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Ded~ Reader, 

This is number 17 of UNI[X)'s state-of-the-art series in the field of 
materials entitled "~lvances in Materials Technology: Monitorn. 

In each issue of this series, a selected ~aterial or group of materials 
is featured and an expert assessment made on the technological trends in those 
fields. In addition, other relevant inf0rmation of interest to developing 
countries is provided. In this manner, 0ver a cycle of several issues, 
materials rele~ant to developing countries could be covered and a 
state-cf-the-arc assessment made. 

As metals now reach the limit of their potential in the more demanding 
aerospace and automotive applications, researchers are turning their attention 
to adva~ced composites. The question of how one of the oost important 
ccmposites, the Metal-matrix Composites, is being developed is of great 
importance t0 many scientists. This issue of our Monitor is therefore devo~ed 
to Metal-ffiatrix Composites. 

The main article has been ~ritten for us by two professors, 
Pradeep Rahatgi and Sam~el C. ~eaver, of the University of Wisconsin, 
Milwaukee, Wisccnsin, USA. 

OLlr appreciation to all ~ur reaJers who share with us their knowledge and 
experience. We are always grateful for offers to write articles for our 
Mcnitcr and welcome /Gur ideas and suggestions on possible subjects for 
forthcoming issues. 

We would like to mention to our readers the possibilities of advertising 
in the Monitor. Advertising enables us to offer you the opportunity of giving 
your potential partners and customers in the developing countries more 
information on yo~r ?roducts, services a~d know-how. 

For the interest of those of our readers who may not be aware, UNIDO also 
publishes two other Monitors. •Microelectronics Monitor• and •Genetic 
Engineering and Biotechnology Monitor•. For those who like to receive them 
please write to the Editor of the above-mentioned Monitors. 

Industrial Technology Development 
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• 
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l. INTRODUCTION 

Metdl matrix composites (MMC) are engineered combinations of two or more 

materials (one of which is a metal) where tdilored properties are achieved by 

systematic combinations of different constituents. Conventional monolithic 

mater:als have limitations in respect of achievable combinations of strength. 

stiffness and density. lngineered metal -matrix composites consisting of 

continuous or discontinuous fibers. whiskers. or particles in a metal result 

in combinations of very high specific strength and s~ecific modulus to be 

achieved (Tables lA. 18; fig. lA). Structurally. metal-matrix composites 

consist of continuous or discontinuous fibers. whiskers. or particles in an 

alloy matrix which reinforce the matrix or provide it with requi~ite 

properties not achievable in monolithic dlloys. furthermore. systematic 

design and synthesis procedures allow unique combinations of engineering 

properties like high elevated temperature strengths. fatigue strength. damping 

properties. electrical conductivity. thermal conductivity and expansion 

coefficient. In a broader sense. cast composites. where the volume and shape 

of phases is governed by phase diagrams. i.e .• cast iron and aluminum-silicon 

alloys. have been produced by foundries for a long time. The modern 

composites differ in the sense that any selected volume. shape and size of 

reinforcement can be introduced in the matrix. The modern composites are 

nonequilibrium mixtures of metals and ceramics where there are no 

thermodynamic restrictions on the relative volume percentages. shapes and 

sizes of ceramic phases. 

By carefully controlling the relative amounts and distribution of the 

ingredients constituting a composite. as well as by controlling the processing 

cond;tions. MMCs can be imparted with a tailored set of useful en9ineering 



lABI l IA 

Mechanical Properties of Some Metdl ~atrix Composi:es 
= --=:-~-...=::=..- -----==---=--=-~~ _-:--.;.-.=.--=---=--.::---~----~---------~..:----:~.:..=----- --~-:.-._-_ -_::--_-__ _ -:;-_ ~--· --- -----=----- -~--- - ----- --- --

Material Vol. f-r. 
fiber (%) 

--------·---------------·--------- ·-------·--· 

Al203 (f-P)/Al-Li oo 

goo 

SiC/1 i-b A l-4V 
oo 

goo 

C/Hg (lhornd) 

C/Al 

60bl Al 

2014 Al 

SiC(f) 

SiC(w) 

Al203(f) 

B( f) 

C( f) 

Beer> 

W( f) 

8/Al 0° 

goo 

SiC/Al 0° 

goo 

bO 

60 

35 

35 

38 

30 

100 

lOC 

100 

100 

100 

100 

100 

50 

50 

50 

50 
. -- - -. - .. - . . -- ... - -.... ·- - -. ....... - -

. 2 

Spec if ic 
Stren9th 

(N • m/kg) 

