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Abstract:

The current thesis was designed to examine the welding characteristics of laser
and electron beam welding of the superplastic metal matrix composites (MMCs)
reinforced with 1~20% SIC and to differentiate the difference between the 6061
aluminum alloy and 6061/SIC composites. The 6061/20%SiC,, MMC was found to
exhibit poor welding characteristics under electron beam welding. This was because
that the SiC whiskers would induce poor fluidity of molten Al matrix and the electron
beam continuously bombared the MMC resulting in material loss through sputtering,
and this effect induced an “V” groove formed at the center of the fusion zone. The
laser beam welding of the 20% SIC,, MMCs caused the decomposition of the SIC,
into Al,C, platelets at the center region of the fusion zone, as well as cavities along
the outer region due to therma expansion differences. The post-weld tensile test
results showed that the brittle weld zone lead to the degradation of strength, and the
6061/20%SiC,, MMC after welding would lose superplastic properties. There were
some differences between the 6061 alloy and MMC upon subjected to laser beam
welding. The absorption of laser energy by the MM C was better than that by the alloy;

the absorption of laser energy increased with increasing SiC content. The shape of the



reinforced material could also influence the quantity of Al,C, formed. The total
surface area of SIC particles was smaller than that of the SIC whiskers under equal
volume fraction, therefore more SIC whiskers were decomposed. In the wetting
experiment, the wettability and fluidity of molten material was observed to decrease
with increasing SiC volume fraction at the same temperature. The wettability could be
improved at higher temperatures. For the 20%SiC,, MMC, the wettability and fluidity
could not be sufficiently improved even at a high temperature of 1300 , which

appeared to be the cause for the lack of feeding in the central fusion zone.
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1.1

Metal matrix composites, MMCs

metal matrix reinforcement
continuous fibers, f discontinuous fiber
or short fibers, sf whiskers, w particles, p
[1-3]

aluminum matrix composites,
AMC [2] 2014
2024 6061 7005 8090

SC AlLO, B,C

elastic modulus strength stiffness

wear resistance [4,5]



1.2

Hirose

[1.2]

[6]

[2]

[7,8] CO, 6061-T6

tungsten inert gas arc welding, GTAW or TIG

heat-affected zones, HAZs



T6

CO, 6061

Ciedak  Fuerschbach[9]

5456 5086

5086

Kennedy[11]

TIG

Nd YAG 6061

807~1697

6061 5456

[1]

filler



AIB,

Lienert [12] inertia friction welding, IFW

8009/11vol SIC

[13] 8009/11val SIC
SC
SC SC
90
Midling Grong[16,17] continuous drive friction

welding Al-Mg-Si Al-SC

1 the contact section, Zcs

2 the fully plasticized region, Zpl

3 the partly deformed region, Zpd

4 the undeformed region, Zud

1 2 3
SC
SC
SC



Dawes Thomag 18]

Irving[14] Ellis [15]

Devletian[ 20] capacitor discharge welding, CDW
SC CDW
6061-T6 2024-T6 6061/20 40 SC

p

6061/48 SC; 6061/30%B,C 2024/30%B,C AZ61/40 B,C

6061-T6
6061/SIC, CDW
CDW

1

2

3

CDW
MMC

MMC



Baker

[21-24] CO, MMC
sc SC
sc MMC
MMC
SC
MMC SC
SC
Al/SIC AlLC, MMC
MMC
MMC
[25-33,36] SC

2124/SIC  6061/SIC  A356/SIC
SC
SC
SC [24,34,35]

ALC, ALSC,

A G=113900-12.06 T  T+8.92x10°T?+7.53x10* T*+21.5 T+3RT a4

Carotenuto [34] | seki [35]



SC

Vida

~1900

SC

660

AlC,
SCy - S*+C*
4AI*+3C* « AlCyy
[41] 1400 AlC, 1400
ALC, SC  ALSIC, 2AI,C,
[32-35,37-40]
13wt

Al/SC
SC SC

SO, Si AlLO, MgO

[33,41,42,43]



1.3

[34,42]

Al,C,+12H,0 — 4A1(OH),+3CH,

Al,C,+18H,0 - 4A1(OH),+3C0O,+12H,

1-1



1.31 Electron Beam Welding, EBW

electron gun 1-2 W

Ta

electromagnetic focusing coil magnetic lens

magnetic deflection coils

[50]

1-3



[50]

Power density 10"~10" W/nm?

