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Table 1: Fitted parameters

Data Set © Py (N) P*(N) off (MPa) Gi(Z)
1 0.144 1.17 104.9 201.0 0.24
2 0.138 0.89 100.4 192.4 0.14
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{ F'/ 70
g % o®
E : 50 ]
ot EE g Glass Matrix
10 E 2 3
« ; £ 40
4 s / -'g o
: H ] ¥
12.7 mm, H— 5.4 mm. 20
I3
Figure 1: Modified single-fiber pullout ime: try. 10— L
ingle pullout specimen geometry, 0 | o gy, .?’:%ml —
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Figure 3: Load-displacement data for the modified single fiber pullout test.
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Figure 4: Application of the Kerans and Parthasarathy model? to the experimental
load-displacement data.
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Damage Development in a Ceramic Matrix Composite under Mechanical Loading

(K. % BEH] TABLE 1. Measured mechanical properties of a unidirectional SiC/CAS composite.
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¢ —— € Figure 4. Crack density as function
LI 5 LA of applied strain (from replicas).

Figure 1. Principle of stress-strain curve for unidirectional CMC's.
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Figure 2. Stress-strain curve for SiC/CAS, and accumulated AE signals.
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Figure 5. Unloading modulus and Poisson
ratio as function of applied strain.
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Figure 3. Development of crack patten (replicas from a polished surface).
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Microtextures of Interfaces Related to Mechanical Properties in Ceramic Fiber

Reinforced Ceramic Matrix Composites
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Short Crack T =Curves and Damage Tolerance in Aumina-based
7 A4 b Composites
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Figure 1 SEM micrograph (backscattered) of the Al;03~AlTiOs (20 vol.%) ] o
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Figure 5 Plot of om(P) for Al;03-Al;TiOs composite and control Al;03. The
composite shows superior flaw tolerance.
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Figure 4 T-curve of Al,03-Al,TiOs composite as evaluated by in situ
observations of Vickers indentation cracks (P = 20, 30, 100, 200, 300N) during
loading. The baseline toughness To= 2.75 MPa.m1/2 is for fine-grain control
Al0;.

Figure 3 Optical micrograph (bright field) of damage in Al303—Al3TiOs
composite. Mulliple cracks are present and stable during loading. The image is
deliberately overfocused to enhance contrast.
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Matrix Cracking during Deformation and Fatigue of Glass Ceramic Matrix Composites
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(School of Materials Science-University of Bath
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Cracking,Glass ceramic matrix, Composites,Laminates, Incremental loading,Repeated loading
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Matrix Cracking during Deformation and Fatigue of Glass Ceramic Matrix
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Table 1. Strength propertiss of SIC/CAS composites.
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Experimental observation of progressive damage in SiC/glass-ceramic composites
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Experimental observation of progressive damage in SiC/glass-ceramic composites
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Table 4. Ply propenties of SIC/CAS
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Gh MPs | MPa | MPa | 'C

Intacy 133 n
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1.0 [ 024] 424 | 35 4.2 -

E(L): Longitudinal modulvs

E(T): Transverse modulus
G: Shear modulus
v: Poisson’s ratio

X: Longitudinal tenllo srengih

Y: Transverse wensile srength
8: Shear strength

AT: T ifYe
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Table 5. Comperison of SIC/CAS and BICAASIN

Material [Laminale| Modulus [First-ply tellure]
Py Strain, %

8ic/CAS | o) 134 0.1

180) 124 .

0/90] 127 0.032
SIC/ALASHI fo) 130 0.18

901 20 .

0790 17 0.08

Figure 9.

Photomicrographs showing onset of matrix cracks

occurred in (90) and (0] Yayers of the [DIQD]2
Taminate at 50 MPa. *

Figure 15,
interface.

Photomicrograph showing matrix crack at fiber-matrix
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Figure 14. Photomicrographs showing fiber fracture fn & specimen

of SC/CAS (0/90) laminate.
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reglon. Collopsad eight node elements giving n 1~ singutarky
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18 =
"‘SC/TI' re00

1.4 Seorms, an01 i
>-BC/T8, 5o 02
WM /SC s 00

1.2 SN/ s+ 09 [~
NSy 02

- ugaa § 00

11 - gt 01|
2 MgwmM w02
X
=_ 08
X
06
e
=02, »
04 |-
:.—lﬁ
02
botter
0
3 4 5
Fig. 8. Normalzed sisess Intensity factor versus normalized eppled
SU0ss lor ad ivee composite sysiems.
Yabie 1. Elastic Properties and Critcal Sress intensity Factors
Matrx Particie Elastc Mismatch
Sysiam €, " [3 E/E. X1} m
Gy & " o sk
{SC)./(TBy,' <o 019 4 015 1. 40
SIN)/(S0)," 0 024 o (37 5 4D
{Mgass) /(N),' 889 0z 08 (7] 1 10

t mmmm.m.&m,w,psulmnm.

+  M-giass k& nomenciatre kom ref." and refers 1o ‘composkion of 50
SO, 3% Na O, 8% A0, snd 6% L0, R ag kil

Pl

SiC/TiB » . Sis N 4 /SiC, H-Glass/Ni #H& L7z
MPHREFEELII v 7 RAREL, Y 7R IRY
v IO, REOERGEYFBELXEHTTHLEER
RICERX




[A-2-1]-8a

(F130) | HFRIEES I v JRBEMEOY 7=V JBE
74 b
(FE) | Micromechanisms of Toughening in Particulate Reinforced Ceramic
Composites
H :ii4 Proc.of 16th Ann. Conf. on Composite Mater. and Adv. Ceram. P.99
= & R. I. Brett, P. Bowen
(FRiB#M) (School of Metallurgy and Materials, University of Birmingham,
Edgbaston. Birmingham, UK)
F—-—F SiC, SiC-TiB,, vacuum, fracture toughness
X-£-BE-2FEXROH | X:3, %:0, BH:2, 2EX#:11 WRE | EECRKR

APFED HAIITiB RIF A B Lcsic i
BUAEY IV T EEETHILETH S,

IhETOWET, ThY w2 XLbKRZE
BB REHEFF DML L OB EREIG
IBZIOMBDOY I TOEERTH S &
i, BRICHHINSGRE, 2 Y 792
FICBRBEMIGCH LS, FOMIC. RO K
AR TUTEBNRREINTWS,

AR/ -1

A IR s %2 )Y ()

s S w VOMMD EFXLED

A rarS vy

cBEHROTIB RN FICLET MY v 7 R

B F DM H]

COWMETIE. SIC/TiB, D ¥ T = T
B OMCT A7, TRWT X MEEH TH
FICHBEHELRZREHEIAEEZIT >
a ~-SiCHEEE 1tk & SiC/TiB, ¥ & Biks k|3 Carbo-
rundumtb 7 SR EE2F 1T/,

Chevron NotchIHB A X1 IR 7,

g = 60°C, ao/W= a.,=0.3 THIEHMEME

Kiev ZTEMT 5DICEH 2, SiC/TiB 3.
£ X25mm (25mm) W=8mm, B=4mm, SiC (& X
25mm (25mm) W=10mm, B=5mm & LG VEREH
i 3giF. BVOREBRIIE 48T E Ui,
P.A.Withe & DEFF (Mat.Sci.Tech.,, Vol2l,
1991) IT& D ChoDHRFRK. LICEELRE
N EDRRENTWS, AIERER. X
K 1200 °C, H22H (£10°mbar)1200°CH
L U1600°C. AFEELOM/min, TITV. R
BEZSLIMEE Lic, K JddRFAUTE DK
Dz,

chv = Pmlx len/Bl/Z

EEEXIE 2500 OEENSHIEL 72,
PEEEOR FORE XX, PFEL ,sicid 200
BIF. TiB. i 250K FAH% 7Y v L1,
X, FELKERABRRICTLVLIS 9y 7% A
hTr75v 70OMEEREEEBEL,

BEHEEOREEREMNK2 IIRL. EL
ICE#H U, SiCO1200°C O EIT R
BoBakokE<., SiC/TiB. 0B E/NX

Vo 1600°C OB EHIHEMEIIE AR & £1200°C
DELDKEV,
L®3K§Eﬁé%ﬁb\§luﬁﬁﬁ%i
2o
SiC/TiB. B AMFEEIT SiCk W EETLY
HOWIBEBEEREF S, BESXETFSE, 20
AEIZLCHN S,
monolithic SiC @ SiChI¥ 4 Xi 4.6+
2.3 u, WHMD sichrH 4 Ziz 3.7+1.8
i, TiB, ORI FH¥ A XiE 2.521.0 4y TH-
2o

M4 ZEZEH, 1600°CHREBR THE L f2sic/
TiB, DH 533 2% R Ui, TiB W FH 5| iR
M, BFOEDLYIZIZ T o 7 DRENRD -
oo B5 ITSiC/TiB. OERICEITEZ T L ¥
T Il LEBEETR LI, BLFOEDOD
2S5 9 VIRE. RRFDY S 9F 07 « Hagh
nb\’ﬁ“‘oﬂfco

SiCIZ HN, SiC/TiB, D K,., DM AERE
SRLIEELRERTRIHBBNLY IR, B2
BREOI AT vy Fhos N 5BEIG
NTHBLLEREINT &/, TOREIGHIK
KB 7V IUBBREEEETFLERENT
73,

AMETIER. BERICBEWTZIOBMBICLD
YOV ITOHEBMNR S, 1200°C, 1600
CLEEELITFSE SICOEMILSIC/TiB, D
FHICHEY L, MBS OGHEFERICNY v 7
AILXBEE N,

ZhiI, SiC T FD vV AL TiB. N F O/
WHNIICSWAEEANFET LD ER
bhd, MOBER IR, PMyARFOKRKEX
OME., 7T v 7 OWEIED, N D LESN
N, 4707359 008H3, THhIZBEC
KELEWERET S E, BEEXETFLE
Sic ¥iZ Fic. Sic/TiB, OHIEEAFB L LTW
H5EAICBRZILDDOT, IhNENWLDTH5
ETHb,




[A-2-1]-8b

74 b Micromechanisms of Toghning in Particulate Rainforced Ceramic
Composite

Material Test Test Kj Ra(0.25)
Temperature Environment (MPavm)  (jum)
SiC 25°C Air 27106 0.88
1200°C Air 37+10 N/A
1200°C Vacuum ~ 37%08 0.85
1600°C Vacuum 4607 0.80
SiC/TiB, 25°C Air 4106 137
1200°C Air 36106 NA
1200°C Vaowum 36306  0.86
1600°C Vacuum 45110 085

Table1 Summary of fracture toughness, Kjcy, results for chevron
notched specimens tested in bending and surface roughness,
Ra(0.25y Of the resulting fracture surfaces.

