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USANEE KITKAMTHORN : CHARACTERIZATION OF ALUMINUM-LITHIUM
ALLOY REINFORCED WITH SILICON CARBIDE PROCESSED VIA MECHANICAL
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DIEWWANIT, Sc.D. THESIS COADVISION : PROFESSOR TAKATERU UMEDA,

Ph. D. 106 p.p. ISBN 974-03-0240-8

Feasibility of spark plasma sintering to fabricate composites perform for subsequent
secondary processes was evaluated. Al-Li/SiC, composite preforms were fabricated from mixture of
aluminum alloy powder and silicon carbide using spark plasma sintering technique. The powder
mixture, with up to 20 vol. % reinforcement, was prepared from AA8090 alloy powder and silicon
carbide particulate using mechanical milling technique. Thermal analysis and electron microscope
analysis were performed to determine the thermo-physical properties and morphology of
mechanically milled powder. Cylinder-shaped specimens were sintered from powder mixture at
various temperatures ranging from 663 to 803 K and at pressures ranging from 62 to 112 MPa.
Densities of sintered specimens were measured using Archimedean technique while mechanical
properties were characterized by compression test. Results indicated that high amount of elastic strain
energy was stored in the composites powder and silicon carbide particulates were dispersed uniformly
into Al-Li matrix after mechanical milling. Complete consolidation was attained by this technique
while elastic modulii and yield stresses were comparable to those of the preforms fabricated by hot
pressing or hot-isostatic pressing technique. Processing time was much shorter with implications of
lowered sintering temperature and pressure with this technique. Deformation behavior of
unreinforced alloy and composites consists of (1) elastic deformation, (2) plastic deformation with
high strain-hardening rate, and (3) quasi steady state deformation or strain softening due to debonding

of matrix/reinforcement interface and dynamic recovery.
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E4
El%‘ﬂNi]1ﬂ"llf)‘1J"ll’é]\‘16Q]5u\ﬂuﬁ11lLLu’]ﬂTJ, yaalung

45| 1034 | 111.0 | 1303 | 1274 | 1322 | 102.1 | 131.3 | 140.2 | 127.0 | 121.1

5.5 100.6 | 129.5 | 1342 | 125.5 | 1052 | 128.7 | 120.2 | 127.9 | 125.7 | 127.8

6.5 139.1 | 120.2 | 102.1 | 119.9 | 119.3 | 115.8 | 115.0 | 127.1 | 121.7 | 126.4

bt

751 113.8 | 1342 | 112.8 | 108.8 | 124.7 | 111.4 | 116.6 | 123.6 | 1255 | 104.3

* o <3 a 1 ]
mﬂmmwﬂumﬁm‘HL!?IEJL‘IJ‘L! Hv
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a A a A v Aaa o J a A
Nﬁllf]%gi]!,uﬂll-alﬂﬂllﬂ‘].l“lfﬁﬂ’ﬂu@]'liul‘ﬂﬂ ZO%Iﬂﬂ‘lJﬁiﬂﬁi NHIUNTEUIUNIT spark  plasma

sintering A20QUNUYAUAZANUAUININY 763 K 18z 112.42 MPa. A& 1A

F
1 a ] 4 a A
38EJ%WN%Wﬂ"U@‘U"Uf]\1“IﬂNWUWWNLLHQL&JUWWHQHGﬂaN, yaalung

0.5 1.0 15 2.0 25 3.0 35 | 40 4.5 5.0

05| 166.6| 153.1| 138.1| 126.6| 180.1| 159.7| 175.6| 158.1| 147.9| 158.1

a

15| 137.3| 1423| 1409| 173.9| 157.0| 141.1| 1755| 179.8| 149.4| 1659

a

25| 1575| 158.2| 185.5| 153.9| 147.5| 149.8| 152.0| 167.2| 163.1| 161.7

3.5 | 1456| 1654| 1632| 1759| 136.7| 152.7| 1855| 162.5| 164.6| 1532

Y
El$‘I/]NﬂWﬂGUfJ‘]J"UEN‘QB‘LNWHGHiJLLu’JEJTJ, yaalung

45| 1579 1592 129.0| 145.2| 137.6| 140.8| 173.7| 153.0| 148.7| 175.5

55| 166.8| 166.8| 162.2| 1451 133.6| 156.5| 190.1| 157.2| 130.1| 140.7

6.5 | 152.1| 166.2| 1255| 162.4| 163.9| 166.8| 177.0| 127.9| 152.6| 194.1

39

75| 174.7| 150.4[ 181.3| 691.1| 159.0| 146.2| 166.4| 143.1| 144.3| 1452

* ' < = ] [~
MaNuvsluasuvuiody Hy
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sintering conditions .

