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Fiber debonding and pullout process in ceramic composites
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Table 1: Fitted parameters
Data Set p<m P' (N) (MPa) c. (6)

1 0.144 1.17 104.9 201.0 0.24
2 0.138 0.89 100.4 192.4 0.14

ia co

12.7 mm.~ "4—►

Fiber
/

Glass Matrix

z
5.4 mm.

Figure 1: Modified single-fiber pullout specimen geometry.

40 —

COD (jxm)
Figure 3: Load-displacement data for the modified single fiber pullout test.

Figure 2: Modified

t
100 -

-Fiber Fracture

Frictional Pullout
20 -

Figure 4: Application of the Kerans and Parthasarathy model2 to the experimental 
load-displacement data.

mJt> 8-16
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Damage Development in a Ceramic Matrix Composite under Mechanical Loading

## B. F. Sorensen, R. Talreja*, 0. T. Sorensen
Materials Department Riso National Laboratory P0 Box 49 4000 Roskilde Denmark 
♦Georgia Inst, of Tech. Atlanta Georgia 30332 150 USA

9— K Continuous SiC fiber reinforced calciumaluminosilicate glass ceramic matrix composite, 
tensile loading, development of damage, acoustic emmision, elastic modulus.
Poisson's ratio, permanent offset strain, thermal expansion coefficient
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HU (%%) Damage Development in a Ceramic Matrix Composite under Mechanical Loading

TABLE 1. Measured mechanical properties of a unidirectional SiC/CAS composite.

E°l v°lt g, a\ a\
(GPa)(%) (%) (%) (10^/0
133.3 0.244 0.13 0.45 0.95 3.4 3.8
±4.9 ±0.016 ±0.02 ±0.05 ±0.02 ±0.1 ±0.1

Figure 1. Principle of stress-strain curve for unidirectional CMC's.

AE Events (xlO6) E (%)

Figure 2. Stress-strain curve for SiCjCAS, and accumulated AE signals.

Figure 3. Development of

A <%)

Figure 4. Crack density as function 
of applied strain (from replicas).

crack patten (replicas from a polished surface).

t, <%>
Figure 5. Unloading modulus and Poisson 
ratio as function of applied strain.

Figure 6. tL and eT as function of Figure 7. aL and as function of
applied strain (various specimens). applied strain (various specimens).
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Reinforced Ceramic Matrix Composites

(mm# M. Mothioux and D. Cojean 
Lab. Marcel Mathieu

9—K Silicon Carbide Composite, Chemical vapor infiltration, Interface microstructure
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Table 1 : characteristics of samples
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Figure 2
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Short Crack T -Curves and Damage Tolerance in Aumina-based
Composites

fcti A Proc.of 16th Annu.Conf.on Composite Mater.and Adv.Ceramics . P.156

m # Linda M. Braun, Stephan J. Bennision, Brain. R. Lawn
(Materials Science and Engineering Lab., National Institute of 
Standards and Technology, Gaithersburg, MD, USA)
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Short Crack T 
Composites

-Curves and Damage Tolerance in Aumina-based

Figure 1 SEM micrograph (backscaltered) of the Al203~Al2Ti05 (20 vol.%) 
composite. White phase Ai2TiO;; grey phase A1202; black phase porosity.

'it.

• 6 /un A1,0,
-■ 6 AlgO, + 20 y/o A1*T10,

1000
Indentation Load, P (N)

Figure 5 Plot of Om(F) for Al203-Al2Ti(>5 composite and control AI2O3. The 
composite shows superior flaw tolerance.

Figure 2 SEM micrograph (backscaltered electrons) of a loaded indentation crack 
showing bridging in Al203~Al2Ti0$ composite. B marks grain-grain bridge

20 N ■
30 N*

100 N *
200 N *
300 N

1000

Crack Size, c (y. m)

Figure 4 T-curve of Al203-Al2TiO; composite as evaluated by in situ 
observations of Vickers indentation cracks (P = 20, 30, 100, 200, 300N) during 
loading. The baseline toughness T0 = 2.75 MPa.mVZ is for fine-grain control 
A120).

Figure 3 Optical micrograph (bright field) of damage in Al203-Al2TiOs 
composite. Multiple 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

B.Harris,R.G.Cooke,F.Habib
(School of Materials Science-University of Bath

— *7 — F Cracking,Glass ceramic matrix, Composites,Laminates, Incremental loading,Repeated loading
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Matrix Cracking during Deformation and Fatigue of Glass Ceramic Matrix Composites

[I5L ¥*]

Table 1. Strength properties of SfC/CAS eempoehea.

— 0,1 »* o> tee m am* *«
bJO)M tie e* no sat '* - tin

TenaBe gee-strain, %

Fig 2. Variation of atltlnaaa (X change) 
with pre-strain In ud and (0.90)3, SIC/CAS 
composites. The figure also shcrrrs the 
change In matrix crack spacing with strain 
for the ud composite.

Figure 3. Change In normalized stiffness 
on tensile cycling of ud and (0.90)3, 
SIC/CAS composites.

Figure 1. TanaFa amaafarrakr bim, for & and (D.SOh. STC/CAS 
eempos/fes, aAowfog both ttm longthjdinal strata, <1,, and ihe tranmnrm

Crack density, s~\

Figure 5. Relationship between the 
change In stiffness and the reciprocal 
crack spacing In ud SIC/CAS composites 
during Incremental and repeated loading.

Longitudinal strain, X

Figure 6. Family of curves of transverse 
strain, <22, versus longitudinal strain, fn, 
for Incremental loading tests on the ud 
SIC/CAS composite.

Figure 4. Cumulative AS events during 
cycling ot ud and (0,00)3, SIC/CAS 
composites. The figure also shows the 
change In matrix crack spacing.

dm > v y?x(Dz>zfp
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Experimental observation of progressive damage in SiC/glass-ceramic composites

R.Y.Kim(University of Dayton Research Institute Dayton,Ohio 45469)

3— *7 — K fiber-reinforced glass-ceramic composite, unidirectional laminate, 
multidirectional laminate, NDSANDS model, brittle matrix composite, acoustic emission
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9 4 h;i/(3S£) Experimental observation of progressive damage in SiC/glass-ceramic composites

Table 4. Ply properties of SiOCAS

-K5SH7 -wr
GPa

T?rr
GPa

T
GPa

v T
MPa

~s~
MPa

AT
•c

Intact 133 119 49 0.24 35 42 -dOO
Detracted SI 1.7 0.24 3.5 4.2

E(L)t Longitudinal module*
E(T): Transverse modulus 
G: Shear modulus 
v: Poisson's ratio 
X: Longitudinal tensile strength 
Y: Transverse tensile strength 
S: Shear strength
AT: Temperature difference between room temperature and residual 

stress free temperature

Table S. Comparison of W&CAS and SIC/LASltl

Laminate
GPa

First ply lallura
Straw. MP«

SIC/CAS foi 194 0.1
(SO] 35

ozeo) 000* 90S

8IC/LA8IH |0| 0.15 610
(90|

0/901 ..77 0.00

STRAIN, %

figure 1. Stress-strain curve for the [0] laminate of S1C/CAS,

LOAD, N

M 5
LOAD, LB

(b) S1C/IASII1

figure 7. Applied load versus acoustic energy for specimens of 
the [0/90] laminate: (a) CAS and (b) IASI II.

Figure 9. Photomicrographs showing onset of matrix cracks 
occurred 1n [90] and [0] layers of the [0/90],. 
laminate at 50 MPa.

Figure 15. Photomicrograph showing matrix crack at fiber-matrix 
Interface.

PF
figure 14. Photomicrographs showing fiber fracture 1i 

of SIC/CAS [0/90] laminate.

<%a.
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Micromechanisms of Compressive Fracture in Praticulate Reinforced
Ce ramies

W A Proc.of 16th Annu.Conf.on Composite Mater.and Adv.Ceramics. P.107

# # George bird H (US Buerau of Mines, Albany, OR. USA)
K. C. Kennedy (Oregon State Univ., Corvallis, OR. USA)

4^—0 — K praticulate reinforcement, SiC/TiB2, Si3N4/SiC, M-Glass/Ni, 
friction coefficient, stress intensity factor, toughening, 
elastic moduli mismatch, pull-out, finite element analysis
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Hicroacchanics of Compressive Fracture in Particulate Reinforced Ceramics
f HI/ (3&%)

a/a*

Fig. 3. Normalized stress intensity factor versus normalized appied 
stress lor the {SiC)^/{TBj), ceramic compcsxa system.

o-Si n rs u » - oo
siNys n , . at

-OSi NSN f . QZ

a/a*

Fig. 4. Normaized stress intensity factor versus normalized applied 
stress lor the {Si3Ni)ny{SC}, ceramic composite system.

Fig. 1. (A) Schematic of maVtx/particle composite under
clrcumferenlial compressive loading. (B) AxbyinmeUk fnlte 
8lemenf model ol a spite deal particle h an Infinite matrix. Noo 
finaar friction elements are shown as Die connecting fines 
between the matrix and particle. The particle radius to crack 
length ratio (alt) is equal lo 0.1. (C) Expanded view ol crack 
region. Coflopved elgltl node elements giving a f'n singularity 
surround Die crock lip.

•W-ghes/M f »at

a/a*

O U-eamfU-pmm $ • «

0 1 2 3 4 5

a/a*

Fig. 5. Normalized stress intensity factor versus normalized appied 
stress Ior the (M-glass)m/(Nl)p ceramic composite system.

Fig. 6. Normalized stress fiilenslty factor versus normalized appfied 
sire:: lor al Usee composKe systems.

Tibtsl. EUsdc Properties end CrWcsl SVeoi Intwmty Sectors

E.(QPi) f<W ' EIbsOc Mismatch

(SC)_/(TB,).' 400 637 0.15 1JM
(Si/rjV(SC),' 300 470 cue i sr
(MfltaajyiN},' 68.8 650 SOU 3.00

t Data from Ceramic Source, Am. Ceram. Soc. pJW & pJ60 (1990).

' %%%%% Z*"' “1 ^ 0,SOw'pc,(x|

ES SiC/TiB 2 , Sit N i /SiC.H-GIass/Ni £Mt Ifz

^fztnX
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Micromechanisms of Toughening in Particulate Reinforced Ceramic 
Composites

Lti S Proc.of 16th Ann. Conf. on Composite Mater, and Adv. Ceram. P.99

# # R. I. Brett, P. Bowen
(School of Metallurgy and Materials, University of Birmingham, 
Edgbaston. Birmingham, UK)

f- — *7 — K SiC, SiC-TiB2, vacuum, fracture toughness
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9 'i b Ji' Micromechanisms of Toghning in Particulate Reinforced Ceramic 
Composite

Material Test Test Kiev Ra(0.25)
Temperature Environment (MPaVm) (ptm)

SiC 25 °C 
1200°C 
1200°C 
1600°C

Air
Air

Vacuum
Vacuum

2.7 ±0.6
3.7 ± 1.0 
3.7 ±0.8 
4.6 ±0.7

0.88
N/A
0.85
0.80

SiC/TiB- 25°C Air 4.1 ±0.6 1.37
1200°C Air 3.6 ±0.6 N/A
1200°C Vacuum 3.6 ±0.6 0.86
1600°C Vacuum 4.5 ± 1.0 0.85

Table 1 Summary of fracture toughness, KICV, results for chevron 
notched specimens tested in bending and surface roughness, 
rA(0.25> of the resulting fracture surfaces.

Figure 1 Geometry of Chevron Notched Four Point Bend Testpiece
Figure 4 Matching Fracture Surfaces of SiC/TiB, tested at 1600°C in 

vacuum. Equivalent positions of note are labelled.

• SiC (air) 
o SiC (vacuum) 
a SiQTiB2(air) 
a S iC/TiB2 (vacuum)

Temperature (°C)
Figure 2 Effect of Test Temperature and Environment on the Fracture 

Toughness, KICV, of SiC and SiC/TiB^.

50 pm
Figure 5 Optical Micrograph of 

Pre-crack in SiC/TU^.

15 pm
Figure 6 Fracture Surface of SiC 

Tested at 1200°C under 
Vacuum. Free Carbon, 
C, is labelled.

(a) (b)
3 h 

-3

0 50 100 150 200 250 0 50 100 150 200 250

U—,—I—.—t—,—1—*!L
0 50 100 150 200 250

Figure 3 Fracture Surface Profiles of (a) SiC and (b) SiC/TiB? tested 
at ambient temperature and (c) SiC/TiBj tested at 1600°C 
under vacuum. All axes are in units of fim.

o VTx iESETf-x h $ titz0 ISS 
< ft* t<DZ to
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Mechanical Behavior of Silicon Crabide Particulata Reinforced
Reaction Bonded Silicon Nitride Matrix Composite

titi A Proc. of 16th Ann. Conf. on Composite Mater. and Adv. Ceram. P.81

(Br##M)
S. V. Nair, Peter Z. Q, Cai, J. E. Ritter (Mechanical Engineering 
Dept. Univ. of Massachusetts, Amherst, MA), A. Lightfoot, J. S.
Haggerty (Materials Prosessing Center, Massachusetts Inst. Techno
logy, Cambridge, MA, USA)

^ - 7 - F SiC, SiC—Si3Nt, particulate composite, toughening mechanism 
indentation method
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9 A h )\/ 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-on-ring Toughness Toughness Hardness Modulus Flaw
Type Strength (Indentation) (fractography) size

(MPa) (MPa-m~0.5) (MPa-m-O.S) (QPa) (GPa) (um)

8 RBSN 295(138) 1.63 (0.06) 1.76(0.04) 9.2 (0.8) 147 63
9a RBSN 273(32) 2.46 (0.14) - 102 (1.1) 163 -

(22%SIC(p))
90 RBSN 3.0-3.8 - 11.0(1.3) 176 -

(38%SIC(p))

10 RBSN 457(111) 1.57 (0.12) 1.81 (0.22) 8.9 (1.0) 142 19
11 RBSN 171 (8) - 3.11 (0.42) 11.4 (1.3) 182 302

(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
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3.5

3.0

2.5

2.0

1.5 

1.0
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• Type 9b composite
; □ Type 8 RBSN

-
/ ^

; z
' m ^ ® B

Crack Length, c (um)

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

Figure 4: SEM micrograph of an indentation crack path 
on the polished surface of Type 9b composite, 
showing uncracked ligsunents along the crack 
path.

aligning bend fixture. Kr was obtained from a measurement of the post
indentation strength alone using the equation [9]

(i)
Here is a calibrated constant having the value of 0.59, try is the post
indentation strength, E the Young’s Modulus, H the hardness, P the inden
tation load and $i(m) is given by

Figure 2: Micrograph of an indentation crack path on 
the polished surface of Type 9b composite.