5

PO O %"oo Fo
n

ghness Slvﬂ’u‘lm)
> > z)

PSR S W

3 13 J
L * ]
ES e SiC (air)
] o SiC (vacuum) T
o A SinI‘iBzéair) p
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Figure 2 Effect of Test Temperature and Environment on the Fracrure
Toughness, Ky, of SiC and SiC/TiB,.
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Figure 3 Fracture Surface Profiles of (a) SiC and (b) SiC/Tibegzs::d
at ambient temperature and (¢) SiC/TiB, tested ac 1600°C
under vacuurn. All axes are in units of Pm.
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Figure4 Matching Fracture Surfaces of SiC/TiB, tested at 1600°C in
vacuum. Equivalent positions of note are labelied.
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Figure 5 Optical Micrograph of
Pre-crack in SiC/TiB,.
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¥4 ML Mechanical Behavior Silicon Carbide Particulate Reinforced

Reaction Bonded Silicon Nitride Matrix Composite

Table 1: Mechanical properties of the materials investi-
gated in this study

Material Ball-oning | Toughness Toughness Hardness | Modulus | Flaw
Type Swength (indentation) | (fractography) size
(MPa) | (MPa.-m~0.5)| (MPe-m~0.5) | (GP®) GP8) | (um)

8RBSN 295 (138) | 1.63(0.08) 176 (004) | 82(0.8) 147 ]
8a ABSN 273(32) | 248(0.14) - 102011 [ 163 -
(22%SiC{p))
95 RBSN 3.03.8 - 1013 [ 178 -
(38%81C(p))
10RBSN | 457(111) | 167012 181022 | 89(1.0) 142 19
11 RBSN 171 (8) - A11(042 | 1403} a2 302
(21%SiC(p))

al. {10]. Fracture toughness was also determined by the fractography method
by relating the stress at the flaw site to the size and shape of the strength-
controlling flaw as determined by fractography {6,7].

5.0 T | T 1 T 1 T i T T M T M ] T L T Ll Al
o 45h e Type 9b composite ]
s [[ O Type8 RBSN i
& 35t B ]
§ sop %7 7® ]
¥ 25 // 1
g | ]
£ 201 @ =} =] 1
= i o ]
2 15 ]
= | 1

1.0 . . . c L ; .

0 50 100 150 200 250 300 350 400 450500
Crack Length, ¢ (um)

Figure 1: Fracture toughness as a function of crack size
for Type 9b composite and its baseline.

Figure 2: Micrograph of an indentation crack path on
the polished surface of Type 8b composite.

Figure 4: SEM micrograph of an indentation crack path
on the polished surface of Type 9b composite,

showing uncracked ligaments along the crack
path.

aligning bend fixture. Ka was obtained from a measurement of the post-
indentation strength alone using the equation {9}

i

£
Ka(es) = ma/ (Z VPP @ (m) (n)

Here 7, is & calibrated constant having the value of 0.59, ¢, is the post-

indentation strength, £ the Young’s Modulus, H the hardness, P the inden-
tation load and &,(m) is given by

3

&(m) = (=) T @

(T =2Zmpie

m in Eq.(2) is the power-law exponent of the crack size when the R-curve is
defined by the equation

which 1s

P using

Ka(c) = ke™ (3)

Eq.(1) provides the value of Kg at the critical failure crack size value, ¢,

related to the measured as-indented crack size, ¢;, by
Yoty
= (— £ 4
ol S ey b (4)
Experimentally, m is obtained from the slope, 3, of a log-log plot of o, versus
1-38
Y )

When m = 0, that is, when 8 = 1/3, no R-curve behavior is present, and
Kp = K.. Eq.(1) then reduces to the previous derived equation by Anstis et

Figure 3: Micrograph showing an SiC particle which
fractured in advance of the matrix crack in
Type 9b composite
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(ZE3) Indentation Residual stress in RBSN and RBSN Composite
B # Proc.of 16th Ann. Conf. on Composite Mater. and Adv. Ceram. P.90
F & S. V. Nair, Peter Z. Q, Cai, J. E. Ritter (Mechanical Engineering
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gy, Cambridge, MA, UAS)
F—7—-F SiC, SiC—Si;N;, particulate composite, toughening mechanism
indentation method, residual stress
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Indentation Residual Stresses In RBSN And RBSN Composite

K. = Yd\/l;
where Y is a crack geometry constant.
Kapp = Yioy /&
where, Y; is the indentation flaw shape factor, o, the post-indentation strength

and ¢; the as-indented flaw size. The indentation flaw shape factor ¥; in Eq.(2)
is 1.06 {8]. If no indentation residual stresses are actually present, A would be

E i

Ke=n(3)iPio]

where oy is the post-indentation strength, P is the indentation load, E/H is
the elastic modulus to hardness ratio, and 7, is a constant with a value of
(4)

where ¢ is the indentation crack size {measured as half of the total surface
trace length), and the value of x is 0.016. In Fig.2, the fracture toughness by

P
Ke=xa g5

Table 1: Materials included in this study

(1)
Material Type | Description | SiC type & bulk volume fraction

(2)

Type 1 RBSN -

Type 3 RBSN -

Type 8 RBSN -
3 Type 10 RBSN -
@) Type 8 RBSN/SiC(p) 2um SiC(p),1Tvol%

Type 7 RBSN/SiC(p) 2um SiC(p),33vol%

Table 2: Strength—controlling flaw sizes, stresses at fail-
ure site and fractography toughness of the ma-
terials included in this study

Material Stress at | Ave. flaw | Ave. flaw | Fractography
Type Failure site depth half width toughness
o,(MPa) | o, (pmm) | ¢ (um) | K, (MPa-m®*)
0.70 T T T T T

r - == A=047 ]

065 v Type I RBSN |4 | Type1l RBSN 205.3 72 93 2.00+0.03 [4]°

L g Typo 3 RBSN | Type 3 RBSN 3913 10 21 1.65:0.06 {7)

0.60 «'gg: S RSN |- Type 8 RBSN 185.0 53 98 1.760.04 4]

- 0 2 17vol% SiC(p) | Type 10 RBSN 280.4 19 63 1.8120.22 (3}

055 A 33vel% SiCP) [ || Type 6 RBSN/SiC(p) 302.7 25 31 1.94+0.08 [4]
L g Type 7 RBSN/SiC(p) 231.7 61 51 2.0740.08 (3]
< 050 | .
L < A
SO o ---- S,
0.45 | Oa g ‘ v : l «: Numbers in bracket indicate numbers of samples.
r S eV :
040 |- -
L ¢ 3 Table 3: As-indented crack lengths and post-indentation
035 E strengths for the materials involved in this
L study
0.30 A ha 1 A 1 ke i X A
1.4 1.6 18 2.0 22 2.4
Fractography Toughness, (MPa-m0-5) Sample Indentation load, P | Crack length,c | Strength, o
Type ™ (pm) (MPa)
Figure 1: Constant 4 versus fractography toughness for
various materials Type 1 9.8 38.6+6.6 [16] | 133.2418.62 (3]
RBSN 49.0 124.2413.6 [16] | 78.8129.96 [3]
3.0 LD L i B S SN SR S B e e
[ 7 Type 3 9.8 30.3£3.6 (16} | 113.63+7.57 (3]
o28 F L, RBSN 19.6 61.7::4.3 {16) | 89.91+4.50 [3]
° L Y J 49.0 117.3£13.2 [16) | 85.41+3.66 [2)
€26 P .
L] L .
g2 g ]

4 V2 1 9.8 39.6 110.846.76 [4)
5., P 1 Type 8 10.6 3.1 96.8129.18 (4]
'é i Y ] RBSN 20.4 872 T7.57£1.64 4]
ﬁ 20 [ N 49.0 125.5 66.8210.58 (4]
S1s} 4 ]

s R 4 Type 10 19.6 83.4 80.30£11.20 (3}
£16 | , 4 RBSN 490 130.9 66.38:£6.75 {3]
° r 1
's_ 14 | 7 B Strength method |
] L7 [ O Crckmebod | J 9.8 38.124.2(16) | 118.649.3 [4)
1.2 Al - - = - Type 6 19.6 66.9+6.2 [16) 107.03.8 (4)
1214 16 18 2.0 22 24 26 28 3.0 RBSN/SiC(p) 29.4 90.1:+8.8 (18] 83.6£7.4 [4]
Ke, Fractography (MPa-mo-5) 5.0 1263117 [16) | 79.844.7 [3)
Figure 2: Indentation toughness results versus fractog- 9.8 38.9+4.0 (16] | 147.7+13.0 [3]
raphy toughness Type 7 19.6 69.816.0 [16] | 116.6+13.9 (3]
RBSN/SiC(p) 20.4 99.9+10.4 (16) | 102.4%3.21 [3]
49.0 128.6+13.9 [16]

Numbers in bracket indicate numbers of samples.
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Fig. 1. TEM bright-field image of & SiC whisker, showing the core and
outer regions.