20000 

498b - bOOO 

453:-,1 

10622 

28333 

28lb3 

11481 

171113 

-,S431 

b.bJ x 105 

50000 

l.538 x 105 

1.b18 x 105 

59459 

149711 

56b011 

5283 

8803 

369 / 
- - - - - . . . -

.- .--- --- - -. -

Spec if ic 
Modulus 

(N • m/kg} 

L'J9 x 101 

b.53 x 101 

2.53 x 101 

2.59 x 10' 

l. 55 J x 108 

2. 19 x 108-

1.1·11;, x 108 

1.b2 x 108 

1. 3'J x 108 

1.b8 x 108 

1. "/9 )t 10., 

7.92 x 107 

'J. bf> x 10 ., 

l . 092 )( 108 
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lABLl iH 

Mechanical Properties of Cast Metal Matrix Composites 

lype or MMC E.lastic Modules 
(GN/m2) 

--- ---- -- - --- --- ---- - --- ---- ---·-·- - ---- - . -------- -- - -------- ---- --------

A 1 Matrix 0 3.79 

Continuous SiC fiber 0.3!> 10.85 
(Al-4.~ Cu Matrix) 

Continuous Sic fiber 0.35 10.!>0 
(Al-11.b Si Matrix) 

Continuous Sic riber 0. 3!> 10.25 
(Al 4.8 Mg) 

Discontinuous SiC fiber 0.44 11. £> 

(Al Matrix) 
- --- ----- ---- ·- - ·-- - ----------- ------------ --------- --- --------- -------------------

- 3 -



properties which c'in not be realized with conventional monolithic mater1als 

(figs. lA. lB). 

Composite materials are attractive since they offer the possibility of 

attaining property combinativns which are not obtained in monolithic materials 

and which can result in a number of service benefits. These could include 

increased strength. decreased weight. higher service temperature. improved 

wear resistance. higher elastic modulus. controlled coefficients of thermal 

expansion and improved fatigue properties. lhe quest for improved performance 

has resulted in a number of developments in the area of metal matrix 

composites. These include the preparation of the reinforcing phases and 

development or fabrication techniques. 

Reinforcement phases for metal-matrix composites fall into three 

important categories -continuous or discontinuous filament. whiskers and 

particulate. The greatest improvements in mechanical properties are obtained 

from filaments in the direction of filament alignment. with whiskers and 

particulate offering descending strength. but greater isotropy. in that order. 

A number of composite fabrication techniques have been developed that can 

be placed into four broad categories: those involving liquid metallurgy; those 

involving powder metallurgical techniques; those involving diffusion bonding 

of foils; and those involving vapor phase infiltration. lhe liquid metallurgy 

techniques would include unidirectional solidification to produce 

directionally aligned metal ·matrix composites. suspension of reinforcements in 

melts followed by sclidification. compocasting and pressure infiltration. The 

liquid metallurgy techniques are least expensive and the multi step diffusion 

bonding techniques are most expensive. 

from a technological standpoint of property performance relationship. the 

interface between the mJtrix and the reinforcing phase (fiber or particle) is 

- 4 -



ol ct:ntrdl importJn(t'. i'ro..:e:.;iri•J or metc.11 mc.1trix con!po<:.ite:. sometimes c.1llows 

tc.1ilorin~ of the interla..:e bet~ecn the matrix and the liber in order to suit 

specific property perrormc.1nce requirements. lhe cost of producing cast metc.1J 

mc.1trix composite~ has come down rapidly. especially with the use of low cost 

particulate r·einforcemenb like graphite and silicon carbide. Low cost ,, 
composite·; like metc.11 silicon carbide partic 1e aud metc.11 graphite particle arP 

nov! convnen 1ally available. ln recent years considerdble activity has taken 

place in the area of metdl matrix composites, and lc.1ble 2 shows the different 

fib~rs and matrices LOmbined to date, the fabrication techniques and the 

potential I ields of application. table 3 gives more recent data of the same 

type for cast compositt'S, most of v!hich are particulate. 

2. STRENGTHENING CONSIDERATIONS 

Composite materials technology offers unique opportunities to tailor the 

properties of metals and metc.11 alloys. Under ideal conditions the composite 

exhibih mechanical and physical properties defined by the rule of -mixture. 

lhat is: 

p p ~ ~ p f ( 1 ) 
c mm r r 

where: 

p the propertieo:; of the romposite material 
( 

p the properties 
m 

of the matrix phase 

p the properties of the reinfonemf'nt phase 
r 

f the volume fraction or the matrix phase 
m 

f I the volume fraction or the reinforcement phdse. 
r m 

By combining rndtrix and reinforcement phases exhibiting the appropriate 

properties, dramatic change~ can be mc.1dP in strength, elastic modulus, 
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TABLl 2 (continued) 