$i(m) = ( 1
2m+ 3' (1 - 2m)V« (2)

Figure 3: Micrograph showing an SiC particle which 
fractured in advance of the matrix crack in 
Type 9b composite

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

Kr(c) m fee™ (3)

Eq.(l) provides the value of Kr at the critical failure crack size value, cj, 
which is related to the measured as-indented crack size, q, by

(4)

Experimentally, m is obtained from the slope, 0, of a log-log plot of cy versus 
P using

-3/3
+ 20 (5)

When m — 0, that is, when 0 = 1/3, no R-curve behavior is present, and 
Kr = Kc. Eq.(l) then reduces to the previous derived equation by Anstis ct

- y =, >&?##########&R
titistceg Lr&rtu
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9 4 Mb Indentation Residual Stresses In RBSN And RBSN Composite

Kc — Y <Ty/a

where Y is a crack geometry constant.

(1) Table 1: Materials included in this study

Kapp = yic/VS (2)
where, Yi is the indentation flaw shape factor, 07 the post-indentation strength 
and Ci 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

Kc = T) (3)

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

Material Type Description SiC type ic bulk volume fraction

Type 1 
Type 3 
Type 8 
Type 10 
Type 6 
Type 7

RBSN
RBSN
RBSN
RBSN

RBSN/SiC(p)
RBSN/SiC(p)

2pm SiC(p),17vol%
2pm SiC(p),33vol%

(4)

where c is the indentation crack size (measured as half of the total surface 
trace length), and the value of xr i* 0.016. In Fig.2, the fracture toughness by

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

0.70

0.65
A-0.47

V Type 1 RBSN
□ Type 3 RBSN

0.60
□

8 Type 8 RBSN 
Type 10 RBSN -

♦ 17vol% SiC(p)
0.55 A 33vol% SiC(p) -

0.50
O A

-

0.45 ""=1""" *
V

A
A -

0.40
O ° ♦ V

♦

0.35 -

0.30 . L. . 1

Material
Type

Stress at 
Failure site 

<r, (MPa)

Ave. flaw 
depth

0, (pm)

Ave. flaw 
half width 

c, (pm)

Fractography
toughness

Ke, (MPa-m0-*)

Type 1RBSN 205.3 72 93 2.00±0.03 [4]"
Type 3RBSN 391.3 10 21 1.65±0.06 [7)
Type 8 RBSN 185.0 63 98 1.76±0.04 [4]
Type 10 RBSN 280.4 19 53 1.81±0.22 (3)

Type 6 KBSN/SiC(p) 302.7 25 31 1.94 ±0.08 [4]
Type 7 RBSN/SiC(p) 231.7 61 51 2.07±0.08 [3]

• : Numbers in bracket indicate numbers of samples.

Table 3: As-indented crack lengths and post-indentation 
strengths for the materials involved in this 
study

1-4 1.6 1.8 2.0 2.2

Fractography Toughness, (MPa-m0-3)

2.4

Figure 1: Constant A versus fractography toughness for 
various materials

Kc, Fractography (MPa-mO-5)

Figure 2: Indentation toughness results versus fractog
raphy toughness

Sample Indentation load, P Crack length, e Strength, <77
Type (N) (pm) (MPa)

Type 1 9.8 38.6±6.6 [16] 133.24±8.62 [3]
RBSN 49.0 124.2±13.5 [16] 78.81 ±9.96 [3]

Type 3 9.8 39.3±3.6 [16] 113.53±7.57 [3]
RBSN 19.6 61.7±4.3 [16] 89.91±4.59 [3]

49.0 117.3±13.2 [16] 85.41±3.66 [2]

9.8 39.6 110.84±6.76 [4]
Type 8 19.6 63.1 96.81±9.18 [4]
RBSN 29.4 87.2 77.67±1.64 [4]

49.0 125.5 65.82±0.58 [4]

Type 10 19.6 63.4 80.30±11.20 [3]
RBSN 49.0 130.9 66.38±6.75 [3]

9.8 38.1±4.2 [16] 118.6±9.3 [4]
Type 6 19.6 86.9±6.2 [16] 107.0±3.6 [4]

RBSN/SiC(p) 29.4 90.1±8.8 [16] 83.6±7.4 [4]
49.0 126.3±11.7 [16] 79.8±4.7 [3]

9.8 38.9±4.0 [16] 147.7±13.0 [3]
Type 7 19.6 69.8±6.0 [16] 115.6±13.9 [3]

RBSN/SiC(p) 29.4 99.9±10.4 [16] 102.4±3.21 [3]
49.0 128.6±13.9 [16]

Numbers in bracket indicate numbers of samples.

-'>e r
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Wh i s k e r 
in the

Growth and Composite 
S i 3N4— C System

Fabrication

Fig. 5. A schematic diagram

1. Mass transport in the 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-solid 
interface.

of the VLS whisker growth mechanism

Fig. 1. TEM bright-field image of a SiC whisker, showing the core and 
outer regions.

I Mass transport in the vapor phase;

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

3. diffusion along the surface of the 
liquid alloy droplet; and

4. liquid-solid interfacial diffusion and 
incorporation of growth species in 
the whisker lattice.

Fig. 6. A new model of the VLS whisker growth mechanism

[_ SI j N ♦ C Powders j

[ Ball Milling "1

SIC (wl ♦ SUN,(pj Mixture ~~j 

f" Add AlYO 1

i .
_ResIdual Carbon Removal |

[ Hot Pressing |

f StC(w)/SlaN< Compo«ltc~~]

500 nm

Fig. 3. A Sit whisker curled over the attached particles.

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

Fig. 7 Flow chart of the chemical mixing process for making Si,N4 
matrix/SiC whisker composites

JTrM ftWK
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9 'i b )\/ Surface Modification And Slip Casting of Sic Platelets In 
A12 O 3 Composites

Table 1- Physical Properties of Powders Used In this Study

AKP 15 AKP 50 Distal 180 SiCp

Specific Surface
Area, m2/g 3.6 10.9 144 0.54

Mean Diameter,
pm 0.7 0.25 0.04 15.0

Thickness, pm - - - 1.2

Table 2- Comparison of SlCp surface coverage as determined by SEX. 
The concentration of Ai203 added Is In terms of ratio of surface 
area of Ai203 to that of SiCp In the dispersion.

AKP 50 Data AKP 15 Data

Ratio of Surface Ratio of Surface
Surface Coverage, % Surface

Aroa. X
Coverage, %

37 17 41 4
74 24 82 28
185 58 123 41
222 66 164 51
250 205 57
300 - 246 63

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

Figure 2. ESA and pHle„ of; (a) 0.1% volume Dispal 180, (b) 0.1% 
volume AKP 15, (c) 0.1% volume AKP 50, (d) 5% volume 
SIC..

I###
ALUMINA ADDED, X 8.6 m2 SURFACE AREA

Figure 3. ESA of SiCp in the presence of increasing concentration 
of three different sizes of Ai203. Each unit of Ai203 added has 
a surface area of 8.2 m2 which is the total surface area of SiCp 
in the slurry.

Figure 4. Micrographs of SiCp surface coverage by AKP 50 Ai203 as 
a function of Ai203 concentration in the slip. (a) IX wt. Ai203, 
(b) 5% wt. Ai203, (c) 25X wt. Ai203 and (d) 50% wt. Ai203.

Figure 5. SEX micrograph of AKP 
50 - alumina coated platelet using 
a IX wt. slip. Shows uniformity 
of coverage along edges and the 
face of platelet.

Figure 7. SEM micrographs 
showing AKP 50-coated 
surface of SIC, in a green 
body made by incorporating 
10 wt. of SlCp in a matrix 
of AKP 15 (0.7 pm) as a 
50% wt. slip; (a) AKP 50 
(0.25 pm) coating on SIC,, 
(b) Morphology of coating 
of (a) at higher 
magnification.

44-



[A-2-2]-3a

(#:%)
^ d' h 71/

(^)

SES^Al ,0,-TiB,CD«gft

Densification and Fracture Toughness Enhancement of Pressureless 
Sinterd Aluminum Oxide - Titanium Diboride composite.

Hj A Proc. of 16th Ann. Conf. on Composite Mater, and Adv. Ceram., pp.132

m m Timothy V. Lin, P. Darrel Ownby
(Dept. of Ceramic QEngineering, Univ. of Missouri, Ro;;a, MIS, USA)

'U
-1

[\1

4- A1203-TiB2, Composite, Densification, Frecture tougheness 
Preesureless sintering

m:6 #:o ^%:o ##y:m:22 &>#R#

A1203 ©%###(3 ai2o3 
{ttt (SiC, TiC, TiB2 , Zr02 , BtC, ¥ 'f T

6©m^{b(:ck!9#±^4tac6^

E$(15 -36 GPa),
>y$(514—574 GPa)/D^#^©^,6^<k#

5Sibti"©^l3 (cN $eE> 1K4fcs *MXA-X ®t$B
^mmmc(3@a

[d], Al 203-TiB2©^ "j h
y 1/X^cBC ck «9. 7 h V 'y ^X(:E"<#^

yi/Xr(3. #4^, ##. 0-f%^-.©j:3(C± 
^17X^7 b iz (3Eft7^& <9,

m@3XHDA

^v^*ejg^mmy5c(3.
T&^/Co ^m^T(3.

fc©-e*^o 7 HJ «;? %# t
0.2 // m ®A%J^Al 203 (ejCYb#: APK 509), 
^{b#6 ycow## 5.2/1
©TiB2$5fc(H,C,Stark A),^#%#10/zm © 
77:A#4tTiB2^^(Union Crbide HCT-30) £ 
ffl WCo 1—15/zm ©TiB2$;*U3, 5 9©I 
73-o/c©±#^(l—3, 3—6, 6—10, 10—15 
//in # j;C7*E#[%) (:E#L/Co 
aa (3 E l> /£ -o /c o

^--y— wjnE’e^uy
h £ b(C ClPEff^ L
/co m$»#:(±7xm^mm-ei6oo''c, ihr,# 
^rm^u/co

###'Mz(3 Direct Crack Measurement (D 
CM) h Chevron Notch Short Bar(CNSB)££■(?
PJ^L/co j v f-(io.75mmj?:$©yd'y^>
KE^-e/7 V h L/Co #$##:(3Xm@!fr'C'
ai2o3 <kTiB2©SJS^7j:^c t^WMLt^o

m 2 cTiB2#w#6#@©m$§ejgc-^x.6 
S£#£aUIv/c0 TiB2^Wfi^itSny^ 
e®(if£Ty^»o £/c, E^rS, (# : 1 - 
3 /Zm)(j;l|lyJi^V'>^fcJ$5/7^qEJ tekb^iW W 1$ E /£ 
6o /j^
%#-f 
< 73 <3 >
7Mj,n©mefbcMy6m#y)^ML;. -e©

j: «9 ##%-f ©# 3 v^o

EI 3 CTiB2©#:#%©MB6 LT DCM&C
j: 5 Kxc^yn y b L/Co 10vol%^ T‘(iTiB2
tttKicfimtny^o emit-? 
hyi/x^r^iwiur&6o 3—6 /zm nDn^r 
mfm^/j^<f6<k,Kic(imTy6o car, 
(3 Al203-TiC©#^j^M^I^ UT66o cil 
(37 k V y
v ?^CPE$l®SEfFffl£Mb L/c/c&T% <9
^/c 3-6 zzm ck(9%f#^±# <

/ca6T&6o

Kic 25voi
% ^T&&o 7%"<^ HE^±#^%E(3^ 

X: J; (9a^6AJ^^± 
# < /C6/c36, Kic < ^E6o El 4
(31 —15#m TiB2#f-T^fbL/c^ v h y 1/ 
XAl 203-TiB2#^#© DCM#C:k6Kic Tfo 
6o SE'J^I£nn(3* >V h y I/%a^|n|#^/c 
(3^^,J^±'r&6o

^ 6C. S^P0©^J%^S L/Co CNSB&T 
PJEL/c K1C(3, DCM j&(: j;5#3: 0#^C 
X^^o/:0 me (3, 1 -15/zm TiB2&{b 
#©, by°]yXiihCDUmm

CNSB&(:ck6 KIc^l/;0 
h y VXtSr© K1C(3. 5 %

—E> SE'-^ISna© 
K1C(3, #/r (C±#y 6o 3—6 zzm TiB2% 
ET^^/c#E#^^<k^v hyi/X^^E 
#ya ,k, k1c^tjk
t/Co

-45-



[A-2-2]-3b

$4 b )U Densification and Fracture Toghness Enhancement of Pressureless 
Sintered Aluminium Oxide-Titanium Diboride Composite

20 30 40 50 40 70 10

20 (°)

ALUMINUM OXIDE / CORUNDUM

TITANIUM DIBORIDE 
35-741 .

Figure 1 X-ray diffraction pattern of an AI2O3 
-TiB2 composite with 25 volume% inclusions.

