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Fig. 3-4 Cross section and microstructure of solidified specimen after infiltration
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Fig. 3-6  Pressure changes around the SiC particles in ACACH melt

Fig. 3-7 Composite region (dark-gray area) in cross section of the solidified specimen
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Fig. 3-8 Microstructure of infiltrated area
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Fig. 3-9 FE-SEM images of (a) SiC surface before heating and (b) products absorbed on SiC

surface after heating
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Fig. 3-17 FE-SEM images of interface between Al matrix and SiC on SiC preform with iron

oxide powder
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Fig. 3-18 FE-SEM images of Al-Si-Mg complex oxide layer along the interface between Al

matrix and SiC on SiC preform with iron oxide powder
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Fig. 3-19 TEM image of interface between SiC and matrix structure on SiC preform with iron

oxide powder

Table 3-2 EDS analysis rerults of points on Fig. 3-19 (%)

Position] Al | Si | Mg| O | Fe C N Notes
1 55.0| 13.3| Tr. | 04| 31.3] Little | Tr. AlsFeSi
2| 626| 32| 177/ 16,5 Tr. | Little | Tr. |Boundary area
3| 540, 6.8| 20.6| 18.0, 0.6/ Medium| Tr.
4 585| 2.8| 21.1| 17.4| 0.2| Medium| Tr.
5| 49.8| 381 25| 74| 2.2 Medum Tr. | Soundary
6| 56.5| 18.8| 2.0| 20.2| 25| Medium| Tr.
7 0.3 995| Tr. | Tr. 0.2 Much | Tr. SiC
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Fig. 3-20 Results of element mappings of Fig. 3-19
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Fig. 3-22 Si concentration change near Al/SiC interface in Al matrix
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beev13 2aaky 2.88um

Fig. 3-23 TEM image of interface between SiC and matrix structure on SiC preform without

oxide powder

Table 3-3  EDS analysis rerults of points on Fig. 3-23 (%)

Position{ Al Si | Mg| O | Fe C N Notes
Matrix 935/ 6.6] - - - - -
1] 99.0/ 0.8| - 02| - Little - Al
2| 52.6| 470 - 04, - Little -
3| 236| 736 24| 04| - |Medium| - Al/SiC
4f 1.8] 98.2] - - - Much | - SiC
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O

Fig. 3-24  Results element mapping of Fig. 3-23
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glass binder
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Process 6

Fig. 3-32

Melt pressure Pmelt

Fig. 3-27 Process 1: Model of preform in melt
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Infiltration pressure Pinf

Fig. 3-28 Process 2: Model of interfacial tension between SiC particle and melt

Fig. 3-29 Process 3: Al,O, film on melt surface is reduced by Mg in melt
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Fig. 3-30 Process 4: Al and Mg in melt are reducing SiO, that covers SiC particles

Fig. 3-31 Process 5: After Al,O; film is reduced away, self- infiltration starts repidly
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Fig. 3-32 Process 6: Melt soaks into the preforme due to good wettability of melt on SiC

surface
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4.1
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SiC 450um 6
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58pm  SiC
DRA
4.2.
1
SiC #240 58um Al-12%Si-3%Mg
Co,
JIS
Fe,O, NiO Cr,0,
SnoO, MnO
1073K
1)
8 4
Fe,0,(S) +§AI(L) =3Fe(S) +§AI203(S) +1.14MJ (4-1)
4 2
Sn0, (S) +§AI(L) =Sn(L) +§AIZO3(S) +0.59MJ (4-2)
Cr,0,(S) + 2AI(L) = 2Cr(S) + Al,0,(S) + 0.57MJ (4-3)

NiO(S)+§AI(L) = Ni(S) +%AI203(S)+O.34MJ (4-4)



Si0, (S) +%AI(L) =Si(S) +§AIZO3(S) +0.22MJ

MnO(S) +§AI(L) — Mn(S) +%AI203(S) +0.18MJ

500ml 100ml 609
21.6
SiC 100g 1.0g
SiC 100g 1.0g
180
Fig. 4-1 Cco,
100><60><30mm (Fig. 3-
363K >=<43.2ks
873K
1.8 1073K
873K
Fig. 4-3
30mm
() (2-12)
2
AC6) =[1-M™) | 100
100x 60
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200ml

