EBF)

Electron Beam Freeform Fabrication (B85 an emerging SFF technology under
development ahe NASA Langley Research Center. The EBfocess uses a focused electron
beam in a high vacuum environment to create a localized molten pool on a base plate. Wire
feedstock is introduced into the pool and deposited in a layer by layer fashion as skayunan
2.1. The relationship between the wire, beam and travel direction can be varied to support
deposition of complex shapes. A typical wall-shaped build is shown in Figure 2.2. inerele
beam system is approximately 100% efficient in wire consumtinal 95% efficient in power
usage. EBFis capable of a wide range of deposition rétgsto 14kg/hr.) andpart detai
depending on thprocess parameteasid size of wire usef®]. The EBF system has a six axis
positioning system to make a wide range of near-net shapedsp@tisas an aerodynamic model
(a), an airfoil (c), or an rocket nozzle vent (f), shown in Figur¢&.3PDual wire feed capability

enables grading material composition throughout the parts.
2.2  Alloy Systems Used in EBF

The EBF technology was developed primarily for aerospace applications as a way to
make parts and repairslioth terrestrial andpa® environmentsThe materialsompatible with
the EBP process for these applicatioingludealuminum alloys, titanium alloys, nickel based
super alloys, and stainless sge€lther aluminum alloys being explored incdlaluminum
matrix compositesTensile properties of commercidl 2219 and TiBAI-4V alloysto thoseof

deposits made using the EB§ystenthat have been gathertalconfirm that theEBF® processs



comparable to commercial production methods. Figures 2.4 and 2.5 show BBFtiepsits
exhibit comparable tensile propertiegtoseof wrought and cast produat$é the same material

[7].

Electron Beam
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Molten Alloy
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Alloy Substrate

X
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Figure 2.1  Schematic of the EBFprocess in the vacuum chamber, showing the layer-
additive concept as the wire is deposited

S

Figure 2.2 The constant EBEoordinate system. The longitudinal direction (L) is parallel to
the direction of travel; the short transverse direction (S), or direction abeoss t

width of the deposit; the long transverse direction (T) is the direction normal to
the surface of the basepl§6.



Figure 2.3  Examples of aluminum and titanium parts created using thé &§BFem[2], [6].
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Figure 2.4  Tensile propertiesf EBF deposited 2219, with and without heat treatment, as
compared to typical handbook values for 2219 Al plale [7
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Figure 2.5 Tensile properties of EBRleposited TBAI-4V as compared to standard grade
Ti-6Al-4V [7].

2.2.1 Previous work on EBF by the Colorado School of Mines

Typically, monolithic wires of the final ageposited composition are used in the EBF
system. Due to the high energy density of the electron beam and the vacuum envinonment
which the depositiors conducted, vaporizan of alloying elementsom the molten pool is
common for theEBF process. As suclhe final componeris often depleted ialloy additions
with high vapor pressure, making the final part out of compositional specification. Custom
alloyedpowder coredvires have been developed with alloy enhancententstigate alloy
losesduring deposition, however, the production of these vaiagsresult irhigher cost. [2]. C.
Hillier developed powder cored tubular wires consisting of alboged metallic sheath filled
with powder additiongor mitigating vaporization losses as an economical alternative. Titanium
based powder cored tubular wires were developed to mitigate aluminum vaporizssiolding
the deposition of Ti-Al1-4V. Aluminum-based powder cored tubular wires were developed to
mitigate magnesium vaporization loss durikigg061 alloy deposition. EBFdeposits of both
wires resulted in comparable composition and depbsitacteristics to deposits made with solid
wires with the exception of porosity. The high amounts of porosity in the deposits nragle us

powder cored wires was attributed to entrapment of lubricant (hydrogen coat@m) during



wire processing. With modifications to processing conditions the powder cored tubukar wire
were shown to be a viable alternative to solid wires [2].

Parts made using EBEan meet specificatiorsiginally written forconventional
processindechniques. However, some alla®prone to coarse-grained microstructures and
anisotropy due to epitaxial growth in the deposition directiothéi-6Al-4V alloy JUDLQV
grow epitaxially, creatingrystallographic textureis the structure. 8am modulationvas used
in the EBE systemto G\QDPLFDOO\ FRQWURO WKH ZHOG SRRO DQG GHI
the deposit [5]. A modified TéAI-4V powder cored wire feedstock was develops@n
DOWHUQDWLY HirPrefinekéGandRepitaxidl growth interruption. The powder core
FRQVLVWHG RI LURQ DQG ERURQ DGGLWLRQV 7KH UHVXOWLC
UHILQHPHQW DQG DQ LQFUHDVH LQ SKDVH GXH WKH LURQ D
boride precipitationLQ WKH PDWUL[ ZKLFK D FivtHes giaM rSihepn@it QJ SRLQV
and epitaxy interruption. Both methods proved to be effective in controlling the mictase

during deposition and in improving mechanical properties offERpBosits [k
2.3 Aluminum Alloys

Aluminum alloys are highly sought after in the aerospace field due to theistength-
to-weight ratio and cost effectivenesshroughthe addition of alloying elements, different
properties can be achieved and tailored tedécificapplicatiors. Poperties desired for
aluminum alloysnclude strength, toughneshictility, stiffness corrosion and wear resistance.
Aluminum alloys are divided into two categories: wrought alloys and cast allogse
categories are designated by an XXXX or XXX.X number sequence, respecilivelfirst
number designates the main alloying element(s) present in the aluminum asrsfi@ble 2.1
[8]. The aerospace industry mainly uses heat treatable wrought alloys,, BXXX, 7XXX,
and 8XXX, and primarily A357.0 and 2.0 for cast alloys. Heat treatable wrought alloys are
used for their ability to refine grain structure and control properties sucteagtbtand
toughness. Cast alloys A201.0 and A357.0 are used because they produce ingots with tensile
properties of up to 350 MPa and 420 MPa, respectively [9].

The EBP process has us&XXX series aluminum alloys for deposition, specifically
2219. Al 2219 alloys a 6wt. % copper alloy commonly used in the aerospace industry for its
excellent weldability and good strength and toughogss a broad rangef temperatures;
ultimate tensile strength values #k 2219-T6 alloy is on the order of 400 MPa][Al 7XXX

8



Table2.1: Designation of aluminum alloys].
Wrought Cast
Aluminum :
Alloyin Association Alloyin Aluminum
ying YN | AssociationNumber
element(s) Number element(s) ) :
: : Designation
Designation
Atlumlnum, 1XXX Atlumlnum, 1XX X

Copper 2XXX Copper 2XX.X

Manganes XXX Silicon (Cu 3XX X
e and/or Mg)

Silicon 4AXXX Silicon 4AXX.X
Magr:es'“ EXXX Magnesium 5XX.X
Magnesiu BXXX Zinc 7XX.X
m-Silicon

Zinc TXXX Tin 8XX.X
Other (L, 8XXX Other IXX.X

B, Zr)

series alloys are used in areas where even hggiesrgth is requiredor example, Al 707%lloy
has an ultimate tensile strength of approximately 570 MP&061alloy, the most commonly
used dby across multiple industries, including the aerospace field a tensile strength of
approximately 300 Ma. The aluminum alloys of interdst use in the EBFsystemare the
2219 and 6061 alloys. Al 2219 alloy is considered a higlgiglable alloy wherea&l 6061 alloy
requires filler material to reduce crasltsceptibility which is attributed to the difésrces in

compositios of the alloysshown in Table 2.2 [8
2.4 Aluminum Based Metal Matrix Composites

Metal matrix composites (MMC) were developed using lightweight materiafsasjc
aluminum and titanium, with a wide variety of continuous and discontinuous reinforcdaments
increase such propertiessigength, stiffness, impact resistance, and wear resistance while
maintaining a low densitjd 0]. The composite reinforcements are generally divided into three
categories: continuous fibers, discontinuous fibers (whiskers), and particlatgsle-

reinforced MMCs have become the mosinmonly used due to the competitive costs of
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Table 22: Composition (ranges) &l 2219 andAl 6061alloys[8].

AA Alloy

N
Designation Composition(% wt.)

Element Si | Fe| Cu | Mn | Mg | Cr | Zn | V Ti | Other| Al

5.8 | 0.20- 0.05|0.02 | 0.25
2219 0.20|0.30 6.8 | 0.40 002| - |0.10 015! 0.10 | 0.40 Bal.
0.40 0.15 0.80- | 0.04
6061 0.80 0.70 0.40 0.15 12 | 035 0.25| - | 0.15] 0.15 |Bal.

processing, the relative ease to manufacture t@sposites, and the improvement of isotropic
distributioncompared to that of fibers and whiskers. The properties of particle (dispersion)
reinforced MMCs depend on the diameter of the particles, thepatécie spacing, the volume
fraction of the reinfrcementand the matrixeinforcement interface. The work hardening
coefficient and other matrix properties can also contribute to the propertres dMC [10].

Aluminum-basednetal matrix composites are generally composed of an aluminum alloy
matrix with either a fiber or particulate reinforcement. The nomenclatugduorinum metal
matrix composites is given by ANSI 35.5-1992 standard [11]. For example, 6061/SiK&'10p-
consigs of Al 6061 alloymatrix, with10 vol. pct. ofsilicon carbide reinforcement in particulate
form, andheat treated to a Téndition [11]. The 2xxx and 6xxx series aluminum alloys are the
most commonly used base alloys inMMCs. Examples oparticulate reinforcements used in
aluminumbased composites are oxidesA®@¢), carbides (SiC), silicides (Vi borides (TiB)
andrefractory metals (Cr, WL2].

Particulate reinforcedl@aminum metal matrix composites are currently produced
commercially for industrial use. One method of production is by powder metallthgy. T
aluminum alloy used as the matrix is produced @ogdessd to powder form. The composite
particulates are then blendetth the aluminum alloy powder to a uniform distributidine
blended powder isintered themressed into the final geometAlternaively, casting methods

10



are used to produce aluminum MMCs on a large s@ale aluminum alloy isnelted and is held
at a supeheated temperature to achievieigh viscosity. The reinforcement particulates are then
introducedwhile the melt is stirretb stimulateuniform dispersion in the melt. Some composites
require a metal or oxide coating on the reinforcement particles to furthraot# dispersion and

increase the interfacial bond strength between the particles and matrix.
2.4.1 SiC Reinforced Aluminum Alloys and Their Properties

Silicon carbide reinforced aluminum is becoming more widely explored ascamadive
material where properties such as low density, high strength and good weancesise
required. Typically, Al/SIC MMCs have beereatedusing 2XXXand6XXX serieswrought
alloysor 3XX.X seriescast alloys as the matriResearchers generally work with volume
fractions of particulate SiC reinforcement betwees2Q% [13] Average particulate sizes range
from approximately 7 - Pasreported irtheliterature[13] 7KH HIIHFWV R P 6L&
studied on the properties of pure aluminum. Samples containing 5, 10, 15 and 20 vol. % SiC
exhibited increasingltimate tensile strength from approximat8y MPa to 180 MPa with
increasing vtume fractionof the silicon carbide particulat§s3]. Hardness also increased while
impact toughness decreased. It was also found that faitereredas decohesion of the
reinforcement followed by ductile failure of the matrix. Increased velénacton of the
particulategeduced grain size of the matrix. Examples of uniformly dispersed aluminum based
MMCs areshown in Figure 2.6.

Using the powder sintering process, aluminum powder was pressed and sintere@with O t
30wt. % SIC particles in 5 wt. %crementsThematerials weraintered at temperatures
ranging from 650°C to 900°C in 50°C increments. The parts were tested under comptession. |
was found that strength increased from 300 MPa for the % SiC samples to 350 MPa for the
15wt. % SiC samples, then decreased (with increasing volume fraction) to 200 MPa for the 30
wt. % SiC samplesThis drop in strengtls caused by clustering of the silicon carbide particles
which creates voids and crack initiation points. Samples containing more than 15 wt. % SiC
particles exhibited brittle failure during testing and incomplete bondingohserved in the
microstructurg14]. The effects of reinforcement size and coating were studied on samples of

pressed and sintered Al 6061 alloy with 10 wt. % silicarbide particles. Samples contained
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Figure 2.6 Light optical photographs of the microstructure at 50X; (4p24SIC, (b) Al
20% SiC [13.

uncoated and copper coated silicon carbide with a particle size of 7 or 23 um. &febalts

tensile tested sampletowed that the copper coating increased the strain to failure and slightly
increased the tensile strength. However, it was shown that the smalleeartcincreased the
strength by 60 MPa [15

2.4.2 Potential Defects in Silicon Carbide Reinforcement of Aluminum

Aluminum based MMCs can contain between 1 and 60% volume fraction of

reinforcement although most research on the subject has been conducted on Al/SsGMitMC
a volume fraction between 10 and 30% [12]. A major problem of processing Al/SiC MMCs is, as
with most other composites, the poor wettability of the composite to the matrixoddris
wetting enhances the tendency the SiC particles to agglomerdie3]. Increased volume
fraction also adversely affects the wettability of SiC to the aluminum magjx Due to the
reactivitybetween the reinforcement particledahe matrix, SiC or graphite based
reinforcements can form aluminum carbides@d) by one ofthetwo possible reactions:

3SiC(S) + 4AlL) = (AIAC3(S) + 3Si 2.1)

3C(S) + 4AIL) = ) Al4C3(S £.2)

near the interface ahereinforcement and the matrixqJ, [18]. These reactions tend to ocaur

temperatures above 650°C [18luminum carbide at the A$iC interfaceis susceptible to

12



corrosion inaqueous environmentgsulting inporosity and crack nucleation sitbstwill
cause a decrease in mechanical propgtti@s The presence of aluminum oxiftems a
boundary layer which leads to naretting of carbides by the aluminum. The patrticle size of the
reinforcementan also affect the wettability by the matrix. Small@rtiglesexhibit larger
surface areamequiing higher surface enerdgr the matrix to conform to the partisleSmaller
particles also agglomerate readily due to their high surface area [20

Copper, magnesium, silicon, titanium and nickel have beewrktm enhance the
wettability of the SiC in the matrix. Copper and magnesium can form spinels in seageeof

aluminum oxide by the reaction:

3Mg(Cu) + 4AI203 = 3Mg(Cu)AI204 + 241 (2.3)

The formation of these spinels can enhance the widitadd the reinforcement, mitigating the
amount of agglomeration of the partic[@3]. Copper can also form a fluid Au eutectidiquid
that can fill pores and voidéan infiltration kinetics study was conducted to determine the effect
of nickel coating on the wettability of silicon carbide in the matriitial results showed that
nickel coating prevented the formation of aluminum ahbn the aluminum matrix and
enhanced interfacial bonding between the reinforcement and the r2atrix [

Methods such as coating the SiC particles, or the incorporation of a filler ahathi
higher amounts afoatingelements have been explored to increase the wettability and coherency
of the SiC in the matriklL7]. Filler aluminum alloys used in welding Af 6061alloy can be
implemented in the melting or joining Af 6061alloy-based MMCs. The high magnesium
content & Al 5356alloy increases thevettingof the reinforcement, particularly with AD3,
whereas the higher silicon contentih4043alloy will suppress the formation of ACs by
stabilizing thesilicon carbideProblems may arise if the silicon content becomes too large due to

coarsenig of the silicon phase during solution heat treatments [17
2.5 Welding and Solidification of Aluminum Alloys

Traditional methods for welding aluminum are gas tungsten arc welding (G aAtV
gas metal arc welding (GMAWith gas tungsten arc welding atternate currentC) mode
the preferred process. High energy density welding processes such as bleatnonelding and

laser welding are also prominent for welding aluminum alloys. This section wil fmtgas
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tungsten arc and electron beam weldilgminum rapidly forms an oxide layer in the presence
of any amount of oxygen. This oxide is insoluble in the aluminum metal and inhibits waatting
penetration by deposits of filler metal, therefore, the oxide layer must benlim&éow for
substantial fusion and wetting. High heat inputs are required for melting ongreldaluminum
due to its high thermal and electrical conductivities. Because aluminum-ieagmetic, the
welding arc or electron beais notinterferedas in welding of ferrous alf [22].