A 1-3 pm particles 
o 3-6 ^im particles 
• 6-10 p/n particles 
a 10-15 jim particles 
□ 1-15 |im particles 
■ 8-12 n/n platelets

Volume”/. TIBj

Figure 2 Variation of relative density with volume% TiB2 
for sintered Al202-1tB2 composites.

a 1-3 urn panido* 
o 3-6 pm partdes 
* 6-10 |im particle! 
A 10-15 |im particles 
d 1-15 pm particles 
■ 8-12 pm platelets

e 3-6 pm DCM (sintered)
□ 1-15 pm DCM (sintered)
A 1-1S pm DCM (hot-pressed)'

Volume% TIBj

Figure 3 Variation of DCM fracture toughness with volume% TiB2 
for sintered Al2C>3-TiB2 composites.

Figure 4 Comparison of DCM fracture toughness 
measurements for sintered and hot-pressed AI2O3 -TiB2 
composites.

A 1-3 pm particles 
e 3-6 pm particles 
e 6-10 pm particles 
□ 1-15 pm particles 
a 8-12 pm platelets

a Hot-Pressed (1-15 pm particles) 
o Sintered (1-15 pm particles)

Volume% TIBj

Figure 5 Variation of CNSB fracture toughness with Figure 6 Comparison of CNSB fracture toughness measure-
volume?^, TiB% for sintered Al^Os-TiB; composites. ments for hot-pressed and sintered Al2C>3-TiB2 composites.
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(3yo Silicon Carbide Whisker Reinforced Alumina

*# (pfflSUB) Bernard J. Wrona, James F. Rhodes and William M. Rogers
Advanced Composite Materials Corporation
1525 S. Buncombe Road Greer, SC 29651

4f~9 — K SiC whisker, alumina composite, rice full, toughening mechanism, fracture toughness, 
high temperature strength, hardness, commercial application
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h;i/ (%]t) Silicon Carbide Whisker Reinforced Alumina

-'*k*^&©fcS)©y}#IJX*»s, SiCWXHSWKt* ®o fcS^toiSsirftT'&o fc. ’©ct 0
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Tabic 1. Properties of Alumina and Whisker Reinforced Ceramics

MATERIAL
100% ai2o3

Sintered Sintered/HIP 
7.5% SiCw 7.5% SiCw 

92.5% AI2O3 92.5% A^Og

Hot Pressed 
15% SiCw 
85% AI2O3

Hot Pressed 
25% SiCw 
75% AlgO,

THEORETICAL 
DENSITY 
ACTUAL, g/cm3

3.96
3.96

3.92
3.73

3.92
3.86

3.86
3.80

3.78
3.72

FLEXURAL
STRENGTH,
MPa

345 414 538 566 635

FRACTURE
TOUGHNESS
MPa-m1#

2.7 4.3 4.5 5.1 6.6

WEARRATEP) 
10-5 g 180 1 0.9

VICKERS
HARDNESS,
GPa

17.0 17.5 18.5 19.5 20.7

YOUNG’S
MODULUS,
GPa

380 390 390 391 392

MAXIMUM
USE TEMP, °C 1100 1100 1100 1100 1100

ELECTRICAL
RESISTIVITY
Ohm-cnf/cm

10® 3X10< 3X104 1.5X10® 7X102

THERMAL
EXPANSION
10-*/°C

8.0 7.7 7.7 7.4 7.0

THERMAL 
CONDUCTIVITY 
W/m °K

27 30 32

mm
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Boron Carbide Whisker and Platelet Reinforced Ceramic Matrix Composites

## 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.O.box 23556 Knoxville, TN7933-1556)

^r-9-K Boron carbide whisker and platelet, alumina matrix, silicon carbide matrix, hot-pressing, 
fracture toughness
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h;U (^SO Boron Carbide Whisker and Platelet Reinforced Ceramic Matrix Composites

l
▼ AljOj/E^C^j—perpendicular hot pressing direction 

V A1z03/B<C(w)-parallel to hot pressing direction 
# Al203/B4C^pj-perpendicular to hot pressing direction 
O AI203/B4C(P)-parallel to hot pressing direction

j
Volume Percent of Second Phase

platelet and boron carbide whiskers.
boron cart

2.0 I
1.8 4
1.6

1.4

1.2 I
1.0

uT

Volume Percent of Second Phase

Fig. 3. Flexural strength of alumina versus volume percent boron carbide platelet 
and boron carbide whiskers.

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

carbide whiskers.

Volume Percent of Boron Carbide Whisker

Fig. 6. Flexural strength of silicon carbide versus volume percent boron carbide 
whiskers.

mm

roBffyitAW£"CIW&vn. u/it)tom
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Green Body Processing Effects on SiC Whisker Textures 
in Alumina Hatorix Composites

*# (miStSRD Michael S.Sandlin . Keith J.Bowman
(School of Materials Engineering, Purdue University. West Lafayette, IN 47907)

x-ray pole figure analysis, alumina matrix-SiC whisker composite material, 
whisker orientation distribution, whisker texture, whisker orientation, 
green body consolidation, solids loadings,
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Green Body Processing Effects oh SIC Uhlskeh textures 
In Alumina Matorlx CombosItes

Tffc*. 01(b)MU VUTV3o
ttt

>:7;b<ktK
3.50vo^7;vwu

k*

tdthlUn^#f ^ *
5.Vyyilx v iffo^FS. Wco^
-GDjlSJr&S*

Table 1. Sample Processing Conditions
Sample Consolidation pH VoI% solids Viscosity 

(Pa-s) 
at 0.3 Hz

Relative
Density

P. F. 3 50 0.71 0.68
b S. C. glass 3 50 0.71

P. F. 4 50 0.06 0.69
d S. C. glass 4 50 0.06

Dry Pressed NA NA NA 0.50
f P. F. 7 50 0.57

P. F. 4 40 0.67
h P. F. 4 20 0.67
i P. F. 8 20 0.58
j S. C. metal 5 50 0.08
k S. C. mclal 8 50 >8

Consolidation axis 
Sample cross-section | Top

Bottom surface

7*x^A

7^

Figure 2. Green body pole figures a-k (see Table 1.)

Plunger

Metal ringz
Zr---A^

y/y slurry

plaster.

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 mairix-25 vol.% SiC whisker composite 
with local variations in whisker orientation which arise during green body processing 
via pressure filtration.
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Fabrication of SiC Whisker-Reinforced SiC Ceramics

## 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

57-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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HI/ (35%) Fabrication of SiC Whisker-Reinforced SiC Ceramics

m ft
[SiC Whisker }

[CVD Coat in: 1

|Dispersion/Hixinc — |Pispers«nT~| 

| Slurry-pressing |

|Glass-encapsul«tion|

H I P

Evaluation

Fig.1 Fabrication process of SiC whisker 
-reinforced SiC ceramics.

| SiC Powder |

-[Sintering Aids|

CVD Temperature

liont «f cirfoi coitiit (!)

1313 2023 2013

Fig.6 Fracture toughness of SiCw/
SiC Composites doped with 
B and C as a function of 
amount of carbon-coating 
on whiskers.

Table 1 Fracture toughness of matrix and composite materials 
containing whiskers of different dimension.

Material Average 
Diam., Atm

Average 
Length, Atm

Kic
( MR a V"m)

0 volX Whisker 3. 4
30 volX Whisker A

C
X
I

C
M 17.9

C
O

30 volX Whisker B 3. 8 23. 1 5. 2

HIP temperature (K)

Fig.4 Bulk density of SiCw/SiC 
composites doped with 5% 
AI2O3 as a function of 
HIP temperature.

s)1523 t

.1 *
5 *

b)1873 1

» tl If

c)1723
—

(002)

:

» 11 m! 1 ti tt
29 mile (dec.)

Fig.5 X-ray pattern of carbon
coated at several temper
ature on whiskers.

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

Plane Crack Direction Kic (MP aV~m)

N-Surface 7.4
P-Surface X 4.5(0.6 1)

Y 7.4(1. O)

Press Direction
P-Surface

mn.
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Slip Casting under Pressure

tti A Proc. of 5th Europian Conferene on Composite Materials, pp.704

H. H. Grazzini, d. s. Wilkinson 
(Dept. of Material Science and Engineering, Macmaster Univ., 
Hamilton, Ontario, Canada)

S — *7 — K Slip casting, Pressure, A1203, A1203-SiC composite
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It©X7 U -£ o.l 4o ck CK 0.17MPa©j£
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< A12 0 3 ->
e#L/cx5 v

20//m©±#%ST#& 
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'BtekS &©k?BSL/c0

^#L/cX5 U

o/co c©mmt5, SBL/cX-t V --cm 
bnt^K65%-e^o/co

toEtik^eStetefflW^&SC mi ) 0 
m3 St"k9tex m^#:t:(±#-fSt X©^

Sfitt/jSo/co j%Et) 6#$§##^m5 teS 
L/c*?X SnEtjSr^r^ <EJtj£$£^$fir^o JQ 
j±Jj kBWffijkOikfc&teMzb t>tit£\,'0
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f < Wl/ Slip Casting under Pressure

: Coagulated 
: Dispersed

> 0.05 :

Frequency = 107 Hz
8.50 10.00 10.50 11.00 11.50

Figure 1 : Viscosity versus pH for dispersed and coagulated slurries containing 
57vol% of Al20,.

Tf -

W 0.86 -

M 0.70 -

TIME ( mn )
Figure 3 : Al20, sample sintered at 1375 °C for 12 hours.

Figure 4 : Composite sample made with a green density of 67 vol%, sintered for 1 
hour at 1 600°C. Final density = 88 vol%.

Figure 5 : Effect of the value of the pressure applied during the slip casting on the 
sintering behaviour.

Table 1 : Green density of Al203 cylinders made with a coagulated slurry containing 
60vol% of solid under different pressures.

Pressure .(MPal Green relative density

0.1 61.5

0.14 65.1

0.17 66.5

T'ti < , 'Pl&t' LtX V V
o tz o
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Tape Cast AlaOs/ZrOa Composite Laminates

## Kevin P. Plucknett, Carlos H. Caceres, Fabienne Fremont and David S. Wilkinson 
Department of Materials Science and Engineering McMaster University
Hamilton, Ontario, L8S 4L7, Canada

Ar—— P AI2O3, ZrOa, flexible ceramic sheet, tape-casting process, laminate, hot-pressing, 
pressureless-sintering, superplastic deformation
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^-'f S 7U (%^[) Tape Cast AlgOs/ZrOg Composite Laminates

cm

wrrrm
Figure 3. Microstructures of high density 0 98% TD) hot-pressed ceramic laminates; 
a) pure Al203 and b) Al203/20 vol.% Zr02.

Is

5 5

d"

Figure 6. a) Optical micrograph showing the formation of higher density bands 
(arrowed) in pressureless-sintered AI203/5 vol.% Zr02 (27X). b) SEM micrograph of 
dense region of AI203/5 vol.% Zr02 pressureless-sintered at 1 480°C for 3 hours.

mu
t xt n-rw&rp

Z<DX\
■5c ttz. iws
©i$(T)7"Vtoxitik. ZZtfr
<->, tmW'itshoM'tmzmmtBfrnz.
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Superplastic Flow in Nanograin Ceramics

ft # Superplasticity in Advanced Materials, ICSAM-9, Ed. S. Hori, M. Toki 
zane and N.Furushiro, (1991);Acta metal 1. mater. 39[12] 31 25 ( 199 1 )

# # Department of Materials Science and Engineering, Bard Hall, Cornel
1 University, Ithaca, NY 14853-1 501, U. S. A.

X
I

t>I

-V
r

ii

PVD, A12O3, ZrOz, tension test, grain sliding, threshold stress, 
serration, superplasticity, stochastic model
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Deformation of Alumina/Titanium Carbide composite at elevated 
temperatures

& # J. Am. Ceram. Soc.,74 [9] 2258-62 (1991)

(p/fK«M)
T.Nagano, H.Kato (Reserch and Development Center. Suzuki Mo ter 
Corporation, Hamamatsu, 432-91, Japan)
F.Wakai (Ceramic Science Department, Government Industrial Research 
Institute Nagoya, Nagoya, 462, Japan)

- 7 - K Alumina, Titanium Carbide, composite, superplastic, grain boundaries 
flow stress, true strain, tension, elevated temperature
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Table 1 Some propaties of AlaOa/TiC composite

AliOj
TiC
Grain size 
Density 
Hardness (//v) 
Bending strength 
Young’s modulus

70 wt% 
30 wt% 
1.2

' 780 MPa
490 GPa

1500 °C
AI203ZTiC 

2.98x10 — 4 s — 
1.19x10-4 s- 
2.98x10-5$-

o- 30

True strain

2 20

Temp.

1450 "C 3.2

o 1500 *C

Strain rate

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

1.19x10-4 s-
Al203/ TiC 
a 1300 *C 
b 1350 "C 
C 1400 -C 
d 1450 "C 
e 1500 • C 
I 1550 * C

True strain

a 1450 1 C
□ 1500 • C
o 1550 C

Strain rate (s-1)

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 X 10'Vs

4®Id: Al20,/TiCS©7'-? 
vmftztiztk t)l:Ai20,/Zr02#kd)tk
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Superplastic Alumina Ceramics with Grain Growth Inhibitors

ffl A Journal of American Ceramic Society, 74 [4], 842 ~845 (1991)

# #
(^##M)

Liang A. Xue, Xin Wu. I-Wei Chen
(Dept, of Materials Scoence and Engineerong, The Univ. of Michigan, 
Ann Abour, Michigan, USA)

41 — V — P alumina ceramics, superplastic deformation, grain growth, 
inhibitors, additives
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9 4 b Superplastic Alumina Ceramics with Grain Grouth Inhibitors

Fig. 1- Scanning electron micrographs of polished cross sections of various aluminas (bar - 1 #un). As-sintered specimens: (A) pure; 
(B) MgO-doped; (C) ZrOi-added. Deformed at 1400*C, 10/s: (D) pure, < - 0.57; (E) MgO-doped, < - 0.68; (F) ZrOradded; « - 0.68.