Fibers. Matrix. fabrication lechniques and fields 
of Application of Metal Matrix Composites 
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fractt:'"e toughness, density. and coefflci~nt of expan~ion. lhe key to control 

of these properties depends in part on successful selection or the 

reinforcewent phase. and the bonding between the matrix and the 

reinforcement. lxamples of the range of some of the mechanical properties 

attainable in aluminum metal-matrix composites are shown in fig. l as a 

function of reinforcement phase strength. elastic modulus. and volume loading. 

lhe above discussion is based on the assumption that the n•le ·of -mixtures 

is fol lowed by the composite material. In fact. this can he the case for 

certain properties like modulus. when continuous filament is used as the 

reinforcement phase. and matrix-to-reinforcement phase interracial reactions 

are controlled to provide good bonaing without ~egradation of the 

reinforcement phase. An example of the agreement between the strength 

predicted by the rule-of -mixtures and that measured in stainless steel 

reinforced alum~num is shown in fig. 2A. 

Based on the agreement shown in fig. 2A between the rule-of -mixtures 

prediction and measured properties. it would be desirable to fabrica~e all 

metal -matrix composites using continuous filament as the reinforcement phase. 

if properties mainly in one direction are required. Prdctically speaking. 

however, there are significant restrictions imposed by the use of continuous 

reinforcement in metal -matrix composites. lhe preparation of continuous 

filament is a complex and expensive process as shown 1n the lay-up process for 

continuous filament within the metallic matrix (fig. 28). In addition. 

continuous filament reinforcement is currently limited to simple geometries 

such as planar or synmetric shapes as discussed previously. Consequently. 

continuous filament-reinforced metal matrix composites are being evaluated 

only for limittd, high value-added applications, especially for aerospace 

applications. 

- 9 .. 



As a result. alterndtive reinforcement phase morpholo9ics are bein~ 

investigdted to reduce the cost of metdl matrix composit~s while still 

reldinin9 the attrdctive properties. lhese approaches typicdlly involve the 

use of less expensive. discontinuous reinforcement phases and pok'der 

metallurgy or casting techniques. Unfortunately. in the quest for lok'er cost. 

a price has to be paid in generally lower levels of property enhancement. 

lhe short·fall in mechanical properties compared with continuous fiber 

reinforcement results from the decreased transfer of stress from the matrix to 

the reinforcement phase. J\s shown in fig. 3. the efficiency of stress 

tr·ansfer is related to the length (1) of the reinforcement phase compared with 

its critical length (le) by the relationship: 

where: 

Sc composite strength 

Sf reinforcement strength 

Vf volume fraction of reinforcement phase 

le minimum reinforce~enl phase length for full load transfer from 

the matrix to the reinforcement 

(le = d*Sf/Sm) where 

d ~ fiber diameter and 

s 
r.I 

matrix strength 

::- actual reinforcement phase length 

lm = elastic modulus of the matrix 

Lr elast 1c modulus of the reinforcement phase. 

figure 3 reveals that for fiber lengths near the critical fiber length, 

relatively modest increases in strength are realized. As the ratio of I/le 

. l 0 -

(2) 



increases. however. the efr1ciency of load transfer from the matrix to t~e 

reinforcement increases. for example. if l/l = lf>. the discontinuously c 

reinforced composite will exhibit approximately 9f> percent of the increase in 

strength exhibited by a continuously reinforced composite. 

Despite these theoretical advantages. there are significant practical 

problems associated with maintaining the integrity of high-aspect-ratio 

discontinuous fibers during fabrication and working_ Thus. there is a high 

level of development activity in the use of particulates as composite 

reinforcement materials. However. particulate material has an aspect ratio or 

only about one and there is a trade-ofr to lower properties when using 

particulate reinforcement as compared with high aspect ratio fibers. There 

are other mechanisms between the matrix and the dispersoid which contribute to 

an overall increase in the strength and modulus or particulate composites. 

Recent studies have indicated that dislocation densities are very high in the 

matrix near the interface which may be responsible for strength. In addition 

to the length, the shape of the dispersoids also has a major influence on the 

··roperties (fig. 3B); there are indications that flakes may be more effective 

than particles. 

3. POWDER METALLURGY-BASED METAL-MATRIX COMPOSITES 

Powder metdllurgy techniques offer the following advantages over liquid 

metallurgy techrtiques of fabricating metal-matrix composites. 