Heattreatable aluminum alloys are most commonly used in the aerospace industry
(2XXX, 6XXX, 7XXX). This section will focus on the 2XXX and 6 XXX series alloys andrthe
weldability. Crack sensitivity is a major factor when welding or melting aluminloysa Since
aluminum has a high coefficient of thermal expansion, which leads to a large vdlangec
during solidification, a wide solidification temperature range leads to cesdhtisity. This
sensitivity is increased in hereatable aluminm alloys due to the high amounts of alloying
additions in the melt. This cracking can be divided into two cates; solidification cracking
that is observeth the centepf the meltor terminalcraters and liquation crackinigatoccurs
along the fusiohine andin the heat affected zone adjacent to the ni&lt Solidification
cracking is mainly attributed to thermal stresses along with composition of theHithbyheat
inputs are also believed to contribute to solidification cracking. Electron Weé&ding, which
has a minimal heat input, should reduce crack sensitivity [23]. The primary method for
controlling crack sensitivity jshoweverpy controlling melt composition through alloy
additions. Figure 2.7 shows the crack sensitivity as a function of weld composition dursvari
binary alloys [1T. More complex alloy systems may be more sensitive to minor alloying editions
by widening the solidification temperature range. Figure 2.8 shows thut @fdloying
elements on crack sensitivity in a tam (Al-Cu-Mg) system and guaternary (AIMg-Si-Cu)
system. These experimental resolis be applied to the 2219 and 6061 aluminum alloys.

Liguation cracking occurs in the heat affected zone when constituents with loamgme
points liquate at the graiboundaries [3]L Heattreatable alloys have high amounts of alloying
additions which can form low melting eutectic phases, making liquation crazkiogcern
during welding.
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Al 2219alloy can be welded with or without a filler metall, 2319 is a commofller
used when required. Al 231fs a similar composition #l 2219 alloy but with some additions
of silicon and iron to accommodate vapor lass increase fluiditduring weldingand titanium

for grain size controlAl 4043alloy with 5 wt. % Si addition can also be used but may result in
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low ductility. Al 5XXX series filler alloys are not recommended due to the increase of crack
susceptibility with increasing magnesium coni@sgeen in Figure 2.8\l 6061alloy has
relatively high crack susceptibilitghown in Figure 2.8, therefore, welditigs alloys equires
some filler material to decrease crack susceptibility. Generally, &ti356 alloy with 5wt. %
Mg additionsor Al 4043alloy is used as a fillemetalfor welding Al 6061 alloyBoth filler

alloys replenisimagnesium and silicon that vaporize during weldind stabilize the
composition to reduce cracky susceptibility.

As with all aluminum alloys, MNZs must be cleaned and maintained shielded
environment during joining. The reinfament particles can affect several variables during
welding. Since the reinforcement does not melt, or fully melt, the weld pool remanes
viscous than monolithic aluminum, thus, the weld pool does not wetddywith the base
material [32. Heat flow is also affected due to the differences inntla¢iconductivity and
thermal expansion coefficients between the matrix and the reinforcement and careatfiting
microstructures and stress distributions in the weld. Chemical reactionscarcalr during
melting. Aluminum carbide caflorm at the interface at high temperatures as deschpédt. 1
and 2.The increase of silicon activity because ofadslition to thealuminum melimay inhibit
the formation of aluminum carbide. Filler material wiighsilicon content (4XXXserie$ is
recommended for joining aluminum based MMGslidification can also be affected by the
reinforcement. Below a critical solidification rate, the particles ashgd ahead of the
solidification front causing them to dggnerate in the lastegions to solidify. Thipartitioning
can locally hinder heat floand cause a decrease in microsegregation which decreases the
amount of secondary phases to form [33].

Gas tungsten arc weldiragnd electron beam welding are both suitable processes for
joining most SiC reinforced aluminum composites. For the GTAW process, a filéeisw
recommended to suppress aluminum carbide formation. Alloys 4043, 4045, and 4047 are
recommended for this purpe.Al 4045 andAl 4047 would be more effective in suppressing
aluminum carbide formation but may not be suitable for heat treatment due to capdehie
silicon phase [34 For the GTAW process parameters, a balanced or penetrating arc allows for
theparticles to penetrate into the weld and result in an improved bead ftditéron beam
welding of AFMMCs resulted ira decrease ialuminum carbide formation, fine grain size and

even distribution of reinforcement particlesmpared to laser beam wigld. Higher travel
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speeds and sharper beam focus were observed to create less aluminum3&thidedr beam
welding is not recommended for silicon carbide reinforced aluminum composites tee to t
optical properties of the material. Aluminum refletts tight of the laser beam, whereas silicon
carbide absorbs the light. The energy from the laser becomes concentratbe siiaon

carbide patrticles, decomposing them and increasing the formation of aluminude ¢artiie
matrix [35].

2.6 Application of Fluid Mechanics to Predict Particle Dispersion in Metal Matrix
Composites

Solidification of metal matrix composites can be modeled using fluid mechanics of
insoluble particles suspended in a liquid [36fh&rmodynamic modelas created to preditiie
critical interface velocity (y) for dispersion in the matrixnsoluble particles are pushed ahead
of the solidification front to the final freezing regions when the velocity is btieveritical
velocity. When the velocity is higher, the particles wilkbee engulfed37]. This behavior can
also be affected by other interaction variables suatisassity of the liquid metal, interfacial
energies of wetting, density of the liquakgree otonvection in the liquidparticle shape and
density, and the volume fraction of particles][3®rce balances from fluid mechanics can be
used to determine the buoyancy of a particle in the liquid metal, given by &gdd89.

r.+ r.=r, 24
where Fk is the buoyancy force ks the friction force and#-is the force due to gravity. This

equation can be expanded to:

SeNesCro eMyR= - e NeéC (2.5)

where p is the particle radiusELY WKH OLTXLG GHQVLW\ LVistiK H YLVFRV
liquid velocity, Eis the particle density and g is the acceleration due to gravitlyis equation

the reinforcement particles are assumed to be sphéndhls systemthe liquid véocity of the

meltrequired to suspend a particle (if the particle density is greater thiaof tthe fluid)is given

by Lajoye and Suerj40]:

6k g? _oU Ua

Re ———— 4.6)

If the density of the liquid is greater than the particlediesity values are switchaahd the
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steady state velocity will be given by:

KEy? E. o O Y
™
aA

c.7)
If the velocity of the particles moving in the mptiol is greater than the steashate velocity of
particles suspended in the same liquid under equilibrium, the particles should dipleese
melt pool velocity is less than that of the steathte velocity, the particles will be pushed ahead
of the solidification front and agglonae.Woods and Milner proposed that fluid motion is
caused by the Lorentz force and the molten pool veledirectly proportional to the square of
the arc current, ashown below:

Rs R ¥ (2.8)

If the molten pool velaity is greater than the steadiate liquid velocity, dispersion is to be
expected. If the opposite is true the particles will sink or float, depending omydansi

agglomeration is more probable [40
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CHAPTER 3: EXPERIMENTAL PRO CEDURE

This chapter introduces the experiments conducted for this research. The prowedures
these experiments are discussed below.

3.1 Powder Cored Tubular Wire Manufacturing

The EBF wall builds were made using a set of experitabpowder cored tubular wire
feedstocldeveloped and maifactured at the Colorado School of Mines. The powder cored
tubular wires (PCTW) are manufactured using 0.406 mm thick x 12.7 mm wide, AhBO%2
sheath material and filled with a powder mixture of silicon carbide particulatesdeméntal
alloying addtions to achieve the desired 6061/SiC/10p final composition. The wire forming
process begins by feeding the aluminum sheath into a rolling mill, shown in Figurdh&ii, w
forms the sheath to accept the powder, fills the tube with the powder and seals thantuae us
lap-joint method. A motorized capstan is used to continuously pull the sheath through the
forming rolls until thepowder is completely used. Figure 3.2 illustrates the forming steps used to
create and seal the PCTW.

-

Figure3.1 Photograph of the tubular wire mill showing fjeforming rolls andB) powder
feed system.
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Powder Fill

Figure 3.2  Tubular wire mill forming schematic showing the formation of the tubular wire
and powder filling.

The powder is fed into the wire as the shqasses between the third and fourth rolling
diesby a belt fed conveyor system, shown in Figure 3.3. The conveyor belt is cdlitar&ite
the sheath with a 16 pct. fill ratio to achieve optimized cacign upon completion of the wire
manufacturing pycess 2]. Incorrect fill ratios may lead to under-filling or oviiing of the
wire. Under-filling would result in powder shifting and segregation. @ilerg would lead to
localized stress risers and abrasion, which can result in wire breakaggfdrther processing.
After powder filling, the final rolling dies close the sheath by creating-gplapand the seal is
closed off. The final diameter of the wire after it leaves thdargodies is 4.32 mm illustrated in
Figure 3.4. The powder is still looggside the wire at this diametéo;eliminatepowder
shifting, a preliminary wire reduction to 2.54 mm is applied.

The wire must be further reduced to a final diameter of 1.6 mm to meet the mesnise

of the EBP system. Thiseductionis carriel out by drawing the wires through a series of
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Figure 3.3 Conveyor belt powder feed system for homogenous powder distribution in the
wire. Uniform powder fill ratio is maintained using this method.

Strip Metal

Figure 3.4  lllustration of afully sealedpowder cored tubular wire showing the lap joint
method for sealing the powder in[2
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reducing dies to achieve the desired diameter. The wire is spooled orspifneidg capstan.

The tip of the wire is swaged and fed through the die to start the reduction. Azextoaipstan

is attached to the swaged end and used to pull the wire through first a granulantubiven

through a number of reducing dies in sequential order until the final diametechededhe

wire drawing process is shown in a schematic in Figure 3.5. Upon completion, the wire i
spooled and annealed in a vacuum furnace. Annealing will reduce any residual Isicbssiliv

lead to better wire feeding during depositaomd no un-spooling during storagéie vacuum
annealing step wilhlso evaporate any organic contaminates on or inside the wire from handling

and lubrication during drawing, reducing the possibility of porosity during depositi

Motorized
Capstan

| ;

Die Transfer Spool

t Q
\ Soap Lubricant

Figure 3.5  Wire drawing schematic showing the die and lubrication station as wek as
motorized and transfer spooly [

3.2 Silicon Carbide Particles

Five variations of silicon carbide particles were used in the powder cored tulnaisr
Uncoated (UC) silicon carbide particles were used as a baseline for compatistirewoated
particles. Copper and nickel coated particles weoseh for the research based on conclusions
in literature that copper and nickel enhance wettability and mitigate aluminudecrbmation.
Coated silicon carbide particles were purchased from Federal dlegirGroup. Two batches
of coppereoated particles were created using a patestected electroless coating followed by
anelectrolytic plating process in an aqueous solution. One batch was created to lggve a hi
weight percentage of copper coating cohgesignated a$iCC). Another batch of powders
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was made with a low copper contéLCC). Two batches of nickeleated particles were made
using an electroless plating process to create particles coated with highcoiatent (HNC) and
low nickel content (LNC) [41]Each of these coated particles wereduced with the objective
of increasing wettability, promoting dispersion and mitigating aluminum carbidefmnin the
aluminum meltAs control, uncoated silicon carbigewder wasised in a fth wire to provide
baseline comparison regarditige effectiveness of coating on suppressing the reactioove

mentioned.
3.3 Particle Characterization

Silicon carbide patrticles as well as elemental alloying powders were addediod as
a welldispered powder blend. Aluminum, silicon, copper, and chromium were added as
elemental powders to achieve the desiredegggsited composition in the matrix of the deposit.
Silicon carbide, whether uncoated or coated with copper or nickel, was added to the powde
blend to serve as the reinforcement. Before g@astder blend was made, each of the powders
were examined by light optical microscopy acdrningelectron microscopySEM)to
determine the powder morphology, size and cleanlifigssparticles were theested using
static laser light scattering to determine the particle size distribution.

3.3.1 Static Laser Light Scattering

Static laser light scattering uses the interaction between light and particktsrioide
the size of the particles. Particle sizeletermined by intensity characteristics of the scattering
pattern at variouangles illustrated in Figure 3.6he laser light scattering process is conducted
by introducing a small volume of particles into an aqueous medium contained in a cylimeler. T
particles suspended in the liquid slowly sink at the rate of gravity. As thel@asink, they pass
though the patlh monochromatic ligrgource. The particles scatter the light at different angles
depending on size and the scattered light waves are collected by a detectoreAccurat
measurements of particle size are dependent arotidition thathe particles have sufficient
space so that scatter patterns from different particles do not interfareagh other. Liquid
dispersants may also be used iftigtes have a tendency to agglomerate. Powders must be of the
same material and may not be mixtures of different powders. Accurate meadanergaine

isotropic particles with the same optical properf#s.
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3.4  Wire Characterization

Wire samples were taken from timermittently from the spool as the wire was
consumed during deposition. The sections were mounted in epoxy both axially and
longitudinally. The samples were ground to expose the powder core and were examied us

Diffracted

Reflected \Zﬂ /

Refracted

<4-..

.
[

Transmitted 7

after internal Transmitted

No interactionundeviated

Figure 3.6  An illustration of monochromatic light rays interacting with a partjié®.

scanning electron microscopy to determine the distribution of each of the poverher she
length of the wire as well as the presence of any large voids in the wire whidhnzbcate
powder shifting and lead to porosity. The sections were also examined to dethenm&ime
fraction of silicon carbide in the powder cored wire to verify the target voluaagdn of

reinforcement was being reached.
3.5 EBF3 Deposition

Deposit were made using the Electron Beam Freeform Fabrication Syster?) @BF
NASA Langley Research Center. The ERIFocess is conducted using a 42 ktton beam
welder with a sixaxis, computezed numerical controlled deposition stage and optional dual
wire feed capabilities. A build volume of up to 182 cm x 60 cm x 60 cm can be deposited in a
high vacuum (10 Torr) environmenf2]. A photograph of the complete EB§ystem is pictured
in Figure3.8. Five wires containing different types of coated and uncoated silicon carbide
particles were used as feedstock to make single and multiple layer depasitsnllong x 6 mm
wide. Four sets of beam conditions were used to deposit builds of each wire. lewélzeam
conditions were used on specific wires to determine the acceptable range oéthetpes.
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Voltage, wire feed rate, traverse speed, and build height were held constartiegm focus,
beam motion, pulse frequency and beam current were \fariedch one of the wires. Specific
deposition parameters are proprietary, consequently these values hanerbedized to

convey the deposition variations while protecting ownership rights. Four conditioasreated
for the experimental matrix. Thedocused rastered beam conditions were studied. The pulsing
conditions were set at ze(Bo), low frequencyFo.2s1) and high frequenc{Fr). The fourth

condition studied was a defocused beam with no beam motion or p{idsing

P Wire Feeding System

. 52 i .

Computer Stage and Welder C

Figure 37 Photographfathe EBF system showing #hvarious controlled componentd.[2

3.6  Deposition Characterization

Deposits were characterized to determine the effect that beatiticos and coating
variations have on metal matrix composite deposits. Cross-sections ofl@aysyldeposits were
examined to determine changes in deposit morphology, composition and the tendency for
clusters to form during the melting. Multiyer deposits were examined to determine the volume

fraction ofsilicon carbide particles in the overhbllild compared to the volume fraction in the
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wire. Microstructural analysis was performed to determine solidificationtates, secondary
phases and defects in the matrix. The amount of aluminum carbide favaseglalitatively
measured for each depostompositional analysis was performed on samples of wire and
deposits to verify that specifications are met after the deposition processpeted.