MOOT

■ lindoped Alumina 
A M gO-doped Alumina 
o Alumini/l0%ZrO2

1400*C 
d • 05 um

Strain
Fig. 2. Flow stress at a constant strain rate of 10"V> versus strain 
curves for pure, MgO-doped, and ZrOradded alumina.

Stress (MPa)
Fig. 3. Relationship between strain rate and flow stress at 2% 
strain at 1400*C for pure, MgO-doped, and ZrOradded alumina.

Undoped Alumina 1400*-1450*C

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1

Strain

Fig. 4. Normalized grain size (see text) versus strain for various 
aluminas. Data of MgO-doped-1 are of this study, those of MgO- 
doped-2 are of Mocellin et at. (Ref. 5, do ” 1.17 #im), and those of 
MgO-doped-3 are of Venkatachari and Raj (Ref. 17, d, - 1.6 #im).

a Alumina-200ppm MgO 

• Alumina-10% TZP 

1450°C J

Displacement (mm)

Fig. 5. Forming load versus punch displacement for MgO-doped 
and ZrOradded alumina during superplastic stretching at 1450*C. 
The average strain rate is 3 x 10" /s for the former and 
1.5 x 10"‘/s for the latter.

Fig. 6. Superplastic-stretched alumina disks: (left) MgO-doped; 
(right) ZrOradded.

bItB

ts: o tz o

— 64 —



CA—2—5]—2a

*? 1 Y )l
(frit)

(#t)

MMtHl o#c*5it 3 79 M&mt:7 V -7

Shear Thickening Creep in Superplastic Silicon Nitride
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9 4 h )l (%%) Shear Thickening Creep in Superplastic Silicon Nitride

[0. 2?*]
Table 1. Compositions,* heat Treatments, and Phase Assemblages of SlAlONS

Deiignttion' SijN,
Composition

AIN AljOj Y,Oj Phase assemblage

S0610 83.73 7.77 3.73 3.70 30% o' 4- 70% P
H0610 83.73 7.77 3.73 3.70 100% p
SJ510 73.71 15.42 1.01 8.91 90% (a 4 o') + 10% P 4 VAC
H1510 73.71 15.42 1.01 8.91 >95% o' 4 YAG
S1010 79.19 11.24 2.50 6.06 60% (o 4 o') 4 40% P 4 YAG
S1025 68.50 14.69 10.70 6.09 35% (a 4 o’) 4 65% P 4 YAG
S0633 65.73 13.13 16.56 3.73 >95% p 4 YAG

"Composition expressed in wl%. 'S—hot-pressed at 1550"C for 20 min: H—hot-pressed at 1550°C for 20 min, followed by annealing at 1550"C for 100 min.

S0610

4x10 V.

STRAIN
-strain curves at various slrali

STRAIN RATE (1/s)
)• Stress versus strain rate at 15)0"C for several superplastk 

SlAIONs in compression {»» — slope ” (A In In *)).

S0610

STRAIN RATE (1/s)
Fig. A. Stress versus strain rate for 50610 SIAION at various tern- 
peraiure# In compression (m - slope *■ (A In o)/[A In A)).

STRAIN RATE(1/s)
Fit. 5. Transient stress-strain rate loop of 51025 SIAION tested at

Pip. A. I’olvcryslftl with welled grain boundaries

Fig. 7. Predicted stress-strain rale curve based

Fig. ft. Interaction 4 between trains at a separation h, with two 
Stern layers on lhe graln/llquid interfaces.
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Superplasticity of mullite-zirconia composite

## (SrR«M) Takuayuki Nagano ,Hidezumi Kato (Research and Development Center, 
Suzuki Motor) and Fumihiro Wakai (Ceramic Science Dept., Gov. 
Industrial Research Institute,Nagoya)

— V — K mullite-zirconia composite, superplasticity, tensile creep test, 
grain-boundary slinding, the Dorn equation
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bju mx) Superplasticity of mullite-zirconia composite

Figure 1 Particle size distribution of mullite grains in mullite- 
zirconia composite.

0 1.0 2.0 3.0 4.0 5.0

Grain size • (um)

Figure 3 Particle size distribution of mullite.

Strain rate (s~1)

Figure 6 Relationship between flow stress and strain rate in tensile 
creep tests in mullite-zirconia composite. (A) 1400"C, n — 1.8; (□) 
1450"C. n = 1.7; (O) 1500°C, n = 2.0; (•) 1550“C, n = 2.1.

Strain rate

Figure 8 Relationship between flow stress and strain rate in tensile 
creep tests of mullite. (A) 1400 °C, n = 1.5;(D) 1450 °C,n — 1.5; (O) 
1500°C, n - 1.8; (•) 1550°C, n - 2.0.}

Nominal strain (%)

0 50 100

True strain

Figures True stress-true strain curves of mullite-zirconia com
posite in tension tests at !550°C. Strain rates (s'1): T1 1.42 x 10'4, 
T2 7.19 x 10-5. T3 3.60 x 10-5, T4 2.86 x 10' 5.
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Fabrication of Mullit€ Body Using Superplastic Transient Phase

& » J. Am. Ceram. Soc., 75 [5] 1085-91 (1992)

HP
(mmmm)

Liang A. Xue and I-Wei Chen (Dept. Mater. Sci. & Engng.,
The University of Michigan, Ann Arbor, Michigan 48109-2136)

K mullite, premul1ite, mul1 itization, superplasticity, mechanical 
properties, deformation
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Superplastic bulging of fine-grained zirconia

iti ft J. Am. Ceram. Soc.,73 [3] 746-49 (1990)

<r # 
(Bt*#M)

Xin Wu ,I-Wei Chen (Department of Material Science and Engineering 
University of Michigan , Ann Arbor , Michigan 48109-21361

— V — K mechanical propaties, Y-TZP, grain boundaries, plasticity, bulging 
fine grain, biaxial tension, hemispherical shell

0. *. ¥K, 0: 7. *: 0. 2FX: 0. 12

[«g]
1 .
(1) tiS2Y-TZP©*Si;*tur, ***>*!: 

=k 9 iBaittx vi'v *$nx£XS6 u. ¥S

(2) *Xn4rxG£tt-5 2tt©JS*/gtt*|% 
EiitsfeS).

o) c®#fi©Eii%$asmo-3/sr$>.5.

2. tm*&
(1) #aw$4 • 3moi%Y2os-iE^a-»:-r

■ SWffik UTO.SmolX fflCuO
• 0.3 um

(2) iBE141Ht m 11 = 0.55 (1150°C,Comp.)
(3) T/P ®tt 1*X320 mm (*ES3 1 «■)
(4) ftgSS |*lSl6mni®ni8i^-f±KT/P *

56-ti, R=6mm
A'y*CTXB (tefc'U. T/P

(5) • Sa 1150.1200 ”C
• ilg C.H.S.itiiS.R. -£

3.
(1) mmm (0 i )
(2) E*- EtizfflS (02)

• &&tt©E*- E(5ffl$l®tBiiSti. figt 
$ag©itn»>e>S6a9rS-5.

(3) TM»>6©Sg«li:&*l6iE©M& (03)

IMi 9 2mmS-fn-5.
(4) #^m©BAk3k©M% (04)

QyVy^kmStoSKtt. ¥1$, HJB. *«
^|6]®^h-ent;, or, a 6, ot ©IS
**#< .

(DStoas^Htctior toe©15**1®<.
®o 612, fl.fiG !=]»> 9 GoU Tfr §

(5) *6dis t tooxa; t ©ite
® 2143I3SX his? fAoxicj: 0 *rxEA';v

©<# t± 75v y®#9$'kv©$6?
OSDXGlttTO'-S*!. f®M(±7?V5 
®©$®*5*n cti>e.75v ysiw* 
9©A>*x hi/**1)0X1: tor AS. 

©75vyw>f»b4;naill BEttg 
®®e*i+5>GDox«ittr*e.-r, $® 
M>5&!5* 5r 7 x > y® ce A 5 C t »s 
rs<z5i*ie>r$>'5.

(6) EM. $15. SiSE©fSSr 
®»fflfsyf»36ESJsti4Ee- gemst

*JKiS* (0 2) lig<-gtLTAS. 
©10# r |B) DIS*S®tt £ ii 2S. R. =6 X10-/S 

43 J:C/C.H.S. =0.6mm/ min ©SfrtoBtffl t
1WS. ${5t©M«*0 6IC^t. 

®@6K*5iTtr-7lW*ttS.R.—$©*»$ 
1£<£S.

@1150* • jSmmibfl-CiilAT, C.H.S.- 
S©B|ICid:T/P *l&S@g®#f S#A*l 
h-otzbK S.R. —$©)*•□ 1CtiT/P ti®«
•ti-r. rfcofc.

(?)

9. T/P ©®«%£6t4.
©t/p tciiittvix-xMcj:amiasu*tc

6, 7 5* X 9 OTlT S fc.

4. ten
(1) asnsor • sa$irio-vs©sfrTr.

mmsTzp ©2to?i56@si$G)$au*.
(2) ####1:4:9. fii'IWish,

)$®&fr©3cll»s>fcS4afc.
(3) 6*6^6 

(i. effittioxtirr-^i-/j.// 1jox©sS£* 
Wft*;£i:>asr&s9.

-71-



[A—2—5]—5b

Fig. 1. ZrOj sample after.forming at 1150°C for 
10 min, with a constant punch velocity of 
0.6 mm/min (shown in top and side view, with the 
punch).

1150*0,0.6mm/mln. 
1150*C,0.3mm/mln 
1200“C,0.6mm/min.

DISPLACEMENT (mm)

Fig. 2. Load-displacement curves for punch 
stretching at temperatures of 1150" and lz00"C, 
and at punch speeds of 0.3 and 0.6 mm/min.

■ £r radial 
• Eg hoop
■ £. affective

die contact

punch contact

RADIAL DISTANCE FROM POLE (mm)

Fig. 3. Distribution of strains c„ e#, e, over radial 
distance from pole.

contact 
to punch

Fig. 4. Schematic of stress-strain states in punch stretching.

T»1150*C

V i 0.01 mm/a

TIME (sec)

Fig. 6. Comparison of load and displacement in two 
forming schedules: (1) constant punch speed of 
0.6 mm/min; (2) constant strain rate of 6 x 10-3, with 
the same final shape at 10 min.
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IN THE UNITD STATES AND ABROAD

C.Y.Ho, S.K.El-Rahaiby,DoD Ceramics Information Analysis Center, CINDAS 
Purdue University,West Lafayette,Indiana 47906

The American Ceramic Society:Ceramic Engineering & Science Proceedings,Jul.-Aug.1992 
Part 1 of 2, Page 3-17. 16th Annual Conference on Composite and Advanced Ceramics
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9-< Mi- (set) Low Cycle Fatigue of Discontinuously Reinforced Metal Matrix Composites

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

Material E
(GPa)

Rp0.2

(MPa)

Rm

(MPa)
\
(%)

°r
(MPa)

b
(%)

c

AA6061-
matrix

71 300 330 7.4+4 402 -0.044 21 -0.93

AA6061
Saffil

91 320 432 1.0+0.15 456 -0.055 3.1 -0.61

AA6061-

SiCp

95 350 380 3.4+1 464 -0.05 4.1 -0.58

AA6061
AA6061-SiC
AA6061-Saffil

•«.x

10 10z 10J 10 
NUMBER OF COMPLETE CYCLES TO FAILURE. Nf

Figure 1 - Composite microstructures, a. AA6061 

with 15 v/o SiCp, horisontal direction 

corresponds to the direction of extrusion, 

b. AA6061 with 20 v/o Saffil.

Figure 3 - Strain-life 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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M (&£) Corrosion Behavior of Metal Matrix composites

(EL m, ¥50

Fig.l. Corrosion at the 
fibre/matrix interface 
in squeeze cast 357-carbon 
after 3 weeks immersion.

Matrix Reinforcement Fabrication

Type Geometry Diameter Route

357 Carbon cont' fibre 
(V90

8pm LMI

357 Carbon unidirectional 8 SC

357 Nicalon II 16 LMI

357 Saffil 100pm short fibre 
planar random

3 LMI

2124 Carbon cont' fibre 
unidirectional

8 SC

2124 SiC particle 3 PM

Fig.2. Aluminium carbide 
at the fibre/matrix 
interface in squeeze cast
Al-carbon, ai p
a fi^re, b matnx, c AI4C3

LMI: Liquid metal infiltration PM: Powder metallurgy 
SC: Squeeze cast

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

Couple Current
(pA)

Corrosion
RateCmm.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 (pm)

357 *45
357-Carbon 6000 (LMI)

300 (SC)
357-Nicalon 350
357-Saffil 35
2124 35
2124-Carbon 60
2124-SiC 40
Al-Carbon 150

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

Fig.3. Preferential corrosion 
around (CuFeMn)Alg in 
squeeze cast 2124-carbon; 
a Al2CuMg. b (CuFeMn)Alg

mst

* it T V' a.
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Environmental Influence to the Fatigue Behaviour and Damage in SiC-Fibre 
Reinforced Aluminium Alloys
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(Kyoto University, Kyoto, Japan)
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*4 bJls (^50 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

aB (MPa) 867 1605 167 204
(%) 0.95 1.77 1.31 7.80

E (GPa) 120+10 118 101 90

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

♦ Tensile Strength 
o Air R - 0.1 
« NaCl Soln. R - 0.1

E—01 IE+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07
Cycles to Failure

a) longitudinal specimen

‘ 3rd Mater H - 0 1 
NaCl soln

• Aluminum JIS A1200 
R = -10 Air

E+00 1E+01 IE402 IE+03 IE+04 1E+05 1E+06 1E+07 1E+08
Cycles to Foilure

b) transverse specimen

Fig 4 S-N curves in a 3.5% NaCl solution
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Heat treatment optimisation and improvement of tensile properties 
of fibre-reinforced aluminium alloys

ft A Proc. of 5th Europian Conf. on Composite Materials, P.773
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F. D, N. G,M.G. B, A. B.M (University of Surrey - Guildford Surry - 
Great Britain ,Universidade do Porto - Porto - Portugal)
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ttroiiiD65Sti)4.
A 1 - C u A All, 0 . 5 %M giU 2 %M 

g ®4?4'®A48i#fc4'f#S AS. -5-AI2, ISA 
4#I4AV'- >4fcf b -y P A#lcAbT V'S. 
7 7Z43.7All, BBroiEAtt^iSias ti-s
4'ltT4<, A7>k|sI«IC7 P U -y 7X&« 
IBftTS.
Al-Cu^iT-ll, 7 7A2a1Aj)fft 

I2#hTAT-&S.
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# 'i h J\y Heat treatment optimisation and improvement of tensile properties 
fibre-reinforced aluminium alloys

AJ-5%Cu-0,5%Mg-TI + 20%Sa(Hl Al-5%Cu-0.5%Mg-Tl + 20% Saflll
o Composite 515°C Stepp
♦ Composite 525°C Stepp 
■ Matrix 515°C Stepp
♦ Matrix 525°C SteppHv 5 Kg Hvl Kg

Q Composite 520°C*2h 

■ Matrix 520°C * 2 h

120 -

0 1 0 20 30 4 0 50 60 70
140'C Aging Time H.

