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Abstract

For the past few decades, Metal Matrix Composite has encountered
an extensive improvement. Composite processing is an objective because
of its ultra-high strength structural materials. Aluminum Metal Matrix
composite introduced ultra-high strength and high performance if
compared with conventional metals and alloys. Direct Metal Oxidations
(DIMOX) along with Semi-Solid process (Rheocasting and Thixocasting)
are introduced to control structural micro constituents. There is a limited
understanding about DIMOX including its processes parameters
(Temperature, Holding Time, and Alloying Elements). The control of
micro structure components into a hybrid composite processing is a goal
with a new emerging technique and economic aspect. In addition, the
effect of boron addition, via the addition of boric acid or borax, is also
introduced.

The control composite micro components, shape, size and morphology is
also introduced via semisolid reaction processing.  Microstructural
analysis is introduced by Optical Microscopy, Scanning Electron
Microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS).
Mechanical characterization is also introduced using tensile testing, 3-
point bending test and hardness test. Boron has a distinguishable effect as
dispersed phase in whiskers or as coating phase. Semisolid processing,
Rheocasting induces alloy segregation more dominated into a bulk hybrid
composite processing. In contrast, semisolid, Thixocasting processing
dominates more surface coating rather than bulk processing. The
application of liquid state processing, DIMOX, with the control of micro
constituents with the synergetic effect of boron is introduced for new
nontraditional hybrid structural materials.

Keywords: Alloy segregation, Boric acid, Borax, DIMOX, Hybrid,
Recycle, Rheocasting, and Thixocasting.



Table of Contents

SEALBIMENT ...ttt e et i
ACKNOWLEDGMENT ...t i
Researcher Data..........ooovviiiiiiiiiii e iii
ADSITACT ... WY
Table OF CONLENTS ......eeeiiiee e v
LISE OF FIQUIES ...t IX
LiSt OF TabIES ... XV
ABBREVIATIONS ... XVi
NOMENCLATURES ... XVii
1 INEFOTUCTION ... 1
2 LIterature REVIEW .........eoiuiiiiieiiieiee et 3
2.1. Engineering MaterialS...........ccccoouveiiiieiiiee e 3
2.2.  Composite MaterialS ..........cccvveiiieeiiiie e 3
2.3. Classification of Composite MaterialsS...........c.ccccovveviveeiiieeiiinnnnn 4
2.3 L. IMIBETIX vttt s 4
2.3.2. ReiNfOrCEMENT: ....ocviiiie e 5
2.4.  Metal Matrix COMPOSILE .....c.vvveiiiieiiie et 6
2.5.  Al-Metal Matrix COMPOSILE ......ccvvveiiiieeeiiire e 7
2.6, PrOCESSING.....eieiiiiieeiieeeeiee ettt et e e e et e et e e e e s rea e arne e 8
2.6.1. Direct Metal oxidation (DIMOX).........cccocveeiiveiiiie e 8
2.6.2. Semi-Solid State ProCessing .......ccceeevveeeiieeeiiiieeiieeesreeesiee e 11
2.6.2.1.Rheocasting (Semi-Solid State Processing)........cccccccveevivveennen. 11
2.6.2.2.Thixocasting (Semi-Solid State Processing)...........ccccveevvvvrennen. 12
2.7, APPHCALION ..o 13
2.7.1. Structural INdUSEIY ......vveeeei e 14
2.7.1.1.Aerospace INAUSEIY .....cceeiiiiiieeiiiiiie et saea e 14



2.7.1.2. AUtOMOLIVE INUSEIY ...cvviieiiiie s 16

2.8.
2.9.

3

3.1.
3.2.
3.3.
3.3.1L
3.3.2.
3.4.
3.5.
3.5.1.
3.5.2.
3.6.
3.6.1.
3.6.2.
3.7.
3.7.1.
3.7.2.
3.7.3.
3.8.
3.8.1.
3.8.2.
3.8.3.
3.8.4.