3.6.1 Microstructural Analysis

Crosssectioned samplegere extracted from the steadtate regions of single layer and
multiple layer deposits for all beam conditions and feedstock material variaklfemsamples
were rough ground to a flat surface and fine ground on 1200 grit silicon carbide pager. Th
samples were then polished using 9 micron, 3 micron and 1 micron diamond solutions,
respectively, on low nap LECO imperial cloth. Final polish was conducted to mimisir éising
0.05 micron colloidal silica solution on Boler Nylon polishing cloth.

The polished, crossectioned samplagere examined using environmental scanning electron
microscopy(ESEM). Low magnification composite images were taken to show the deposit
morphology. High magnification images were taken to reveal microstructure fuotsdaf the
depositsDetection and gglitative analysis of aluminum carbide was conducted to determine if
coatings or beam conditions could have any effechibigating its formation. Intetendritic

phases were identified as wellthg susceptibilityof the deposito solidification crackig.
3.6.2 Compositional Analysis

Two samples of 100 mg were cut from deposits containing each of the five coating
conditions. Each pair of sampless extracted from deposits of the same beam conditions for all
five sets. Five 100 mg samples were cut from wires corresponding to theittirasgdeposits of
the five different coating conditions. One 100 mg sample was cut from a cecbtfieposition
Al 6061 alloyplate to serve as a standard for the fifteen samples. All sixteen samples were
digested in nitric acidn a hot plate, diluted with deionized water and analyzed using inductively
coupled plasma eptical emission spectrometry (ISPES).ICP-OES is conducted by
nebulizing a solution containing the dissolved analyte elements into a mist wiooteid intoa
plasma. The plasma generates enough energy to excite the electrons of teesbarabsts to
higher energy states. As the electrons return to their lowest energy statens are emitted
with wavelengths corresponding to differences in energy states. The photons aesohed by

a monochromator and detected by a photomultipkeaitlustrated in Figur8.9.Emission
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intensities from the solutiocarecompared to calibration curves of each of the elements being
analyzed to determine concentratiorsaid elements. Calibrated emission intensities show a
linear relationship to elemental concentrations over five orders of magnitude sotcations as
low as 0.0001 pctan be determined. All accurate analyses must be condo@dgdeoustate

so solid samples must be completely dissolved [43].

Inductively Coupled Plasma- Optical Emission Spectrometry

a=
photon e l

monochrometor int.

—
D= J=n Pl
— § i
E - concentration —

detector

Figure3.8 Schematic showing the IGBES analysis technique, the method by which
photons are emitted, and the linear relationship between photon intensity and
concentratiorj43].

3.6.3 ReinforcementAnalysis

Silicon carbide reinforcement particles were identified in the matrix usingiscan
electron microscopy. Macroscopic crossetions were taken to analyze the particle retention and
dispersion in the matrixContrast differences in backscattered images showed silicon carbide
particlesto bedarkerthan the matrix. Fiji Imaging Software was used to characterize the
particles in the matrix. Image adjustment functions of the software wedgagnhance the
grayscale contrast between the silicon helparticles and the matrix. Background and non-
melted base metal were cropped from the picture to acquire a more accurate meastitament o
overall area of the crosection. The thresholding function of the software allows for certain
shades of grayskmato be highlighted and analyzéiche particles were highlightedolored and
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analyzed to measure the volume fraction of particles in the-seas®n. Figure 3.10 shows how

the image analysis was conducted.

e

Figure 39 Screenshot showing the methodittentifying SiC particulates and determining
volume fraction of the silicon carbide in the matrix.

Silicon carbide was found in clusters in the matrix. Fiji was used to mahsusize of each
cluster in the matrix. Chters were highlighted as a single particle and measured for cross
sectional area as demonstrated in Figutd.From this measurement, the mean free path
between clusters of particlesas calculated to determine the effect of beam conditions and
materialproperties on particle dispersion in the matrix. Mean free path of the clustensidep

is given by [44]:
—_— (3.1)

m Og

where A is the cross sectional area of the cluster amthe number of clusters per unit
volume.Area and mean free facalculations were normalized by the volume fraction of the
silicon carbide in the matrix to achieve comparable values. The values were corapared t
determine the effectiveness of implementing different coatings to the partideslgsting

beam conditions.
3.7  Predicting Particle Dispersion and Mitigating Aluminum Carbide Formation

Interactions between the silicon carbide particles and the aluminum matrix weskedod
thermodynamically and kineticaltp understand the partictaatrix interface. These models can

be used to determine the ability for silicon carbide to disperse in aluminumatheg and
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reinforcementan then benodifiedto enhance dispersion in the matrix as well as potentially
mitigate aluminum carbide formation. Equilibrium phase diagrams and Gibbs free enkergg va
were calculatedising thermodynamic calculation software for various scenarios oflpartic

matrix interactions to predict the susceptibility of aluminum carbide formatidrasic empirical

3.10 Thresholding demonstrating the method for determining the area of each cluster
and the amount of clusters in each multilayer depositalculating the mean free
path.

heat diffusivity formula was applied to predict the affinity for silicon adelip be rejected or
captured by the matrix. A kinetic model was developed using fluid mechanics tmideter
conditions to enhance particle dispersion in the matrix.

3.7.1 Predicting Equilibrium Thermody namics of the Metal Matrix Composite

Two software packages were used to predict reacindphase transformations likely to
occur during deposition. Bimo-Calc computational modelling software is used for creating
equilibrium phase diagrams and performing Scheil calculations on the simulatedsttoon for

solidification under equilibrium cooling conditions. The software package has caesibdr
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calculating other thermodynamics related data, but these modules waseddor this project.
Pseudo-binary phase diagrams were generated for the target composition of Al @0a4th

the addition of 10 vol. pct. silicon carbide. Magnesium and silicon were varied respeictively
simulate the loss of these alloying elements due to ejection or vaporization dipivgjtio.
Isothermal ternary diagrams were generated to examine the interaction adtihgs;ar
surrounding matrix, with the silicon carbide. Scheil solidification diagnaere also constructed
to predict what phases would be present during solidification under equilibrium condities. T
software uses equilibrium thermodynamics for the calculations so intéignetenust be made

to predict which reactions will occur during neqguilibrium thermal cycles.

The software calculates values based on large thermodynamic databasesrntdiff
material systems which are taken from literature and standards. Crediaggaan requires the
operator to choose a database for the material system being examined. The afabsee avill
allow for certain elements to be selectedanalysis. After the elements are selectikdf the
possible phases and constituents that cdorb@edwith said elements is shown and can be
manipulated to calculate, or not, which phasgksbe examined by the software.

The data is processed and passed to a subsequent screen which allows for the desire
composition, temperature (range), and atmospheric pressure to be set. Thegpau@E@eigain
processed and stored. After all iterations are calculated, a screen is shoetheltssired data
to be calculated is set. The software can tlwenpleall of the data and generate a plot in the
form of a phase diagram, solidification curve or other thermodynamic plots shownia Figu
3.11.The process for setting the data is the same for any plot being generated. Gihanges t
settings of the axis and yaxis determine what type of plot will be generated. Ternary plots will
be created by clicking the triangular plot function on the toolbar during tHesfera

Equilibrium reaction equations were calculated using HSC Chemistry thenanody
software. This computational modeling softwhesmultiple calculation modules for computing
thermodynamic values and creating fundamental diagrams.

The @alculations used for this project were made using the Reaction Equations module of
the software. A predetermined balanced reaction equation is input into thereofiiva
temperature range and step size for the calculations can be set for a desirddtaeFagure
3.17 illustrates the input values and units that can be manipulated. The data is thatedalcul

the software and generates a table of values. Change in enthalpy, emdo@yblais free energy
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are calculated as well as the equilibrium constant for temperatures determthedstep size, as
demonstrated by Figure 3.18.

Equilibrium data calculated from both software packages was used to predict potentia
reactions that may occur in the melt. The reactions predicted represent |auad irethe melt,

near the particlenatrix interface, where equilibrium states may be present. This data waassused

an approximation to explain the reactions occurring in the melt.
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Figure 3.11 Image showing the process for ciegta plot using the data previously
calculated.
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| Reaction Equation or Chemical Formula:
| ! 4A1+38iC=35i+Al4C3

To Step
' Temperature: 2730 100,000 '€

Temperature Units: Energy Units: Format of Results: [~ Collect to Sheet
& Celsius @ Calories & Momal ¥ Show Transitions
" Kelvins " Joules " Delta ¥ Criss-Cobble

Help File Open HSC 2 File Balance Equation Peep Databasze

Exit File Open ... 1 Calculate

Figure 3.12  The reaction equation module showing the values and units that can be varied
form computing fundamental thermodynamic values of the system.

File Edit Format Help
T N I >*
1 4AIF3SIC=3Si+AI4CE
' deltaH deltaG K
keal keal
2020 4362 1.796E-002
1910 | 4.?99! 2380E-002
1711 5.260 2.879E-002
1389 5.755 3.262E-002
930 6437 3239E-002
9,604 8117 2.015E-002
5.858 9823 1.339E-002
-10.054 11548 9 429E-003
-10.179 13287 6.960E-003
10225 15.033 5 345E-003
-10.184 16.770 4248E-003
-10.054 18510 3ATTE-003
26076 18.042 4256E-003
26216 18.520 6.401E-003
26421 18.108 9254E-003
26.692 17.674 1.294E-002
27.027 17226 1.761E-002
. Clear Copy All

Figure 3.13 Image of a generated table showing the results of the equilibaatiom at
various temperatures.
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3.7.2 Predicting Particle Dispersion Using Fluid Mechanics

A simplified computational fluid mechanics model was used to predict how particles will
disperse in a molten metal pool under non-equilibrium conditions. This model was used to
determine if the kinetics in the molten pool are sufficient to homogenougigrdessilicon
carbide patrticles in the aluminum matrix with and without nickel and copper coaings
comparison is made between the velocities of a particle moving in a liquid matrixsteaidy
state and non-equilibrium conditions. If the melt pool, or equHibrium velocity is greater than
that of the same liquid under equilibrium melting and cooling conditions, dispersion will occur
The steadystate velocity is calculated usibg) 2.6 or EQ 2.7 depending on the density of the
particle relative to té liquid. The particles used for this calculation are assumed to be silicon
carbide particles with no coating. The density of the silicon carbide pasiaketaken from
material constants determined by literatUriee particle radius used for the steady state was
determined through laser light scattering of the particles used in the exgefakeunlations
varying viscosity and temperature used a constant particle radius equigdlenimean particle
radius determined by laser light scatterifigne ralius is the main effect by the particle on the
system.

O9LVFRVLW\ LV WKH YDULDEOH FRQWULEXWIRK® WALRXKH
[45]:

A= Ay 242 (32)
where (s the material constant for viscosity, E is the activation energy for the materiahd is
Boltzmann constant and T is the temperature. It is known that viscosity withdsmperature,
sosteadystate velocitycalculated using viscosity in ER)6 and EQ 2.Will also vary by
temperature. To calculate the viscosity, temperature of the melt pool must heedeagain a
comparable temperature range for analysis. To measure the temperature, avdspositie
using a modified gas tungsten arc freefornritattion (GTAF) chamber. The chamber was built
to simulate conditions experienced in the EBEposition chamber. As the deposit was made, a
high temperature infrared pyrometer was positioned to monitor the temperatiueenaélt pool.
Data collected frm this was used to estimate a temperature range the melt pool will experience
during EBF deposition. From this, a range of melt pool viscosities was also determined. It was
assumed that the coating would be completely liquid during deposition, so it would mix and

become part of the matrix. According teehature, several intermetallic compounds
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preferentially form in AINi and AFCu system. Liquid metal compositions equivalent teNAl
AlINi, and AINiz were chosemo simulate local liquid regions of nidkeoated particles. Liquid
compositions equivalent to ACu and Ab.1Cuo.o were chosen to simulate locajdiid regions
surrounding coppetoated particlep46]. The rule of mixtures was applied to calculate viscosity
values for these compositions at taage of melt pool temperatures. Measurements of particle
radius, temperatungere used to calculate steashate velocity values for engulfing coated and
uncoated silicon carbide particles in an aluminum matrix.

Melt pool velocity was determined using higpeed video analysis of the pool during
deposition. The GTA¥system was used to make deposits of wire containing coated and
uncoated silicon carbide patrticles. A high speed video camera was positioned to \trairnige
end of the deposit. It was dalated for measuring distances by placing a scalalisoth the x-
direction and ydirection of the frame. Still images were processed and used to calibrate pixel to
distance ratios in the frame shown in Figure 3.19. Once calibrated, deposits comif&oimg
carbide were made while recorded by the high speed video camera. Silicon carites @end
clusters floating on the surface of the melt act as tracers for determining imdti@melt pool.
Videos taken by the high speed camera were convettednages with associated time stamps.
The tracer particles’ motion was tracked by digitizing the still frames and tofeey
coordinates illustrated in Figure 3.20. Velocity of these particles werelaad by taking the
difference in position ovehe time difference of each frame. Values were given in mm/s. The
measured melt pool velocities were then compared to calculated-sta&elyelocities to
determine if dispersion is likely to occur. The data was compared with imatesia of deposits

to validate the model.
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Figure 3.14 Still images showing the calibration method for calibrating distance to pixel ratio
in on the high speed video. Increments given in 0.40 mm.

e . o RO ; rd
Figure 315  Still image time lapse showing the position tracking ofttaeer particles
indicated by dots.
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CHAPTER 4: RESULTS AND DISCUSSION

This chapter discusses the results obtained from experiments developed in thesprevi
chapters.

4.1 Consumable Characterization

Alloying and reinforcement powders were examined for size distribution and
morphology. Light optical microscopy showed powder morphology. Scanning electron
microscopy was then used to determine the consistency of coverage for the ticatedssbide
patticles. Size distribution was determined using laser light scattering anaysech of the
individual powders.

The longitudinal crossectiored samples wenased to determine the volume fraction of
silicon carbide in the wire prior to deposition. The results were used to determimeciinet af
powder loss during the filling and drawing processes. The data collected wasedmjia the
volume fraction of silicon carbide in deposits to determine the degree of powddutogs
different processing gps. Approximately half of the powder fill was lost during the wire
manufacturing process. Longitudinal analysis of cross-sections of thecoivdactedy
scanning electron microscopy was compared withyxradiography of the wires to qualitatively
detemine if the powder core maintained a uniform distribution throughout differenhieoft
wire. The results from both sets of analysis were conclusive in determiniggdtiey of the

wires. The wires maintained uniformity throughout different sections.
4.1.1 Powder Characterization

Metal alloying powders added to the wire core consisted of pure, atomizedwaium
silicon, copper and chromium. Thewders were analyzed qualitativéty size and powder size
using a light optical microscope. Figure 4.1 shows the images of the four alloyingrpasdd
in the powder core of the wire. Aluminum exhibits a globular morphology with a réjative
uniform distribution with regards to size and shape. Silicon has an irregular skiajpedark
non+eflective finish. Particles are relatively uniform in size. Copper powdearissmalland
granular in shape. Large shards of copper are present in the powders and mustteed bytra
powder sieving prior to addition in the metal core. Chromium displays a globularahamk

as a highly reflective finish.
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Figure 4.1  Light optical images of A) aluminum, B) silicon) Copperand D chromium
powders showing morphology and relative size distribution.

Uncoated silicon carbide was also examined for shape and powder charactesiisgjcs
light optical microscopy. Figure 4.2 preseatght micrograph of the basdicon carbidehat
exhibits a sharply faceted morphology. Particles are reflective and pretaitocharging and
agglomeration. Particles were sieved to +44 microns to reduce small paiatlase more
prone to charging prior to addition in the powder core. SEM micrographs of the coatedspowde
represented in Figure 4.3, show tlowverageof the nickel and copper coatings on the silicon
carbide High amounts of copper and nickel coatfally encase the silicon carbide particles.
Particles with high nickel contenttlabugh maintained complete coverage, exhibited pores in the
coating. Particles with a high copper content displayed nodules of copper formingsonféice.
These surface irregularities alisareasd the surface area. Particles with low copper coatidg d
not exhibit complete coverage of the coating. However, low nickel contenticiten carbide
particles didshowfull coverage as well as small nodules of nickel on the surface. This large

increase of surface area increases therpiatl for contamiates such asrganics, oxides, and
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debris to be introduced into the wire and the deposits.