Ta W Mo

Al Mg

10



6 Zn Cd

1.3.2 L aser Beam Welding, LBW

A
Laser Light Amplification by Stimulated Emission of Radiation
[52,53]
10'°~10% W/n?
10"~10° W/nv
keyhole
1-4
[51]
10.6 mm CO, 10

1-5

1



98

1-6

[52]

plasma

[52]

12



13

[51,54]



1.4

[56]

[45]

[45] y

temperature coefficient, Ay /AT

[45]
[47,49]

1 Radially inward flow

14



2 Radially outward flow

1-7 a

angle or contact angle, 0
1-8

Y o

15

1-7

Y s

wetting

y Lv



1-9

1.5

m D
d./2H
kg/m®
p  kg/md
660
SC

20 vol

J/m? Dd.p g
d, m H
d, H

1-10 D g 98 ms p

{2730-28x10* T-T,, }x10°

CDW
A356 [32,33] 2024/SiC, [26,28]
Al/SiIC [34,35,37,39,42]
ACM Advanced Composite Materials Corp.

SC 6061

16



[55]

6061

6061

20 vol%

SC 6061

17

SC

20 vol

SC

SC

6061

SC

1

6061

5 vol



21

6061/20%SC,, 6061
SC whiskers
20 vol MMC 500~600
500 590
0.86 mm
6061
1 mm
2.2
6061 1 mm
6061 30mm
1mm
1 vol 5 vol 6061/SIC,
6061
SC 1y m

6061/1vol

18

6061

5x10* st

ACM
7~20pu m 0.5u m
1~2u m
SC
SC, 6061/5vol SIC,
2-1

rolling machine

2-2
SGC Superior Graphite Co.

SC



22.1

400

300

2.2.2

2.2.3

SC

30

6061

BN

19



10° torr
1 600 05

40.7 89500 Ib

Centorr Vacuum Industries

10°torr

224

BN

500

KCAEP-350E

350

2.2.5

20

300
600

120MPa

45.5 10°1b

500



HF200x200
2.3
2
170
6061-T6

1mm

380~410

rolling machine

115 mm x 20 mm
T6
solid solution treatment
artificial aging 12

240 320

6061-T6/20vol SIC

autogeneous bead-on-plate

21

530

acetone

2-3



24

2.5

2.6

5~8x10° torr

PRC

1x10° torr

TORVAC CVEG3B

3 kW

22

CO,

1x10? torr

127 mm



1500

1200
1150
1mm 600
10 /min
20
660 750 850 1000
1100 1150 20 SC
1300

2.7

10 Instron 5582
Series IX

0.9 mm/min

5x10* s* 2-4

23



2.8

240
2000 0.3y m Keller
optical microscopy, OM
2.9
Scaning electron microscopy, SEM
SC
Jeol 6400 secondary electron

image, SEI 20kV

24



3.1

311 6061

6061 1 mm

606 19i1C 606 15i5C

3.1.2 606120 SiC,

32 60@a06ki,C

AlG

3-43-5

25



3-530W 3-235W

MMC

AlG

MMC

6 0 GU%SIC,

160~WO0O

26



50 kV 3mA 1% m/ s 10nA

50m/ s 13/ mm 10nA

So0W 0. &én 3 mA

0 .mm

5 V4mA 2 0nm/ s

27



6061 6061/ Si C

MMC 6061
6061 6061 5V 1MA
50mm/ s 6061
MMC
MMC MMC 50
kV6mA 15nm/ s MMC 6061
MMC 6061
MMC MMC
6061
MMC
6061 6061 MMC
MMC MMC
MMC

3.2

321 6061

6061

700~800 W  16.7~20 mmv/s

28



6061

3.22 60611 5 SC

3-8 39 60611 5 SC

p

SC 5 SC,
6061/1 SC, 750 W 23.3 mm/s 6061/5
SC, 750 W 36.7 mm/s
SC
SC
3-10 311 oM
1 mm 1 SC,
6061 5
SC 5 SC 1 SC