1)

1073K>=<7.2

5.4ks
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Fig. 4-1 Mold for preforme 100><60><30mm

Fig. 4-2 Photograph of SiC preform

Float preventer

Electric furnace

Fig. 4-3 Schematic drawing of infiltration experiment
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3)
1.0g 2.0
1.67ml 3.33ml
4.3.
1
Table 4-1
Mg
Fig. 4-4

NiO
SiC
1.8ks
1073K

S

Mg
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100g

100g



Table 4-1 Chemical compositions of melts ( )

Added oxide sampling timing Si | Mg| Fe | Mn | Cu | Ni | Cr | Ti | Zn | Zr
in the preforms ) | () | () ) o) | ) | ) | (B) | (B) | ()
FesOa Before _dip_ping 113 305|016 002 |002| Tr. | Tr. | 008 ] 0.01 | Tr.
After dipping 117 1310|017 | 002 002 | 001 | Tr. |0.08 | 0.01 001

NiO Before dipping 126|306 | 016 | 0.01 | 002|001 | Tr. | 006 ]0.01 | Tr.

After dipping 130311017001 002|002 Tr. |0.06 001 001

Sn02 Before dipping 114 1301|016 | 002 002| Tr. | Tr. | 0.08 | 0.01 | 0.01
After dipping 118 1 296 | 0.18 | 0.02 | 002 | Tr. | Tr. | 0.08 | 0.01 | 0.01

Cr203 Before _dip_ping 107 1312 015| 002 | 002 | Tr. | Tr. | 0.07 | 001 | 0.01
After dipping 10.7 | 324 1 015 0.02 | 002 | Tr. |0.01 | 0.07 | 0.01 | 0.01

MnO Before _dip_ping 111308 | 015|002 002 | Tr. | Tr. | 0.08 | 0.01 | 0.01
After dipping 11412991016 | 002002 | Tr. | Tr. | 0.08 001 001

Nothing Before _dip_ping 115281017002 002|001 Tr. | 008 0.01 001
After dipping 1162711018 | 002 002|001 Tr. |0.08]0.01 001
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Table 4-2  Cross section photos and results of infiltration

Specimen No.

Added oxide

Fes0,

NiO

Preform weight (g)

325.5

Cross section

313.7

328.9

Infiltration ratio (%) 70.1 75.1 92.4 89.5
Specimen No.
Added oxide Cr,04

Preform weight (g) 325.2 325.1

Cross section

Infiltration ratio (%) 72.7 81.3 52.6 51.4
Specimen No.
Added oxide MnO No addtion
Preform weight (g) 322.5 326.3

Cross section

Infiltration ratio (%)

82.3

325.0

78.8

326.0

97.4
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Infiltration ratio ( )

NiO

100
90
80
70
60
50
40
30
20
10

Fe;0, NiO

Sno,

Cry,04 MnO

Added oxide

Fig. 4-4 Effect of added oxide for infiltration ratio

Table 4-3 Fig. 4-5

1.0
99.5

NiO

SiC100

Fig. 4-6

No addtion

NiO2.0g

NiO

DRA

Table 4-3  Chemical compositions of the melts for the bubbling tests (%)

Melt No. Sampling timing Si | Mg | Fe | Mn | Cu | Ni Cr | Ti in | Zr
(¢ Ay Ay A A ) ) I A ) B )
Ar bubbling 1261306 | 016|001 ]002|001| Tr. | 006|001 | Tr.
1301311 /017001002002 Tr. | 006 001001
Without Ar bubbling 1191292015001 001|001 | Tr. |0.06] Tr. | Tr.
12112881 015] 001 002|002 Tr. | 0.06] Tr. | Tr.
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Fig. 4-5

100

Infiltration ratio (%)
S S

~
o

60

—

Added NiO g/SiC100g)

AO® 10
AO® 20
A
Without bubbled Bubbled

Influence of Ar bubbling on infiltration ratio for preforms with NiO powder

Fig. 4-6 Cross section of preform with NiO powder and Ar bubbling process.

ratio: 99.5
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4.4.