I " 2000 pm
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Figure 4.2 Light optical image of uncoated silicon carbide powder, showirigaied
morphology and relativaniform particlesize.

e
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Figure 4.3 SEM images of A) high copper content (HCC), B) low copper conten),(CEC
high nickel content (HNC), and)Dow nickel content (LNC) coated silicon
carbide powders. Relative size distribution and coating quality can be compared.
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Metal alloying powders as well as coated and uncoated silicon carbide powders we
analyzed using the static laser light scattering system for determining psigeciistribution.
The data was reported a histogram which gives the fraction of particles passiddgraction of
particles channelefetained) in a specific size range. This histogram was used to determine an
average particle size and a size range for each type of powder added in theqooeideigure
4.4 displays histogram data for the metalyatlg powders. Aluminum powder incorporated into
the wire had an average patrticle size of approximately 88.5 um in diametam &idid an
average particle size of 105.2 um, copper averaged at 64.3 um, and chromium had an average
diameter of 120.8 pm.
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Figure 4.4  Particle &e distribution histograms of)Aaluminum, B) silicon, C) copper, and
D) chromium powders analyzed by static laser light scattering.

Uncoated silicon carbide particles analyzed by laser light scatterirgnhecerage
particle size of 55.5 pum. The particle size distribution histogram is given in Hdurtoated
silicon carbide particles had a varied range of particleguan in various size distribution
histograms in Figure 4.&ilicon carbide partiels with high copper content had an average
diameter of 56.3 um where low copper content coated silicon carbide averaged at 49.6 um
Nickel coated silicon carbide powder varied greatlgize High nickel content coated silicon
carbide had an average digereof 65.8 pm where lowickel content coated silicon carbide
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averaged at 133.7 um in diameter. This variatiopasticle sizes due to the use of differegtit

silicon carbide particles prior to coating.
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Figure 4.5 Particle size distribution histogram of uncoated silicon cgsbidder analyzed
by static laser light scattering.
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Figure 4.6  Particle size distribution histograms #)y high copper content (HCCB) low
copper contenfLCC), O high nickel content (HNC), and D) low nickel content
(LNC) coated silicon carbide particles analyzed by static laser light scattering
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4.1.2 Wire Characterization

Each of the wires were analyzed using chemical and opeistthg methods to determine
consistency in the powder fill, dispersion and volume fraction of silicon carbide in thascore
well as bulk composition of the wire. Consistency of the powder core was deternmimgd us
longitudinal crosssection metallograph

Samples of each wire were analyzed using digestiveQEB analysis methods. A
sample ofAl 6061 alloy was analyzed and compared with both, sparkQEBresults as well
as ASM specificationgo validate the digestive method and set a standard for further analysis to
be conducted. Table 4.1 compares both ICP-OES techniques to specifications det by AS
International. All values by specifications are maximum allowable weigitentages of each
alloying element. Each wire was analyzesing the digesti method for content in weight
percentagesf the same alloying elements. With the exception of silic@lyais is accurate to
100 ppm. Silicon content cannot be accurately measured using digestive ICP-OES due to
interference from the fused silica cru@hbh which the analysis was conducted. Table 4.2
illustrates the comparison of composition for each of the five wires. Magnesnisntwas
intentionally increased in the wires to account for vaporization loss during depokitvas
shown that copper as out of specification for all cases. Nickel content from the coating on the
particles causethe wiresto fall out of Al 6061 alloy specification. Thcurrencavas
anticipated since nickel wassed in theswires as a direaeplacement for coppédron,
manganese, chromium, and titanium were determined to be within the specificatidrGO61 A
alloy. Results of this analysis were compared with compositional analysisresdépositions

to determine modifications to the wire that are required pyore microstructure in future

deposits.
Table 4.1 Comparison of analytical methods to material specifications.
Sample Mg (wt.%] Fe Si Cu | Ni Mn Cr Ti Analysis
6061 08 | 022 | 03| 019| 0006 005 0054 009 DigestvelCP-OF
6061 085 | 024 | 063| 02] - 006 | 006 | 002] SparkICP-OES
6061 0812 07 | 0408 015040 - 0.15 [004-0.3 0.15| ASM-Specificati
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Table 4.2 Comparison of composition for each of five iterations of metal matrix
composite powder cored tubular wires.

Sample (Mg (wt. %) Fe Si Cu Ni Mn Cr Ti
UC_Wire 2.1 0.18 0.12 | 0.0042 0.0065 0.2 0.01
HCC_Wire 2.1 0.18 0.52 | 0.0041 0.0065 0.19 0.00
LCC_Wire 2.2 0.18 0.078| 0.0042  0.006¢ 022 0.00
HNC_Wire 2.1 0.18 0.022 0.67 0.0066 0.18  0.009
LNC_Wire 2.0 0.17 0.021 0.35 0.0061 0.1§  0.00¢

Samples were taken from each of the five iterations of wire and werese@ssned
longitudinally to expose the powder core. SEM analysis was used to determine dheityibf
distribution for the silicon carbide particles as well as the volume fractiahcoinscarbide in
the wires. Due to the rapid rate of the wire fdedng depositionreinforcementniformity
needs to be maintain@aly at the scale of millimeters to resultuniformity throughout a single
layer deposit. Small variations in the powder aarany length less than one millimeter are
negligible as factors for affecting the overall deposit. Figure 4 &shackscattered electron
images which compare the longitudinal cross-sections of the five iterationeesf Whe silicon
carbide particleare shown as irregular dark particles. Copper and nickel coatings appear to be
white in the images. Image analysis was conducted on the cross-sectionsplasing ¢
thresholding techniques, to measure the volume fraction of particles in the wirtopri
deposition. It was determined that the volume fraction of silicon carbide is uper@&hiess
than the design volumes fraction, shown in Table 4.3. As such, the target volume fraction of
silicon carbide was not being met prior to depositidris differencecould be due to powder
loss during the mixing and drawing processes. Particles with a highertywergknt of coating
are much denser than the bulk metal powdach may lead to powder segregation during
mixing and feeding into the wire. Other modes of powderwasgattributed to static charging
of the particles making theadhereo surfaces during powder feeding, removing them from the
bulk powder. Adjustments to the powder mixture must be made in future wire iterations to

accommodate thdifferences observedhe ull analysis of wiress given in Appendix A.
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Figure 47 Logitudinal cross-sections of A) uncoated, B) high copper coated, C) low copper
coated, D) high nickel coated, E) low nickel coated silicon carbide particle
containing wires.
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Table 4.3 Comparison of volume fraction measurements in the five iterations of

wire.
Wire Volume Fraction | Target Volume
Sample of SiC (%) Fraction of SiC (%)
UC 3.41
HCC 1.79
LCC 2.29 10.00
HNC 1.70
LNC 4.13

4.2  Effect of Coating Conditions on Deposit Quality

Data was collected from analyzisgngleand multiple layer deposits containing fhe
differentreinforcementoating conditios. Deposits were examined famiformity of the
microstructureacross subsequent layeasnount of aluminum carbide formation, particle
dispersion, and for target composition of the aluminum matrix and volume fractiorcohsili
carbide. Compositional analysis showed that vaporization loss of magnesium dposdgice
was greater than predicted. With the exception of copper and silicon most latyiegal
elements remained within specifications A16061 alloy The collected data was compared
between tk various deposits to determine how great of an effect the particle coatings had on
meeting the desired criteria. Cressctional analysis of the multilayer deposits showed that there
was an overall even distribution ioterdendriticphases. Columnar grain growth was observed
primarily in the fusion zone of the deposits as well as inter-pass fusion zones inas@se
Solidification cracking was observed in deposits containing uncoated silicodeankithe high
coating content conditions. Crack healing was observed in deposits containing lcivey coa
content. The presence of aluminum carbide in the regions of clustsrgualitatively measured
relative to the amount of clusters present. Analysis showed that nicked guaticles were less
susceptite to forming aluminum carbid&@hermodynamic calculatiorsupporing the
observations are shown in Section 4.4. The volume fraction of silicon carbide present in the
deposits was affected by the amount of coating. The trend shah& wire wasalso obseved

in the depositsthevolume fraction of silicon carbide lowerwith higher coating content. Mean
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free path measurements for the clusters in the matrix of the deposits shovekspigraion of
silicon carbide is higher in deposits containing either uncoated or a low coatiegtooimickel
or copperFluid mechanics modellingf dispersion is presented in Section 4.5. The full
experimental analysis and results are presentedatiocBs 4.2.1 and 4.2.2.

4.2.1 Build Characterization and Matrix microstructural Analysis

Compositional analysis was performed using digestive ICP-OES techniquz4.00w
mg samples were extracted from the focused rastered beam condition oenayep deposits
for each of the five material conditions. The analysis of Al 6061 alésg mateal, shown in
Table 4.1, was used as a standard and compared with the oégalth sample. The results
given in Table 4.4 show the percentage by weight of seven alloying elemesgistpneeach
deposition. lwasnotedearlierthat silicon cannot becaurately measured due to interference of
the crucible during analysis. It was determined that magnesium exhibite80avt5% loss
during deposition. Two mechanisms can be attributed to the observed loss. One, magrgesium ha
a relatively vapor pressuradais highly susceptible to vaporization in a vacuum environment.
Two, the sheath material can have a tendency to unravel at the lap joint duringatepd4ien
the lap joint was not properly sealed or was not stress relieved during the bagingraght
unravel and not deposit into the melt properly. Smegnesium in the melt will consolely
from the sheathany sections of deposition made with unraveled wire would lose considerable
amounts of magnesium in addition to vaporization loss. Coppércxdvaried greatly between
samples of different coating conditions. For all but one sample, the copper conteot was
specification for thé\l 6061 alloy. It was shown that the result of low copper content, or
replacing copper with nickel addition, the deposits also had a lower susceptbility t
solidification cracking. Results of this analysis can be used to adjust the ampontdsr
additions for the development of future metal matrix composite consumable wires.
Scanning electron microscopyages ofeach multilayer degmit showed the effect of silicon
carbide particulatesn the microstructure of the deposit. A macroscale image was taken of each
multilayer deposit shown in Table 4.5. Each deposit was then analyzed at higheroatgmsf
to chaacterize theparticle/matrix bondsecondary phases, the formation of aluminum carbide,
andthe retained volume fraction of silicon carbide in the malrfe microstructural analysis for
each of the five material conditions are compared below. All eivepdesshown in detailvere

deposited using a focused rastefieg) electron beam. The full microstructural analysis for all

45



material and beam conditions is presented in Appendix B.

Table 4.4 Compositional analysis of metal matrix composite depositions.

Sample Mg (wt. %] Fe Si Cu Ni Mn Cr Ti Crack Susceptabilit]
7_UC _Trial 1 0.48 0.18 0.14 0.0037 0.0073 0.14 0.013 Crack
7_UC_Trial 2 0.44 0.19 0.13 0.0037  0.0069 0.2 0.013
6_HCC Triall] 0.53 0.2 0.46 0.0043 0.0092 0.29 0.01n Crack
6_HCC Trial2] 0.53 0.19 0.22 0.0034 0.008¢ 0.24 0.011
6_LCC_Trialll 0.47 0.19 0.14 0.0033 0.0084 0.23 0.0 No Crack
6 LCC Trial2| 0.5 0.19 0.14 0.0031 0.0087 0.23 0.01p
6 HNC Trial1| 0.52 0.2 0.036 0.39 0.01 0.19 0.01 No Crack
6 HNC Trial2| 0.54 0.19 0.038 0.39 0.009¢ 0.19 0.01n
6 LNC_Trial1| 0.46 0.19 0.04 0.31 0.008¢ 0.19 0.01n No Crack
6 _LNC_Trial2| 0.44 0.19 0.036 0.3 0.0093 0.2 0.01ft

All depositsshowed clustering dfilicon carbide particleeposits containing uncoated
silicon carbide particles developed clusters with features highly detahterthe overall
microstructureshown in Figure 4.8The clusters consisted of silitgarbide particles trapped in
partially melted aluminum particles. At the boundary of the aluminum particles, alomaride
was detected which appeared to block the aluminum particles from completety flisis
behaviorcreates clustetthat can act asitiation points forsolidification cracking and a path of
least resistanc®r crack propagatiarFigure 4.8b shows a highly magnified image of a cluster.
The presence of aluminum carbide was detected in the vicinity of the cluster.

Depositions containing silicon carbide coated with high copper content showed an
improvement in bonding between the matrix and reinforcement particles shownria £igu
The copper coating completely dissolved and formed intermetallic phasesiligiin and
aluminum whichbackfilled any separated particles. Aluminum carbide formation still remained
present in copper coated deposits. Solidification cracking was observed in defibsiesan
regions with a high copper content. Figure 4.9b shows a deposit with high copjeert.cohe
high magnification image shows the large increase of capglemter dendriticohases in the

vicinity of the silicon carbide cluster.
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Table 4.5 Comparison of macroscopic images for each of the various material and
beam conditions.

Beam Uncoated High Copper Low Copper| High Nickel| Low Nickel
: Content Content Content
Condtion (UC) Content (HCC) (LCC) (HNC) (LNC)
FO
Fo.2st
F
Do
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Figure 48 A) Macroscopic cross-section of uncoated SiC containing deposit using a focused
rastered electron beam. B) High magnification of a silicon carbide cluster
showing particle separation and aluminum carbide formation.

Figure 49 A) Macroscopic image of a deposit with high copper content made using a
focused rastered beam. B) High magnification image aister in the matrix
showinghigh amounts of intermetallmompoundss well as the presence of
aluminum carbide.

48



Deposits containing a lower content of copper (Figure)bhé&baved similarly to deposits
containing uncoated silicon carbide. Clusters exhibited insufficient fusion betheenetal
powders and aluminum carbide remained present in the vicinity of the clusters.ddpothiev
deposits did not show signs of solidification cracking. Due to the lack of copper, itgkione
compoundormation was greatly reduced. The overall microstructure in the matreimech
uniform overall compared to the intermetaltiempound gradients seen in the deposits

containing high copper content. Figure 4.1l0kstrates the characteristics of the microstructure

for the low copper content containing deposits.

Figure 4.10 A) Macroscopic image of a deposit with low copper content madeausiagsed
rastered beam. B) High magnification image ofttrs in the matrix showirgw
amounts of intermetallicompoundsis well as the presence of aluminum carbide.

The deposits containing silicon carbide with high nickel content (Figurg del/éloped
a microstructure very similar to that of deposits with high copper content. Therslast
surrounded by completely melted aluminum rather than partially melted povger. T
microstructure also exhibited no solidification cracking or aluminurbida formationFigure
4.11b shows the microstructure of a deposit made with high nickel content.
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Figure 4.11  A) Macroscopic image of a deposit with high nickel content madeaungsed
rastered beam. Bjigh magnification image of clusters in the matrix showing
high amounts of intermetallicompounds with no presence aluminum carbide.

The deposits containing low amounts of nickel (Figure bghaved in the same manner
as deposits with low copper content, however, no aluminum carbide veaseden the matrix.
Figure 4.12b dmonstrates the similarities the low nickel content deposits share with the low
copper and high nickel containing deposits.

The amount of aluminum carbide present in each depasigwantified as a percentage
of silicon carbide clusters containing aluminum carbide from the total number trslpsesent
in the cross-section. This data was used to draw a comparison toidettre effect coatings
have inmitigating aluminum carbide formatiofigure 4.13 demonstrates this comparison
between the different coating conditions at mitigating aluminum carbide formit®learly
shown that increasing the copper content in the deposits increases the amount of aluminum
carbide presdrin the matrix. It was also shown that increasing nickel content effectively
eliminates aluminum carbide in the deposit.