Fig 2
Al-5%Cu-0,5%Mg-Ti + 20%SafIll

0 10 20 30 40
180°C Ageing Time H.

Fig 3

Hv 1 Kg
160__

150 

140 

130 

120 

110 

100 

90

Composite 520°C*2h 
Matrix 520®C * 2 h

10

Fig 4

20 30 40
200°C Ageing Time H.

Matrix Treatment Fibers /binder Rm
(MPa)

RO.2%
(MPa)

R0.02%
(MPa)

E
(GPa)

A%

AJ-5%Cu
2%Mg

Ti

T6 5h at 470°C
Water quench

8h at 180°C

Matrix 323 226 165 71 6,63
Sail'll / SiC>2 458 413 55? 90 6,35
Sailil / Low

SIO2
448 3§4 565 65 6.55

T6 5h at 470°C 
Water quench

5h at180°C

Saiiil/
Low SiC>2

430 346 324 88 0.75

Table 2

m m

^ atomic
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(% Z) AN OVERVIEW OF THE DAMAGE EFFECTS RELATED TO THE PROCESSING 
OF ALUMINIUM MATRIX COMPOSITES BY LIQUID INFILTRATION

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

^ - 7 - K squeeze casting, infiltration, aluninium matrix composite, preform, 
fiber/matrix interaction, spinel interphase, binder, aging response

3 : 0 ##£]&: 5

F V 7 7X#^,

#±AC##&

^ZTii^IgT^oAcA^Bf 6 LT? F V 7 7 
x$m^ /<yy7'-©fb#^#X^

? F V 7 7 7 F
') 7 7 Xc|]©Mg6B$#6©KfG4Cj;6#V\X k:^;i/48©

Table 1
Mg©x L'^vyBj^#[S]©Eb^ Fig.l F V 7 7x#

Fig.2 lix

b"4;^1$bMgigj^©^f LT ^ , cft^,©
- 7 

t;-? F V v
Fig.3 F V ?

^Mgggi©##(a)
FA#

TMg^^^</Zc'Cl'6o #g#^©^#A(b) tClj:# 
*HZ^ F ') 7 7 £ Ac*Z

^#^lj:Mgzg^©fmT^I3)b^^AC^^\ F V
7 7 %jKJ&itlz

V h v 7 7 xcp^MgliuOcbdtcE^T^E'i^^’^V

C. <E 3 \ Safbti ^ SlS L Ac ^^/fETuSch LTI*
T'£ AC\\tZ O I^1E£WLTV£^\ *tl£ IqJHtfc 

BSZv F V 7 7 X £ © IZ&)6
rm.W£'&M&&tz LtO^o

^ F V 7 7 X <E ©^S£ 1*14- L T V £ © ti W&tz tf T
Ac <, y v 7 f-Aosyigcmi'a/^y

Fig.4 lit'* 4 y 7—£ LXTju i -fBz.U
V V A7£fflWciS£©v F V 7 7 X #©(%:&CXCu©#^ 
Eft£^LTV£„ '> V
##©-i( f A#]TMg#^7)Z^Ac{gTb#CT&tK >
V A /< 4 y VC <h Wj£0 Table 2

amoiKW'f'fyy- (y v*) mm/
v f >; 7 7 %©###&&%:;&# AcMg#/<%" y/-i©S
J£tc £ o SActZ K0#ofgZ/\' /f y/-&m
l\ A:i&SicE^T < AC 6o

7* y 7 * - a mm
^mz\$frtz t) ©EZ7«gr& tz mfr^ztUA e 
©EZ (ills’ 5~10MPa ) T'EUtiSB^5o 
LfrU FELJa±"eEtui’S
ZA:ab^ B#(D##^-etU^^A#AC^E?^AC <^ i#
E#'^^«k6 7* *; 7

#)—fbO(3-b^mAAcMET&5c Table 3 »*§&£•& 
EthZ)%L T ^ t), ? F V 7 7 
x * (DMgl:^/LsAc t'k: tis ^E^BEZ^ F V 7 7 
X 6 © ^iEV^SEZi^^M (EAc6o

Alloy composition
(atomic %)

Interphase
Composition Ea/2(kcal/mol)

AJ (99.5 %) a-Alumina 53.5
A 3 % Mg MgA^Oa spinel phase 11
Al 3 % Cu a-Aumina 49.4
A 10% Mg Mg AI2O4 + MgO 15.1
A 10 %Cu a-Alumina + small amount of Cu AI2O4 73.9

Al 4.5 % Mg 4.5 % Cu MgA^Oa Spinel phase 8
Table 1 : chemical reaction between silica rods within liquid aluminum based
matrices according to the following experimental conditions :

670 < T(c°) < 800 et 0 < duration < 30 min

tb # Proc. of 5th Europian Conf. on Composite Materials, P.667
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AN OVERVIEW OF THE DAMAGE EFFECTS RELATED TO THE PROCESSING 
OF ALUMINIUM MATRIX COMPOSITES BY LIQUID INFILTRATION

750°C

100 150 200 250 300
Time (min)

735 767
Temperature (°C)

Fig. 1 : Extrapolated incubation periods for the reaction of SiOa Fig. 2 : Mg loss related to spinel formation in Al-Mg/Al20.3 composites 121. 
with various aluminum alloys. (670-800°C) 121.

UNREINFORCED
TOP OF THE 
PREFORMMATRIX

2.2 -

T6 Ireiled

Distance from the top to the bottom of the Infiltrated 
preform(ntm)DISTANCE FROM THE TOP TO THE BOTTOM OF THE

INFILTRATED PREFORM (mm).

Fig.3: Chemical distribution of free magnesium within the preform : 
(a) AI-7Si-2.2Mg,(b)AI-7Si-0.3Mg original Matrices

♦ Cu(matrix)

* Cu(Silica)

Cu(AluminaJ

Mg< Silica)

2 2J2

- 3.8 ®

Distance from the top to the bottom of 
the infiltrated preform (mm)

Alloy Composition Unreinforced matrix MMC Silica 
binder(20% fibres)

MMC Alumina 
binder(20% fibres)

AI-5Si-4Cu 321 337 381
AI-5Si-4Cu-1Mq 342 415 428
AI-5Si-4Cu-2Mq 338 404 439

Table2 : UTS (MPa) of materials in the Y93 conditions versus the amount the
of magnesium tested at room temperature showing the influence of the binder 
chemical composition.

Pressure of
50

solidification100 (MPa)
140

AI-5Si-4Cu-1Mg Alloy 345 349 340
(Alumina binder) CMM (20% Vo) 328 397 428
AI-5Si-4Cu-2Mg Alloy 329 334 337

(Silica binder) CMM(20% Vo) 415 428 403
Tables : UTS(MPa) of the materials in the Y93 conditions versus the pressure
of solidification showing the influence of the binder chemical composition.

?lr ft:
Fig 4 : chemical distribution of the tree magnesium and copper within the 
preform (Vf « 20 %), AI-5Si-4Cu-2Mg original matrix (as infiltrated) silica and 
alumina binders.
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Forging of Short Alumina Fibre Reinforced Aluminium Alloy

G. Durrant, V. Scott, S. Clift, R. L. Trump*
(University of Bath-School of Materials Science-Claverton Down Bath BA2 7AY - 
Great Britain, *DRA-Maritime Division-Are-Holton Heath Poole Dorset-Gret Britain

4-—7— K forging, short alumina fibre reinforced aluminium alloy, commercially pure aluminiun 
aliminium-7%silicon alloy, liquid metal infiltration, flow characteristics, fibre breakage 
aspect resio, flexural strength, calculated composite strength

0 ■ A • W-M • ##£«©» 0:7 * : 0 #%: 1 ##XK : 3 M>IR# MS *

cm #]
1 . #a

ffl(iPS£ftTWco cntt, itcN #^3 %
^ c 6: (C&2ELTU& o
-7 4 V h 7 i 4 y©IEa^nX 7° p -fe X

7 vl/ ; f ^##^{b7vP ;

2.
-7 h 'J -y 7 x£&(is Xmffl^Tvl/ S (LMO) tk\-l% 

Si(LM25)©2SHT\ 20% <D7vP ; fW# (Saffil,
ICl Ltd. )T^{tS*VTfc7 > M:&jl1W&TS&a5 
tlTl'§o Rm£©SS25mrni6£ lOmmCDlABW>
Fig.l(c^j;3(c,
tU6£o^MW}UX£ilX\<'6o

C LT'12%4 TOEIffl^B^
4./Co CO#O##a^ULM0/Saffil T'te20~625°C s 
LM25/Saffil-e(4:20~5850CT'|fo/Co

25 x 4 x lmmOl^M'^nl L N
ff-o/io SEM.TEM -emx ##

3M ®7j#
iti- h ') 7 A-/g?g(c3 BFbIS LTtiE L > SEM£{$-oT4>
tt< <b & 300*RJh<E>$ljAE/^ b 7 X ^ 7 hJt^Sb/Zo

3 .
3.1 #%^###
2 -oOlMSWnoRtlt^fr<Dffll%&Fig. 2a^2biZ7jN

L/:#s %
&0(cL/:#lX ^BE^(ii%I>L. ^jx.(fLM25/Saffi 
l©10%H&*ef;U 350°CTm00MPa, 550oCTti30MPaT£> 
c /: o 2 . LMO/Saffi 1 O^A^BEd
/J^S V o

3. 2 [ft {456cF
E«B  ̂J fX \'tZ\ liLMO/Saff i 1

T240MPa, LM25/SaffilT'(i370MPa X&^tZo

/Z^©{i^S*5E< tZY) > LMO/Saffil X 180MPa, LM25 
/Saffil?(i240MPa ttZZ 0 ^B^JS£±ifTV < 
^BLTV/XV^^dDtiif^izS-d'S N LMO/Saf 
f i 14?625oCe(i250MPa t tZ 6 o

3.3 S 7 vW®.
muttt wmimmv

L T &t^E&BET7 y^'ALTi^o 
Cfttc^fLT, O^B(i, fr

ft D o
^B5ETV/<ktLMO/SaffilT 

31.5 Ofi|7 7^^ Ht^tLs LM25/Saffil(i22. 4T' 
&0/C0 ^Bm®LM25/Saffil
SL/Z6C6. 20T. 500°Cx ^'SSRh©585°CTa

Fig.6(c^7X^7 hitto

4 . Discussion
4. i mm®mm
##07X^7 hEOS'J$^b> 12% O^BT##®

3 c ^n/co S®©$B-ett.
TX^ LMO/SaffilOj#A31. 5&&6. 5(C, LM2
5/SaffilOii^22.4^b3.8

£<DCtit^ h v v
» WojiSiiv h V v 7 X^rilLT©W 

S{SS(c3;^©(z^Ls iSv-SJg^-eiiEII^EE©
a o

4. 2
D. Hull©7X^7 hLtzM&m(D$ 

I«S|07 h V .y 7X015/]^
3 x LMOTSOMPa, LM25T110

MPa6MMh&tmm$.ckD^^D/hd: < x LMOT160MPa 
LM25-e260MPa6f&^5 —%&%> 0

CCD^S^Fig.SfZ/jxf o

....... ._ ____________________1___________________________________________
m # Proc. of 5th Europian Conf. on Composite Materials, P.639
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? 4 b jv ($k3Q Forging of Short Alumina Fibre Reinforced Aluminium Alloy

450 C

660 C 460 "C
585 C 600 C
600 C

626 C625 C
660 "C

STRAIN, %

Fig.l Fibre alignment and sectioning 
for four-point bend tests. Fig.2 Deformation pressure versus true strain for 

(a) LMO/Saffil and (b) LM25/Saffil.

Fig.3 Flexural strength as a function 
of deformation temperature.

V LMO/Saffil □ LM25/Saffil
Undeformed values indicated by arrows.

;-----LMO/SAFFIL

-----  LM25 /SAFFTL

TEMPERATURE, C

Fig.6 Mean fibre aspect ratios 
▼ LMO/Saffil ■ LM25/Saffil 

(-—) Al-Si eutectic temperature 
Arrows indicate undeformed values.