Fig. 2. A SiC whisker @eew i two atages, core leagthening first followed
by vupor deposstaos thickening

Fig
b

5 0‘0‘;1m

F Fig

Fig. 4. A SiC whisker synthesized with CoCl, as catalyst grew via the VLS
mechanigm,

1. Mass transport in ihe vapor phase;

2. deposition and chemical reaction
on the vapor-liquid interface;

3. dissolution into and diffusion through
the liquid phase; and

4. precipitation on the liquid-sohd
interface.

Fig. 5. A schematic diagram of the VLS whisker growth mechanism

|. Mass transport in the vapor phasc:

2, deposition and chemicad reaction on
the vapor-liquid interface;

3. diffusion along the surface of the
liquid alloy dropiet: and

4. hquid-solid muerfacial diffusion and
incorporation of growth species in
the whisker lalice.

Fig. 6. A new model of the VLS whisker growth mechanism
[ stote o powacn |
[ Baut tting ]
[Ade 250177367
[ Residual Carbon Removat |
[t Freasing

Fig. 7 Flow chart of the chemical mizing process for making Si,N,
matrivSiC whisker composites

0.5;m

Fig. 8. S1C whiskers synthesized under an Ar 90% +H, 10% utmospherc.
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- this Stud: Table 2- Comparison of 5iC, surface coverage as determined by SEM.
Table 1- Physical Prqp."‘i.. of Pouders Used in Y The concentration of A2,0, added is in terms of ratio of surface

AKP 15 AKP 50 Diapal 180 sic, area of Af,0; to that of SiC; 4n the dispersion.

Specific Surface

Area, m?/g 3.6 10.9 144 0.5 ——AKR 3O Data AKP 15 Data
Hean Diameter
' Ratio of Surface Ratio of Surface
o 6.7 0.25 0.04 5.0 Surface Coverage, % Surface Coverags, X
Thickness, um - . - 1.2 Area, X - Area, X
37 17 4l &4
74 24 82 28
185 58 123 41
222 66 164 51
250 - 208 57
300 - 246 63
0.00 Q.40
Z
2 0.20 AKP 30
~0.50 > -
°E zZ \thcl 180 AP 15
i T oeo
ﬁ ~0.80 4 'y sicp
% -~0.20+ %2
3 PHip >
W .
-0.90 -0, 40
2 4 L] 8 10
pH of SIC-HpO SYSTEM AS RECEIVED
—0.602
4

pH OF SLURRY

Figure 1. The ESA of two lots of SiC showing large differences
but also unpredictable variation of surface properties.

Figure 2. ESA and pH,,, of; (a) 0.1X volume Dispal 180, (b) 0.1X%
volume AKP 15, (c) 0.1X volume AKP 50, (d) S5X volume
54C,.

5 AKP 15

0.40 4 / (¢ 4gm0.Tum)

>

3 0 AKP 50 R
x 020 (d5qm0-23um)
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[ {d sn-o.twm)
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I
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ALUMINA ADDED, X 8.8 m? SURFACE AREA

Figure 3. ESA of SiC, in the presence of increasing concentration
of three different sizes of Af,0,. Each unit of A£,0, added has
a surface area of 8.2 o’ which is the total surface area of §iC;
in the slurry.

Flgure 4. Micrographs of SiC, surface coverage by AKP 50 Af£,0, as
a function of A2;0; concentration in the slip. (a) 1% wt. A£,0,,
Ia (b) SY wt. A£;0;, (e) 25% wt. A0, and (d) S0 wt. Af;0,.

Figure 5. SEM wicrograph of AKP
50-alumina coatedplatelect using
a2 1X wt. slip. Shows uniformity
of coverage along edges and the
face of platelet,

ot 40U

L) 28BN Y 117-7 agwia

*ineee  resn ¥ e onns

Figure 7. SEM micrographs
showing AKP 50-coated

surface of SiC, in a green
body made by incorporating
10 wt. of SiC, in a matrix

of AXP 15 (0.7 pm) as a
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(b) Morphology of coating m%ﬁ&&i&ﬁ-imo ﬂ¥@§ﬁﬁ§®ﬁﬁ
magniticacion. RESoE AERELTBE L - 12,
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¥4 ML Densification and Fracture Toghness Enhancement of Pressureless
Sintered Aluminium Oxide-Titanium Diboride Composite
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Figure 1 X-ray diffraction pattern of an Al,04
-TiB, composite with 25 volume% inclusions.

Figure 2 Variation of relative density with volume% TiB,
for sintered Al,05-TiB, composites.

30

8
1
] 7.0
74
3 R i
— 5] ° °
e — i'g
8 ] . £ R
% 5 N g //
w g
X 4] 2 -’
A 1-3 um partides x
] o 3-8 um particles
@ 6-10 pm particles © 3-8 um DCM (sintered)
31 4 10-15 um particles o 1-15 pm DCM (sintered)
o 1-15 um particles a0 A 1-15 pm DCM (hot-pressed)?
2 . . . . . [ ] 6-12'p‘xm platelats 8 S 10 1-5 20 %
0 5 10 15 20, 25 30 Volume% TIB,
Volume% TIB,

Figure 3 Variation of DCM fracture toughness with volume% TiB,

for sintered Al,03-TiB4y composites.
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Figure S Variation of CNSB fracture toughness with
volume% TiB; for sintered Al,O3-TiB; composites.

Figure 4 Comparison of DCM fracture toughness
measurements for sintered and hot-pressed Al;03-TiB2
composites.
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Figure 6 Comparison of CNSB fracture toughness measure-
ments for hot-pressed and sintered Al;03-TiB2 composites.
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(##37) | Silicon Carbide Whisker Reinforced Alumina
= (FRIEMSEE) | Bernard J. Wrona, James F. Rhodes and William M. Rogers
Advanced Composite Materials Corporation
1525 S. Buncombe Road Greer, SC 23651
F—7)—F | SiC whisker., alumina composite, rice full. toughening mechanism. fracture toughness,

high temperature strength, hardness, commercial application
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Silicon Carbide Whisker Reinforced Alumina
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Table 1. Properties of Alumina and Whisker Reinforced Ceramics

Sintered Sintered/HIP Hot Pressed Hot Pressed

MATERIAL

7.5% SiCw  7.5% SiCw
100% Al,Oy 92.5% Al,O 92.5% ALO

15% SiCw
85% AL,

25% SiCw
75% ALO,

THEORETICAL
DENSITY 3.96
ACTUAL, g/cm® 3.96

3.92
3.73

FLEXURAL
STRENGTH,
MPa

345 414

FRACTURE
TOUGHNESS
MPa-m1/2

27 43

WEAR RATE®@
105g 180
VICKERS
HARDNESS,
GPa

17.0 17.5

YOUNG'S
MODULUS,
GPa

380

MAXIMUM

USE TEMP,°C 1100 1100
ELECTRICAL
RESISTIVITY

Ohm-cmz/cm

108 3X104

THERMAL
EXPANSION
10¢/°C

8.0 77

THERMAL
CONDUCTIVITY 27
Wim °K

3.92
3.86

3.86 3.78

3.72

635

4.5 5.1 6.6

18.5 19.5 20.7

391 382

1100 1100 1100

3X104 1.8X109 X102

7.7 74 7.0

AR

LAVSEFRIE U 12810 M- DBEE D> STWIFIMN Y]
MEEM ORRALOB & TH RER 230 & > THER
LT3,
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(#37) | Boron Carbide Whisker and Platelet Reinforced Ceramic Matrix Composites
E=Z (FrEHAE) | Jenq Liu, P. Darrell Ownby and *Sam C. Weaver (Ceramic Engineering Department
University of Missouri-Rolla Rolla, Missouri 65401. #Third Millennium Technologies
Inc. 120 Sherlake Drive P.0.box 23556 Knoxville, TN7933-1556)
F—7—FK | Boron carbide whisker and platelet. alumina matrix. silicon carbide matrix. hot-pressing.

fracture toughness
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44 k)L (3X) | Boron Carbide Whisker and Platelet Reinforced Ceramic Matrix Composites
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v Alzoa/B‘C(')—parallel to hot pressing direction
[ ] Alzon/B‘C(P)-perpendiculur to hot pressing direction
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Fig. 1. Fracture toughness of alumina versus volume percent boron carbide

platelet and boron carbide whiskers.
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Fig. 4. Fracture toughness of silicon carbide versus volume percent boron

carbide whiskers.
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Fig. 3. Flexural strength of alumina versus volume percent boron carbide platelet
and boron carbide whiskers.
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Table 1, Sample Processing Conditions

Sample  Consolidation pH Vol% salids  Viscosity Retative
Method (Pa-s) Density
at 0.3 Hz
a P. F. 3 50 on 0.68
b S. C. glass 3 50 o7 -
< P. 4 50 0.06 0.69
d s.C. glass 4 50 0.06 -
e DryPtmed NA NA NA 0.50
{ P. F. 7 50 - 0.57
g P. F. 4 40 0.67
h P. F. 4 20 0.67
i P. F. 8 20 - 0.58
j S.C.m 5 50 008 -
k S.Cm 8 0 >8
ion axis
Sample cross-section L Top 2 2
Whisker axis
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Figure 2. Green body pole figures a-k (see Table 1.)