The volume fraction of silicon carbide was also analyzed in the matrix. Threshadrtool
image analysis software were used to measure the volume fraction of siliomie gearticles
retained in the matrix. Figure 4.14 compares average values of the volume fractigzoof sil
carbide for different coating conditions. Values are given in percentagess tetermined that
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Figure 4.12  A) Macroscopic image of a deposit with low nickel content madeaifaegsed
rastered beam. B) High magnification image ofttrs in the matrix showirgw
amounts of intermetallicompounds with npresence aluminum carbide.
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Figure 4.13  Comparison of coatings and the effect they have on mitigatingahmarbide
formation.
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deposits with a higher content of nickel or copper coating retain a lower volactierrof

particles. This trend also relates to the decrease in volume fraction ed stlaton carbide
particles in the wire crossection. It is determined that the higher amounts of copper and nickel
drastically increase theedsity of the particles. This leads to segregation of the silicon carbide
particles during powder mixing therefore less is incorporated into the wirerudegasition.
Appendix B provides tables of values collected for all of the charts given for tleposi

characterization.

Average Pct. Volume SiC (%)

uc HCC LCC HNC LNC

Coating

Figure 4.14  Comparison of average volume percent of silicon carbide retaihedmatrix
between different coating conditions.
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4.2.2 Particle Dispersion

Particle analysis was conducted on each of the depositionsgosns to calculata
relative mean free path and determine the effect of coating type has on dispiicon carbide
in an aluminum matrix. Clusters of silicon carbide were treated as padieles. In some cases,
dispersegatrticles and very small clusters were dtgd in the matrix. Using FIJI image analysis
software, the cross sectional area of each cluster, or particle, was meaAsureerall count of
clustersvas maddor a given volume of matrix. The mean free path, i.e. the nearest neighbor
distance, in mmior a given clustewas calculated binputting these values in Equation 9,
where A is given as the area of the cluster anid the numbeof clusters per given volume.
The mean free path for each cluster was calculated; the overall mean free fadéposit
was determined by averaging the values for each of the clusters. The ckest@némean free
path measurements were normalized by volume fraction of silicon carbide irptistdence
thesevary significantly between different builds. Figure 4.16tp mean free path as a function
of cluster size for each of the five coating conditions. Values residing in @uddndicate that
deposits have relatively small cluster size, a sign of increaspdrdion, but a high mean free
path which indicates a low volume percent of silicon carbide. The more favorable {@loes
the direction of the arrow in Quadrant Ill. These values indicate a high volaoteir of
dispersed particles. Values in Quaudsall and IV indicate large amounts of agglomeration and
are highly unfavorable.

The data in Figure 4.15 indicates that low copper colit€2€), and low nickel content
(LNC) coated conditions provide the highest amount of dispersion in the matrixnQiédoide
particles with high copper and nickel content can be ruled out as feasible coatingsrdit
enhance dispersion. Due to the thick coating and high melting temperatures, atoting manal
gradients generated by transitions of material,likedy that the high coating content solidifies
too rapidly trapping the particles in large clusters.

Comparing the data collected from microstructural and particle dispersionnem@asits, it was
determined that low amounts of nickel coating facilitabesfabrication of the best overall

deposits.
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Figure 4.15 Plot comparing normalized mean free path and cluster size values for the five
coating conditionsDispersion increasean the direction of the arrow.

4.3  Effect of Process Parameters on Deposit Quty

Deposits were analyzed to determine the effect of beam conditions on overalt deplitsi. As
described in the Experimental Procedures sectieamispot siz€ocused or defocused),
motion, and pulse frequency were varied; four sets of beam conditions were used in the
experimental matrixThree focused rastered beam conditions were studied. The pulsing
conditions were set at ze(Bo), low frequencyFo.2s1) and high frequenc{Fr). The fourth
condition studied was a defocused beam with no beam motion or p{dsnéeveral other
variationsto the parametemsere studied and included in Appendix B. Deposits vegsminel
for uniformity in the microstructure, the amount of aluminum carbide formation, jgarticl
dispersion and volume fraction of silicon carbatedefects such as solidification cracking.
Particle coatings have a much greater effect on the matrix than beam parametirdaying
deposits were crossectioned and analyzed to determine the effect of beam parameters on
depositgeometry It was determined that variations in depggibmetrymeasurementsan be up
to an 18 pct. difference which is discussed further in Section 4.3.1. It was also shown that using
defocused beam increases the volumetitva of the silicon carbide trapp@d the matrixand
reduceghe amount of aluminum carbide formation. Solidification cracking was found to be

controlled more by material variations rather than deposition conditions. Megraftree
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measurements takendoantify particle dispersion revealed tiga¢aterdispersion resulted in
deposits made using a npoised electron bearsections 4.3.1 and 4.3.2 present the

experimental analysis and collected data to validate these observations.
4.3.1 Build Characterization and Matrix microstructural Analysis

Microstructural analysis was performed on the various deposits, comparing
characteristics with respect to the parameters of the electron beam used $dratef@eposit
geometrywas studied and compared for the fouasrbeconditions by collectingeight, depth and
width measurements of the single layer deposits. Four beam conavioagxamined to
determine theffect on aluminum carbide formation aredainedsilicon carbiden the matrix.
Figure 4.16 compares the amount of aluminum carbide formation as a fraction of the amount
silicon carbide clusters containing aluminum carbide to the total number of cinsteesmatrix.
This ratio is compared as a function of beam conditions. The results show that the defocuse
beam condition has the least amount of variability as well as one of the lowesjeaver
percentages of aluminum carbide formation. The focused rastered beam with rehpuled
the highest variability as well as the largest amount of aluminum carbide formatiennratrix.
This behavior is most likely due to the high intensity of the focused beam combined with the
uninterrupted contact with the melt pobDirect interaction of SiC with the electron beam causes
the particle to shattenstead of melt because of the low electrical conductivity of silicon carbide.

It was speculated that varying degrees of agitation in the melt pool as well@s silic
carbide interaction with the beam may cause significant differences in thmaofoetaned
silicon carbide. Figure 4.17 shows the result of this study. These values raigeava multiple
measurements of volume percentage for different beam conditions. Again, the eefoeas
provides the most favorable condition for retaining silicon carbide in the matrixoee |
intensity of the beam has less of an effect when put in contact with a silicaaegaaltticle,
therefore particles are less likely to be ejected during deposition.

Single layer deposits were compared to determine whiain loeaditions result in the
most ideal deposit morphology. Table 4.6 gives ceestional examples of all single layer
deposits compared. Each cregsstion was examined using image analysis software. The deposit

width, depth of penetration and overfilligbt weremeasured. Theserdensionsvere averaged
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Figure 4.16  Comparison of aluminum carbide formation as a function of beam conditions f
each of the deposits.
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Figure 4.17 A comparison of average volume fraction of silicon carbide in thix s
function of beam conditions.

and compared as a function of beam conditions. The defocused beam condition produced single
layer deposits which had the shortest width and depth of penetration while havineatest

height as shown in Figure 4.IBhis condition would be the most efficient for deposition of
structures such as stiffenefide single layer deposit characterization, including all values in

data tables, is located Appendix C.

4.3.2 Particle Dispersion

Cluster area and mean drpath calculations were conducted for silicon carbide
suspended in the matrix with respect to beam conditions. The same methodologyomaesifoll
as in previous calculations with respect to coating conditions. Figure 4.19 shows tloe data
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Table 4.6 Comparison of single layer deposit csEsions.

Beam
Condition

Uncoated (UC)

High Copper
Content (HCC)

Low Copper
Content (LCC)

High Nickel
Content (HNC)

Low Nickel
Content (LNC)

FO

Fo.25¢

Do
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Figure 418 The effect of beam conditions on single layer deposit morphology.

normalized cluster area and mean free path for each of the four coating condiains tiAe
greatestavorability for dispersion in the matrix is indicated by the direction of teaiThe
data shows that the highest degree of dispersion was generally exhibiteglessdeposited by
a defocused beam, followed by a nmised focused beam.ist not completely understood why
pulsed conditions do not improve dispersion. One theory is that the pulsing conditions create
more convective flow in the melt pool. This increase in convective flow would inclease t
ability for particles to move throughout the matrix and come in contact with one another, a
which point they would more likelsggglomerate. Results of this data recommend that further
depositions of aluminum silicon carbide metal matrix composites should implement a non
pulsed beam to pronmwdispersionConfirmation thabeampulsingactually occurred at the set
frequencies should be determined using an oscilloscope before any furthergfursung

pulsed electron beam conditions for the deposition of metal matrix composites.dBabe
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initial data collected, pulsing conditions used were not suitable for enhancing idispkris
recommended that ultrasonic pulsing should be explored, matching the resonance of the

particles, if pulsing is desired to accommodate particle dispersion.

Figure 419  Plot comparing normalized mean free path and cluster size values for the four
beam conditiondncreasedlispersion in the direction of the arrow.

4.4  Computational Thermodynamic Modeling

Computational thermodynamic models were used to determine the propensity & fohiasm

and to determine if aluminum carbide formation can be eliminated from the matrix. 84 pha
diagrams and reactions were developed under equilibrium heating and cooling conditicias. Due
the rapid solidification of the EBFprocess, high temperature calculations were considered to
interpret what microstructur@sepresent upon solidification. Sinéieited physical property

this metal matrix composite@as found in the literaturelata must be extrapolated for certain
values in the models. The average composition for 6061 aluminumialysed as a baseline

for these models. To simplify the models only major alloying elements werielemtwhen
calculations were performed for this system. The composition was given agt, %0/g — 0.6

wt. % Si— 0.25wt. % Cu — 0.7wt. % Fe, balance Al. Secondary phases and precipitates such as
Mg2Si, Al1oFesSi, AlzCusMgs, and ABCuzMgeSiz wereincluded in the computation for
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comparison with literature dafd7], [48]. The results of these calculations were used to
determine th@otential phases to form under optimal deposition conditidate that the

calculations did not take into consideration the magnesium loss observed in actuas deposi
4.4.1 Thermo-Calc Software Calcdations

ThermaCalc is a software package which uses data from various compiled
thermodynamic propertyatabases to calculate and produce diagrams such asGuhigir
solidification models, binary and ternary phase diagrams and other equilibriomodyaamic
data. ThermeCalc was used to crea)egpseudobinary phase diagrams for the metal maii)x,
ternary isothermal sections for phase transformations near the partioabplandii) Scheit
Gulliver simulations to determine the favorability for aluminum carbide to form imttex.
These results were interpreted to predict what reactions and phase transfemgitoccur
under non-equilibrium conditions. &hresults were thecompared with data and observations
from depositions to gain a better understanding of the system.

Pseudddinary phase diagrams were develofaeds061 aluminum alloy. The model was
simplified to include only aluminum, magnesium, silicon, and copper in the calculaiion8.6
wt. % Si— 0.25wt. % with Mg varying between 0.0 and 3M. % was modeled. According to
literatureregardings061 aluminum alloy, MgSi, Al.Cu, and AtCuMgeSi7 are all likely to
form during cooling. The phase diagram illustrated in Figure gr@dicts that this is likelyot
happen with approximately 1v@&. % Mg, which is the amount used in the 6061 system. This
predictionverifiesthatthe model is producing relatively accurate results. The powder cored
tubular wires produced have a magnesium composition of approximately. 280Magnesium
vaporization loss is approximately 75 pct., as determined by compositiahggiarof the wire
and deposits, which leaves @& % magnesium present in the as-solidified deposhs
excess loss as compared to thevb0% loss initally predicted would change the-salidified
microstructure to resemble the @& % composition given by the model. The phase diagram
with varying magnesium content can be used to verify changes in the midiostidiee to
vaporization loss as well as predict the composition for future wire iteraf\gnseudo-binary
phase diagram of the same composition, but rather varying silicon content wapdd\aeid

given in Appendix D.
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Figure 4.20 Pseudo-binary phase diagram of the Al 6061 alloy. Composition set at Al — 0.6
wt. % Si— 0.25 pct. wt. Cu with varying amounts of magnesium.

The ScheHlGulliver model was used to create an equilibrium cooling diaguaahto
determine the mass fractionfases to form in the solid upon normal cooling conditionf [49
The composition was set to Al — W@. % Mg — 0.6wt. % Si— 0.25wt. % with the addition of
12.5wt. % SiC in elemental fornio simulate the target 10 vol. pct. desired in the final
microstucture. The liquid was cooled from 2250 K (1977°C) to approximately 650 K (377°C),
when the final liquid is solidifieds llustrated in Figuré.22. It was shown that the potential for
aluminum carbide formation only occurs at temperatures above 1450 K (11 &irf€&) melt
pool temperatures can often reach values well above 1450 K, the presence of aluntinen ca
can be expected hiscalculation validates the importance of coating the particles to préwgnt t

formation from occurring.
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Figure 4.21 Scheil solidification model predicting phases in the Al 6061/SiC system under
equilibrium cooling conditions.

Isothermal ternary phase diagrams were calculat@dedict which phases would form in
near theSiC particleAl matrix interfacial region. G&i-C and NiSi-C ternary systems were
studied to determine if any other detrimental phases would form due to the additioseof the
coatings. Isotherms at 2700 K (2427°C), 1350K (1077°C), and 675 K (402°C) were developed
for each of the ternary systems. E&@dtherm contains a highlighted box estimating the regions
of interest for analysis. Each component is given in elemental fomm)atingthe outcome if
SiC had broken down to silicon and carbon elements. All phase diagrams are under equilibrium
atmosphgac and cooling conditions.

The CuSi-C systermat 2700 K is given in Figure 4.23. At that temperature copper is
liquid and silicon and carbon preferentially form silicon carbide. The 1350 K isothegureFi

4.24 shows that silicon will form along withduid copper and silicon carbide. This temperature
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is in the range of the melt pool during deposition. Due to the fast cooling rate of the pitasess
likely that the phases formed at this temperature for the given compositiewahgominate

the final microstructure upon cooling. If the deposit is allowed to slow doelfinal

microstructure will contain phases slan to that shown in Figure 4.2%hese isothermal

sections all indicate that copper is not likely to react with carbon. It is po&silaesingle
intermetalliccompound to form at low temperatures, however, copper does not seem to form any

other detrimental phases when contacted with silicon carbide.

Figure 4.22 Cu-Si-C isothermal ternary phase diagram at 2700 K.
The NiSi-C system behaves similatly the CuSi-C system sincaickel alsohas little
affinity for reacting with carbon. Figure 4.26 illustrates the reactions likely to ot@i0a K.

At this temperature nickel is liquid as well as silicon. High am®ohsilicon will produce
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Figure 4.23 Cu-Si-C isothermal ternary phase diagram at 1350 K.

Figure 4.24 Cu-Si-C isothermal ternary phase diagram at 675 K.
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silicon carbide, but carbon is also stable as graphite. At 1350 K, intermetallic comfamumds
compositions with a high mass fraction of nickel in the matrix shown in Figure 4.27. The
variability of intermetalliccompound formation grows at 675 K demonstrated by Figure 4.28.
High amounts of nickel may potentially destabilize silicon carhiu#® allow for aluminum
carbide to form. However, the opposite was observed irf BBposits; high amounts of nickel
completely eliminated the formation of aluminum carbigpendix Dshows ternary phase
diagrams for CtAl-Si and NiAl-C systems which exgnd the amount of predicted phases as a

result of using copper or nickel coatings.

Figure 4.25 Ni-Si-C isothermal ternary phase diagram at 2700 K.
4.4.2 HSC Software Calculations

HSC is a computational thermodynamic software package used for geneeing fr

energy tables for various equilibrium reactions at a range of given tenmestaBalanced
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Figure 4.26 Ni-Si-C isothermal ternary phase diagram at 1350 K.