X 200

Fig.8 Flexural strength. □ Experimental data
(a) LMO/Saffil (—) c '=50 MPa (—-) a ’=160 MP
(b) LM25/Saffil (—) o™'=110 MPa (—-) 0^=260 MP

?m
T)\si

$&(f ©MUK&g LTimStlTjo V) , iSSTCDigitT 

V -y ? XCDSSSti^fbLTV/XV-v F V y ?
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Manufacturing of Al-Si Matrix Composites Preforms Reinforced by C-fibres

# # (Bfrmmii) S.Pelletier, M.De Sanctis, J.MASSOL, Y.Bienvenu, H.Vincent, C.Vincent 
(Centre des Materiaux P. M. Fourt-ENSMP-Enceinte SNECMA

RN7BP87-91003 Evry Cedex-France)

4=- — 7 — K carbon fibre reinforced aluminium, reactive C. V. D, carbides, fluxing, infiltration process 
fluoride deposit, physico-chemical observation, monofilament, wires preforms

m: o m-. 3 = 3 : 3 pi& m

m m

Introduction
*-y h 7°VX(Cf 5j^SBS’CWtLfzTfr 

;7MJ y 7 X2)7°V 5 C d:(t

a 0 d 2 0 c ^ 0
loit T ;v ; < VC <bs ^7
1 oiiN A# 6 KAUCs^rM;

L##^m<i-ac6?&ao 
cdDtrsrctes iSE7 d' -^-©^{^0vriBxBl-a

ELABORATION
1. R. C. V. D. coatings

^EII<iToray-SoficarTSia$tL/cT300 (GOOOt

;? J 7 * y lcd$s BS7.2/zm)
University of LyonT'1^%£il/cRactive C. V. D. t <£ 

(dfna^g©^ST\ CcD^Tiix ^07^ 7/ y 
h (csic, Tic, b4c©S< Tti#t4©ai 

3-f^7'-e§§o
gtSES MS t :&)S<Di&fb^CD * y 7 X # X 

T-jxiSi* a 0
MClx(g) + x/2 H2(g) + C(fib) -+ MC(s) + x HCl(g) 
xx*^-, Si.Ti,B2)E$?f<£%ftt$J*e 

^'< . Sio,C„ TiCxOy, Ti02, BN£^frC -o
tz 0 xi- h dtl/c*©^WBE^table 1(^1"^ 
3- h LTL^t\##j;i9^^Tl\ao
2. K2ZrF6 treatment

100°C©K2ZrF6ISfn7j<'/§OT^SS L > 100°CT 1 
^zM't a o L. C. S., University of Bordeaux (C Z -otl 

^^fLTVaCOX? -y 7
timirZo /c^'/Lx ±#

6mm%60^aT^WD^i6ccTvaMm?x s.
Schamm 6CD-I'Sa o AS13/K2ZrF«#^#)2)

&0T&a <,

3. Discontinuous infiltration process
f#2)[pT600°CM#!$fl,x

C/LT^) a 6E7]

M^ba0 *^Al-Si^OAS13^\ (gV^(575°C

2 ^”es> a o
7 y itWi LThU vlity)\<Do — T-jy 7'#& oT& 

^##®^(c^#LTV%Vo MLx K2ZrF6M£ 
hoL x K,ZrF.2)#/J#(t CTiCT 
(tO. lmg/cm2 x y/% LT(tO. 6mg/cm2 x
C SiCTitO. lmg/cm2T* o /c 0

LTx ^4 (tCTiC+
K 2 ZrF 8 + AS13W0 £i!§iR L 72 0

4. Continuous Process
\-?m. 7

4'f-&ffac&(cG%#Lf:o
650M00°Cx g|#%#im&M5m/h (^W^TlOs- 
1 min) x K2ZrF6(iDiscontinuous process Jt D i^j < flkh

0. 25mg/cm2"C^ c t:o

Physico-Chemical Observation
Discontinuous processTfTOL/cth y 7°7V£TEM, X 

UftVrXWmitztZ.Z.mM'? h V y7x*lt 
Si2Zr, (Al,Si)Zr<bAl4C,j^{bWE^^nx f®Ux 
7>>V* 2)V h u y 7 X(C(j#fb#lx 7 y{b%x 
<tAl20s kB&btl/Co

Tensile Test Results
1. Monofilament strength

7 7 7V7 h V y 7 %####€##&-fx M~a/ca6 

Kx Na0H*e> 7^v h V y 7 X L T3 I5S^ L tz
M#^table IKtk?o K2ZrF6 M(*B!l©3M(i:BIS 

L%Vo T300##(cTiC 7-x^f y 7*L/cElt(tx TEM
-y 7 ^§(d

ac6##&ao
2. Wire preforms strength

2oO&M=T77t/S ^2 7^-031^$2)
table 3 (d/jN^o

Effi(t7 7 -y FT#V##&MLx
2) 1 oOgSTx v h 

') y 7 X2)AS132)ES ^B^LTVao
i
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Manufacturing of Al-Si matrix composites preforms reinforced by C-fibres

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

Fibres <rr MPa E GPa m Weibull CTE (10-6,C-1)

Cl 3 0 0 3150 210 6.9
CTiC 2100 208 5.5 5.5
Csic 2650 210 3.2 3.8-5.8
CB4C 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 & (7 «T (Pr 0.5) <r m cal. m number of
treatments MPa MPa MPa Weibull tests

CI300 2679 2602 2675 6.5 41
+0.3mg/cm
K2 Z rF 6

2395 2626 2595 6.1 61

+0.5og/cm
K2ZrF6+ASl3
disc. proc.

1051 1060 1050 3.8 57

CT1C+ 0.25 1809 1819 1810 4.7 49
K2ZrF6

+AS13 disc. 1466 1469 1472 00C
M 49

procass

cent. proc.
1 4m/h

1385 1385 1389 2.7 55

7 5m/h 1442 1385 1585 2.6 54

Table 3: wire preform tensile tests (gauge length 5 cm, cross-head 
speed 6mm/min, average values on 8 tests) .

Elaboration conditions err MPa Sections mm2 Vf %

CTic + 0.25mg/cm
K2 ZrF6 + AS13 / 38m/h

263 0.87 28

CTIC + -lmg/cm2 K2ZrF€ 320 0.57 43
+ AS13 /9m/h

pm
PcSWTi&fkLtzTJV S 7 h V y ? 

s R.C.V.D.
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Forming of magunesium matrix composites by forging

ffi A Proc. of 5th Europian Goaf, on Composite Materials, P.665

J. S, K. U. K (Institut fur Werkstoffkunde und Werkstofftechnik-TU 
Clausthal Agricolastr. 6-3392 Clausthal-Zellerfeld-Germany)

* - 9 - K magunesium matrix composite, preforme,forging,sqeeze cast, 
alumina short fibre ,segregation
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# 'i b J\/ Forming of magunesium matrix composites by forging

high deformation zone 
► fibre damage

valve spring 
retaining cap

Fig. 4;Microstructure of a near 
net shape componenta) high deformation area with fibre damageb) low deformation area

Fig. 5:
Vicker's hardness of 
composites dependent on the condition
a) matrix
b) squeeze cast composite
c) forged, degree of de

formation: C> =0.16-0.35

kd&l heal treated (T6)

Fig.,8:
Tensile properties at 
200°C as function of the 
degree of deformation 
(heat treated), degree 
of deformation:
<> *= 0.16 - 0.35
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THEORETICAL AND EXPERIMENTAL ANALYSIS OF Al203/Al-Si COMPOSITES PROCESSED FROM Al-Si-Zn AND Al-Si-Mg BY DIRECT METAL OXIDATION
as # 16th Annual Conference on Composites and Advanced Ceramics/Am.Ceram.Soc./ 75-C-92P, P.485-493
m #(SrJSEW) S. C.Khatri,M.J.Koczak(Dep.of Materials Engineering,Drexel University)T. Chou,Y.Kagawa(University of Tokyo,Institute of Industrial Science)
^r-7- K direct metal oxidation,Lanxide,ceramic/metal composites,growth rate,growth mechanism,oxidizing atomosphere,AI2O3/AI-Si,Al-Si-Mg,Al-Si-Zn,

0, K ¥*. ##3C#©K 0: 4, m: 1, ¥*: 0, ##3t6t: 9 ##R# »* Hffi
tt&EIbiSSiL Lanxide Inc.K* t7l7?X/XM 37*' i-"7!"CD$? L V'SiSiST* 5. % ® M-x-Y£&£tb«toi6& (>ii73K) (ommm 

% T«ai, &®M %ElbU WiUfAlsO, ,TiO 2, Zr02t557*X*£)££-ti-.S„ X (#[*.(£. Mg,Zn) 
it s-?Ltt©xr*» ££j&u.« 6Bihu ®Ybsjs*»(ts. ^ATbmtto* © i®i*)14~-£ffi-F£-ti\ toff©«i2%eaf-5o (®«#7'!)7*-A. m«SiC. *S@«B-r4Ul3 ffi<7)37if2-"7ht,g3®U#5- ) *#$•?{*. 37 *‘ 7'"7KZ)titS@SC'3i<'TWf5,

A1202/A1-Si37*‘ 5<"7Hi. A1-Si-Mg,A1 -Si-Zn ■6-S (Table 1 ) ^£>£$£*tfe. SifK-X©# BSt©ES£ffti;. 0.1,0.2,0.5 atm i: U, SA i"X©«AiS«ii. 5 liters/min tUTi, E-fbii 1573
Fig.IK. KS^EfcA^M tbT, S&*tol . 2Si©Al-2Si-5Hg -^AT© SSSiD ti. ©JtiD k 1: t, KitiD U T A'6. 10Si©Al-10Si-5Mg ESdMtic#6kto<. bXioFig.2-c Xi>6. Al-5Si-5Mg 'nlitfi, Al-2Si-5Mg
5.5 to <k tFlO. 8X ©Si % -£*1" 5 A1 -Si - 2. SZn-g- ^©ElbSSatrA'VTt). *Si •S*«37*»© fcTi'U A1-Si-Zniim©il$aK<k5^Si$S©<B"Fti. mtobti c©^A7?(4. ZnO @©ESS£S»$«ft i$SKS4-UT^51:^x6#L5o37*'7'7F©17nm%&Fig.3Kaf. a7mv 3 

fkrG&ltlW-t biMlt 7-i7BiY7iA* b®ti( ctlT A'«„ Al-2Si-5Mg A:Al-5Si-5Hg ^KAt'T.3> * • y'7 i&a#® K S’HttHgOi Am® atitz.
7Ai-H£±coia.m±mmtK&»?>Tjrr-)mftX‘m©«S0^Fig.4K5ti-„

37*‘S/”7F©ft®i±^©5 xWK^yT^x-S
XT77"1-Xf#©4® : •6-^EK#3U$©XfWS^®$fL5, 2MgO(2Zn)+Oz=2MgO(2ZnO)MgO(Zn0)+3/202+2Al=MgAl204(ZnAl204) Xf77'2-to##m :xt‘4»2:mf©7-f)ii frm &muT©^&to#©#mx$s. ^aswKAysssii.©SK<k»)ltSU^5= 21.2 gm/cm2/hrT& 9. SSBMt© 0.25-0.8gm/cm2/hrk — 
»itf. C©X777'tt$$$miB-?7?ttfct\ X777-3-/'»;39A©i£E :S®i£< ©TlRrtMSjxj&f-S h. Si!)7f 11 i$®EJSaWtfri, m=71^C©E&m-3 TSi&ABKffiirfS, C©#x*K*-5'<«*®S©#i$®i*. 0.12 gm/cmVhrk&t).K*E#§*£-gt-r£.Xt77"4-ES©6£E :#Ha,^6©EAi*. a®©Mgo iscrs. MgO ff-e©ES&»«ftflc«r687£»$.

tr»©ESTtiB®T$,5. X777'5-ETb#©&#:T)R37ij:ES©fl5ES*Kck *3. m*©£j£)£ SttASK®<.
m±©#A^6 xt77*i «. sis©to®epg^ f©m. ES©ffiE»s«S®$KW# u ##%i:si wfjiKdsy-sm^dioEgijga l:*-j<74WA©B:EZi%@a%K%%. SSi£W d©Xr-7''K®<5!)®b. JfcBiSS© ffiTitiTi *>■?,
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:M h7L (36X) THEORETICAL AND EXPERIMENTAL ANALYSIS OF Al20,/Al-Si COMPOSITES PROCESSED FROM Al-Si-Zn AND Al-Si-Mg BY DIRECT METAL OXIDATION
TABLE I

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-5Si-2JZn 5.5 2.5

Al-10Si-2.5Zn 10.8 2.5 -

Al-4.8% Mg-1.9% SI
WL of Alloy-30 g.

10% Oxygen 
20% Oxygen 
50% Oxygen

Time (Hrs.)
(a)

AI-5.1 Mg- 9.8 SI
WL of Alloy-30 g.

10% Oxygen 
20% Oxygen 
50% Oxygen

Time (Hrs.)

Time (Hrs.)

10% Oxygen 
20% Oxygen 
50% Oxygen

Time (Hrs)

02 03 0.4
Partial Pressure Oxygen (Atm.)