1
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1mol 1
SiC100
X
Sn
Fig. 4-9

1073K

1.0

SiC
Si

505K

Al-X

Al
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Fig. 4-7 Fig. 4-8
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S0~ Anio
— 5 A Fe;O
80 A * 510, s
— MnO A
2 60
c A Cr,0,
S
B 40
E
- 20 |
0
0.0 05 10 15

Molar heat of reaction (MJ/mol)

Fig. 4-7 Influence of oxide metals on infiltration ratio plotted using molar heat of reaction at

1073K

100 [P
sio
MnO e 8 Nio
—~ 80 | 8 S
_ Sno; o S Fe,0,
(@)
= 60 [ Cr,0,
= 8
c
S
E 40
E
20
0
0.0 2.0 40 6.0

Unitary mass heat of reaction (kJ/g)

Fig. 4-8 Influence of oxide metals on infiltration ratio plotted using unitary mass heat of

reaction at 1073K
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o —
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c © cr
S
g 40
= 20
0
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Solubility in molten aluminum (%)

Fig. 4-9 Relationship between infiltration ratio into SiC perform and solubility of solute metals

in molten aluminum at 1073K

(A1-X)

+100

—100

Interaction parameter Q,g

— 200 | IS I S I T E——

2A 4A 6A 8 2B 4B
Group number in periodic table

Fig. 4-10 Estimated values of interaction parameter for enthalpy of mixing in Al-X system ®
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Table 4-2
SiC100g 1.0 NiO
99.5 Fig. 4-5
MgO AlLO; AIN
2
4.5,
. 1073K 5.4ks
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SiC DRA

1.
2. NiO
3.
4,
1) 2 , , (1984), p. 82-88
2) , (1996), p. 352

3) T.B.Massalski edited: “Binary Alloy Phase Diagrams” 2nd edition, ASM, (1990)
4) :
(1982), p. 92-95
5

49-57
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5.1
3.3 Reding Y SiC
SiC
SiC
SiC
SiC SiC

5.2.

1

SiC Al 0.5mm @17>40mm
@18.5><40mm 10mm
Al,O4
Fig. 5-1
70ml 25ml 5ml
363 373K 60s
60s
AC4CH SiC 58m

Mg Mg 99.8 0.6mm Mg 150pam
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Mg 99.9 0.3mm Mg

SiC Mg
Fig. 5-2
2
SiC 393K
Mg SiC
Mg
SiC Mg SiC 50
Fig.5-3 673K
Fig. 5-4 923K AC4CH
923K
SiC
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As received B Polished/Cut

Fig. 5-1 Photographs of aluminum cases as received (left), polished and cut cases (right)

Al Case
SiC

(a)Mg cutting powder (b)Mg powder (c)Mg plate

Fig. 5-2 Schematic drawings of ways of magnesium addition
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Die
23 /9
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654 |
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Lid

Fig.5-3 Geometry of experimental permanent mold and lid for partial DRA production
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lectronic furnace

Molten Al Lild
|

l v

A A

/

7 !
Die Aluminum cases containing the mixed powder)

Fig. 5-4 Schematic drawing of apparatus for making DRA specimens

5.3.

SiC Mg
Fig. 5-5

Fig. 5-6 Si
SiC
Mg SiC

Mg

siC Fig. 5-5

Mg Fig. 5-6
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Mg

Fig. 5-6  Microstructure of added Mg cutting powder mark and un-infiltrated region
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Fig. 5-5
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SiC
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SiC
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SiC
Mg
SiC
Mg
SiC
Fig. 5-7 SiC
Fig. 5-7 >
Si C Mg
SiC
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Fig. 5-9
SiC Mg
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(@) A thin substance (b) Powdery substances
Fig. 5-7 FE-SEM images on SiC surface

Si Si

ve |

CWUW A LJL‘%-&-

@ (b)
Fig. 5-8 EDS analysis profiles at marked place X in Fig. 5-7(a) and (b)
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In the air O,+N, N, rich atmosphere

WALA
B ?2‘ ' 6\5

SiC / MgO
Y

N

Reduced Pressure Molten Al infiltration

infiltrated Al

Drop out

Kty
W
¢

Fig. 5-9 Schematic drawings of mechanism for porosity making around Mg cutting powders
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MgO

Mg
Mg

Composite area

. R pRT

o
, - -

Mon-reinforced area (AC4CH)

Fig. 5-10 Cross sections of produced partial DRAs (Mg addition methods followed Fig. 5-2;