Problem Statement...........couveiiiiieiee e 16
OBJECTIVE ... 17
Experimental WOrk ... 18
Experimental work Flow Chat ... 18
RAW MALErIalS........vvveiiiie e 19
AQAITIVES .ot e e eeee e 19
BOFIC ACIH ..ot 19
BOTaX . 20
Direct Metal Oxidation (DIMOX) .......ccccoiviriiieniieiieiiie e 20
Experimental SEt UP.......cooviiiiiiiiii e 20
FUIMACE ... 20
TESE PrOCEAUIES. ...ttt 21
SPecimens Preparation.........ccccocveeiveeiiiressiee e see e snee e 23
TENSHIE TEST .o 23
Three Point Bending TeSt.......c.vveiiieiireiiie e 23
Mechanical characterization...........c.cocevvveriiiiie e 24
TENSHIE TESE... et 24
Three-point bending test ........c.ccovvveiiie e 25
Vickers Hardness teSt........uvivveiiiiiie e 26
Microstructure EXamination...........cccoocvviveiieineesiie s 27
IMOUNEING ©veee e e e rae e 27
Grinding and PoliShing ..........cccoveiiii i 27
Optical MICIOSCOPY....cccivieeiiieeiiie e et 27
Scanning Electron Microscopy and Energy dispersive X-ray

SPECLIOSCOPY . eeeiieiiteeeee e e e e e e ettt e e e e e e s sttt e e e e e e e s s bbb e eaaeeas 27
ReSUlts and DiSCUSSION ........ccuvriiieiiieiiie e 28
Mechanical CharaCteristiC...........oooveiiieiiieie e 28

Vi



A.1.1. TENSHE TBSES ...t 28

4.2.1.1.

42.1.2.

4.2.1.3.

42.14.

4.2.1.5.

4.2.2
4.2.2.1.

4222

4.2.23.
4224

4.2.25.

4.2.2.6.

4.2.3.
4.1.

41.1.
41.2.
4.1.3.
4.1.4.

Specimen as received at 750°C for 10mis without the addition of
ClEIMENL ..ot 28
DIMOX at 1050°C for 10min and 60min without the addition of
ClEMENT L. 29
DIMOX at 1050°¢ for 10min with the addition element 10% boron
via (borax and boric acid).........cooooeiiiiiiiiiiiii e, 30
DIMOX at 1050°c with the addition element 10% boron via (borax
and boric acid) and Rheocasting 800°C for 10min.................... 31
DIMOX at 1050°c with the addition of element 10%Boron via
(borax and Boric Acid) and Thixocasting 800°C for 10 min.....32
Three Point Bending TSt .......cccvviieiiiieiieiie e 35
Specimen as Received for 750°C for 10min without the addition
of alloying elements. ...........oocoiiiiiiiiiiiiiiiie e, 35
DIMOX at 1050°C for 10min, without the addition of alloying
CIEIMENT L.t 36
DIMOX for 60mins without the addition of alloying element ...37
DIMOX at 1050° with for 10min addition of alloying element
10% Boron via (Borax and Boric Acid).........cooevvvviieeeeeeiiinnnns 38
DIMOX at 1050°c with addition of element 10% boron via (borax
and boric acid ) and Rheocasting at 800°c for 10min. .............. 39
DIMOX at 1050°c with addition element10% boron via (borax and
boric acid) and Thixocasting 800°c for 10mins............ccccoc..... 40
HArdness TSt ......c.eoiiiiieieeese e 43
Micro Structure ANalysiS. .......ccceeiiieeiiiiecie e 45
Optical MICTOSCOPY ...veeiviieiiriee ittt 45
Scanning Electron MiCroSCOPY .......ccveevvveeiireeiiee e 52
Fracture Surface Analysis. ..........cccoveiiii i 60
Energy dispersive X-Ray spectroscopy, EDX ........ccccccovveeinnnnn 65

Vil



4.1.4.1. DIMOX at 1050°C for 10min without the addition of alloying
CIEMENTS. ..t 65

4.1.3.2. DIMOX at 1050°C with 60mins without the addition of
ClEIMEIIL. ©.ooeieeee e e e e e aees 67

4.1.3.3. DIMOX at 1050°C with 10min with the addition element 10%
Boron via (Borax and Boric Acid).......ccoooeeeeeiiiieiiiiieiiieeeeeen. 70

4.1.3.4. DIMOX at 1050 °C for 10 min with the addition of alloying
element of 10% boron via (borax and boric Acid) and Rheocasting
at 800 C with TOMIN.......cooiiiiiiiiir e 73