Specimen temperature, Wi Woner temp,..» K dlf sy
pressure, MPa K g g g.m

87.44 643 3.046 1.82 273 2.4751

87.44 663 2.998 1.811 273 2.5156

as-received Al-Li 87.44 683 3.027 1.836 273 2.5333

87.44 703 3.024 1.841 273 2.5455

87.44 723 3.05 1.858 273 2.5490

87.44 623 3.059 1.843 273 2.5049

87.44 643 3.059 1.857 273 2.5362

Al-Li mechanical milled 87.44 663 3.042 1.856 273 2.5564

87.44 683 3.038 1.858 273 2.5643

87.44 743 3.068 1.878 273 2.5678

87.44 663 3.252 1.993 28.2 2.5731

87.44 683 3.2190 1.9872 273 2.6039

87.44 683 3.2328 1.9954 25.8 2.6043

87.44 703 3.1711 1.9667 273 2.6235

87.44 723 3.0936 1.9244 273 2.6365

87.44 723 3.133 1.951 28.2 2.6394

87.44 723 3.1323 1.9498 26.6 2.6399

87.44 723 3.129 1.949 28.2 2.6410

87.44 723 3.144 1.958 28.2 2.6405

87.44 723 3.1955 1.9897 26.6 2.6412

87.44 743 3.0875 1.9245 25.8 2.6464

Al-Li/10 vol%SiC 87.44 743 3.1071 1.9364 26.6 2.6451

87.44 743 3.082 1.922 26.6 2.6490

87.44 743 3.0880 1.9254 28.2 2.6475

87.44 743 3.0947 1.9301 26.6 2.6472

87.44 743 3.1017 1.9338 26.6 2.6483

87.44 743 3.0960 1.9344 26.6 2.6468

87.44 763 3.0960 1.9344 273 2.6558

87.44 763 3.093 1.931 28.2 2.6523

87.44 763 3.1610 1.9763 26.6 2.6592

87.44 763 3.1019 1.9385 26.6 2.6572

87.44 763 3.1041 1.9402 26.6 2.6580

87.44 763 3.1145 1.9472 26.6 2.6591

87.44 763 3.2013 2.0008 26.6 2.6576
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sintering conditions

Specimen W& | W& | temp K dke nsit_}3/ ’
pressure, MPa temperature, K &.m

62.46 683 3.2690 1.9896 25.8 2.5470
112.42 683 3.1718 1.9677 25.8 2.6258
62.46 723 3.2132 1.9865 25.8 2.6111
112.42 723 3.1659 1.9741 25.8 2.6480
Al-Li/10 vol%SiC 112.42 763 3.1909 1.9963 26.6 2.6621
112.42 763 3.1866 1.9934 26.6 2.6616
112.42 763 3.2382 2.0255 26.6 2.6612
112.42 763 3.1845 1.9913 26.6 2.6599
112.42 763 3.1700 1.9813 26.6 2.6578
112.42 763 3.2616 2.0396 26.6 2.6601
62.46 683 3.3700 2.0484 25.8 2.5419
62.46 683 3.309 2.048 28.2 2.6151
87.44 683 33124 2.0778 25.8 2.6745
87.44 683 3.2929 2.0675 25.8 2.6787
112.42 683 3.2507 2.0445 25.8 2.6865
112.42 683 3.3344 2.0969 25.8 2.6859
62.46 yi7.2) 3.3303 2.0809 26.3 2.6567
62.46 W23 3.317 2.084 28.2 2.6793
87.44 723 3.2938 2.0789 26.3 2.7022
87.44 22 3.3162 2.0956 26.3 2.7079
112.42 723 3.3194 2.0974 26.1 2.7076
112.42 723 3.3055 2.0899 26.1 2.7104
112.42 723 3.3507 2.1196 26.3 2.7127
Al-Li/20 vol%SiC 112.42 723 3.3092 2.0925 26.3 2.7109
112.42 723 3.2797 2.0736 26.1 2.7105
11242 723 3.3215 2.0986 26.1 2.7073
112.42 723 3.3352 2.1077 26.1 2.7083
112.42 723 3.291 2.082 28.2 2.7113
62.46 763 3.2417 2.0527 26.6 2.7172
62.46 763 3.1598 1.981 28.2 2.6701
87.44 763 3.0807 1.9489 28.2 2.7115
87.44 763 3.2910 2.0818 26.6 2.7125
112.42 763 3.2400 2.0532 26.1 2.7212
112.42 763 3.2529 2.0621 26.6 2.7225
112.42 763 3.2067 2.0332 26.1 2.7237
112.42 763 3.3127 2.1013 26.6 2.7254
112.42 763 3.2777 2.0773 26.1 2.7217
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sintering conditions