(@) Mg cutting powder, (b) Mg powder, (c) Mg plate )

Fig. 5-5 7 ”~ -

Mg

80



Fig. 5-11
SEM EDS Fig. 5-12

Al Si O

(1) Wire brush @) Glass shot 3) Mixed acid

Fig. 5-11  Surface of polished cases
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EDS profiles

SEM images

paysijodun

ysnig alipn

10US sse|9

pIoE paxin

Fig. 5-12 Surface conditions and EDS results of aluminum cases
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Fig. 5-13
Fig. 5-5
siC

Fig. 5-14

Fig. 5-5 ” ”~

Fig. 5-14 Photograph of cross section of composite fabricated with acid polishing
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5-12 EDS
Fig. 5-5 ” ”
Fig. 5-9
Mg
Mg
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Si O

Ca
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nm Al,O, Fig.
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Fig. 5-5 7 ”~
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Mg

Mg3N2 Mg3N2
Mg
5.4.
Mg
Mg MgO
SiC
MgO M
Al,O,
AlLO;

1) J.N. Reding, and M.R. Bothwell: US Patent No.3, 364, 976 Jan. 23(1968)
2) : , 52(1988), p. 1179-1186
3) S.E. Housh, J.S. Waltrip SAE Technical Paper 900786
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SiC 58m

50
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Fig.
3-19,Fig. 3-20,Table 3-1 MgO  MgAlO,
3
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Warner Al SiC
AlC, &) Urefia
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6.2.1
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SiC
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(Fe-rich layer) ) Roy
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6.2.2

SiC 20 50 DRA
A390 Al-18%Si 20 DRA Alcan

Duralcan® F3D.20S

15pm - SiC 20%
Al-7.5%Si-2%Cu-1%Ni 2.48g/cm?
50 DRA 4 Al-12%Si-3%Mg
58jum 50% 2.72 g/cm?
Fig. 6-1
Sio, Al
Si Si

s W (T S L e
o T TR
N v dm e

Fig. 6-1 Typical microstructure of (a) 20%SiC DRA, (b) 50% SiC DRA and (c) A390 alloy
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Revolution iQdicator
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Inverter
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Ring(52100steel)
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Fig. 6-2 Schematic diagram of block-on-ring wear testing machine
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Fig. 6-3 Relationship between sliding distance and volumetric wear
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Fig. 6-4 Wear rate of different materials at sliding speed 3.3m/s and 6.0m/s.
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Results from Wilson and Alpas
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® Mild wear
o Ultra mild wear
Results from this study
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Fig. 6-5 Wear rates of 20%DRA (this study) displayed on a wear map of A356-20%SiC MMC

from Wilson and Alpas
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Fig. 6-7 20 DRA A390
45N- 3.3m/s 50m
SiC
(oxidative wear)
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8,10,14)

DRA
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(b)
Fig. 6-7 Oxide films formed on wear surface of (a) 204DRA after 50m sliding at 45N-3.3m/s,

(b) A390 after 50m sliding at 45N-3.3m/s (wear direction; from top to bottom)
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(abrasive wear)

Fig. 6-8 45N- 3.3m/s 3km A390

(adhesive wear)

(seizer) (galling)

(debris)

Fig. 6-9 (A390 67N 3.3m/s)
(Fig. 6-9(a))
(Fig. 6-9(b))

Fig. 6-8 Wear surface of A390 at 45N-3.3m/s-3.0km during severe wear
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AccY  Magn

15.0 kY B00x

(b)
Fig. 6-9 Wear surface and debris of A390 at 67N-3.3m/s-2.0km: (a) SEM image of wear
surface shows heavily deformed ridges and cutting (wear direction; from right to left). (b)

Wear debris

(Delamination wear) (subsurface)
1972 Suh ) Fig. 6-10
A390 Si
MMC SiC
( Fig. 6-16)

Fig. 6-11
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(@) (b)
Fig. 6-10 Delamination evidences in (a) A390 as subsurface crack initiated from fractured Si
particle and coalesced (wear direction; from left to right). (b) 20%DRA as subsurface crack

propagated and formed flake like debris (wear direction; from right to left).

w AccY  Magn
15,0 BEV-500x,

Fig. 6-11 Melting flow on wear surface (20%DRA at 45N-3.3m/s-5.4km)
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A390
45N 3.3m/s 22N 6.0m/s