Figure 4.27 Ni-Si-C isothermal ternary phase diagram at 675 K.
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reactions are input into the software. Using known thermodynamic values, gn#rdtppy and

free energy, for the overall reaction are generated at a range of tempe@dbunparing free

HQHUJ\ G4* YDOXHV RI GLITHUHQW U kD &etéinih®tie Lkelihoedk H VD P H
IRU RQH UHDFWLRQ WR RFFXU SUHIHUHQ W E D@\ XK YWHRJH D Q RWYVK
the reaction, under equilibrium conditions, does not require the inputestamal energy

source so it is more thermodynaniigdavorable for that reaction to occur. By determining

which reactions are more negative at high temperatures (deposition temggrétoas be

inferred that said reactions are most likely to occur during deposition. Duedaddiplification

in thedeposit, it is likely that phases formed during reactions occurring at mgietatures will

constitute the microstructure of the solidified matrix. Tableshows reaction values generated

for a simple AISIC reaction. It was assumed that no otheailp elements were present and

the reaction takes place under equilibrium heating from 25°C to 2425°C, nearing the

vaporization temperature of aluminum under atmospheric pressure. It is detkthmat, under

equilibrium conditions, for all temperaturesis thermodynamically unfavorable for aluminum

and silicon carbide to spontaneousdgct toform aluminum carbide.

The reaction was expanded to model reactions betwe@u&liC as an example of what
may happen in the presence of a copper coating. The model determined that alunmbiden car
formation is thermodynamically unfavorable for an@uSiC system. This system is illustrated
in Table 4.8. The reaction calculation was repeated for the same system witbegbisoexthat
silicon and carbon were separated and treated as individual elements as reacsasten@ho
was considered to simulate the condition of silicon carbide being broken down, as it does whe
contacted by the electron beam. Evidence of silicon carbide interacting evigkettiron beam
during deposition was observed in the cross-sections of some deposits. The calguétieds
extremely negative free energy values, shown in Table 4.9, which indicate that taedorofh
aluminum carbide is highly favorable even in the presence of the coating. Jdirs, ia
assuming the electron beam had broken the silicon carbide down into individual elements.
Aluminum carbide formation is most prevalent around silicon carbide clusterydineder the
incident electron beam. Many cases shoslegttered particles of silicon carbide surrounded by
aluminum carbide, often in regions above the shattered particle. This thermot ymadie
validates the proposed mechanisms for forming aluminum carbide in the matrrerFurt

variations of equilibriunreaction tables are given in Appendix E
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Table4.7 Equilibrium reaction between aluminum and silicon carbide over 100°C
increments.
4Al + 3SiC = Al4C3 + 3Si
T (K) H (kJ) 4 (J/IK) 4G (kJ) K Log(K)
298 8.806 -17.148 13.916 3.64E03 -2.439
398 8.729 -17.368 15.642 8.85E03 -2.053
498 8.58 -17.697 17.393 1.50E02 -1.825
598 8.252 -18.292 19.19 2.11E02 -1.676
698 7.614 -19.27 21.065 2.65E02 -1.576
798 6.531 -20.712 23.06 3.09E02 -1.51
898 4.863 -22.674 25.224 3.41E02 -1.467
998 -39.61 -70.311 30.56 2.51E02 -1.6
1098 -40.76 -71.41 37.649 1.62E02 -1.791
1198 -41.705 -72.235 44.833 1.11E02 -1.955
1298 -42.377 -72.776 52.086 8.01E03 -2.096
1398 -42.732 -73.041 59.379 6.04E03 -2.219
1498 -42.738 -73.046 66.686 4.73E03 -2.326
1598 -42.374 -72.813 73.981 3.82E03 -2.418
1698 108.915 16.986 80.072 3.44E03 -2.463
1798 109.371 17.247 78.362 5.29E03 -2.277
1898 110.099 17.64 76.618 7.78E03 -2.109
1998 111.1 18.153 74.83 1.11E02 -1.956
2098 112.372 18.774 72.984 1.52E02 -1.817
2198 113.91 19.49 71.072 2.05E02 -1.689
2298 115.711 20.291 69.083 2.69E02 -1.57
2398 117.768 21.166 67.011 3.47E02 -1.46
2498 120.073 22.108 64.848 4.40E02 -1.356
2598 122.62 23.107 62.588 5.52E02 -1.258
2698 125.399 24.157 60.225 6.82E02 -1.166
Al4C3 Extrapolated from 2500 K
Formula FM (g/mol) Conc. (wt%) Amount (mol) Amount (g) Volume (ml)
Reactants
Al 26.982 47.291 4 107.926 39.973
SiC 40.097 52.709 3 120.29 38.066
Products
Al4C3 143.959 63.08 1 143.959 61
Si 28.086 36.92 3 84.257 36.177
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Table 4.8 Equilibrium reaction between aluminum and silicon carbide over 100°C
increments in the presence of a copper coating.
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Table 49 Equilibrium reaction between aluminum and dissolved silicon carbide
over 100°Ancrements in the presence of a copper coating.

4Cu + 5Al + 5Si + 7C = Si + 4Cu + Al4C3 + 4SiC +Al
T (K) H (kJ) 4 (J/IK) 4G (kJ) K Log(K)
298 -494.506 -73.667 -472.553 6.89E+82 82.838
398 -494.94 -75.015 -465.084 1.11E+61 61.044
498 -494.823 -74.753 -457.596 1.00E+48 48.001
598 -494.912 -74.905 -450.119 2.09E+39 39.321
698 -495.442 -75.715 -442.593 1.33E+33 33.124
798 -496.514 -77.141 -434.955 2.97E+28 28.473
898 -498.231 -79.16 -427.145 7.05E+24 24.848
998 -542.813 -126.912 -416.155 6.07E+21 21.783
1098 -544.169 -128.208 -403.396 1.56E+19 19.192
1198 -545.291 -129.187 -390.524 1.07E+17 17.029
1298 -546.222 -129.935 -377.566 1.57E+15 15.195
1398 -546.997 -130.511 -364.543 4.19E+13 13.622
1498 -547.64 -130.955 -351.469 1.81E+12 12.257
1598 -548.156 -131.29 -338.355 1.15E+11 11.061
1698 -749.274 -250.659 -323.655 9.06E+09 9.957
1798 -748.637 -250.295 -298.606 4.74E+08 8.676
1898 -7147.707 -249.792 -273.601 3.39E+07 7.53
1998 -746.478 -249.162 -248.652 3.17E+06 6.501
2098 -744.941 -248.412 -223.772 3.73E+05 5.572
2198 -743.087 -247.549 -198.973 5.36E+04 4.729
2298 -740.904 -246.579 -174.266 9.15E+03 3.961
2398 -738.38 -245.504 -149.661 1.82E+03 3.26
2498 -735.503 -244.329 -125.169 4.15E+02 2.618
2598 -732.259 -243.057 -100.799 1.06E+02 2.027
2698 -728.636 -241.688 -76.561 3.04E+01 1.482
Al4C3 Extrapolated from 2500 K
Formula FM (g/mol) Conc. (wi%) Amount (mol) Amount (g) Volume (ml)
Reactants
Cu 63.546 41.425 4 254.184 28.369
Al 26.982 21.986 5 134.908 49.966
Si 28.086 22.886 5 140.428 60.295
C 12.011 13.702 7 84.077 32.09
Products
Si 28.086 4.577 1 28.086 12.059
Cu 63.546 41.425 4 254.184 28.369
Al4C3 143.959 23.462 1 143.959 61
SiC 40.097 26.139 4 160.386 50.755
Al 26.982 4.397 1 26.982 9.993
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4.4.3 Empirical Heat Diffusivity Criterion

Industrial producers of metal matrix composites generally use castitihgpds to produce
large quantities of the material. This is done by melting the metal matrix, then intigpthein
reinforcement particulates into the melt. During the design process of thesitenp simple
model is used to determine the affinity for various particulates to preféedisperse in the
melt or be pushed out of the melt ahead of the solidification front. The empiricalithesivity
FULWHULRQ XVHV PDWHULDO FRQVW D Q VD\Q CW\K$HHIPXDF FIRKOBVX F
predict whether dispersion is likely to occur. A ratio is calculated by tineula [50]:

g0 00 4 (4.1)

(Ax %3
If the ratio is greater than one, dispersion is likely to occur. If the isatess than one, particles
are likely to be pushed ahead of the solidification front and be rejectedhfeomatrix. Table
4.10illustrates the prediction of this simple moétal different cases of coated and uncoated
particles in the matrix. It was assumed that the coated silicon carbide behthees@ating
would if it were a solid particle. The data shows that it is unfavorable foosiGarbide to
disperse in an aluminum matrix. If the coating does not dissolve and there is no mthitigewi
liquid, copper coated particles would likely disperse easily in the matrix. Howetree coating
dissolves and creates a region of high liquid copper or nickel content aroundtthe it can be
assumed that the particulates are suspended in either a copper or nickel liqutccdeehtais
more likely for silicon carbide to disperse by having a nickel coating. Thimsgods
represented by measurements taken from the-sexd®ons of deposits containing coated and
uncoated deposits. Uncoated deposits are generally rejected from the Deiosits containing
high copper content coated silicon carbide particles showed the worst dispehses) waile
deposits that contaimickel coated partickegenerally showed the highest amount of dispersion.

4.5  Computational Fliud Mechanics Modeling

A computational fluid mechanics model was created to predict what velocity the melt
pool must achieve to disperse particles in the mafte. model is dependent on two main
variables, particle radiusp(r DQG YLVFRVLW\ (TXDWLRQ ZDV XVHG WK
steadystate velocitieg @) that must be surpassed in the melt pool in order to disperse silicon

carbide under different ligd matrix conditions. It was assumed that the nickel and copper
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coatings were

Table 4.10 Empirical heat diffusivity criterion values calculated folousrpossible
particle/liquid interactions.

incorporated into the liquid metal, so all conditions use 1250 %agnthe particle densityéf),
the density of silicon carbide. Liquid densitg) is 2385 kg/m, the density of 6061 aluminum

alloy. Using density values of aluminum and silicon carbide, the equation is:
_ Ovawo®
™A

4.2)

The equation was analyzed with respect to particle radius and viscosity, iketpesizerage
particle radius was 22.8 um given by laser light scattering of uncoathsstrbide particles.
This value vas used when calculating steastgte velocities with respect to viscosity. For

aluminum, viscosity is given by:

(4.3)

where T is the melt pool temperature. Melt pool temperature was determineddwgmsin
infrared pyrometer to measure temperature values in the &3yaFemduring deposition shown
in Figure 4.28 The average temperature is given by the dashed line. These values were used to
calculate the change in viscosity of the matrix during deposition. Figures 4.29 and 4.89 displ
Al-Cu and AINi phase diagrams, respectively. These phase diagrams were used to determine
compositions of various liquids that may exist in local regions around coated particles
Viscosities for liquid Al, Cu, Ni, AdNi, AINi, AINi 3, Al>Cu, and Ab.1Cuo.¢ were calculated
using the rule of mixtws. From this procedure outlinad approximation of velocities can be
used to determine the best coating for enhancing dispersion.

High speed video analysis of particles moving in a matrix during deposition provided
data for actual melt pool velocitiesSomparing melt pool velocity to steadtate velocity it can
be determined that melt pool velocities higher than stetatg velocities will yield dispersion in
the matrix. Figure 81 lllustrates the velocities required for silicon carbide particleidperse
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in various liquid matrices with respect to particle radius. Data points abovetres®lid lines
indicate that particles of the specified radius will disperse in that particular tgmgosition.

This data is validated by mean free path mesments taken from EBEeposits.

Figure 428 Time and temperature data of the melt pool in the G&Btem measured using
an infrared pyrometer.

Figure 429  Al-Cu binary phase diagram used to predict what phases may form in localized
regions as a result of using coppeateal silicon carbide particl¢s1], [52].
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Figure 430 Al-Ni binary phase diagram used to predict what phases may form in localized
regions as a result of using nickel coated silicon carbide particles [5]1], [53

Deposits wih nickel content and low copper content enhanced dispersion compared to
deposits containing uncoated and high copper coated silicon carbide. By examining the
relationship of velocity to temperature, or viscosity, Figur@ 4gain shows the favorabilitipr
silicon carbide to disperse in nickel and low copper containing liquids. However, deposits
containing nickel will have a higher melting temperature as illustrated by verticainikégure
4.32 which makes it difficult for complete dispersion due to the shortened time in the lajaid st
Solidification rate, convection and particles radius are important factors wtegmateng
dispersion. This model did not take into account convection or the critical agglomeragibor siz
particles.High convectio rates and small particle size can lead to agglomeration even if the
critical velocity for dispersion is reached or exceel@8jl Future iterations or wire must contain
particles with a critical particle size to mitigatgglomerationData tables and elnts containing

particle radius, viscosity, temperature, and velocity values are availafyppéndix E.
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Figure 431 The required velocity to promote dispersion as a function of particle radius for
various liquids that may be present in the matribogalized regions.
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Figure 432  The required velocity to promote dispersion as a function of temperature
(viscosity) for various liquids that may be present in the matrix in localized
regions. Vertical lines indicate the melting temperature for each liquid.
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CONCLUSIONS

Metal matrixcomposite wire consumables were created at the Colorado School of Mines
specifically to be used in the EB&ystem at NASALangley Research Center. Variatswf the
coatingsof the reinforcement particles as well as electron beam parameters were eradéesto
a uniform metal matrix composite structure ugEBF. Analysisconducted on the wire
consumables and EBBeposits was used to determine modifications made to wire development
for future metal matrix composite consumabidgjor conclusions drawn fro this research are
as follows:

Through image analysis, it was determined that silicon carbide was unifdistripputed
in the wire prior to deposition. The volume fraction of reinforcement particles inithe
reachedch maximum of1 pct. of the target volume fractiorhe differencanayhave been
caused by segregation issues during mixing due to density differences anchstaging of the
particles.

Compositional analysis revealed that copper additiotise wireswere out ofAl 6061
alloy specifcations prior to deposition. The magnesium conier® increasetb 200 pct. of the
desired composition to accommodate vaporization loss during deposition.

Compositional analysis of the deposits, howesletermined that there is actually 75 to
80 pct. vaporization loss of magnesium during deposition, compared to the 50 pct. measured for
monolithic aluminum alloy wires. Thisxtralossof magnesiuntaused the deposits to fall
outside the compositionagbscificatiors designatetbr Al 6061 alloys

All deposits, regardless of particle coating or beam condition, exhibited sonee adg
clustering of the reinforcement particlétswas determined that using low amounts of copper or
nickel coating, or norpulsed electron beam parameters, enhancedleadispersion in the
matrix.

High nickel content eliminates the formation of aluminum carbide. Low nickelmonte
was the best coating for mitigating aluminum carbide formagahancing dispersion, and
retaining a high volume fraction of silicon carbide in the matrix. Deposits wjthdapper
content performed poorly in all areas of study.

It was determined that the use of a defocused beam provides the best depositibns for al
materials. Deposits made using a defocused beam contained low amounts of alusnipiden ¢

formation and high amounts of retained silicon carbide while providing the best condtions f
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particle dispersion. The defocused beam condition also produced deposits withoadafife
height and small depth of penetration, whigkdeal for reducing the amount of disturbance to
previous layers during deposition.

Thermodynamic models were created to preghatsesormedduring deposition. The
models showed that if the silicon carbide is broken up, carbon and aluminum are likehy to fo
aluminum carbide because of the favoraheErmodynamis.

The empirical heat diffusivity criterioghows that it is much more favorable for silicon
carbide to disperse with a nickel coating rather than a copper coetmd@juid dynamics model
also déermines that kinetically it is easier to disperse silicon carbide with a nickel cdating
amounts of copper were found to disperse the SiC particulates. Results frons aridhes
deposits validate the models. The fluid mechanics model also shows that high amouikts of nic
will disperse the patrticles, but only at temperatures higher than the operatpeydéures
measured.

Materials created for this study showed potential to depuetil matrix composite
structure using EB¥ The results collectefilom this study were used to gain a better
understanding of the compatibility and interactions of silicon carbide paridie an aluminum
matrix under non-equilibrium conditionshese results will serve as a baseline for modifying
current iterations of materials and beam conditions to create homogenous nixtal ma

composite structures, using EBFor commercial production.