29



750 W 41.7 mm/s

750 W
23.3 mm/s
3-12
SC SC
3-12 SC SC
3-8 39 SC SC
3-12 SC
Al/SIC
3-13
SC
AlC,
3.2.3 6061/20%SiCW
3-14 6061/20 SC, SC

20 vol

30



60@DN Sli,C

750 W 41.7 mm/s 600 W 13.3 mm/s 1 mm
6061
3-15
SC
3-16
Al,C, AlC, AlC,
Al,C,
Al,C,
3-17 20
si,C
C Si C

3-18C SEM

31



AlG

3-20
Si C
| 1
3.3 4 . 3
20si,C
3.3
Ar
Ar

1150

32

Si C
3-2111
Si C
1x10° torr

3-19



6061 32 3
23 850 1100 850
1100
1 5 SC, ~1000
SC
324 325 60611 SC, 850 1100
850
850 1100
6061
6061/5 SIC, 326 327 850
1100
3-27
1 5 SC, 650~660
600
600
1 SC, Al/SIC
850
5 SC AlSIC

33



850

660
SscC
20 SC, 1300
3-28 3-29
20 SC,
AlC,
6061 1000~1100
5 SC
sc
3-31 6061
1
d, H
D d,
34
20 SiC,

20 SC,

SC

1300

3-30
1 SC 1000~1150
1100~1150
5 SC
D
3-32 6061



1
6061 20 SC,
6061
6061 Mg
Electron Probe Microanalysis, EPMA Mg
Mg 1.0 0.19
6061
SC
T6
6061 1 5 SC,
1 5 SC,
6061 1 5 20
T6
1 5 SC,
20 ScC,

3-34

35

5 SC

p

315~500MPa

600

Mg,Si

20 SC,

3-33

SC

6061



4.1

6061

6061

20

3-37

3-38

6061

3-35

35 J/ mm

6061

6061

3-35

36

6061

6061

3-36

3-36

30 Jmm



3-37

4.2 60612 0Si,C

60612 0Si,C

Si C A IC,
3-8-43-5 Vv
1300
3-309
3-40
3-41

37

208Si,C

3-42



3-40

4.3

43.1

3-43-43

38

3-43

3-48-45

3-39



[29,30,32] scC

SC
SC
SC SC
SC
[32]
6061
SC
20 SC,
SC
Al/SC
6061 5 8C, 20 SC,
20 SC,
100 20 SC,
20 SC,

3-46 20 SC

39

AlC,

SC



SC 6061 6061 5 SC

6061
35 Jmm 5 SC, 30 Jmm
20 SC,
SC
SC
20 SC,
2 0SC, 1 100
6061 37.5 J/ mm 59.7 5 SiC
96 Si C Si C 20
6061
35 J5 mug, 30 J/ mm Si C
6061 15
5 Si,C 30
20SC,
5 J/ mm 25W 15w
25W

15W

40



35W 7 J/ mm 65W 13 J/ mm

50wW 1@/ mm

3-40

432

6061

[29]

6061/1 5 SC

p

SC

SC Al/SIC

41



20 SC,

3-17

Al/SC

42



6061 SC

Al/SIC
4.3.3
1 5 SC, SC
3-13
SC 1 5 SC, SC 1~5p m
1~-5u m
SC
20 SC, SC 0.5 m 7~20u m
20 SC
SC
3-19
20 SiC, SC

SC

4.4

43



3-30
160
Sl
1000
6061
17 b 6061
1 5 SC,
3.3
1 5 SC,
6061
20 SC,
Sle
20 SC,

6061

1000~1100
97 1000
1 5 SC
20 SC,
1000
3-47

SC

SC

6061



4.5

6061
1 5 SC,
T6 Mg,Si
20 ScC, SC

SC

T6

Mg

45

T6

Mg

3-48

6061

T6

SC

20 SC,

6061



17

T6

T6

46

SC

SC

6061/20 SICw



. 20 SC,

. 6061

20 SC,

T6

6061

20 SC,

SC

SC

SC
SC

SC

6061/1 SIC, 6061/5 SIC,

SC

SC

SC

6061

6061

47

6061/20 SIC,
Vv
1 5
ScC
T6
Mg

SC



9. 20 SC,

48

SC

Al
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6061

Mg Si Cu Cr Fe Zn Mn
1.0 06 0.27 0.2 0.7 0.25 0.15
max max max
6061 SC [20]
,YS 1 1
mm
MPa GPa 25-500
6061-T6 275 69 28x10° 650
_ 345 .\
SC Lo 483 3x10 3100
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6061-T6/20 SC 6061-T6 [20]
6061-T6/SIC 6061-T6
YS, MPa 380-415 275
UTS, MPa 415-585 310
Tensile modulus, GPa 130-131 69
Shear modulus, GPa 34-41 26
Poisson sratio 0.33 0.33
Density, kg/m® x10° 2.85 2.77
Elongation to failure, 1.5-2.0 12-17