Metal ing

Figure 1. (a) Pressure filtration device; (b) schematic of edge
adhesion during slurry consolidation via slip casting.

Figure 3. SEM micrographs of a hot pressed alumina mawix-25 vol.% SiC whisker composite
with local variations in whiskcr oricntation which arisc during green body processing
via pressure filtration.
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(#F ) | Fabrication of SiC Whisker-Reinforced SiC Ceramics
2 (FEHERY) | Kaoru Miyahara, Takashi Watanabe, Shin Koga and Tadashi Sasa
Research Institute, Ishikawajima-Harima Heary Industries Co..Ltd.
1-15, 3-Chome. Toyosu, Koto-ku. Tokyo 135 Japan
#*—17— K | SiC Whisker-reinforced SiC, whisker CVD-coating, interfacial bonding, slurry-pressing.

HIP, whisker bridging, pull-out, fracture toughness, whisker diameter
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24 ;L () | Fabrication of SiC Whisker-Reinforced SiC Ceramics
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Fig.1 Fabrication process of SiC whisker Laonat of carbon coatiag (3)
-reinforced SiC ceramics.
Fig.6 Fracture toughness of SiCw/
1F SiC Composites doped with
' ® B and C as a function of
— ® amount of carbon-coating
= on whiskers.
s ME
~ ® Table 1 Fracture toughness of matrix and composite materials
el / containing whiskers of different dimension.
§ kb Naterial Average Average Kie
x Diam.,um | Length,unm|( MP av ' m)
a 0 vol% Whisker —_ — 3.4
Lr , 0 volk Whisker A | 2.2 | 17.9]| 4.8
1 L
10 m s 30 volX Whisker B 3.8 23. 1 5. 2

HIP temperature (K)

Fig.4 Bulk density of SiCw/SiC
composites doped with 5%

Table 2 Anisotropy in fracture toughness of SiCw/SiC
composite measured by indentation method.

Al20s as a function of Plane Crack Direction Kic (MPavm)
HIP temperature. N-Surface 7.4
S ; P-Surface X 4.5 (0.61)
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Fig.5 X-ray pattern of carbon SiCH A—/SiCIMy)I MEALIIVIANT DV, REIEEEE
ig. -ra - . /
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(ED) Slip Casting under Pressure
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F—7—FK Slip casting, Pressure, Al,0,, Al,0,-SiC composite
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4 M Slip Casting under Pressure
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Figure 3 :

hour at 1600°C. Final density = 88 vol%.

Figure 2 : Different shapes of samples made with slip casting under pressure.

Figure 1 : Viscosity versus pH for dispersed and coagulated slurries containing
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Figure 5 : Effect of the value of the pressure applied during the slip casting on the

sintering behaviour.

Table 1 : Green density of AlLO, cylinders made with a coagulated siurry containing
60vol% of sofid under different pressures,

Pressure {(MPa)

Green relative density

0.1 6t.5
0.14 65.1
0.17 66.5

Figure 4 : Composite sample made with a green density of 67 vol%. sintered for 1
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F—"— K | Al20s, Zr02. flexible ceramic sheet, tape-casting process, laminate, hot-pressing,

pressureless-sintering, superplastic deformation
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Figure 6. a) Optcal micrograph showing the formation of higher density bands
{arrowed) in pressureless-sintered AlL,O,/5 vol.% ZrQO, (27X). b} SEM micrograph of
dense region of Al,0,/5 vol.% ZrO, pressureless-sintered at 1480°C for 3 hours.
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Figure‘ 7. Superplastically deformed AL,0,/10 vol.% ZrO.

laminate. Measured strain at peak of dome is - 100%
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Deformation of Alumina/Titanium Carbide composite at elevated
temperatures
+H ::: J. Am. Ceram. Soc.,74 [9] 2258-62 (1991)
T.Nagano, H.Kato (Reserch and Development Center,. Suzuki Moter
=z = Corporation, Hamamatsu, 432-81, Japan)
(FREHERE) F.Wakai (Ceramic Science Department, Government Industrial Research
Institute Nagoya, Nagoya, 462, Japan)
* -7 =F Alumina, Titanium Carbide, composite, superplastic, grain boundaries
flow stress, true strain, tension, elevated temperature
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Table 1 Some propaties of Ali0a/TiC composite

70 wt%

AlLQ;
TiC 30 wi%
Grain size 1.2 um
Density 40305/cmJ
Hardness (HV) . 2
Bending strcn%th : 780 MPa
Young's modulus 490 GPa
40
1500 °C
~ Al203/TiC
o T1 2.98x10-4s—1
QE‘ 30 T2 1.19x10—43—1
z T T3 2.98x10-53-1
S 20 ik T2
b
k7
T3
g 10
-
0 1 1 L L 1 1
0 g.2 0.4 0.6 0.8
True strain

100 |
50 |
E n
= 20
9 10 ET ) Temp. n
2 5k S/ s 1450°C 3.2
@ C /S o1s00°C 3.8
2 ° 1550°C 4.1
1 1 L 1
10°% 10°-% 10~* 10-9 10-72
Strain  rate :(s“)

Fig.4 Relationship between flow stress and strain
rate in the method of strain rate changing

Fig.2 True stress-true strain curves for a constant

crosshead speed at 1500

C
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Fig.5 Relationship between flow stress and strain
rate calculated from peak stress in tension tests

Fig.3 True stress-true strain curves for different
temperatures at initial strain rate of 1.19 X10°*/s
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(E3D) Superplastic Alumina Ceramics with Grain Growth Inhibitors
Ho# Journal of American Ceramic Society, 74 [4], 842 ~845 (1991)
E #E Liang A. Xue, Xin Wu. I-Wei Chen
(Fr/E#3RE) | (Dept. of Materials Scoence and Engineerong, The Univ. of Michigan,
Ann Abour, Michigan, USA)
F—17—-FK alumina ceramics, superplastic deformation, grain growth,
inhibitors, additives
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Superplastic Alumina Ceramics with Grain Grouth Inhibitors
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1450°C & o e
z |
= Gl
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Displacement (mm)
Fig. §. Forming load versus punch displacement for MgQO-doped

and ZrOradded alumina during superplastic stretching at 1450°C.
The average strain rate is 3 x 107 "/s for the former and
1.5 x 107'/s for the latter.
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Fig. 1. Scanning electron micrographs of polished cross sections of various aluminas (bar = 1 um). As-sintered specimens: (A, €
(B) MgO-doped; (C) 2rQ;-added. Deformed at 1400°C, 107/s: (D) pure, ¢ = 0.57; (E) MgO-doped, ¢ = 0.68; (F) Zr%;-udded; (¢ )-%ugs'
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Fig. 2. Flow stress at a constant strain rate of J0™*/s versus strain 10°% )
curves for pure, MgO-doped, and ZrO;-added alumina. 10 100 1000 02
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Fig. 3. Relationship between strain rate and flow stress at 2% 00 v ———t T T
strain at 1400°C for pure, MgO-doped, and ZrOradded alumina. 00 01 02 03 04 05 06 07 08
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Fig. 4. Normalized grain size {see text) versus strain for various
sluminas. Data of MgO-doped-1 are of this study, those of MgO-
doped-2 are of Mocellin er al. (Rel. 5, do = 1.17 wm), and those of
MgO-doped-3 are of Venkatachari and Raj (Ref, 17, dy = 1.6 um).

Fig. 6. Superplastic-stretched alumina disks: (lef: - H
(right) ZrOz-added. fsks: (1eft) M5O-doped:
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Shear Thickening Creep in Supernlastic Silicon Nitride

FH (AN

I-Wei Chen and Shyh-Lung Hwang

(beparment of Materials Science and Engineering.University of Michigan.

Ann Arbor . Michigan 48109-2138)
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sialon.snrperptastic.shear thickening.creep.transition stress.compression.model
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¥4 b (X)) | Shear Thickening Creep in Superplastic Silicon Nitride

(B. %. 5A)

Table . Compositions* Heat Treatments, and Phase Assemblages of SIAIONS

Composition
Designation' Si;N, AIN A1,0, Y10, Phase assemblage
S0610 83.73 1.77 373 370 30% o + 0% B
HO0610 8373 117 373 370 00% B’
S1510 731 15.42 1.01 891 90% (e + a') + 10% 8" + YAG
H1510 73.71 15.42 1.01 8.91 >95% o' + YAG
S1010 79.19 11.24 2.50 6.06 60% (a + ') + 40% B’ + YAG
$1025 68.50 14.69 10.70 6.09 35% (e + a') + 65% B’ + YAG
50633 65.73 13.13 16.56 3713 >95% B' + YAG
*Composition expressed in wt%. 'S —hot-pressed at 1550°C for 20 min: H—hot-pressed at 1550°C for 20 min, followed by annesling a1 1550°C for 100 min.
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Fig. 1. ZrO, sample after.forming at 1150°C for
10 min, with a constant punch veiocity of
0.6 mm/min (shown in top and side view, with the
punch).

»  1150°C,0.6mm/min.
°  1150°C,0.3mm/min
* 1200°C,0.6mm/min,
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Fig. 4. Schematic of stress—strain states in punch stretching.
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Fig. 2. Load-displacement curves for punch
stretching at temperatures of 1150° and 1200°C,
and at punch speeds of 0.3 and 0.6 mm/min.
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4 b (30

Low Cycle Fatigue of Discontinuously Reinforced Hetal Matrix Composites

HLERERBETH S,

Table 1. Tensile and fatigue properties of the materials studied.