(Fig. 6-12(a))

0.5mm

(Fig. 6-12(b))
Fig. 6-13(a) Fig. 6-13(b)

(@) (b)
Fig. 6-12 (a) Over view of wear sample and (b) Wear debris of A390 at 22N-3.3m/s-3.0km
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AccV  Magn  b————} 200 pm
16.0 KV 100% alk

@ (b)
Fig. 6-13 Wear surface of A390 at 45N-3.3m/s after (a) 1.0km with smooth abrasive surface,
and (b) 2.0km with rough surface show adhesive wear characterized by large plastic deformation

(sliding direction from right to left)

(67N-3.3m/s 45N-6.0m/s)
Fig.
6-9(a)(b)
2mm
67N-3.3m/s 2km
(Fig. 6-3(a))
89.11,29 Fig. 6-14 67N-3.3m/s
2.6km
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(@) Top view

(b) Side view

Fig. 6-14 Over view of wear surface of A390 somple at 67N-3.3m/s-2.6km

20%SiC DRA

20%SiC DRA A390

SiC
19 SiC

SiC

Hosking %

A390
(Fig. 6-15) 20%DRA
6-16 3

373K

3. Fig. 6-17 SEM

DRA

SiC

Howell

(transfer layer)

14,27,28)

Fig.

16)28)

EPMA Fe Si

(Fig. 6-18)



A390 Si

Shabel
14
Fig. 6-10(b) Fig. 6-16(c) Fig. 6-17(a) 20%DRA
10 50pam
(Fig. 6-20)
(Fig. 6-21)
20 DRA
SiC
Fig. 6-22
Fig. 6-23
20%DRA
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Fig. 6-16 Definition of each layer on wear surface of MMC: (a) and (b) 20%DRA at
45N-3.3m/s-0.5km. (c) 20%DRA at 45N-3.3m/s-1.0km. (d) 20%DRA at 45N-3.3m/s-5.0km.

(Sliding direction for (c) is from right to left; others are from left to right)
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BSE Fe Si
Fig. 6-17 Back scattering electron image and element maps show difference between oxide

layer and transfer layer in Fig. 6-16(b).

Fe Si

Fig. 6-18 Iron chips in transfer layer
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Fig. 6-19 Wear debris of 20%DRA at 22N-6.0m/s after 5.0km, showing delamination wear

debris which is dark on the one side and metallic in the other.

Fig. 6-20 Wear surface of 20%DRA at 45N-3.3m/s after 4.0km, showing delamination and

reattachment of wear chips

Fig. 6-21 Overlap of surface layers (20%DRA, 45N-3.3m/s-5.0km, wear direction; from left to

right)
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Fig. 6-23 Material extrusion and debris of 20%DRA at 111N-3.3m/s-2.0km
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50%SiC DRA
Fig. 6-24 45N-3.3m/s 5km
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6-24(a)
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Si  ( 200pm Fig. 6-1(b))
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Fig. 6-25 Fig. 6-26 Sic

Slice for
thermal
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(a) Wear surface (b) Debris
Fig. 6-24 Oxidized wear surface and dark oxidized wear debris of 50%DRA at

45N-3.3m/s-5.0km

113



Y
: 4 § LT

A KT ] |
Fig. 6-25 Wear surface profile of 50%DRA at 45N-6.0m/s-5.0km, showing subsurface voids

(sliding direction; right to left). "A" indicates a fractured Si particle.

(a) Fractured Si particle (b) High SiC volume fraction layer

Fig. 6-26 Local enlargement of Fig. 6-25, showing the fractured Si particles (a) and very high

SiC volume fraction (b) near wear surface.

Fig. 6-27  111N-6.0m/s 1.4km
1><1><2.5mm SEM Fig.
6-28 (b) (e) (b)
770K
Fig.
6-28(b)
(c) (d) SiC
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Fig. 6-27 Wear surface and wear debris of 50%DRA at 111N-6.0m/s-1.4km, (sliding direction

from left to right). Note the fractured area at right end and large fracture pieces
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Fig. 6-28 SEM images of fracture surfaces at selected locations; 50%DRA at

111N-6.0m/s-1.4km sliding distance
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