I nstron 5582

100 kN 22500 Ib
500 mm/min
0.001 mm/min
75 kN
250 mm/min
0.060 y m
SeriesIX
Keller
HNO, 10
HCl 15
HF 1
H,0 87.5
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6061 5mm
kV | mA w mm/s Jmm mm mm
mm?
E | P=ExI \Y; H Plv t W t/'W A
10 500 10 0.42 1.34 0.31 0.42
15 750 15 0.89 1.84 0.48 0.82
50 50
20 1000 20 1.18 2.5 0.47 2.32
25 1250 25 1.26 2.57 0.49 3.24
10 600 12 0.65 1.67 0.39 0.86
15 900 18 1.02 2.3 0.44 1.85
20 1200 24 1.41 2.76 0.51 3.06
60 50
25 1500 30 1.96 3.37 0.58 3.30
30 1800 36 4.22 3.60 1.17 7.60
35 2100 42 5.00 447 111 11.18
30 1800 30 60 5.00 5.02 1.00 12.55
60 30 1800 40 45 3.22 3.59 0.99 7.39
30 1800 60 30 4.22 3.6 0.90 5.78
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6061/20 SC, 0.86mm
kV mA mm/s W Jmm mm mm
E | Vv P=ExI H Plv
15 10.0 0.1 0.08
30 5.0 0.03 0.04
50 3 150
40 3.8 0.018 0.04
50 3.0 0.018 0.03
50 50 0.07 0.17
50 5 250
70 3.6 0.1 0.17
50 6.0 0.06 0.27
50 6 300
70 4.3
7 50 350 7.0 0.2 0.3
50
10 50 500 10.0




6061 700~800 W 16.7~20 mm/s
1 SC, 750 W 23.3 mmi/s
5 SC, 750 W 36.7 mm/s
750 W 41.7 mm/s
20 SC,

Imm 600W 14 mm/s
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660 750 850 | 1000 | 1100 | 1150
6061 164° | 164° | 163° | 1615° | 9O 915°
60611 SC 1680° | 149.0° | 107.5°
60615 SC | T T T T
606120 SC, |
mJm?

660 750 850 | 1000 | 1100 | 1150

0061 8658 | 827.8 | 827.8 | 6343 | 5954 | 3912
6061/1 SC 2957 | 939.3 | 617.8
6061/5 SC | 803 | 1436 | 1842 | 2375 | 10005
606120 SC, |
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T6 5x10*st
MPa MPa
6061 253.316.4 315.8+3.9 15.0+1.4 22.4+2.4
6061/1 S
Sc 130.0+28.0* 226.1+6.4 13.6+2.3 25.7£1.9
606 '
Us SC 198.5+78.3* 278.3+3.1 11.3+0.7 16.4+1.4
6061/20 SIC,
427.5+20.5 550.6+8.0 2.5+0.8 6.2+1.4
Mg T6
1 5 SC EPMA
Si Mg Al
1 1.073 % 0102 % 97519 %
2 0.683 % 0265 % 96.652 %
3 0547 % 0134 % 97.896 %
4 0475 % 0129 % 98.244 %
5 0538 % 0144 % 97.395 %
6 0954 % 0220 % 95.086 %
7 0.765 % 0339 % 98.090 %
0.719 % 0190 % 97.269 %
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T6 5x10*s*
MPa MPa
0061 101.0+26.9 118.0+48.6 2.3+11 6.2+3.5
60611 SC
46.3+1.8 65.2+25.8 2.0+0.3 3.5+1.1
60615 SC --- 41.0+16.4 1.4+0.3 6.7+2.9
6061/20 SC
v --- 96.6+39.7 0.8+0.5 6.3+0.5
T6 5x10*s*
MPa MPa
0061 --- 173.5+94.3 0.8+0.4 4.8+2.8
60611 SC
--- 58.1+3.5 1.340.1 4.0+0.8
60615 SC --- 43.849.1 0.6+0.1 3.9+2.1
6061/20 SC
v --- 95.5+10.4 0.5+0.1 3.8+0.8
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W | mm/s | Jmm mnm?
mm | mm
P v | H Pv| A* t| W, * | tw,
16.7 44.9 2.6068 | 54.7 147 | 285 | 0.52
20 37.5 2.4647 | 59.7 147 | 266 | 0.55
25 30.0 0.6019 | 15.6 0.72 | 156 | 0.45
6061 | 750 30 25.0 0.4557 | 14.7 064 | 1.26 | 0.51
35 214 0.1944 7.3 047 | 0.79 | 053
41.7 18.0 0.0120 | 048 0.09 | 0.26 | 0.35
50 15.0 0.0109 | 051 0.09 | 0.23 | 0.33
16.7 38.9 3.9663 | 96.1 147 | 347 | 042
20 32.5 3.3755 | 87.2 147 | 291 | 051
25 26.0 0.8624 | 27.9 112 | 1.68 | 0.66
5%SiC | 650 30 21.7 0.7502 | 28.1 114 | 124 | 0.92
35 18.6 0.2265 9.1 061 | 0.75 | 0.81
41.7 15.6 0.3335 | 15.5 0.79 | 0.82 | 0.95
50 13.0 0.3160 | 15.3 096 | 063 | 152
16.7 38.9 41280 | 100 0.86 4.8 0.18
20 32.5 3.8700 | 100 0.86 4.5 0.19
25 26.0 3.0960 | 100 0.86 3.6 0.24
20%SiC| 650 30 21.7 2.6660 | 100 0.86 3.1 0.28
35 18.6 2.4940 | 100 0.86 2.9 0.30
41.7 15.6 2.1500 | 100 0.86 25 0.34
50 13.0 2.0640 | 100 0.86 24 0.36
20 SC
A, 20 SC,
t
W, 20 SiC, 3-17