Material E Rpoz R, A, o/ b e c
(GPa)  (MPa)  (MPa) (%) (MPa) (%)
AAG061- 1 300 330 T.4+4 402 -0.044 21 0.93
matrix
AA6061 91 320 432 1.0+0.15 456 -0.055 3.1 -0.61
Saffil
AA6061- 95 350 380 34+1 464 -0.05 4.1 -0.58
SiCP
2107
A€
2
o2 - -
s16° .
o — — AABO61
R 4 — AABOG1-SIC i
. eeeies AAB061-Saffil
10° L . A
107 | - SN O
il 1 NI
ST N 2 1Y
- | R
) _1 N\ -, 'y B
107 - ] A\awaﬁtﬁ.ﬁ;——#
- ] Figure 1 - Composite microstructures. a. AAS061
5 n with 15 v/o SiCp, horisontal direction
16“ - - corresponds to the direction of extrusion.
- . b. AAGOS1 with 20 v/o Saffil.
165 2 e 1 IR | 1 el 2 AT | 2 P
1 10 102 10° 10° 1

NUMBER OF COMPLETE CYCLES TO FAILURE, Ng¢

Figure 3 - Straindife diagrams. a. Variation of total strain amplitude with the number of cycles

to failure. b. Plastic strain amplitude versus number of cycles
to failure. ’ :
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(FExx) Corrosion Behavior of Metal Matrix composites

S.L.Coleman, B.McEnaney, V.Scott and K.Stokes*
% # (mEEH) {School of Materials Science, University of Bath)
{*Admiralty Research establishment)

corrosion, metal matrix composites, carbon fiber, nicalon,
¥—7—FK saffile, SiC, aluminum alloys, galvanic corrosion,
fabrication route, interface.
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24 by (FEX) Corrosion Behavior of Metal Matrix composites
(H. £ ZH)
Matrix | Reinforcement Fabrication|
Type Geometry Di t Route
57 Carbon cont’ fibre 8Sum LMI
90
357 Carbon | anidirectional s sc
357 Nicalon " 15 M
357 - Saffil 100um short fibre 3 LMI
planar random
Fig.1. Corrosion at the _
fibre/matrix interface ax Carbon | cont fibre 8 sC
in squeeze cast 357-carbon unidirectional
after 3 weeks immersion. 2124 sic particle s PN

Fig.2. Aluminium carbide
at the fibre/matnx
interface in squeeze cast

-carbon;
Al Rire, b matrix, ¢ Al4C3

Fig.3. Preferential corrosion
around (CuFeMn)Alg in
squeeze cast 2124-carbon;

a Alo,CuMg, b (CuFeMn)Alg

LMI: Liquid metal infiltration
SC: Squeeze cast

PM: Powder metallurgy

Table 1. Details of the composite systems used in the investigation.

Couple Current Corrosion
BA) Rate(mm.yr'1)
357-Carbon 465 5.0
357-Nicalon 72 0.8
2124-Carbon 320 3.6
Al-Carbon 260 2.8
Table 2. Results of galvanic tests on matrix/fibre couples.
MMC Maximum Pit
Depth (um)
357 c45
357-Carbon 6000 (LMD
. 300 (SC)

357-Niealon 350

357-Saffil 35

2124 35

2124-Carbon 50

2124-SiC 40

Al-Carbon 150

Table 8. Maximum pit depth recorded after 3 weeks corrosion.

87
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(0 SiCHHBLTIVI =Y AR GOEFEGH LB ITHTIRBEORSE
Z4 b “Environmental Influence to the Fatigue Behaviour and Damage in SiC-Fibre
Reinforced Aluminium Alloys
Ex (FHELER) K.Schulte(Technical University Hamburg, Hamburg, Germany), K.Minoshima
(Kyoto University, Kyoto, Japan)
F—— R Si{ fibre, fibre reinforced aluminium, fatigue behavior, tensile test,

corrosion fatigue, immersion test, corrosion damage, NaCl solution
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KRILEY. UTORENB SN, Table 1 iZHS
HoL s TERBRFDIIBEIUERFHEERXE BT,
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EHHSOMPa, BB(ET I 255 T#H 5. Figures 2b,
2ciz NaC 1z 245500 2 72058 K L - B SH 05
KEZRT . UHMOBETE X, < bUvI X
OEFITETT IEARES BB IR, TIRHORHE
B, TrV Y I AEBOBLWEBHERB Y. Thid
BN IALVAKATNETH U, BRSEEH
FEIZEEHIIBI > TR IATR. AdPEgx
Hic, —BEIZRHAT VS 29 At OISR ISR
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—FD¥EFELT. MU 7 22BN Ny Y
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MOHN=y 2 BER DML, EEHOBREC
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BRAOBESIR. 3.8 NaClEEFOREDO7IILI =Y
AERDBRIFEFOL S RBEHOBRYH Shiz, HEK
BOI L. BRELKIERDIE. Hirh-E#ox
EHIATEL. SEXA V- FORBEE2L TR %R
LTW3, TERAOEEICIOE L LOSEHESSH .
VOV IBEMET N v ) ADBATHREL-C %
RLTWS, BAEFDI Sy rid. bvannkdiz
75y ) ORRERKL THEOH I SRAHIIREL.
BELMEER 7S5y ) DREETLTVE, BED
SROBREES? Sy 7 0RBR. 7 3y 7 REKTOB
B, BB ALN active path corrosion EDIHEH
BEOBASHROER NV FLI>ThEEXh S, SER
WizTyranno, /Al EEHTid. 3.58NaClB#HY TR
EEOBRELSHRBXIE. VS v IRBOMEEE
R MY oI ARBOBRILE>THE L. GHEBAH
hOHRIE. COBRESHROT MU v 7 ZAHBIEHRAY
RICHBTHT LI 2RO TERALBS,

AMBEEHEHABIZE > Tz, ToFEHE LT T

I3

i B

Proc. of 5th Europian Conf. on Composite Materials, P.569




[B-2-1]-3b

S4 R D) Environmental Influence to the Fatigue Behaviour and Damage in SiC-Fibre
Reinforced Aluminium Alloys
Table 1 Mechanical Properties of Tyranno/Al
(0] Specimen {90) Specimen
Tension Compression Tension Compression
oy (MPa) 867 1605 167 204
EB (%) 0.95 1.77 1.31 7.80
E (GPa)| 120+10 118 101 90
LU 202E3 1438,50 SE J104n200ky 250E3 1457/90 SE
Fig 2b SEM micrograph of the specimen.surface immersed
in 3.5% NaCl solution for 72 h near liquid/gas
interface
Fig 2c¢ As 2b, but far from the liquid/gas interface
1000 - ~ 150
c
N
w 800 2 100 S
< 4
& vt
£ + Tensile Strength 3 o Jrg Mater R = 0.
£ 600 o Air R = 0.1 § 50 + 3rd Mater R =0t B
5 « NaC! Soln. R = 0.1 g NaCl soln [ S
= - Alumingm JIS A1200
R = -1.0 Air
400

a) longitudinal specimen

1E~01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

o] — {
TE+00 TE401 JE+07 1E403 1€4+04 1E+05 1E406 1£+07 1£+408

. le i
Cycles to Failure Cycles to Failure

b) transverse specimen

Fig 4 S-N curves in a 3.5% NaCl solution
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ZULADHEHMEE WS IER TR M G2 L.
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(FR130) BHEBIL7 VI DI L ESORKBERIE L 55REE R £
A NIV
(&) Heat treatment optimisation and improvement of tensile properties
of fibre-reinforced aluminium alloys
H B Proc. of 5th Europian Conf. on Composite Materials, P.773
x % F.D,N.G,M.G.B,A.B.M (University of Surrey - Guildford Surry -
(Frig i) Great Britain ,Universidade do Porto - Porto - Portugal)
F—-—J— K A1-5%Cu-0.5%+T1, squeeze casting, binder, solution treating, critical
temperature, G. P, zones age-hardening
K., £, BE,. 2EYBOY | X:8 £:2 EH:2 2B XH: 11 | PREF | ERKEX
SREESHMBICEHAEZAAT OB | h—2AWXEICE>THEHAE, (X2, 3,
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WL S 28— cflf&ELEL Y
v NOBEFRICEBT TIOL I VOB
THd, MILBEFOS 1, ThUwy
2icE > THEMBERIGL THB S, ¥
T4 - JUBRHETIE, 4%DS 10, 8F
nTna,

< MUY ZHERORBERICOFEE L Z
ORBOME T, BREOME %2 REMT S
. CORBROVEBEORXBEER L., BHIK
R R ICBERZHETLED, FOLONR
BT, T MUY T A OWEEE BT
ETxH5,

AR LAl —-5%Cu—0. 5%
Mg+ TidBs, SiEBEKILOAESGD
MHEL< MY w7 2ROWEE ORIGIC
o THREZNG, ZHBiE, ELy FE
WMTRAET DT 7AN—IIS A=
HEAL/Si/ Al,Cu, Al/Si
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By,
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0, 200CoO3EHEORETRHM, &
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i
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4) 140CTHEH, TrYY Y AW I3ER
L 1 ORRIBICEEL =, HEHIE, 2
5~38 OBFMI#ICHvV 1 90 TRELE. 18
OCTIE,. HEMIIOKME, Hv 14 0 THE
L. 1 5EMBICELLBLLE, 200CT
., TRU Y RCRLSNEBELE (LR, ¥
EMIISEMBICY—VICELE, -2 %7
CEETLE, 2L OTF— 2D SEREEN
BELTWAZENHL LR, BBREE
UTFoEEE. G. PY—YOBREED
5, BRBELETIEH, G. PY—-YE&ELT
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NV Heat treatment optimisation and improvement of. tensile properties
fibre-reinforced aluminium alloys