4.1.3.5. DIMOX at 1050°C for 10 min with the addition alloying element
10%pboron via (Borax and Boric Acid ) and Thixocasting at 800

oC With TOMIN. .o 76
5 CONCIUSIONS ...ttt e eaee e 79
Suggestion Of FULUIE WOTK ..........c.coiiiiiiiiiieiie e 80
RETEIENCES ...t Xiv
B PRSP )

viii



List of Figures

Figure 2-1 Composite material structure [4] ........ccccoviiiiiiiiiiiiiiienn, 4
Figure 2-2 Schematic of type of reinforcement [5] .........cccoooiiiiiniinnn, 6
Figure 2-3 Schematic of DIMOX process [11] ......cccooerivieniieiiieninieninn, 9

Figure 2-4 Al /Alumina phase diagram (Rheocasting Process) [14]....... 12
Figure 2-5 Al /Alumina phase diagram (Thixocasting Process) [14]......13

Figure 2-6 Precentage of Material used in boeing 787 aircraft [5] ......... 15
Figure 3-1 Experimental work flow chart............c.cccooveiiiniiiniin, 18
Figure 3-2 Aluminum PiStON SCrap .........cccevveiiieiiienieiiie e 19
Figure 3-3a Metallic MOId.............ccooiiiiii 21
Figure 3-3b Furnace used for heating sample ..........cccccoveiiieniciiiennn, 21
Figure 3-4 Tensile TeSt SPECIMEN ......cuvviiieiieiiieceree e 23
Figure 3-5 Three point Bending Test SPECIMEN ........ccovvvviveiiiiiieiiieene 24
Figure 3-6 Universiale tensile test machine ...........cccccocvveiiiiiiciennn, 25
Figure 3-7 Three point bending teSt.........cccovvviiiiiiieniee e 26
Figure 3-8 Vickers Hardness Machine Test ..........ccccvvveeiiieeviieesiiinene, 26
Figure 3-9 SEM and EDX Machine..........ccccocoveeviiiiiie e, 27

Figure 4-1 Engineering Stress- strain curve for as received specimen at
750°C for 10 min without addition of alloying element .....28
Figure 4-2 Engineering Stress- strain curve for DIMOX specimen at
1050°C for 10min and 60min without addition of alloying
BIEMENT ... 29
Figure 4-3 Engineering Stress- strain curve for DIMOX specimen at
1050°C for 10 min with addition of 10% boron via borax and
DOFIC ACHH ... 30
Figure 4-3 Engineering Stress- strain curve for DIMOX specimen at
1050°C for 10 min with addition of 10% boron via borax and
boric acid and Rheocasting 800°C for 10 min ................... 31
Figure 4-5 Engineering Stress- strain curve for DIMOX specimen at
1050°C for 10 min with addition of 10% boron via borax and
boric acid and Thixocasting 800°C for 10 min .................. 32
Figure 4-6 Comparison between Maxumim stress sample for tensile test

Figure 4-7 Three- point bending curve as received specimen at 750°C for
10 min without addition of alloying element .................... 35



Figure 4-8 Three- point bending curve for DIMOX specimen at 1050°C

for 10 min without addition of alloying element................ 36
Figure 4-9 Three- point bending curve for DIMOX specimen at 1050°C
for 60 min without addition of alloying element................ 37

Figure 4-10 Three- point bending curve for DIMOX specimen at 1050°C
for 10 min with addition of 10% boron via borax and boric

Figure 4-11 Three- point bending curve for DIMOX specimen at 1050°C
for 10 min with addition of 10% boron via borax and boric
acid + Rheocasting 800°C for 10 min..........cccocvvevvveennnnnns 39
Figure 4-12 Three- point bending curve for DIMOX specimen at 1050°C
for 10 min with addition of 10% boron via borax and boric

acid + Thixocasting 800°C for 10 MiN...........cccveeviveervnnnns 40
Figure 4-13 Comparsion between Maximum Stress Sample for 3 point
bending teSt Chart..........ccoovv i 42
Figure 4-14 Hardness test of each sample.........cccocveviiiiiiicnicie, 44

Figure 4-15 Optical microscopy result of specimen at magnification X10
as received at 750°C for 10 min without any addition of
alloying element at Center...........cccevviveiiine i 46
Figure 4-16 Optical microscopy result of specimen at magnification X10
as received at 750°C for 10 min without any addition of
alloying element at EAge.......c.coovvvveiiiieiiie e 46
Figure 4-17 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 10 min without any addition of
alloying element at Center...........ccceoviveiieeciiic e 47
Figure 4-18 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 10 min without any addition of
alloying element at EAge.........coovvveeiiiieiiieeccec e, 47
Figure 4-19 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 60 min without any addition of
alloying element at Center...........ccccoovvieiiiee i 48
Figure 4-20 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 60 min without any addition of
alloying element at EAQge.........ccoovvveeiiiiieiiiee e, 48
Figure 4-21 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 10 min with addition of addition
of 10% boron via borax and boric acid at Center .............. 49