79



RECOMMENDATIONS FOR FUTURE WORK

Thermodynamic and kinetic calculations were used to predict particle behad@xaloratory
deposition of the Al/SIC MMC wagerformed under the current activity. Two main challenges
left to overcome are the elimination of aluminum carbides which are detrimentalnative

and uniform particle dispersion. Initial calculations did not account for sudas@®nh effects. It
is theorized that surface tension of the liquid aluminum matrix may be contriboijoragticle
clustering of the matrixThermodynamic models can be expanded to include the effects of
surface treatments of the SiC on thegansity for matrix/particulate reactid@reating a
computational model of the Al/SiC system including the effects of surfadernemsl provide
additionalinsight to modify particulate surface conditions and the matrix alloy to eliminate
aluminum carbide formation and enhance particle dispersion. Further optimizatiorE@Fhe
deposition parameters, including melt pool agitation, may be explored to further @romot
uniform dispersion. Surface tension and fluidity experiments conducted based on current
compositional ranges can be used to verify the model and determine an optimal conglositi
range for dispersing the particles uniformly throughout the mathg.anticipated outcome is to
produce materials with superior mechanical properéasgtiffness and strength) that can be
tailored for optimal structural efficiency.

As guided by the models, modifications can be made to the aluminum alloy and the
surface condition of the reinforcement particles to inhibit the formation of dettalhphases
(secondary carbides), enhance the wettability and dispersion of the partittiesmatrix and
reduce the crack susceptibility of the solidified structure. A number of powdet tcimalar
wires produced using design of experiments (DOE), adjusting patecublume fraction and
sizecanbe deposited using the EBrocessSamples extracted for compositional analysia
be compared with the composition of the wires to determine vaporization loss. Michostl
analysis using electron microscopy combimeath image analysis methoeguld serve as viable
methods taletermine grain size and spatial distribution of the particles in the matrix andperf
phase identification. Mechanical property testing of the deposited mateitiadsaluate
strength, elag modulus, and fracture toughness and additional properties as directed by results
Measured properties compared with commercial metal matrix compasitéd verify the
feasibility of using this material in real applications. Iterations in alloy chgasd particulate

condition and volume percent would optimize the PCTW composition and properties of the
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resulting deposited materials.

Upon successful deposition of the MMC wires, materials with composition grades f
monolithic aluminum to the metalatrix composite can be deposited and characterized to
determine uniformity of the gradient. Since the development of graded metal coatiposite
structures created by electron beam freeform fabrication is a new sector oftreseshods for
characteration of graded composition materials should be researched and modified aktoeede
enable characterization sufficient to correlate mechanical properties \wftosgion and
microstructural gradients. Mechanical testing techniques such astensitetesting with
digital image correlation and micro hardness are such examples of charaotetediniques
that may be used to determine properties along the gradient.

Reinforcement variations such as whisker, and continuous fiber SiC can be expithed f
future development of MMC deposits with orientation dependent properties. The fgasfbili
implementing other carbides into an aluminum matrix would serve as a precursor tpdevel
other MMC wire feedstock for the EBBystem.

81



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

REFERENCES

K. Tamminger, M. Domack, R. Hafley, NASA Langley Research Center, Unpublished
communication. 2015.

Hillier, C. K. (2010). PowdecoredTubular Wre Developmentor ElectronBeam
FreeformFabrication

J.J. Beaman, et al., Solid Freeform FabricatioNe¥ Direction in Manufacturing,
Kluwer Academic Publishers: Norwell, Massachusetts, 1997.

K.M.B. Taminger and R. A. Hafley, “Electron beam freeform fabricatiomapad
metal deposition process,” Proceedings of th@&i@nhual Automotive Composites

Conference, Society of Plastics Engineers, Sefi0,9Troy, Michigan, 2003.

Mitzner, S. V. (2012). @in Refinementand Epitaxial Interruption.

M. Karen and M. T. Robert, “Electron Beam Freeform Fabrication for Cdsttixfe
NearNet Shapaanufacturing.”

K. M. B. Taminger and R. A. Hafley, “ELECTRON BEAM FREEFORM
)$%5,&%$7,21x $ 5%$3," 0(7$/ '(326,7,21 352&(66 °

J. H. Adams, M. Ammons, and H. S. Avery, ASM Handbook: Volume 2 Properties and
Selection: Nonferrous Alloys and Spal-Purpose Materials. ASM International, 1992, p.
3470.

E. A. Starke and J. T. Staleyt, “Application of Modern Aluminum Alloys to Aft¢raol.
32, no. 95, pp. 131-172, 1996.

Mel M. Schwartz, “Metal Matrix Composite Processing,” irdomposite Materials
Porcessing, Fabrication, and Applicatigridrentice Hall PTR, 1997, pp. 143-207.

G. E. Totten and D. S. MacKenzl¢andbook of Aluminum Volume 2 Alloy Production
and Materials ManufacturingNew York, NY: Marcel Dekker Inc., 2003, p. 724.

J. V. Foltz and C. M. Blackmon, “Metal-Matrix Composites,” ilAlBM Handbook:
Composites2001, pp. 903-912.

A. R. |. Khedera, G. S. Marahleh, and D. M. K. Al-Jameaa, “Strengtheninyofitum
by SiC, Al203 and MgO,Jordan Journal of Mechanical and Industrial Engineerimgl.
5, no. 6, pp. 533-541, 2011.

W.M. Khairaldien, A.A. Khalil, and M.R. Bayoumi, "Production of Alumin@ilicon

Carbide Composites Using Powder Metallurgy at Sintering Temperaturestabove
Aluminum Melting Pant,"

82



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Davidson, A. M., & Regener, D. (2000). A comparison of aluminhased metamatrix
composites reinforced with coated and uncoated particulate silicon c&Qi865—869.

J. Hashim, L. Looney, and M. S. J. Hashmi, “The enhancemevettidbility of SiC
particles in cast aluminium matrix composites,” vol. 119, pp. 329-335, 2001.

D. Olsen, T. Siewert, S. Liu, and G. Edwa§SM handbook: welding, brazing, and
soldering ASM International, 1993, pp. 1350-2873.

T. Iseki T. Kameala andT. MaruyamaINTERFACIAL REACTIONS BETWEEN SIC
AND ALUMINUM DURING JOINING, J. MATER. SCIYol. 19, 1984, P 1692-1698

L. G. Suery M, “Interfacial reactions and mechanical behavioaluofinium matrix
composites reinforced with cera- mic particles,” Key EngineerintgNéds, 1993, pp. 79—
80;33-46.

J. Hashim, L. Looney, and M. S. J. Hashmi, “The wettability of SiC partigiesolten
aluminium alloy,” vol. 119, pp. 324-328, 2001.

Leon, C. A., & Drew, R. A. L. (2000). Preparation of nickehted powders as
precursors to reinforce MMC3ournal of Materials Scien¢85, 4763—-4768.

W.H. Kearns, AWS Welding Handboo¥olume 4 Metals and Their WeldabilithWS,
7"ed.1982, pp. 316-358.

R.A. Chihoski, the Character Of Stress Fields Around A Weld Arc Moving On
Aluminum SheetWeld J.Vol. 51 (NO. 1), 1972, P $-.

C.L. CROSS, "Weldability of Aluminunhithium Alloys: an Investigation of Hot
Tearing Mechanisms," PH.D. Thesis, Colorado School of Mines, Golden, CO, 1986, P
144.

A.R.E. Singer and P.H. Jennings, “Hot Shortness of the Aluminum Silicon Alloys of
Commercial Purity,’J. INST. MET.\VOL 73, 1947, P 197.

W.I. Pumphrey and J.V. Lyons, “Cracking During the Casting and Welding of the More
Common Binary Aluminum Alloys,J. INST. MET.YOL 74, 1948, P 439.

J.D. Dowd, “Weld Cracking of Aluminum Alloysield. J.VOL 31 (NO. 10), 1952, P
448S.

P.H. Jennings, A.R.E. Singer, and W.l. Pumphrey, “Hot-shortness of some High Purity

alloys in the Systems Aluminueopper-silicon and Aluminurmagnesiunsilicon,” J.
INST. MET. 1948, P 227.

83



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

J.K. Dawson, “Weld Crack Sensitivity of Aluminum Alloys8dET. FROG.,VOL 76
(NO.1), 1959, P 116.

R.P. Meister and D.C. Martin, "Welding of Aluminum and Aluminum Alloys, "Deée
Metals Information Center, Battelle Memorial Institute, 1967, P 51.

S. Kou,Welding MetallurgyJohn Wiley & Sons, 1987, P 239.

B. Altshuller, W. Christy, and B. Wiskel, “GMA Welding of A0z Metal Matrix
Composite,"Weldability of Materials, PROC. MATERIALS WELDABILISYMP ASM
International, 1990, P 305-309.

P.K. Rohatgi, R. Asthana, and S. Das, “Solidification, Structures, and Propertiast of C
Metalceramic Particle CompositedNT. MET. REV.VOL 31 (NO. 3), 1986, P 115-
139.

S.H. Lo, S. Dionne, M. Popescu, S. Gedeon, and C.T. Lane, Effects Of Prior- and Post-
weld Heat Treatments on the Properties of SIEGAComposite Gas Metal Arc Welded
Joints,Proc. Advances in Production and Fabrication of Light Metals and MNCs,
Avedesian, L. Larouche, and J. Masounave, ED., Canadian Institute of Mining,
Metallurgy and Petroleum, 1992, P 575-588.

Lienert, T.J., Brandon, E. D., & Lippold, J. C. (1993). Laser and electron beam welding
of SiCp reinforced aluminum R56 metal matrix composit&cripta Metallurgica et
Materialia, 28(11), 1341-1346.

Kivineva, E.l. (1991). Particulate Metal Matrix ComposigeaaVeld Deposit.

D.R. Uhlmann, B. Chalmers and K.A. Jackson, “Interaction between Particles and a
Solid-Liquid Interface,” J. Applied Physics, 25, 2986-2993 (1965).

D.M. Stefanescu, B.K. Dhindaw, S.A. Kacar and A. Moitra, “Behavior of Ceramic
Particles at the Solitliquid Metal Interface in Metal Composites,” Met. Trans., 19A,
2847-2855 (1988)

D. Azbel and A.l. Liapis, “Motion of Solid Particles in a Liquid Medium,” ed. N.P
Cheremisinoff and R. Gupta, Ch. 34, Ann Arbor Science Publishers, Ann Arbor,
Michigan (1982).

L. Lajoye and M. Suery, “Modelling of Particle Segregation du@agting of AtMatrix
Composites,” Cast Reinforced Metal Composites, ASM, Metals Park, Ohio (1988)

K. Kuper, Federal Technology Group, Unpublished Communication. 2015.

Webb, P. A(2000). A Primer on Particle Sizing by Static Laser Light Scattering.
Instrumentation(January).

84



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]

S. Gvorchin, CoorsTeK, Unpublished Communication. 2015.

R. Serway, Physics for Scientists and Engineers with Modern PhysiEs|, aunders
College Publishing, (1990).

E.N. Andrade: Phil. Mag. 17 (1934) 698.

Belov, N. a., Eskin, D. G., & Avxentieva, N. N. (2005). Constituent phase diagrams of
the AFCu-Fe-Mg-Ni-Si system and their application to the gsa of aluminium piston
alloys.Acta Materialig 53(17), 4709-4722.

D.J. Chakrabarti, B. Cheong, DIRughlin, “Precipitation in AIMg-Si-Cu Alloys and
the Role of the Q Phase and its Precursors,” Automotive Alloys 1l (1998)

M. Lech-Grega, S. Boczkal, “Iron Phases in ModelMdr-Si-Cu Alloys,” Mat. Science
Forum, Vol. 674, pp 135-140, (2011).

Porter, D. A., and Easterling, K. Phase Transformations in Metals and All¢gad
Edition), Chapman & Hall, 1992.

D.M. Stefanescu, et aASM handbook: Castind\SM International, 1993, pp. 1492-
1584.

ASM handbook: Alloy Phase Diagram#sSM International, 1993, pp. 291.
J.L. Murray. (1985)

P. Nash, M.F. Singleton, J.L. Murray. (1991)

85



APPENDIX A: WIRE CHARACTERIZATION

Wire samples were crosectioned axially as well as longitudinally to examine the
integrity of the lap joint as well as the compaction of the powder cored. Imagstsidied to
distinguish the various powder additiodstermine if there are large voids in the core and to
determine if silicon carbide distribution is uniform throughout the core. Uniforstpmsidered
over a 1 mm length of longitudinal crossetion.

Figure A1  Axial crosssectional backscattered efieon image of a wire containing uncoated
silicon carbide. The integrity of the lap joint is maintained and patrticles dye ful
packed in a uniform distribution.
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Figure A2

95 pct. wt. Silicon 87 pct. wt. Silicon

13 pct. wt. Carbon

A longitudinal cross sectional backscattered electron image of a wire cogtaini
uncoated silicon carbide. EDS and contrast measurements determine the
difference between silicon (light) and silicon carbide (dark) particlesiwite.

Relatively uniform dktribution of silicon carbide particles in the wire is shown.
Voids are not present in the core of the wire.
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Figure A3 A longitudinal cross sectional backscattered electron image of a wire cogtaini
silicon carbide with a high copper content. High copper content particles
agglomerate towards the center of the wire in a straight line. The coppegcoat
was determined to maintain uniform coverage on the silicon carbide particle.
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Figure A4  Axial crosssectional backscattered elestrimage of a wire containing silicon
carbide with a low copper content. The integrity of the lap joint is compromised
to due powder entrapment. This leads to unravelling of the sheath during
deposition, which creates less desirable deposits. Uniform distribution of silicon
carbide in the core was observed.
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Figure A5 A longitudinal cross sectional backscattered electron image of a wire cogtaini
silicon carbide with a copper content. There is incomplete coverage of copper
coating on the silicon carbide. The particles show a much more uniform
distribution high copper content particles.
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Figure A6 A longitudinal cross sectional backscattered electron image of a wire cogtaini
silicon carbide with a high nickel content. Complete coverage of the coating was

observed. Insufficient volume fraction can be observed compared to that of other
wires.
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Figure A7  Axial crosssectional backscattered electron image of a wire containing silicon
carbide with a high nickel content. The lap joint is completely sealed near the

powder, protecting it from loss or contamination, however it maintains a gap
which could lead to unravelling during deposition.
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Figure A.8 A longitudinal cross sectional backscattered electron image of a wire cogtaini
silicon carbide with a lomickel contentincomplete coverage of the coating was

observed. Uniform distribution of the powder was maintained in the longitudinal
direction.
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Figure A.9  Axial crosssectional backscattered electron image of a wire containing silicon
carbide with a low nickel content. The lap joint is not completely sealed which

could lead to unravelling during deposition. The particles are evenly distributed in
the powderore.
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APPENDIX B: MULTIPLE LAYER DEPOSIT CHARACTERIZATION

FigureB.1  A) Macroscopic cross-section of a multiple layer deposit containing @tcoat
silicon carbideusing a focusedastered electron beawith a (0.25f) frequency
pulse. B) Highmagnification of a silicon carbide clustrowing particle

separation and aluminum carbide formation.

Figure B2  A) Macroscopic image of a deposit with high copper content made using a
focused rastered beanith a (0.25f) frequency pulse. B) Highagnification
image of a cluster in the matrghiowing the high amounts of intermetallic as well

as the presence of aluminuwarbide.
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A) Macroscopic image of a deposit with low copper content made using a focused

Figure B3
rastered beamwith a (0.25f) frequency puls8) High magnification image of
clusters in the matrix showing thev amounts of intermetallic as well as the
presence of aluminum carbide.
Figure B4  A) Macroscopic image of a deposit with high nickel content made using adocuse

rastered beamwith a (0.25f) frequency puls8) High magnification image of
clusters in the matrix showing tiigh amounts of intermetallic with no presence

aluminum carbide.
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A) Macroscopic image of a deposit with low nickel content nustleg a focused

rastered beamwith a (0.25f) frequency puls8) High magnification image of
clusters in the matrix showing theav amounts of intermetallic with no presence

aluminum carbide.