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

Figure 1. Weight gain versus time plots for oxidation of (a) Al-5Mg-2Si and 
(b) Al-5Mg-10Si alloys

Figure 3. Micro* true lure of A! jOj/AI-Si prepared from (j) AI-5Mg-25i and 
(b) Al-.SMg- lOSi alloys

Figure 4. Schematic illustration of growth process during directed nteul oaidation 
of aluminum alloys

1. ^7‘Dtxts. mito/m <o
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(WX)
£ 'i mx)

Al-Cu-Hg,Al-Ni-Mg SSAtf Al-Si-Mg -g-^yf5-"7b©ESdSETb©Sltff

DIRECTED METAL OXIDATION ANALYSIS OF Al-Cu-Mg,Al-Ni-Mg AND Al-Si-Mg ALLOY COMPOSITES
as A 16th Annual Conference on Composites and Advanced Ceramics / Am.Ceram.Soc. (76-C-92f),p.494-502
m #(3rR««) S. C.Khatri, M.J.Koczak (Dept.of Mat.Eng.,Drexel University)

T. Chou, Y.Kagawa (University of Tokyo,Inst.of Industrial Science)

* I v3 ( ■7? directed metal oxidation, Al-Cu-Mg, Al-Ni-Mg, Al-Si-Mg, ceramic-metal comp osite, AlzOa/Al-Ni, AI2O3/AI-CU, growth rate, Lanxide, DIMOX,
0. m. ¥X. ##XK©@& 0: 6, m: 5, #%: 0, S#XSt: 7 ##R# «*

LanxideitCS: 9 MH£StfcDIM0X7'pntS, 7)K :»i^©SS*aS6ti:E'(bSii-. t)Wx 7Hb
(T>1200 K) T. SlSifX (SSt

Fig.l C Lanxide '7h@|$$4ElzKUTic
77-f n"A% SW L TSS IS tS. 3ffi 3>*^"3ht, A120=/A1, A1N/A1,ZrN/Zr,TiN/Ti * Aftf. WmtVT& Al20„AlN,SiC,ZrB2,TiB2
NESTIS. AC Al203/Al-Ni.Al202/Al-CuC Mi--53^-r7h ©m*#m. a«*®^ifcoV'TH-f -So
mssA120s/7W 3>r5-"7Ky^S^86MStt. TableI C/hCS; Al-Si-Mg,Al-Cu-Mg,Al-Ni-Mg a'^% ffifBU Bm-fblS"FE©;6#C<k 9fft>*:„ S® : 1473 K-1673 K / 50 k mtliT: 60 min.SBISL : IZ®Sit (SSS 51iters/min.): TMi
tablenCHlSJSBCH-f-SIIlfetS®*. Fig.2 C*Si§iDi^Ht©i8®cD«S«l*S:-r. S* ©J&RSSBIS. Al-Si,Al-Cu S&T-IS1573 K, A1 -Ni £&TiS1473 KAl-Cu,Al-Ni •£^cdsk'T. sats-sa ^ss-risa©*asit-l.i$CE6$at*ffi"Ff 5.SIS©ilffttAC. Al.Mg £&ISCu.Ni.SiiiifSDAS- C©^&ma©aibCd; 9smuts ±xi,. sffi©to6tsit*-r$=c?v\T©a#%^. 7'bk ©aktofflss^ti'g #©s«mi:©@am. %aaib. ras»7©ja

6 % tablelUCzRL/TcoAl-Cu,Al-Si -6-ifc-etS. AT©SHblS/J'$ <5IR ts##^rmef5. U*U. Al-Ni •£&© ATacts*# <. mere*

Fig.4 IS. Al-5Cu-5Mg ^6C A6A1202/Al-Cu 3 y* >7F ©XRD7'B7FT*S. amt,m:»A,HC CuAl2,NiAl2SJS;tFMg0,MgAl204*s©»?>Sl-S. Ta blelVC, #3yO"7l©)iW fYy*AC#aS*?M^ 
StStl iHISC&as $St Tiffin m-foTable VIS. 7'PMSBCS3ttS#3y*’i'"7b©^
#:|S. 1473 K©7‘PtXSaT 22* (A120VA1-Si) 7?* 9, &g<V±%kki>lZ&TL. 1673 K7?IS 10* Al-Si-Mg -&&&6©3yirr
7HS, teA:LbRUT#TLEffi*i6tx CStlS. 3 yO"7b© AScS*j£k' Sc to. A12 02 ©&# S *%j$
Fig.6 IS. Al-5Cu-5Mg,Al-5Ni-5Mg *6©3yf i-"7F© ^PE8$Tto9. Al202/Al-Si 3y*"y"7hj;

'onnnmv»z><. pyf r7b©m%ism%?to 9S-TLtito&SPTto-S.
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M (MX) DIRECTED METAL OXIDATION ANALYSIS OF Al-Cu-Mg,Al-Ni-Mg AND Al-Si-Mg ALLOY COMPOSITES
Oxtizhg

MgORm

Figure 1. A idiomatic ill m (ration of (he LanxMe"^ proccu

Temperature

1 Weight Gain

Time (minutes)

Figure 2. Weight gain vs. oxidation time for a At-5Cu-5Mg alloy during 
stepwise heating

< Al-5Cu—5Mg alloy >

28 (deg.)
Figure 4. X-ray diffraction plots for AliOyAl-Cu compoiiic from AI-5Cu-5Mg 
alloy

Figure 6. Microstructure of alumina / meui composites fabricated by oxidizing 
(a) AI-5Mg-5Cu and (b) Al-5Mg-5Ni alloys

TABLE I
Chemical Composition of various Alloys used for the Directed Oxidation Studies

Alloy wt % Si wt%Cu wt % Ni wt % Mg

Al-5Si-5Mg 5.5 . . 5.3
Al-5Si-10Mg 5.6 - _ 9.5
Al-5Cu-5Mg - 5.0 • 5.4
Al-5Ni-5Mg - - 5.1 5.3

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

of various Alloys
Temperature

(K)
Al-5Si-5Mg

(mg/g.hr)
Al-5Si-10Mg

(mg/gJir)
Al-5Cu-5Mg

(mg/g.hr)
Al-5Ni-5Mg

(mg/g.hr)

1473 15.6 51.7 50.1 71.3
1523 73.4 98.6 68.1 50.4
1573 100.7 101.2 92.6 14.1
1623 94.5 99.5 30.6 10.1
1673 - 99.5 22.9 5.9

TABLE HI
Estimated changes in the Alloy Compositions, differences between Liquidus 

Temperature and Processing, Viscosity changes and reason for Reaction Termination

Alloy Final
Composition

AT|
(K)

ATf
(K)

Avj Reaction
Termination

Al-5Si-5Mg Al-22.16Si 723 590 T Alloy Depletion
Al-5Si-10Mg Al-23.45Si 723 595 T Alloy Depletion
Al-5Cu-5Mg Al-19.37Cu 752 702 - Alloy Depletion
Al-5Ni-5Mg Al-19.39Ni 660 483 rr High Viscosity

TABLE IV
Phases Predicted and Detected in the Metal Channels for Ccramic/Mctal Composites 

formed from different Alloys
Alloy Al-5Si-5Mg Al-5Si-10Mg Al-5Cu-5Mg Al-5Ni-5Mg

Predicted
Phases

Si, Al Mg2Si. Si/d Al, CuAl2 
CuMgAI;

Al, Al2Ni 
AlMg,Niy

Detected
Phases

Si. Al Si, Al Al, CuA12 Al, Al2Ni

TABLE V
Metal Volume Fraction and Porosity of the Ccramic/Mctal Composites at different 

Processing Temperatures
Alloy Temperature

(K)
Metal
(%>

Porosity
(%)

AI2O3
(%)

Al-5Si-5Mg 1473 2157 1.38 76.55
1573 11.14 1.82 87.04
1673 10.58 0.84 88.58

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

9rE
1. isr'mii. n<n

H &ItR*I:5cI:
2. SsiKai. /nwcomirh%
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(ft X) mm^<L7;i/;-c7A(Dmm#^

Diffusion bonding of fibre-reinforced aluminium

tti # ECCM-5, P. 645—650

m s R.S.Bushby,V.D.Scott,R.L.Trumpert(University of Bath-School of 
Materials and Sience Claverton Down-Bath BA27AY-Great Britain/ 
tDRA-Maritime Di vi s ion-Are-Holton Heath Poole Dorset-Great Britain

4^ — 9 — K diffusion bonding,fibre-reinforced aluminium,liquid-phase, 
solid-phase,bond strength,micro-indentation tests, inter layer

E - & - 4% ' ##]%:iR©% E : 4 m : 0 : 4 : 5 S>SRW ± JE

« H 3ft 4fc T ;u $ -1) AOli^^icout
> «s^t^ $ & zmzm
i\ cxmm&ft j; %, gtitu^o ^X/

mm/? h u
ZJN E 41 ft <k 5 Stlft (micro-indentation test) 
tcJ:i9ti:K^I4L^o £ tz, #A^©mm#

e PMAici:^^ u&mm 
Rtfxm&fckm&akftiz~D\''T%mifco 

mUtt It 1/CifcO T * 6o
• #A##

7 h V y 9 X Tfj & to 7 ;V S
%ib# --h o >mm (s i c)

S 1 5 # m> Vf = 0. 4 
mmSBlS] 0°&tf90°

' < > th - h # m (to^ 99.99wt%), 10^ m 
Al-4.2Cu-l.5Mg-0.6Mn 
(2124A&), 200 /z m

Slit *m%T'n i Marshal 1 (1984) tc
4; smm/? h u y nfsio^ffiommsftK 
©£Fffi^&Tr£>ao tfy *-x©EE£E@ 
ri'b fl L& ft* C <h ft <fc t>, K3; <£ b>, ^6 b 
ft So

r =F*/4 7T *R’uBf 
u = (b-a) cot <p

Z. Z. T\ T P:mm%C *' Ij"
tzftM, R :iil, u:im®l^ B,:ll 
© t > /$t i 5o

$ #A#©t!rX,BrB%&©:f@i#, E 2

(i) m m ft s m a
550°C, 20MPa, 30#© & A£ ttT\ % A# 

E 3 CD i -5 ft CuAl ,*<g 
A#©>%-p UL m\zt>tz K> };:&£;&*) ft Bfi£
$ ft T v /Co $ bft&am?@*&ftJ;0, 
ISit5iE4®J:)i;7ilun0lSf 
ft ?& -a T> e ' fgotfrtbfcS?, J&bftfco

& a$t

tft 184±84MPa, &Aa$<kt>&lftfc3B#'rti 
72 ± 9MPaT & -o tzQ £ fZs S ft ^ A ft 4 

(80%) T? © it A, m & ft ttN 50 
± 5MP a”C £> n fz0 EPMA^It^^ & A L 
t t' t' as # ft m o m <b #1 & s c 6
t> o fco #X/^r^#ftctsmm©B0(d:,
mm/7 h v y nF^®«i?i/-n
<D m # m # &< m # L % u a a<, m# (±, t> £
© ^ A % J; K)|Kft/=#B^Ti6#TU/=o CO
J; 9 ft m # & ^ # A, ft E ft i£ v $ # T-
m o R fb ft «k t),

Ciftt^ o Tl> So
(2) 2124A A 7 VI/ ; ^9AAAftj:S#A

500° C, 34MPa, 60#©% A^#T, % A# 
#^#AL/=6#0#Amm^E5 ft^-To 
$ %A$©E:*#S£E 6 ft, EPMA
##T©toM£E7 KfnLfz0 %Affl ©?§ ©* 

fcEKTx tti <Djj ft b' < ft ft ^ M'J> 
LTl'So $ E PMA##r<h>tf&S-ti:S
k 2124A A4> © t; 7 /*i/9A©?hV
y ?X~©#%A<mB<!:#;tbftSo $ A,
% 6 %A##©%A^®*#? (i, 7 / * y 
9A<kE&B&<Di$l'$#*<!£*bbft*:o 

ISi®Oim»l3ft«:*»E L JgAfB*'
b 81 ft rt: ft, 37± 19MPaft 54 L T, %
A 8(% T kft 105± 30MPai SfeT ifiS l' ©-C*
-3 tz0 ttitiSASoB# t{3.(?100%Ti)
*}x (i, 54± 9MPa7r h So
SI E 8 ft^t-<k^ft^ASB7b^bEft/cSB^
T jg it X t' So c 0 Z 9 ft, m & cf 7 / 4; y 
7A^ttiA^^P^itSCtT> 500° C
mm©#i'a#-?a##@A*<pi#T&sA<
, c ft (i, 7 ;u 5 - 9 A © $ ® © rn. it € i)K 
* Pel ft A W ft S 7 / ^ y 9 A ft J: M. tc
li$ftS:ii:t^ #8 ©^ A##^\ ©% 
KA<(Bm$ftS^b-C&S6^X.TbftSo
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9 -Y h )V Diffusion
(££)

bonding of fibre-reinforced aluminium

C Ek &x

Indenter

Matrix Matrix
fibre

Fig. 1. Marshall fibre indent 
method.

1 Load

Fig. 2. Schematic diagram of 
shear jig.

Matrix Foil Matrix

Coppe r

Magnesiumi-j 1.4

Oxygen

Distance from centre of joint (|im)
Fig. 7.

Figs. 6 and 7. Hardness and 
EFMA across the 2124 composite 
joint . £ 6 izmt z

Zo
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2X bJl
(^) DEVELOPMENT OF ALUMINUM MATRIX COMPOSITES CONNECTING RODS.

F. Girot, ° P. Conchez-Boveytou,11 A. Munoz, 2) J.Goni,2)
1) Laboratoire de Genie Mecanique, Laboratoire de Chimie du Solide, 

Universite Bordeaux.
2) Inasmet, Barrio Igara.

^r-7- K • carbon fiber •ceramic binder
•aluminum matrix composite (AMC) -alumina filler
• preform manufacturing -mechanical property

•3D finite element analysis

[##]
(^)
*ymmnm u £ $ -^mm c

co###X U 7 *-Ag&aXn -b

650 MPa (?HMX (:#L250##)
160 GPa (VMM* lC*fU1003tff)

^ /c±ET - ^ t: j; 6
uv F (DMW'rttetDtifzo

: AX yy—^HZTfr *\tiZ> C t

-YXXyXt^ F V y 7X
#13$ (Ell)

2. , 7)i^j-7^7 —SE^itoDM^t:
ax x-(DE^i:b (M)

(#D
^StiOToiiO-
•Vh'J'y 7 X#(Clt^#WM^%#.

• ^ttivm&^yfm* 2 m±.

1. 7*V 7 A^(D^A0#rXo-bXBB3%.
2. A^>y- , 7;i/^
^■7-f ^-E£jt©«atft.

3. KEIt.

3. iSSny K0EH- (3&5tWP£ES&)
t3vsmmmmz&0

(IStHW:-02)

1. XU 7^- -AEiicD^®ir7n-bX^

##&7^7?X

ax yy-t$HZ7)i'^j- 
7 -y 7—^JMr-S.

XU7^--A^#x mE#mi:ckOMMC<b

tb m Proc. of 5th Europian Conf. on Composite Materials, P.677
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hVl/ (^)
DEVELOPMENT OF ALUMINUM MATRIX COMPOSITES CONNECTING RODS.