-5¢, - !
Al-5%Cu-0.5%Mg-T! + 20%SafM! Al-5%CU-0,5%Mg-T + 20% Saf]
a Composite 515°C Stepp N
* Composite 525°C Stepp ¢ Composlte 520°C-2h
B Matrix 515°C Stepp .
HvS5Kg | @ Matrix 525°C Stepp Hvikg | § Matrx 520°C=2h
200 160
I3 ]
o] °
1807 oled @ 4 0] Jle |* % e
160 . 1 ] .
140 120 S %
1 o
120 b e [ 1004 (a |8}y
100 42 {1 ¢ 8 4
80 80-: -
60 60
0 10 20 30 40 50 60 70 0 10 20 30 40
140°C Aging Time H. 180°C Ageing Time H.
Fig2 Fig 3
Al-5%Cu-0,5%Mg-Tl + 20%SafMl
B Composite 520°C*2h
Hv 1 Kg ¢ Matrix 520°C*2h
160
150 J a
1401 41 9@
130 ] a
120 ]
110 ]
L J
10] o1 J|® 1 e
% )
0 10 20 30 40
200°C Agelng Time H.
Fig 4
Matrix Treatment Fibers /binder Rm R0.2% [ R0.02% E A%
(MPa) (MPa) | (MPa) | (GPa)
Al-5%Cu T6 Sh at 470°C Matrix 320 226 182 71 6,33
2%Mg Water quench Sallii / Si0g 458 416 297 90 0.35
Ti 8h at 180°C SAT / Low 448 383 | 285 92 055
Si09
T6 S5h at 470°C Safit/ 430 346 324 88 0.7
Water quench Low Si09g
Sh at 180°C
Table 2

R
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(% %) AN OVERVIEW OF THE DAMAGE EFFECTS RELATED TO THE PROCESSING

OF ALUMINIUM MATRIX COMPOSITES BY LIQUID INFILTRATION

% % (RN

Y.Lepetitcorps, J.M.Quenisset, T.Stephenson (Universite de Bordeaux)
G.Leborgne, M.Barthole, Y.Rouaux and R.Moore (PSA Etudes et Recherches)

-7 —F

squeeze casting, infiltration,

aluninium matrix composite, preform,

fiber/matrix interaction, spinel interphase, binder, aging response
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HFhdHo, TABELCEELES- T, 2%
BRI EEFERICHL LTV,

ARAEN TR EEETICONMBEFELTZ Y v 7
MR N v - OLENR, BBERINERN
DEY, INSOBEHECHT ZEELZGEE/ND
FeHDELFICOWTHELZ RTINS,

v Yy s AHBOEETRLFEEITRERER, <
oy 7 AROMg EHHEEORIDICE ARV AR VED
Femi & #huchl S EiaMg DiRib TH 5. Table | 3Cuk
Mg 7 & R NVEBARRIOLE, Fig.l &=t Y v 7 24
B TIRREIC & A RERICAKEHOEL, Fig.2 &~
R NERICEIMGBEOZALEZRLTHD, Tho0
Bl -9 »S. BEMEBLEDBESREHTREE
LR Yy 7 AMITESICHBEERIGT BT EHY B,
Fig.3 WEBEEC L > CRBEL tEESMEO= MY »
2 2P ONgEEILTH O, SVl oHi(a) TRER
MERLUTITLEICRIGHEL 31w, MO+ o
TMEEE AR - TV 3, {EVgHE DB A (D) i3
H/= Yy 2 ARARTCICEBRIAN S 3 1o, BIFE
BRICRMgBEORTREDSNE LA, S/ <Y
v 7 ZARERIGESMEBDICHEL 315, SMOMEBBIC
WM IRAE s KIBICIE T 9 3.

7MYy 7 ABOMGE I DL ICED TRIGESSV

eho, MM ERRLLD, BT ETREL TR
FMATERSVWEWIHEEELTWAY, 2hEFEC
e/ 7y 7 AORTEEABREEHET 30ICED
TEENRIERLL TV,

TRy 7 REOREIESL T2 D3 ###7ET T
BN 7Y 7+ —20BEEICHWB AV F—DEE S
DIEDREWV, Fig.d BNA V=2 LTT VI +RY
VI nERVWIEBEDT M v 7 AhOMgRUCuD i
TALERLTWB, VY ANy F—2A 0B
MEO L + LI TMEREORIBEETHELTED, v
UANAY T —DRUCENKENWT & H¥ B, Table 2
BNAV S —C R BEEMREEOBNERLTHD,
RICEDOB WAL v F—= (v A) 2HVE &, #it/
2 b o 7 AOREMESICTHRERMH AV T =L DK
RIS & - THERDT B, REEDEW A F—2H
Wi BAITHENTHEMSEL 7 B,

77 =L REBEEPEAUENEDT M S, B
BRICRMEYVOEINLETHY., BIFICLNT, #
DEF (FE 5~10MPa ) TREEIZEE ICKIgT 3,
Ll BHEORSWERT A P ETHRTE
Wicwd, OB FNESASHEE TR &
FERICEZ7 Y7 +—L2KOLRHOEHMESEROR
kD E > BERULEBETH 3, Table 3 REF2E
ENOEEHEBENOHEE L RLTHEY, THY v 7
APOMGRHDITWVFEARII BIF Sl <Y v 2
ZREESEZEBIOCFHVERENSHLEE LB,

Alloy composilion Interphase
atomic %) Composition Ear2(kcalmol)

Al (99.5 %) a- Auming 535
Al 3 % Mg MgAI204 spinel phase 11
A3%Cu a-Auming 494
Al10 % Mg Mg AloO4 + MgO 15.1
Al 10 % Cu a-Alumina + smail amount of Cu Al2O4 739

Al4.5%Mg4.5%Cu MgAI2Q4 Spinel phase 8

Table 1 : chemical reaction between silica rods within liquid aluminum based
matnces according to the following experimental conditions :
670 < T(C®) < 800 et 0 < duration < 30 min

I
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4 b (G X) AN QVERVIEW OF THE DAMAGE EFFECTS RELATED TO THE PROCESSING
OF ALUMINIUM MATRIX COMPOSITES BY LIQUID INFILTRATION

350 T T T 1‘2 T 1] ML T ¥ P
300 F N\ AH3%CU(AI%) 3 g 1 3
B0 F o E % 0.8 -
= 20 ] = ]
@ E 0.6 3
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< 18 R of solidification showing the influence of the binder chemical composition.
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Manufacturing of Al-Si Matrix Composites Preforms Reinforced by C-fibres
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carbon fibre reinforced aluminium, reactive C.V.D, carbides, fluxing,
fluoride deposit, physico-chemical observation, monofilament, wires preforms
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Manufacturing of Al-Si matrix composites preforms reinforced by C-fibres

Table 1: fibre charactexistics (L.P.C.M. source, gauge length 2 cm).

Fibres | or MPa | E GPa m Weibull | cte (107 %+c™Y)
Crsoo 3150 210 6.9

Ccric 2100 208 5.5 5.5
Csic 2650 210 3.2 3.8-5.8
Ceac 2650 210 4.7 5.7

Table 2: monofilament tensile tests (C.d.M. source, gauge length
2 cm, cross—head speed 5mm/min) .

Fibres & ¢ ¢ (Pr 0.5)| ¢ m cal. m number of

treatments MPa MPa MPa Weibull tests

cr3oo 2679 2602 2675 6.5 41

2

+0.3mg/cn 2395 2626 2595 6.1 61

KX2ZrFé6

+0.5mng/ z '
omg/en 1051 1060 1050 3.8 57

K2ZrF6+AS13

diasc. proc.

Cric+ 0.25 1809 1819 1810 4.7 49

K2ZIrF6

+AS13 disc. | 1466 1469 1472 2.8 49

process

cont. proc. | y3gg 1385 1389 2.7 55

14m/b

78m/b 1442 1385 1585 2.6 54

Table 3: wire
speed 6mm/min, average values on 8 tests).

preform tensile tests (gauge length 5 cm, cross-head

Elaboration conditions ocr MPa Sections mm2 VE &
CTic + 0.25mg/ z
Tie -2omg/en 263 0.87 28
K2Zr?P6 + AS13 / 38m/h
Cric + ~1ng/c-2 K2ZxF 6 320 0.57 43
+ AS13 /Sm/h
R

R TH(L LTV I = R Y w7 2OESMED
BEEHXL . mWERURAEORIGEHET 270
< R C.V.D. &KL ZrFe MRS & DS LRI > WTEE
RENTBOELEV, LEL. SOOIk ->T
(LB E O - REEMEL TV,
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Forming of magunesium matrix composites by forging
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THEORETICAL AND EXPERIMENTAL ANALYSIS OF A1,05/A1-Si COMPOSITES PROCESSED
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FROM A1-Si-Zn AND Al-Si-Mg BY DIRECT METAL OXIDATION
N TABLE 1
Chemical Composition of Various Alloys used for the Directed Oxidation Studies
Alloy wt % Si wt% Zn wt % Mg
Al-2Si-5Mg 1.9 - 4.8
Al-5Si-10Mg 4.9 - 4.9
Al-10Si-5Mg 9.8 5.0 5.1
Al-55i-2.5Zn 5.5 2.5 -
Al-108i-2.5Zn 10.8 2.5 -
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Figure 1. Weight gain versus time plots for oxidation of (a) Al-5Mg-2Si and