Figure B5

Figure B6  A) Macroscopic crossection of a multiple layeteposit containing uncoated
silicon carbide using a focused rastered electron beam with a (f) frequdsey pu

B) High magnification of a silicon carbide cluster showing particle séparand
aluminum carbide formation.
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Figure B7  A) Macroscopic imag of a deposit with high copper content made using a
focused rastered beanith a (f) frequency pulse. B) High magnification image of

a cluster in the matrix showing the high amounts of intermetallic as well as the
presence of aluminum carbide.

FigureB.8  A) Macroscopic image of a deposit with low copper content made using adocuse

rastered beam with a (f) frequency pulse. B) High magnification imagesitcs

in the matrix showing the low amounts of intermetallic as well as the presence of
aluminumcarbide.
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Figure B9  A) Macroscopic image of a deposit with high nickel content made using adocuse
rasteredoeam with a (f) frequency pulse. B) High magnification image of clusters
in the matrix showing the high amounts of intermetallic with no presence
aluminum carbide.

Figure B10 A) Macroscopic image of a deposit with low nickel content made using a&ébcus
rastered beam with a (f) frequency pulse. B) High magnification imagesitcs
in the matrix showing the low amounts of intermetallic with no presence
aluminum carbide.
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Figure B11 A) Macroscopic crossection of a multiple layer deposit contamimncoated
silicon carbide using defocused electron beam. B) High magnification of a
silicon carbide cluster showing particle separation and aluminum carbide
formation.

Figure B12 A) Macroscopic image of a deposit with high copper content made using a
defocused beam. B) High magnification image of a cluster in the matrix showing
the high amounts of intermetallic as well as the presence of aluminum carbide.
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Figure B13 A) Macroscopic image of a deposit with low copper content made using a
defocusedeam. B) High magnification image of clusters in the matrix showing
the low amounts of intermetallic as well as the presence of aluminum carbide.

Figure B14 A) Macroscopic image of a deposit with high nickel content made using a
ddocusedbeam. BHigh magnification image of clusters in the matrix showing
the high amounts of intermetallic with no presence aluminum carbide.
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Figure B15 A) Macroscopic image of a deposit with low nickel content made using a
defocusedoeam. B) Highmagnification image of clusters in the matrix showing
the low amounts of intermetallic with no presence aluminum carbide.

102



Table B1: Multiple layer build comparison of different measurements taken for eatthgcaad beam condition. Defocused
pulsed beam condition trials included.

Sample Spot Begm Normalized % %(_lesters Cracks Ave_rage Cluer Average Mean
Motion Pulse (Hz) | Particle | Containing AIG; Size (mmM) Free Path (mm)
7 _UC Focused | Rastered 0 1.43 35.7 Yes 0.08 3.42
6 HCC| Focused | Rastered 0 0.42 60 Yes 0.31 2.58
6 LCC| Focused | Rastered 0 1.11 20 No 0.09 4,53
6 HNC | Focused | Rastered 0 0.87 0 No 0.08 7.42
6 LNC | Focused | Rastered 0 1.87 0 No 0.06 3.58
14 UC | Focused | Rastered 0.25f 2.35 10 Yes 0.04 4.99
4 HCC| Focused | Rastered 0.25f 0.60 30 Yes 0.12 3.48
4 | CC| Focused | Rastered 0.25f 1.85 6 No 0.07 3.35
4 HNC | Focused | Rastered 0.25f 1.03 0 No 0.07 5.06
4 LNC | Focused | Rastered 0.25f 1.09 0 No 0.11 2.14
12 UC | Focused | Rastered f 1.36 12.5 No 0.07 3.62
8 HCC| Focused | Rastered f 0.37 12.5 No 0.26 1.89
8 LCC| Focused | Rastered f 1.45 26.7 No 0.06 4.34
8 HNC | Focused | Rastered f 0.25 0 No 0.22 4.46
8 LNC | Focused | Rastered f 151 11.1 No 0.07 6.10
10 _UC | Defocused None 0 2.69 12.5 Yes 0.07 2.36
2_HCC| Defocused None 0 1.19 18.0 Yes 0.15 3.78
2_LCC | Defocused None 0 2.35 6.7 No 0.09 3.13
2_HNC | Defocused None 0 1.09 0 Yes 0.14 4.84
2_LNC | Defocused None 0 1.71 12.5 No 0.07 3.56
9 HCC| Focused | Rastered 0 1.39 0.00 Yes 0.08 2.97
13 LNC| Defocused None 0 2.25 0.25 No 0.05 3.75
12 LCC| Defocused None 0.25f 2.15 0.27 No 0.07 4.48
10 _HNC| Defocused None 0.25f 1.01 0.00 No 0.07 5.69
10 _LNC| Defocused None 0.25f 1.18 0.29 Yes 0.13 4.50
10_LCC| Defocused None f 1.80 0.5 No 0.07 3.96
12 _HNC| Defocused None f 0.86 0.00 No 0.15 3.78
12 LNC| Defocused None f 0.99 0.29 No 0.08 5.89
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APPENDIX C: SINGLE LAYER DEPOSIT CHARACTERIZATION

Table C1:  Singlelayer build comparison of different measurements taken for each coating amddyedition. Defocused pulsed
beam condition trials included.

Sample Spot Begm Pulse % % ngsters Cracks Width Qverfill Dep'Fh of Aspgct

Motion (Hz) Particle | Containing AIG; (mm) | Height (mm) | Penetration(mm) | Ratio
5 HCC| Focused Rastered 0 0.00 0 Yes | 4.91 1.26 1.18 2.01
5 LCC| Focused Rastered 0 0.21 0 Yes | 5.02 1.40 0.82 2.26
5 HNC| Focused Rastered 0 0.00 0 Yes | 5.47 1.24 1.56 1.95
5 LNC| Focused Rastered 0 0.16 0 No 5.37 1.36 1.23 2.07
13 UC| Focused Rastered 0.25f 0.35 0 Yes | 4.86 1.35 1.13 1.96
3 HCC| Focused Rastered 0.25f 0.16 0 Yes | 4.58 0.98 1.00 2.31
3 LCC| Focused Rastered 0.25f 0.82 50 No 4.82 1.41 0.77 2.21
3 HNC| Focused Rastered 0.25f 0.00 0 Yes | 5.10 1.16 1.15 2.21
3 LNC| Focused Rastered 0.25f 0.18 100 Yes | 5.06 1.17 1.09 2.24
11 UC | Focused Rastered f 0.83 50 Yes | 5.03 1.01 0.94 2.58
7 HCC| Focused Rastered f 0.24 0 Yes | 5.23 1.25 1.20 2.13
7 LCC| Focused Rastered f 0.22 100 Yes | 5.13 1.29 0.87 2.38
7 HNC| Focused Rastered f 0.11 0 Yes | 5.02 1.32 1.17 2.10
7 LNC| Focused Rastered f 0.17 0 Yes | 5.40 1.34 0.90 241
1 HCC| Defocused None 0 0.06 0 Yes | 4.64 1.49 0.80 2.03
1 LCC| Defocused None 0 0.78 0 Yes | 3.71 1.43 0.69 1.75
1 HNC | Defocused None 0 0.00 0 Yes | 4.88 1.24 1.08 2.10
1 LNC | Defocused None 0 0.86 100 Yes | 4.70 1.49 1.01 1.88
9 LCC| Defocused None f 0.31 100 Yes | 5.30 0.58 0.96 3.44
11 LCC| Defocused None 0.25f 0.26 0 No 5.16 1.18 0.87 2.52
9 HNC | Defocused None 0.25f 0.13 0 Yes | 5.58 1.22 1.15 2.35
11 HNC| Defocused None f 0.00 0 Yes | 5.67 1.15 1.12 2.50
9 LNC | Defocused None 0.25f 0.25 100 No 5.69 1.65 1.17 2.02
11 LNC| Defocused None f 0.25 0 No 5.34 1.22 1.16 2.24
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APPENDIX D: THERMOCALC MODELS

FigureD.1: Pseudo-binary phase diagram of the Al 6061 alloy. Composition set at Al — 1.0
wt. pct. Mg — 0.25 pct. wt. Cu with varying amounts of silicon.
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FigureD.2  Al-CuSiisothermal ternary phase diagram at 675 K.
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FigureD.3  Al-Ni-C isothermal ternary phase diagram at 1350 K.
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FigureD.4  Al-Ni-C isothermal ternary phasiéagram at 675 K.
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APPENDIX E: HSC EQUILIBRIUM REACTION TABLES

TableE.1: Equilibrium reaction data for the Mg-SiC system predicting the favorability of
maintaining silicon carbide stability in the presence of magnesium
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TableE.2: Equilibrium reaction data for the Mg-SiC system predicting the favorability of
stabilizing aluminum carbide formation the presence of magnesiulnis more
favorable than maintaining silicon carbide.
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Table E3:

Equilibrium reaction data for thid-Mg-Cu-SiC system predicting the
favorability of maintaining silicon carbidstability.

Cu + 5Al + 4SiC + 4Mg +Si = Mg2Si + 4SiC + 5Al +Mg2Cu

T (K) H (kJ) 45 (I/IK) 4G (kI) K Log(K)
298 -108.787 -14.035 -104.605 2.17E+18 18.337
398 -109.378 -15.746 -103.111 3.42E+13 13.534
498 -109.912 -16.946 -101.473 4.41E+10 10.644
598 -110.389 -17.82 -99.733 5.16E+08 8.712
698 -110.865 -18.555 -97.914 2.13E+07 7.328
798 -111.416 -19.291 -96.022 1.93E+06 6.286
898 -75.56 23.425 -96.596 4.16E+05 5.619
998 -110.1 -13.97 -96.157 1.08E+05 5.033
1098 -110.898 -14.733 -94.721 3.21E+04 4.507
1198 -111.673 -15.408 -93.214 1.16E+04 4.065
1298 -112.45 -16.031 -91.641 4.88E+03 3.688
1398 -40.662 36.136 -91.18 2.55E+03 3.407
1498 -41.267 35.718 -94.773 2.02E+03 3.305
1598 -41.913 35.301 -98.324 1.64E+03 3.214
1698 -92.781 5.102 -101.443 1.32E+03 3.121
1798 -93.281 4.815 -101.939 9.16E+02 2.962
1898 -93.782 4.544 -102.407 6.59E+02 2.819
1998 -94.282 4.287 -102.848 4.89E+02 2.689
2098 -94.783 4.043 -103.265 3.73E+02 2.571
2198 -95.283 3.81 -103.657 2.91E+02 2.464
2298 -95.784 3.587 -104.027 2.32E+02 2.365
2398 -96.285 3.374 -104.375 1.88E+02 2.274
2498 -96.785 3.169 -104.702 1.55E+02 2.19
2598 -97.286 2.973 -105.009 1.29E+02 2.111
2698 -97.786 2.784 -105.297 1.09E+02 2.039
Mg2Si Extrapolated from 2000K
Mg2Cu Extrapolated from 840 K
Formula FM (g/mol) Conc. (wt%) Amount (mol) Amount (g) Volume (ml)
Reactants
Cu 63.546 13.125 1 63.546 7.092
Al 26.982 27.865 5 134.908 49.966
SiC 40.097 33.128 4 160.386 50.755
Mg 24.305 20.081 4 97.22 55.874
Si 28.086 5.801 1 28.086 12.059
Products
Mg2Si 76.696 15.841 1 76.696 38.54
SiC 40.097 33.128 4 160.386 50.755
Al 26.982 27.865 5 134.908 49.966
Mg2Cu 112.156 23.166 1 112.156 0
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APPENDIX F: FLUID MECHANICS CALCULATIONS

Boundary conditions for calculating steady state velocity with respectdosity are as follows:

*rp is the average particle radius based on measurements from static laser lighhgcatt
analysis of the particles. Temperature values were measured using the pyraredter and
given in Table A6.1. Those measurements were used to determine visndssteady state
velocity for various compositions at temperatures equivalent the melt pool showlen Ta
A6.2Values in red are data points calculated below the melting temperature

TableF.1 Temperatures of the melt pool measured by the infrared pyrometer.

Time (s) Temperature (°C)
0.30 1305.2
0.80 1455.3
1.30 1506.5
1.80 1368.5
2.30 1503.2
2.80 1693.5 *max
3.30 1417.2
3.80 1607.6
4.30 1379.1
4.80 1380.7
5.20 1489.9
5.80 1387.3
6.30 1471
6.70 1375.5
7.20 1307.5
7.70 1153.4
8.20 1050.3
8.70 967.4
9.20 895.5
9.70 831.8
10.20 772.8
10.80 749.9 *min
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TableF.2: Viscosity and steady state velocity data for various compositionsrapdregures seen in the melt pool.
Al viscosity Al vss . Ni . Ni vss -NiAIST NiAI3 vsd .NiAI. NiAl vss .Ni3A.I Ni3Al vsd . Cu. Cu vss AIZCg AI2CU VSSX AIQ.quO.Q Al0.1Cu0.9

(cP) 10-3 |viscosity] 10-3 |viscosity] x 103 |viscosity x 103 | viscosity| x 103 |viscosity] 10-3 [viscosity 103 (m/s) viscosity | vss x 163

(m/s) (cP) | (m/s) (cP) (m/s) (cP) | (m/s) (cP) (m/s) (cP) (m/s) (cP) (cP) (m/s)
0.52 1.75 2.30 0.37 4.08 0.73 3.07 2.10 1.37 0.12 2.82 1.75
0.47 1.96 1.72 0.50 2.97 1.01 4.22 0.88 2.51 2.57 1.14 0.14 2.31 2.14
0.46 2.02 4.95 1.30 1.58 0.54 2.70 1.11 3.82 0.97 2.36 2.74 1.09 0.15 2.17 2.27
0.50 1.84 2.02 0.42 3.54 0.84 2.81 2.30 1.26 0.13 2.58 1.92
0.46 2.02 1.59 0.54 2.72 1.10 3.85 0.97 2.37 2.73 1.09 0.15 2.18 2.27
0.41 2.25 3.58 1.79 1.20 0.71 2.00 | 1.50 2.79 1.33 1.94 3.33 0.92 0.17 1.79 2.76
0.48 1.91 1.84 0.47 3.20 | 0.93 4.56 0.82 2.64 2.45 1.19 0.13 2.42 2.04
0.43 2.15 1.35 0.63 228 | 131 3.20 1.16 2.12 3.06 0.99 0.16 1.95 2.54
0.50 1.85 1.98 0.43 3.46 | 0.86 4.94 0.75 2.77 2.33 1.25 0.13 2.54 1.94
0.50 1.86 1.97 0.43 3.45 | 0.87 4.93 0.76 2.77 2.34 1.24 0.13 2.54 1.95
0.46 2.00 1.62 0.53 2.78 1.07 3.95 0.94 2.41 2.68 1.10 0.14 2.22 2.23
0.49 1.87 1.95 0.44 3.40 0.88 4.86 0.77 2.74 2.36 1.23 0.13 2.52 1.96
0.47 1.98 1.67 0.51 2.88 1.04 4.09 0.91 2.47 2.62 1.13 0.14 2.27 2.18
0.50 1.85 1.99 0.43 3.49 0.86 2.78 2.32 1.25 0.13 2.56 1.93
0.52 1.76 2.29 0.37 4.05 0.74 3.06 2.11 1.36 0.12 2.81 1.76
0.60 1.53 3.31 0.26 3.94 1.64 1.70 0.09 3.60 1.37
0.67 1.38 4.48 0.19 2.04 0.08
0.74 1.24 241 0.07
0.81 1.13 2.83 0.06
0.90 1.02 3.35 0.05
0.99 0.92 3.98 0.04
1.04 0.89
1.25 0.73
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