62




20%SiC,,

W | mm/s| Jmm mm mn?
mm

P v H Piv t W, | W, A A, /W, | /W,
15 10 0.86 | 0.24 | 210 | 0.022 | 1.6985 | 3.58 | 0.41
10 30 5 0.34 | 023 | 094 | 0.013 | 0.2268 | 1.48 | 0.36
50 5 0.86 | 0.33 | 1.48 | 0.040 | 0.6364 | 2.61 | 0.58
20 70 3.6 082|024 | 128 | 0.033 | 0.5248 | 3.42 | 0.64
300 | 50 6 0.86 | 0.41 | 1.82 | 0.068 | 1.3072 | 2.10 | 0.47
350 | 50 7 0.86 | 0.37 | 2.26 | 0.093 | 1.7802 | 2.32 | 0.38
16.7 38.9 086 | 0.31 | 4.8 | 0.2107 | 4.1280 | 2.77 | 0.18
20 325 086 | 0.30 | 45 | 0.1978 | 3.8700 | 2.87 | 0.19
25 26.0 086 | 0.29 | 3.6 | 0.1935 | 3.0960 | 2.97 | 0.24
650 | 30 21.7 086 | 0.27 | 3.1 | 0.2064 | 2.6660 | 3.19 | 0.28
35 18.6 086 | 0.24 | 29 | 0.1720 | 2.4940 | 3.58 | 0.30
41.7 15.6 086 | 0.23 | 25 |0.1892 | 21500 | 3.74 | 0.34
50 13.0 086 | 0.23 | 2.4 |0.1892 | 2.0640 | 3.74 | 0.36
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YS UTS

. YS , UTS
AW | T6 | AW | T6 | AW | T6 | AW | T6
6061 40 — |37 |5 |15 |5 |28 |2
6061/1 SC 6 |29 2 15 10 14 16
6061/5 SC 15 16 12 5 41 24
606120 SCwl | 1s |17 |32 |20 |00 |e
- T6 x 100%
AW T6
T6 T6
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6061

1 mm

1 mm

2-1 6061 1 mm
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SC

30 min

6061

«— | — | [ | [« | [ | |

2-2  6061/1vol 5vol  SiC,



6061 6061/ 6061/ 6061/
lvol SC, S5vol SIC, 20vol SC,
1mm
1 mm 1mm 0.85 mm
T6
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3-3 6061/20 SiC
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3-4 6061/20 SiC,, oM
50kV 3 mA 15 mm/s

3-5 6061/20 SiC, oM
50kV. . 6 mA 50 mm/s
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3-13 6061/5 SiC,
SiC SEM
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3-18 6061/20 SiC, SEM
3-17 C
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3-22 6061 850

3-23 6061 1100



3-24 6061/1 SiC, 850

3-25 6061/1 SiC, 1100



3-26 6061/5 SiC, 850

3-27 6061/5 SiC, 1100



3-28 6061/20 SiC,, 850

3-29 6061/20 SiC,, 1300
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