(b) Al-5Mg-10Si alloys

(b) Al-SMg-10Sk alloys
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Figure 4. Schematic illostration of grawih process during direcicd meut axidation
of aluminum alloys

Figure 2. Growth rate as a function of time and oxygen partial pressure for (a) Al-
5Mg-2Si and (b) Al-5Mg-10Si alloys and (c) growth rate 2 hours after the start of
the reaction
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(F130) |Al-Cu-Mg,Al-Ni-Mg B XU Al-Si-Mg &€ ¥y 1O HBEEBER{LORT
2o WV
(3£37) |DIRECTED METAL OXIDATION ANALYSIS OF Al-Cu-Mg,Al-Ni-Mg AND Al-Si-Mg ALLOY
COMPOSITES
o) :::A 16th Annual Conference on Composites and Advanced Ceramics / Am.Ceram.Soc.
(76-C-92f), p.494-502
¥ & S.C.Khatri, M.J.Koczak (Dept.of Mat.Eng.,Drexel University)
(PriE#sed) T.Chou, Y.Kagawa (University of Tokyo,Inst.of Industrial Science)
¥—7— K directed metal oxidation, Al-Cu-Mg, Al-Ni-Mg, Al-Si-Mg, ceramic-metal comp
osite, Al203/A1-Ni, Al1:03/A1-Cu, growth rate, Lanxide, DIMOX,
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DIRECTED METAL OXIDATION ANALYSIS OF Al-Cu-Mg,Al-Ni-Mg AND Al-Si-Mg ALLOY
COMPOSITES _

TABLE 1
Chemical Composition of various Alloys used for the Directed Oxidation Studies
Alloy wt % 51 wi% Cu wi% Ni wt % Mg
Al-58i-5Mg 5.5 - - 5.3
Al-55i-10Mg 5.6 - - 9.5
Al-5Cu-5Mg - 5.0 - 5.4
Al-5Ni-5Mg - - 5.1 5.3

TABLE IT
Reaction Rates as Measured by Weight Gain during Oxidation via Stepwise Heating

Figure 1. Asch Wustrasion of the Lanxide™ process of various Alloys
w 2000 Tomparature | AFSSi3Mg | AISSH10Mg | Al-Cu-3Mg | ARSNI-3Mg
X) (mg/g.hr) (mg/ghr) (mg/g.hr) (mg/g.hr)
T 44 Temperawre 1473 15.6 SI.7 50.1 713
& %3 1523 73.4 98.6 68.1 50.4
[<X e 1573 100.7 101.2 92.6 14.1
£ 6 2 1623 94.5 99.5 30.6 10.1
S Fico 3 1673 - 99.5 22.9 5.9
=
= 4 Waeight Galn E TABLE_ m '
2 Estimated changes in the Alloy Compositions, differences between Liquidus
2 Temperature and Processing, Viscosity ges and reason for Reaction Termination
Alloy Final ATy ATy Avj Reaction
o . . . . o Composition x) X) : ‘Termination
[} 100 200 300 400 500
Time (minutes) Al-5Si-SMg | Al-22.16Si | 723 590 T Alloy Depletion
Al-5Si-10Mg | Al-23.4ssi | 723 595 T | Alloy Deplegon
Flgure 2. Welght galn vs. oxidation time for a AF5CuU-SMg alloy during Al-5Cu-5Mg | Al-1937Cu 752 202 - Alloy Depletion
stepwise healing ALSNi-SMg | AI-1939Ni | 660 | 483 11 | High Viscosity
< Al-5Cu-5Mg alloy > .
TABLE 1V
I [ © 9=ALO, Phases Predicted and Detected in the Metal Channels for Ceramic/Metal Composites
= Qo MgALQ, formed from differcat Alloys
3 o o e Alloy A3 SMg | AL I0OMg | AFSCu-3Mg | ARSNisMg
] Predicted Si Al Mgaoi. SLAL| AL CuAl; | Al AlNi
= Phascs CuMgAl; | AIMgNi,
= Detected i, Al SLAL | ALCuAly | AL AN
2 Phascs
<
£ TABLE V
% J E e Metal Volume Fraction and Porosity of the Ceramic/Metal Composites at different
| Al j ﬁ K. . TQX 2% Processing Temperatures
10 20 30 4 S0 60 70 8 K Alloy Temperature Meaal Porosity A0
(K) (%) (%) (%)
26 (deg) AS313Mg 1473 22.07 1.38 ;ggz
Figure 4. X-ray diffraction plots for ALOy/Al-Cu composite from Al-5Cu-SMg ig;g }6;; (1)34 88,58
alloy
Al-5Cu-5Mg 1473 16.46 0.79 82.75
1573 13.94 0.39 85.67
1673 7.61 0.38 92.01
Al-5Ni-5Mg 1473 17.55 0.72 81.73
1573 12.19 0.51 87.3
1673 8.71 0.20 91.09
R , N
1. %7 nvaid, BE TRIBOD L OEIIIIE )y
bR v YTIh e RSN A SICEE T A &
WTED,
2 . . 1 > d -
2. é&;%i WL TBIADBRTE W D ETEEIIR
217,

Figure 6. Microstructure of alumina / metal composites fabricated by oxidizing
(a) Al-5Mg-5Cu and (b) Al-5Mg-5Ni alloys
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(IX) | MEBRLET LI LOLKES
¥4 b
(%0 Diffusion bonding of fibre-reinforced aluminiunm
H :::S ECCM-5, P. 645~ 650
* -3 R.S.Bushby, V.D. Scott.R.L. Trumpert(University of Bath-School of
(MERAMN) Materials and Sience Claverton Down-Bath BA27AY-Great Britain/
$DRA-Maritime Division-Are-Holton Heath Poole Dorset-Great Britain
F—7—VF diffusion bonding, fibre-reinforced aluminivm, liquid-phase,
solid-phase, bond strength,micro-indentation tests, interlayer
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¥4 b Diffusion bonding of fibre-reinforced aluminiua
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TIIZYAEEMMCEID LY Y VERG - BT v ROBISR.

ZA4 L
(330)

DEVELOPMENT OF ALUMINUM MATRIX COMPOSITES CONNECTING RODS.

£E (FTRER)

Universite Bordeaux.
2) Inasmet, Barrio Igara.

F.Girot, !’ P.Conchez-Boveytou, !’ A.Munoz,?® J.Goni,?
1) Laboratoire de Genie Mecanique, Laboratoire de Chimie du Solide,

-carbon fiber
‘aluminum matrix composite (AMC)
-preform manufacturing

-ceramic binder
-alumina filler
-mechanical property

+3D finite element analysis
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ZA ML (X

DEVELOPMENT OF ALUMINUM MATRIX COMPOSITES CONNECTING RODS.

(%)
Sample Binder : | Binder : JAdditional | Al-13%Si + 35% M40
Reference | Water Filler Thermal fiber composites
Concent. | Concent. |Treatment {GR MPa | E GPa
18 20 : 100 | 20: 40 no 375 130
1A 20 : 100 | 20:40 |375°C 14h 375 130
35 20:100 | 20: 60 no 495 160
3A 20:100 | 20:60 [375°C 14h 650 165
4A 20:100 | 20:80 (375°C 14h 300 140
SA 10:100 | 10:20 |375°C 14h| 400 150
63 10: 100 | 10:40 no 600 165
6A 10:100 | 10:40 |[375°C 14h 585 165
#1 Composites properties for various preform conditions
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Microstructure of an
tiver composite

Al-13°%:S1 + 35% M40 carbon
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Design of a carbon/aluminium connecling rod
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(FI132) ON SUPERPLASTICITY IN SILICON CARBIDE REINFORCED
ALUMINIUM COMPGSITES
e )
BRI A JEBIET LI Y 28AMEOBEHICONT
(3E3)
$H :::1 Scripta Metallurgica et Materialia, Vol.25, pp. 271-275, 1991
= E= R.S. Mishra* and A. K. Mukherjeet, (#Defence Metallurgical Research
(FTIEHERY) Laboratory, +University of California, Davis)
F—J— K superplasticity, A1-SiC composite, threshold stress, grain boundary,
activation energy, diffusion creep, volume fraction dependence
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ON SUPERPLASTICITY IN SILICON CARBIDE REINFORCED
ALUMINIUM COMPOSITES
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FIG. 1. A plot of RYE against the applied
stress.
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A RHEOROGICAL VIEW OF HIGH-STRAIN-RATE SUPERPLASTICITY IN
ALLOYS AND METAL-MATIRIX COMPOSITES

BITH L. RS IR SN EICE W
CapillarityJEH T B LB TE 5,
WK BE I MoonDEER TIZ 6 0 %L ETH
BOIZHL. RLIZBITONE-EBRTOHEE
B E2rb%2MA WL HEEND, ¥
HIEESHERICLDENL T B0l
HIEFH I TAMBEEL LICELLELLT S
ctEZoNRN. X1 OEAMETIZHS
RSZRBTHMB. AEDOHESITEEL LV

EVWDIBREI. MBOXEME (CHEMR)
BEITBEHBOFERETELL A5 SZ
EERLTWES,
BT, Pharr £ Ashbyld. R EBTFOEOHE
DERETLIHEBROER D 2HEBEST
HBOEMHESHEEICELTEEZ L8R
Uize £hid. I EROBTIR. B
Az 8UESOBENSHEWESICHRES

700

BTHBEDTH 5.