(El#)

Sample Binder : Binder : Additional Al-13%Si + 35% M40
Reference Water Filler Thermal fiber c<imposites

Concent. Concent. Treatment OR MPa E GPa

IS 20 100 20 : 40 no 375 130
1 A 20 100 20 : 40 375°C 14h 375 130
3S 20 100 20 : 60 no 495 160
3 A 20 100 20 : 60 375°C 14h 650 165
4 A 20 100 20 : 80 375°C 14h 300 140
5 A 10 100 10 : 20 375°C 14h 400 150
6S 10 100 10 : 40 no 600 165
6 A 10 100 10 : 40 375°C 14h 585 165

Composites properties for various preform conditions.

13(1 2 : Design of a carbon/alumimum connecting rod

^MMCtoSiaesvvr. yy-/7)\>5d-Kir
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(%i)

F;F

(Hi)

ON SUPERPLASTICITY IN SILICON CARBIDE REINFORCED
ALUMINIUM COMPOSITES

S^<tT7F Al^OiittiCO^T

Hi # Scripts Metallurgies et Materialia, Vol. 25, pp. 271-275, 1991

R. S. Mishrat and A. K. Mukherjee+, (^Defence Metallurgical Research 
Laboratory, ^University of California, Davis)

^r-9- F superplasticity, A1 -SiC composite, threshold stress, grain boundary, 
activation energy, diffusion creep,volume fraction dependence

a b 2p«, *%*«©a 05. ##jai2 s>irs

sic^ibr ;u < x ^AS^OTtogrttHtC) r
AS##k UT^iSU 1 Of£#fco 

yco
SC^^M^^So #|^(A 2124Al-SiCw,20
2 4A1 - Si Cw, PM64-SiCp(wti>MX*> P#%?

300% ^6450%(D#@(D#a^im

f C#iS@#td:^^+eT&S. 
0^-^^(DMm"e^i^mmm'en=2-3k 
ta UK (SSMJSTtin) 8^n(DtijbD*^6n 
So c:©ffi&3n;fc0^ftfptttti®aBE 
m&mzizftbffifrommzm^T &mmx*

(/X So
(laM)
C(D##Cjo WT PM64-SiCp^2124Al-SiC 

viCD7s— *? L fzo U # (A#
fcjjiDtz&b&Z Ojei/tl0nlli2f^>5 
hiSSUT^So LSWtJZt}%&Z>fz#)lZ

V hZtifzo

Fig. Hi 7 9 8 K ~C CO 2124A1-20Vo 196SiCw 
C#iS#^09iO y F£/KUT(/xSo
6 ^0^] o a u yc
2(Dn#C%oTWSo 10WPa(Df8^C6^'r 
(7) & kl/Tk(7)M'*^yD y F ^Fig. 2C7]\^ 
tlX V^So ZtlU 3 1 3 KJ/mol<£>n§M:x^ 
7Fdr — ^ -^-X. /Co

^mm^mm^Fig. ^ ^ a

fiTUS. sa6 2o0)gJ^(7)#(d:7FV^

f % (7Xb%%# k So c
<Din y FTn=2£Q=313KJ/molT#Tr-^E 
$nx^So

PM64-SiCp#A##C*iS L # VxEE^J

0X0 IZ^Tfr-gtlfZo
log a 0 = 3.4 log Vf + 2.37 (1)

(2)jUC20VolWbWH-*fTS G,(Dio
'^F^to U £

In a 0 = -31 + 24778/T (2)
T^,So
(#^)
(i)
EEtiES ic*hTS tt

( e kT/GDb) = A [(o-ob)/G] n (b/d)p
a0«L#El&jJ. GLt-tf/u 

bttA-^-^nA dttlgli

A(j:^-e&So
^Svx7cEEttjerf;Ftin=2h

p=2£fcte3£-^;iSo £©Hfi¥$JrHn=2fc313
KJ/moKTDS'S^^^VF^-^^xTco nffili
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ON SUPERPLASTICITY IN SILICON CARBIDE REINFORCED 
ALUMINIUM COMPOSITES
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f ^ Hi/ (^^C) A RHEOROGICAL VIEW OF HIGH-STRAIN-RATE‘SUPERPLASTICITY IN 
ALLOYS AND METAL-MATIRIX COMPOSITES

Capillarity^^# <2 £ &V S #0

b *U < #
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STRAIN RATE, s

Fig. 1 Elongation as a function of strain rate for several metal-matrix composites. (From 
Mabuchl et oi [11])

Table 1 HSRS Test Results and Conditions for Various Materials*

material test temp..°C solldus,eC strain rate, s"1 elong., % reference
P SICw/2124 A1 625 502 0.3 -300 Nleh et aL 161

PSl3N4tw)/2124Al 525 502 0.2 -250 Imal et aL 1®I

a Sl3N4(w)/7064 A1 525 -525 0.2 -260 Imal et aL 1^1
P Si3N4(w)/6061 A1 545 582 0.5 -450 Mabuchl et aL 1^1

IN 9021 475 495 1 -300 Nleh et aL U2)
IN 9021 550 495 60 - 1260 Higashi et aL U®l
IN 90211 475 495 2 -500 Bielcr et aL U31
MA SlC(p)/IN9021 550 495 10 -500 Higashi et aL U®l
7475Al-0.7wt%Zr 520 <538 0.3 -900 Furushlro&Hori I®1

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

30 vol% SIC

AI-6.5 wt% SI

20 vol% SIC

10 vol% SIC

Data from Moon [22]

1000
SHEAR RATE, a'1

Fig.2 Viscosity of Al-6.5wt%Sl alloy and its composites containing 10, 20, and 30 
volume % SIC particulates (from Moon 122]).
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SuperpJ astic Behavior in As- Extruded A .1 -Cu-Kg Alloy
Matrix Composite with 20vo l# S:i 3N4 part iculate

Figure 2; A typical superplastic microstructure of the SijKap/Al-Cu-Mg composite 
annealed at 788 K for 1.8 ks.

Si3N4p/AI-Cu-Mg(2124) Composite

TRUE STRAIN

Figure 3; Typical true stress-true strain curves for the SijNap/Al-Cu-Mg composite 
at strain rates from 10-3 to 1 s-' at 788 K.

Sl3N4^/AI-Cu-Mg(2124) Composite

6-0.1 
788 K

STRAIN RATE, s '

Figure 4; The variation in flow stress (top) and elongation (bottom) for the Si3N4VAl-Cu-Mg composite 
at a fixed testing temperature of 788 K as a function of true strain rate.

Undeformed

788 K 4xl0-2 s"1 830 %

% lb ^ # % -T R r- ^ lb T ;i/ r.
^ A ^ % A M ^ ^ ^ f h t

Figure 5: An example of the fractured specimen of the SigN^AI-Cu-Mg composite.
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Effect of hot working on the microstructure 
a cast 5083 Al—SiCP metal matrix composite

apd properties of

Figure 7 : TEM micrograph of the as-received MMC 
revealing an ill-defined subgrain structure 
with very high dislocation density

Figure 8 : TEM micrograph of the 91 pet. reduced MMC 
revealing a well-defined subgrain structure 
with relatively low dislocation density.

Jg 150

% Elongation

% Total Hot ReductionFigure 9 :

Yield strength (YS), ultimate tensile strength (UTS) and percent 
elongation to failure as a function of percent hot-work.
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9 -4 h JU Superplastic behavior in a mechanically alloyed aluminum composite
(3£X) reinforced with SiC particulates

[Ek 3k

15 Vom SlCp/1N9021 Composite
TEST TEMPERATURE 

623 K

TRUE STRAIN

Figure 1: True stress-true strain curves for the mechanically alloyed 
S!Cp/IN9021 aluminum composite.

TEST TEMPERATURE 
823 K

15 VoN* SICp/lN9021 Composite 

IN9021 Alloy

O 10
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Figure 4: Examples of the fractured specimens of SlCp/IN9021 composite 

deformed at various strain rates at 823 K. Ruler in mm units.

STRAIN RATE, s '
Figure 2: Elongation vs strain rate for SlCp/IN9021 composite and IN9021 alloy.
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Figure 3: True stress vs strain rate for StCp/IN9021 composite and IN9021 alloy. Wx & y * — > y tc fp
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MICROSTRUCTURAL REFINEMENT BY THERMOMECHANICAL TREATMENT OF A CAST AND 
EXTRUDED 6061 A1-A120, COMPOSITE

a # Scripta METALLURGICA et MATERIALS, Vol. 25, (1991),P.853-858
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P.N.Kalu, T.R.McNeiley
(Dept.of Mech.Eng. Naval Postgraduate School)

^—17— ^ aluminum-matrix composite, 6061, AI2O3 particulate, microstructure, 
cast composite, extruded composite, thermomechanical processing(IMP)
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fij hsu MX) MICROSTRUCTURAL REFINEMENT BY THERMOMECHANICAL TREATMENT OF A CAST AND 
EXTRUDED 6061 A1-A120, COMPOSITE

Figure 1. A schematic of the sequence of rolling posses Illustrating the 
accumulation of strain during the vara rolling. Rolling 
temperatures and annealing times between passes are indicated.

Figure 2. Optical micrographs of (a) , an as-cast 10 vel. pet. Al*0, material 
and (b), a cast and extruded 15 vel. pet. Al,0, material. Arrows 
In (b) indicate particle clusters remaining after extrusion of 
these comoosltes.

mmm
Figure 3. Optical micrographs of 10 vol. pet. material after three rolling 

passes («*.,,* - 3.1) (a), at a higher magnification and (b). at a 
lever magnification, shoving clustering is still evident at higher 
magnification.

Figure 5. Micrographs in polarised light from electrolytically etched samples 
of the 10 vol. pet. material (a), lwdlmtely after the third 
rolling pass and (b), with 30 min annealing after the third pass. 
Here, <ute| - 3.1 and particle stimulated mscleatlon (arrows) Is 
apparent.

<*> (b>
rigx Optical micrographs of 10 vol. pet. material at the conclusion of 

rolling (*(,;,( - 3.1) . (a), at a higher magnification and (b), at 
a lover magnification.

Figure 7. In (a), the grain sice attained In fully processed material is 
similar to that predicted by PSN theory (9.19); (b), the dependence 
of PSN on reduction and particle size for Al-Sl (19) shoving that 
Increased temperature Increases the reduction necessary for PIN.

rtgv
recryscalllzatlen v 
commences after thi 
particles stimulate

tge of particles stimulating nucleic ton of 
as the number of rolling passes. Nucleaeton 
passes (<tet,i - 3.1) and essentially all 

tleatlon after seven passes (<leul - 4.1).
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(AS) EFFECT OF COLD WORK ON THE RECRYSTALLIZED GRAIN SIZE IN A PARTICLE- 

REINFORCED ALUMINUM ALLOY
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(Dept.of Mat. Sci.and Eng.,The University of Michigan)

^r—7— K grain size control, cold work, recrystallization, particulate reinforced 
metal matrix composite, pinning model, TiC, 2219 aluminium alloy
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t-iYfr ($?£) EFFECT OF COLD WORK ON THE RECRYSTALLIZED GRAIN SIZE IN A PARTICLE- 
REINFORCED ALUMINUM ALLOY

Figure 1. The effect of cold work on the rccrystallizcd grain size in XD™ 2219/TiC/15p. The grain structures resulting from a) 3.01%, b) 5.08%, c) 
16.77% cold work are shown above.

Table 11. Number of Particles per mm of Grain 
Boundary as a Function of Cold Work

Cold Work
(%)

# of particles / mm 
of grain boundary

0.00 60.4 ± 6.29

1.02 68.7 ± 6.90
3.01 69.1 ± 11.8
6.10 48.8 ±6.14
16.77 68.2 ± 4.08

Random Line 33.1 ±3.13
density appeared to be relatively constant with respect to grain size 
or amount of cold work.
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.Grain density H every TiC panicle nucleated a recrystallxed grain:

Grain density assuming panicle pinning

Thermal History: !
So* Tr 535* C, 240 min 
Cold Holed ]
Be-So*Tr535*C. 1000m* ■

% Cold Work

Figure 2. The effect of cold work on the grain density in XD™ 2219/TiC/I5p. Also shown are 
the values assuming every TiC panicle nucleated a new grain and assuming panicle pinning.

Table III. Limiting Grain Sizes Predicted by Various Pinning Models

Model Formula Grain Size (pm) 95% Conf. Level
A.S-extruded — 30.71 ±2.12

16.8% Cold Worked — 26.15 ±3.67

4r/3f 15.43 ±1.38
Hillert 3.6r/flO 11.55 ±0.39

Anderson et. aL 9.0r/|9JI 27.62 ±1.87
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THE EFFECT OF THERMOMECHANICAL PROCESSING ON THE STRUCTURE AND MECHANICAL PROPERTIES 
OF AN ALUMINUM BASED METAL MATRIX COMPOSITE

## (pm«) C. Styles11 , S.M. Flitcroft21, P. J. Gregson11 & P. D. Pitcher21
f1) Engineering Materials, University of Southampton 1
l2) Materials and Structures Royal Aerospace Establishment J

* —7— K • Metal Matrix Composite
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• SiC

• Mechanical Properties
• Thermomechanical Treatment
• Micro Structure
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HI/ THE EFFECT OF THERMOMECHANICAL PROCESSING ON THE STRUCTURE AND MECHANICAL PROPERTIES 
OF AN ALUMINUM BASED METAL MATRIX COMPOSITE

Figure 1 Holing schedules employed to produce 2im sheet in 2124 l*K.

ROUTE(III)

2im SHEET 2nm SHEET

COLD ROLL

COLD ROLL

COLD ROLL

COLD ROLL

THERMAL 
TREATMENT II

HOT ROLL TO
Bran plate

Figure 2 Final solution treatment employed on 2im sheet 
from each rolling schedule.

2mm SHEET

NATURALLY
AGED

NATURALLY
AGED

CST * Conventional Solution Treatment. 
MST * Modified Solution Treatment.

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