Specimen temperature Paw Moaer temp, ;oK dlfnSit};’
pressure, MPa K ’ & g gm

112.42 763 3.2694 2.0724 26.1 2.7225

112.42 763 3.2664 2.0704 26.1 2.7223

62.46 803 3.2963 2.0732 26.6 2.6859

62.46 803 3.271 2.077 28.2 2.7294

87.44 803 3.2998 2.0947 28.2 2.7277

Al-Li/20 vol%SiC 112.42 803 3.3390 2.1207 26.1 2.7318
112.42 803 3.2978 2.0958 26.6 2.7343

112.42 803 3.3158 2.1060 26.6 2.7315

112.42 803 3.3460 2.1247 26.1 2.7308

112.42 803 3.2438 2.0603 26.1 2.7320

112.42 803 3.2874 2.0887 26.1 2.7336
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STANDARD DENSITY OF WATER

This table gives the density p of standard mean ocean water (SMOW), free from dissolved salts and gases, at & pressure of 101325 Pa. SMOW
is a standard water sample of high purity and known isotopic composition. Methods of comecting for different isotopic compositions are discussed
in the reference. The table below is reprinted with the permission of FUPAC. Note that the temperature scale is IPTS-68.

REFERENCE

Marsh, K. N., Ed., Recommended Reference Malerials for the Realizalion of Physicochemical Properties, Blackwell Scientific Publications, Oxford,
1987,

pikgm?
2°C 0.0 0.1 0.2 03 0.4 0.5 0.6 0. 0.8 6.9
o © 999.8426 8493 8558 8632 8683 8743 $801 8857 8912 8964
1 999.9015 9065 9112 3158 9202 9244 9284 9323 9360 9395
2 9999429 9461 9491 9519 9546 9571 9595 9616 9636 9655
3 999.9672 9687 700 9712 5722 9731 9738 9743 9747 - 9749
4 999.9750 - 9748 9746 9742 9736 9728 9719 9709 9696 9683
5 999.9668 9651 9632 9612 9591 9568 9544 9518 4490 9461
6 999.5430 9398 9365 9330 9293 9255 9216 9175 5132 9088
7 999043 8996 948 8898 $847 8794 2740 8684 8627 8569
8 999.8505 8448 2385 £321 8256 3189 8121 8051 7980 7908
9 999.7834 7759 7682 7604 7525 7444 7362 7279 7194 7108
10 999.7021 6932 6842 6751 6658 6564 6468 6372 6274 6174
1 999.6074 5972 5869 5764 5658 5551 5443 5333 5222 5110
12 9994996 4882 4766 4648 4530 4410 4289 4167 4043 3918
13 9993792 3665 3536 3407 276 3143 3010 2875 2740 2602
14 9992464 2325 2184 2042 1899 1755 1609 1463 1315 1166
15 999.1016 0864 o712 0558 0403 0247 0090 99320 57720 9612¢
16 998.5450 9287 9123 8957 8791 8623 8455 8285 8114 7942
17 998.7769 7595 7419 7243 7065 6886 6706 6525 6343 $160
18 998.5976 5790 5604 5416 5228 5038 4847 4655 4462 4268
19 993.4073 1877 3680 3481 3282 3081 2880 2677 2474 2269
20 998.2063 1856 1648 1440 1230 1019 0807 0554 0380 0164
21 997.9948 9731 9513 9294 9073 8852 3630 8406 182 7957
2 9977730 7503 7275 7045 6815 6584 6351 6118 5883 5648
2 997.5412 5174 4936 4697 4456 4215 3573 3730 3485 3240
24 9972994 2747 2499 2250 2000 1749 1497 1244 0990 0135
25 997.0480 0223 9965* 5707* 9447+ 9186% 8925*  B663° 8399% 8135%
2% 996.7870 7604 7337 7069 6800 6530 6259 5987 5714 5441
21 996.5166 4891 4615 4337 4059 3780 3500 3219 2938 2655
28 9962371 2087 1801 1515 1228 0940 0651 0361 0076 9778
29 295.9486 9192 8898 8603 8306 8009 7712 7413 7113 6813
30 9956511 6209 5906 5602 5297 4951 4685 4377 4069 3760
31 9553450 3139 2837 2514 2201 1887 1572 1255 0939 0621
1 995.0302 9983+ 9663¢ 9342% 9020% 8697+ 8373% © B049* TIAs 7397%
3 954.7071 6743 €414 6085 5755 5423 5092 4759 4425 4091
34 994.3756 3420 3083 2745 2407 2068 1728 1387 1045 0703
35 994.0359 0015 9671° 9325% 8978% 8631° 8283¢  T9M* 7585% T234%
36 993.6883 6531 6178 5825 5470 5115 4759 4403 4045 3687
37 9933328 2968 2607 2246 1884 1521 1157 0793 0428 0062
38 992.9695 9328 $960 8591 8221 7850 7479 7107 6735 6361
39 992.5087 5612 5236 4860 4483 4105 3726 3347 2966 2586
40 992.2204