R e N A — .
D SiCw/2124 . SiCp/ZO"I‘d o SiaNew /6061
2 600 A SICw/7475 a SiCp /7475 o SiiNaw /7064 .
& SiCp /PMB4 o ShiNew /2124 ® S[Nsp /6061
. soof b
=
O 400
< 3
00
g
o 2001
pus |
w  qpof
0 L N
-5 - 3 -2 -1 0 1
10 10 10 10 10 10 10

STRAIN RATE, s !

Fig.1 Elongation as a function of strain rate for several metal-matrix composites. (From

Mabuchi et al [11])

Table 1 HSRS Test Results and Conditions for Various Materials*

material test temp.°C  solidus,°C__ strainrate, 8" elong., % reference
B SiCw/2124 Al 525 502 0.3 ~ 300 Nich et aL 16}
B SiaNaw)/2124 Al 525 502 0.2 ~-250  Imat etal 8]
O SigN4(w)/ 7084 Al 525 ~525 02 ~260  Imaietal 17}
B SiaN4(w)/6061 Al 545 582 05 -450  Mabuchtetat 1111
IN 9021 475 495 1 ~300  Nich etal {12]
IN 8021 550 495 50 ~1260  Higashi et aL [15)
IN 90211 475 495 2 ~ 50O Blekr et al (13!
MA SIC(p)/INS021 550 495 10 ~500  Higashi etat (16
7475A1-0.7wi%Zr 520 <538 0.3 ~ 900 Furughiro&Hort [5]

* Subscripts (w) and (p) denote whisker and particulate reinforcement, respectively.

[

10 T
g 30 vol% SIC
E‘ Al-8.5 W% SI ——_
g 20 vol% SiC

-1 4

; 10°F 10 vol% SIC \
w \
[
o
&
< Data from Moon [22]

10 -2 1

10 100 1000

SHEAR RATE, 8™

Fig.2 Viscosity of Al-6.5wt%S! alloy and its composites containing 10, 20, and 30
volume % SIC particulates (from Moon [22]).
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Superplastic Behavior in As-Extruded Al-Cu-Mg Alloy
Matrix Composite with 20vol% Si3N4 particulate

M.Mabuchi,K.Higashi®*,S.V¥ada*, S.Tanimuras

(Government Industrial Reserach Institute, Nagoya)
(*Department of Mechanical Engineering, College of
Engineering, University of 0Osaka Prefecture)
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superplasticity, aluminum matrix composite, Si3N4 particulate,
Al-Cu-Mg alloy, hot extrusion, small grain size, high strain

rate, the strain rate sensitivity, strain hardening behavior,

free necking
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¥ b (EX) Superplastic Behavior in As-Extruded Al-Cu-%g Alloy
Matrix Composite with 20vol¥ Si3N4 particulate

Figure 1. A rypical microstructural feature of an as-extruded Si3Nap/Al-Cu-Mg composite.

Figure 2; A typical superplastic microstructure of the SisNap/Al-Cu-Mg composite

annealed at 788 K for 1.8 ks.
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Figure 5: An example of the fractured specimen of the SizNgp/Al-Cu-Mg composite.
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Figure 4; The variation in flow stress (top) and elongation (bortom) for the Si3N4p/Al-Cu-Mg composite
at a fixed testing temperature of 788 K as a function of true strain rate,
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24 M Effect of hot working on the microstructure and properties of
a cast 5083 Al-SiC, metal matrix composite

Figure 3 : SiC particle clusters and interparticle Figure 4 : Micrograph of as-processed MMC showing
voids in the as-received MMC. no evidence of interparticle voids or particle
clusters,

Figure 5: Mg-rich second phases arranged in bands ~ Figure 6: Homogeneous distribution of second ph_i\sc
in the as-received composite. precipitates in the as-processed composite.

Figure 7: TEM micrograph of the as-received MMC  Figure 8 : TEM micrograph of the 91pct. reduced MMC
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revealing an ill-defined subgrain squcture revealing a well-defined subgrain sgucture
with very high dislocation density with reladvely low dislocation density.
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¥4 b Superpliastic behavior in a mechanically alloved aluminue composite
(E) reinforced with SiC particulates
[R., % E K]
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15 Voioh SICpAN3021 Compoasite
| TEST TEMPERATURE .
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Figure 1: True stress-true strain curves for the mechanically alloyed
SICp/IN9Q2! aluminum composite.
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Figure 2: Elongation vs strain rate for SICp/IN90O21 composite and INSO21 alloy.
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Figure 3: True stress vs strain rate for SICp/IN9021 composite and IN9021 alloy.
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Figure 4: Examples of the fractured specimens of SICp/IN902!1 composite

deformed at varfous strain rates at 823 K. Ruler in mm units.
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(ZE3C) |MICROSTRUCTURAL REFINEMENT BY THERMOMECHANICAL TREATMENT OF A CAST AND
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cast composite, extruded composite, thermomechanical processing(TMP)
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%4 Mb (F3L) |MICROSTRUCTURAL REFINEMENT BY THERMOMECHANICAL TREATMENT OF A CAST AND
EXTRUDED 6061 Al-A1:0s COMPOSITE
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Figure 1. A schemacic of the sequence of relling passes fllustrating the
asccuwnulatlon of strain during che wvara Ttelling, Rolling

cemperatures and annealing u‘ns betveen passss are indicated.

Figuse 2. Optical micrographs of {a), an as—cazt 10 vol. pct., Al,0, material

and (b), & casC and excruded 15 vol. pez, Al,0, materlsl. Arrows

in (b) indlcate parcicle clusters remslning sfter extvusion of Figure 5. Micrographs in polarized l{ght from eleccrolytically etched samples

these comvositaz. . of the 10 vol, pct. material (a), lsmedlately afcer the chird
rolling pass and (b), with 30 min snnealing afcer the third pess.
Hera, tyoa = J.1 and parcicls stimulated nuclestion (srtovs) la
apparent,

Optical micrographa of 10 vel, pct. macerisl afcer thres rolling
passes (e = 3.1) {a), st a highar megnification and (b}, at &
lovar magnification, shoving clustering {s sclll evident et higher
megnilication,

vapha {n polarixzed Light from alectrolycicslly stehed samples
sencing the cempletion of processing ((qaat = 3.1) for (a),
0 vol. pct. matarial and (b), the 15 vol, pet. matarisl,
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REINFORCED ALUMINUM ALLOY

) |EFFECT OF COLD WORK ON THE RECRYSTALLIZED GRAIN SIZE IN A PARTICLE-

b ] Scripta METALLURGICA et MATERIALIA, Vol.27, (1992), p.548-554
¥ # G.M.Vyletel, P.E.Krajewski, D.C.Van Aken, J.W.Jones, J.E.Allison
(FriEH4B8) (Dept.of Mat. Sci.and Eng.,The University of Michigan)
*—1)— K grain size control, cold work, recrystallization, particulate reinforced
netal matrix composite, pinning model, TiC, 2219 aluminium alloy
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%4 tv (FE3) |EFFECT OF COLD WORK ON THE RECRYSTALLIZED GRAIN SIZE IN A PARTICLE-
REINFORCED ALUMINUM ALLOY
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Figure 1. The effect of cold work on the recrystallized grain size in XD™ 2219/TiC/15, The grain structures resuling from a) 3.01%, b) 5.08%, <)
16.77% cold work are shown above.

10® et
'E 107 Grain denshy i every TiC particie nucleated & recrystalized grain3
Table 1. Number of Particles per mm of Grain E s F 3
Boundary as s Function of Coid Work g 10 r 1
@ s £ Gainde i icle pinning ]
Cold Work # of particles / mm & 10 x o nshty a3suming paricle - 2
A = E 1 3
(%) of grain boundary - 1 0t F 1
0.00 60.4 629 ﬁ 3 F E
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6.10 4881614 £ Lk e o
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Figure 2. The cffect of cold work on the grain density in XD™ 2219/TiC/15,. Also shown arc
the values assuming every TiC panticle nucleated 2 new grain and assuming particle pinning.

Table ITI, Limliting Grain Sizes Predicted by Various Pinning Models

Model Formula Graln Size (m) {95% Conf, Level FWE‘ PR - - .
JoT— 2071 12 1. BFaf{bavd "y Ih DI AV I DN T
16.8% Cold Worked — 26.15 Y DR TH . INVAOHBHFEAICE L TH
Zener sl 15.43 1.3 BB ol-.
Hillent 360118 11.55 40.39
Anderson et, al. 9.0:/031 27.62 +1.37
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(#37) | THE EFFECT OF THERMOMECHANICAL PROCESSING ON THE STRUCTURE AND MECHANICAL PROPERTIES

OF AN ALUMINUM BASED METAL MATRIX COMPOSITE
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C.Styles" ,S.M.Flitcroft® ,P.J.Gregson!' & P.D.Pitcher?®
[ 1) Engineering Materials, University of Southampton
2) Materials and Structures Royal Aerospace Establishment
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- Metal Matrix Composite

+ Mechanical Properties

- Particle + Thermomechanical Treatment
- SiC + Micro Structure
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%A bJU (R3C) | THE EFFECT OF THERMOMECHANICAL PROCESSING ON THE STRUCTURE AND MECHANICAL PROPERTIES
OF AN ALUMINUM BASED METAL MATRIX COMPOSITE

Figure | Roling schedules emplayed to produce 2mm sheet in 2124 MWMC. Figure 2 Final solution treatment employed on 2mm sheet
from each rolling schedule.
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Figure 3

Figure 6 Mechanical property data from each rolling schedule and final solution treatment.
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