Figure 4-22 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 10 min with addition of addition
of 10% boron via borax and boric acid at Edge ................ 49
Figure 4-23 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 10 min with addition of addition
of 10%boron via borax and boric acid and Rheocasting
800°C for 10 min at Center .........cccvevvvveeiieeeiiie e e s 50
Figure 4-24 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 10 min with addition of addition
of 10% boron via borax and boric acid and Rheocasting
800°C for 10 min at Edge........cccovvvviiiiiieiie e 50
Figure 4-25 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 10 min with addition of addition
of 10% boron via borax and boric acid and Thixocasting
800°C for 10 min at Center .........cccvevvveeeiieeeiiieesiee e s 51
Figure 4-26 Optical microscopy result of specimen at magnification X10
for DIMOX at 1050°C for 10 min with addition of addition
of 10% boron via borax and boric acid and Thixocasting
800°C for 10 min at EAge........ceevvvveeiiiieciiee e ciie e 51
Figure 4-27 SEM result of specimen at magnification X3000 for as
received at 750°C for 10 min without any addition of alloying
elements at CeNter.........oovviiiiiiie i 53
Figure 4-28 SEM result of specimen at magnification X3000 for As
Received at 750°C for 10 min without any addition of
alloying elements at EAge ..........ccoveviieeiiiee e, 53
Figure 4-29 (a,b) SEM result of specimen at magnification X3000 for
DIMOX at 1050°C for 10 min without any addition of
alloying elements at Center............ccccoveeviieeiiiee e, 54
Figure 4-30 SEM result of specimen at magnification X3000 for DIMOX
at 1050°C for 10 min without any addition of alloying
elements at EAQe......c..eeviieeicee e 55
Figure 4-31 SEM result of specimen at magnification X3000 for DIMOX
at 1050°C for 60 min without any addition of alloying
elements at CeNter.........ooovvviieeiii i 55
Figure 4-32 SEM result of specimen at magnification X3000 for DIMOX
at 1050°C for 60 min without any addition of alloying
elements at EAQe.......coooiiiiiiiiiiiee e 56



Figure 4-33 SEM result of specimen at magnification X3000 for DIMOX
at 1050°C for 10 min with addition of 10% boron via borax
and boric acid at Center.........cccvevvvveiiieeiiiee e 56
Figure 4-34 SEM result of specimen at magnification X3000 for DIMOX
at 1050°C for 10 min with addition of 10% boron via borax
and boric acid at Edge.........ccovviiiieiiieiec e 57
Figure 4-35 SEM result of specimen at magnification X3000 for DIMOX
at 1050°C for 10 min with addition of 10% boron via borax
and boric acid and Rheocasting 800°C for 10 min at

Figure 4-36 SEM result of specimen at magnification X3000 for DIMOX
at 1050°C for 10 min with addition of 10% boron via borax
and boric acid and Rheocasting 800°c for 10 min at Edge .58
Figure 4-37 SEM result of specimen at magnification X3000 for DIMOX
at 1050°C for 10 min with addition of 10% boron via borax
and boric acid and Thixocasting 800°C for 10 min at

Figure 4-38 SEM result of specimen at magnification X3000 for DIMOX
at 1050°C for 10 min with addition of 10% boron via borax
and boric acid and Thixocasting 800°C for 10 min at

EAQE e 59
Figure 4-39 Fracture surface result of specimen as received at 750°C for
10 min without any addition of alloying element............... 61
Figure 4-40 a Fracture surface result of specimen DIMOX at 1050°C for
10 min without any addition of alloying element............... 61
Figure 4-40 b Fracture surface result of specimen DIMOX at 1050°C for
10 min without any addition of alloying element............... 62
Figure 4-41 Fracture surface result of specimen DIMOX at 1050°C for 60
min without any addition of alloying element.................... 62

Figure 4-42 Fracture surface result of specimen DIMOX at 1050°C for 10
min with addition of addition of 10% boron via borax and
DOFIC ACHd ......eeeeeie e 63
Figure 4-43 Fracture surface result of specimen DIMOX at 1050°C for 10
min with addition of addition of 10% boron via borax and
boric acid + Rheocasting 800°C for 10 min....................... 63

Xii