& The leading figure decreases by 1.
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Composition,wt%

element 2090 2091 8090
Si 0.10 0.20 0.20
Fe 0.12 0.30 0.30
Cu 2.4-3.0 1.8-2.5 1.0-1.6
Mg 0.05 0.10 0.10
Mn 0.25 1.1-1.9 0.6-1.3
Cr 0.05 0.10 0.10
Zn 0.10 0.25 0.25
Li 1.9-2.6 1%-2% 2.2-2.7
Zr 0.08-0.15 0.04-0.16 0.04-0.16
Ti 0.15 0.10 0.10
Other, each 0.05 0.05 0.05
Other, total 0.15 0.15 0.15
Al bal bal bal
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thermal
density, poisson’s elastic modulus,  yield strength tensile
Alloys 3 expansion,
kg.m ratio . N GPa (O 4)s MPa  strength, MPa
100 XK ’
356
. 2,685 0.33 23.5 72.4 185 230
(Al-7Si-0.3Mg)
390 2 1 1.2 1 1
(178i-4.5Cu-0.6Mg) ,730 0.33 8.0 81. 80 80
6061-T651
(1.0Mg-0.6Si-0.3Cu- 2,700 0.33 23.6 68.9 255 290
0.2Cr)
7075-T651
(5.6Zn-2.5Mg-1.6Cu- 2,800 0.33 252 71.0 462 524
0.23Cr)
8090-T8511
(Al-2.5Li-1.3Cu- 2,550 0.33 21.4 77.0 395 460
0.9Mg-0.1Zr)

{ wva va A an o J
A5 19N 3 ‘f’]ﬂ!ﬁﬂJ‘U@W]NﬂWUﬂWWLLagﬂmﬁNU@]L%Qﬂaﬂl@ﬁﬂlﬂﬂ“ﬁaﬂ@uﬂWﬁqﬂﬂ

density, kg.m” 3,200
thermal expansion, K X 10° 4.3-4.8
elastic modulus, GPa 440

poisson’s ratio 0.193
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young’s Yield ultimate tensile elongation
modulus strength strength, %
GPa (C0.2%) MPa
MPa

Al-Li/10vol%SiCp HIP
at 196 MPa 88 267 311 0.91
773K
Al-Li/10vol%SiCp
Extruded at 773 K 86 235 373 2.8
reduction ratio 20:1
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A 1 = a A a A aa 4 S 9
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Tumsnaaes (310 Sumitomo Light Metals Co., Japan)

Li Cu Mg Zr Si Fe Al Cc Si0, | SiC
AAB8090 219 | 1.29 | 0.77 | 0.12 | 0.07 | 0.07 | Bal. - - -
SiC - - - 5 - 0.01 | 0.01 14 0.7 Bal

v Y v v
M350 6 : FUNUA6199 1A91NNTZUIUNT spark plasma sintering NYANYULAZANNAUAI)

pressure temperature, K

MPa 623 | 643 | 663 | 683 | 703 | 723 | 743 | 763 | 803
Al-Li unmilled | 87.44 v v v v v
Al-Li milled 87.44 v v v v v

62.46 v v
10 vol%Sic 87.44 v v v v v v

112.42 v v v

62.46 v v v v
20 vol%Sic 87.44 v v v v

112.42 v v v v
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Specimen sintering conditions density,
pressure, MPa temperature, K kem”

87.44 643 24751

87.44 663 2.5156

as-received Al-Li 87.44 683 2.5333
87.44 703 2.5455

87.44 723 2.5490

87.44 623 2.5049

87.44 643 2.5362

Al-Li mechanical milled 87.44 663 2.5564
87.44 683 2.5643

87.44 743 2.5678

87.44 663 2.5731

87.44 683 2.6039

87.44 683 2.6043

87.44 703 2.6235

87.44 723 2.6365

87.44 723 2.6394

87.44 723 2.6399

87.44 723 2.6410

87.44 723 2.6405

87.44 723 2.6412

87.44 743 2.6464

Al-Li/10 vol%SiC 87.44 743 2.6451
87.44 743 2.6490

87.44 743 2.6475

87.44 743 2.6472

87.44 743 2.6483

87.44 743 2.6468

87.44 763 2.6558

87.44 763 2.6523

87.44 763 2.6592

87.44 763 2.6572

87.44 763 2.6580

87.44 763 2.6591

87.44 763 2.6576




Specimen sintering conditions density,
pressure, MPa temperature, K kg,m'3
62.46 683 2.5470
112.42 683 2.6258
62.46 723 26111
112.42 723 2.6480
Al-Li/10 vol%SiC 112.42 763 2.6621
112.42 763 2.6616
112.42 763 2.6612
112.42 763 2.6599
112.42 763 2.6578
112.42 763 2.6601
62.46 683 2.5419
62.46 683 2.6151
87.44 683 2.6745
87.44 683 2.6787
112.42 683 2.6865
112.42 683 2.6859
62.46 723 2.6567
62.46 723 2.6793
87.44 723 2.7022
87.44 723 2.7079
112.42 723 2.7076
112.42 723 2.7104
112.42 723 2.7127
Al-Li/20 vol%SiC 112.42 723 2.7109
112.42 723 2.7105
112.42 723 2.7073
112.42 723 2.7083
112.42 723 2.7113
62.46 763 2.7172
62.46 763 2.6701
87.44 763 27115
87.44 763 2.7125
112.42 763 2.7212
112.42 763 2.7225
112.42 763 2.7237
112.42 763 2.7254
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Specimen sintering conditions density,
pressure, MPa temperature, K kg.m-3

112.42 763 2.7217

112.42 763 2.7225

62.46 803 2.6859

62.46 803 2.7294

87.44 803 2.7277

Al-Li/20 vol%SiC 112.42 803 2.7318
112.42 803 2.7343

112.42 803 2.7315

112.42 803 2.7308

112.42 803 2.7320

112.42 803 2.7336
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spark plasma sintering condition

Compressive properties

pressure, MPa ey iaturc, elastic modulus, Gpa (yolezlsi’ Is:)trr(fzsf’stl;ﬁ}s)s compressive stress, MPa Strain(;](zgiailure
Al-Li as received 87.44 683 69.46 159.71 276.99 31.62
87.44 683 70.51 171.58 353.72 -
Al-Li mechanical milled
87.44 743 79.95 183.16 322.55 42.20
Al-Li/10 vol%SiC, 62.46 723 69.30 169.53 361.50 40.02
723 ThE 168.91 370.26 23.73
Al-Li/10 vol%SiC, 87.44 743 85.01 176.52 371.04 18.18
763 91.02 184.45 386.16 18.32
683 69.47 173.76 359.74 52.56
Al-Li/10 vol%SiC, 112.42 723 89.02 192.61 373.83 25.92
763 92.56 213.63 386.92 15.17
Al-Li/20 vol%SiC, 62.46 763 78.36 223.65 500.1 4.85
Al-Li/20 vol%SiC, 87.44 763 94.37 240.10 487.40 3.61
723 95.13 229.32 473.10 3.15
Al-Li/20 vol%SiC, 112.42 763 101.79 255.54 490.76 3.43
803 101.73 244.19 489.55 3.49
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Fabrication Technique

Young’s

Yield stress

Maximum stress,

Strain to

modulus,GPa | (G ,,, MPa) MPa failure, % €;

HIP at 196 MPa 773K * 88 267 311 0.91
Extruded at 773 K

86 235 373 2.8
Reduction ratio 20:1 *
Spark plasma sintering

89 245 299 0.9
At743 K 125 MPa *
Spark plasma sintering 92. 214 383 15.17

At 763 K 112.42 MPa. **

* Tensile testing

** Compressive testing
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Access covers Cargo tracks Rudder
2090-T83 2090-T86 2090-T83
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Welght reduction /mg

283.5K

-0.1

9
P

0.4
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373 423 473 523
Temperature /K
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