Lower temperatures can be used during preparation of a PIM-based 

composite compared with preparation of a liquid metallurgy-based 

composite. The result is lesser interaction between the matrix and the 

reinforcement when using the P/M technique. By minimizing undesirable 

interracial reactions, improved mechanical properties are obtained. 
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In s:>ine cases PIM techniques will per'llit the preparation of composites 

that cannot be prepared by liquid metdllurqy. ior instdnce. fib~rs or 

particles of silicon carbide will dissolve in melts of several meldls 

nice titaniu11. and such composite~ wllJ be difficult to prepare using 

liquid metallurgy techniques. 

However. powder meta t lurgy techniques remain expensive compared to I iquid 

metallurgy techniques for composites like Al ·SiC particle composites. In 

addition only small and simple shapes can be produced by powder 

metallurgy techniques. 

A number of P/M composite preparation methods have been studied. the 

conventional powder metallurgy techniques or blending metal po~~ers and 

ceramic powders. rollowed by pressing and sintering. have been used 

extensively to produce composites. In certain instances sintering is done in 

the presence or pressures at temperatures where there is partial melting for 

better bonding. The powder produces composites which can be su~sequenlly 

forged and rolled. 

Several companies are currently involved in the development of powder 

metallurgy-based metal ·matrix composites using either particulates or whiskers 

as the reinforcement phase. Three of these companies are OWA (Oelowey. Webb 

and Associates, Chdtsworth, CA). the American Composites. formerly ARCO and 

Silag (Greenville. SC). and Novamet, a part of INCO Mechanically Alloyed 

Products Company (Wyckoff. NJ). lach or these companies has a unique feature 

associated with their process/product that dif ferPntiates it from the other 

two. Brief descriptions of these processes are shown in ~igs. ~ to b. OWA 

uses a proprietary blending process to combine particulate with metdl powder. 

Silag also uses a proprietdry blending process to combine its compos1lt 
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components. The distinction between the two is that Silag uses SiC whiskers. 

which are manufactured from rice hulls. as the reinforcement phase rather than 

particulate. Novamet. simil~r to DWI.. uses particulate as the reinforcement 

phase. but employs mechanical alloying techniques to combine the reinforcement 

and matrix constituents. 

Despite the difference~ in reinforcement or proces·.;ing methcds. all of 

these products sho~ similarities. All are currently intended for high 

value added applications. such as military or aerospace. and all are quite 

expensive relative to similar, noncomposite pro~ucts. i.e., S50-Sl00/pound 

versus \5·\10/pound as billet. Additionally. the relation of the mechanical 

properties to volume fraction reinforcement is similar. As shown in fig. 7. 

the measured values of elastic modulus follow closely the predicted values for 

continuous f11ament reinforcement. However. the measured strength values are 

lower than the values predicted by the continuous filament reinforcement 

model, although they are generally above the discontinuous reinforcement model 

predictions, at least at the lower volume loadings. 

T~e shortfall in strength relative to the behavior of the elastic modulus 

is a typi,al problem that currently plagues all discontinuous metal-matrix 

composites. It is most likely a result of decohesion between the 

reinforcement and matrix phases. While some of the continuous reinforcement 

filaments have near surface chemistries that are specially tailored to enhance 

this interracial bond, similar progress has not yet been made in the case of 

the discontinuous reinforcement phases. This aspect of composite technology 

must be addressed to achieve the optimum properties attainable from 

discontinuous reinforcement. 

In the following, two novel pow~er processes are described. 
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3.1 In-Situ C9fl!P~sites 

In this approach to metd l -matr··jx composite r abricat ion. elongated 

reinforLement phases are created by deformation prJcessing of the composites, 

which cons~st of sa~ples of elementdl powders. During the working process, 

which may be extrusion. drawing or rolling, the constituents acquire an 

elongated, fibrous or lamellar morphology. To accomplish this, the 

reinforcing phase must be ductile under the deformation processing condition 

used. 

lhe strength of nickel and tungsten in-situ composite is at least as 

great as a similarly worked directionally solidified al lo~ of the same 

composition. The nickel Tungsten in-situ composite contains lungsten 

particles which are e l~)i:gated into fibers during deformation. 

The in-situ compc.ite fabrication technique is not universally applicable 

to all metallic systems, and some restrictions apply to the properties of the 

second phase. particularly if the second phase is brittle at the working 

temperature. 

Another factor that affects the ability to fabricate in-situ composites 

is the disparity in the flow stress of the constituents. Reinforcing-phase 

(i,e .• the minor constituent) particles having a much higher flow stress than 

the matrix phase will not elongate into fibers or platelets during working, 

even when very high plastic strains are imposed. An example of such a system 

is Cu·ll.3 weight percent Mo which, at true strains of approximately 7, still 

retained the molybdenum particles at near their original morphology. 

Presumably, if the matrix phase possessed a high work hardening rate. its flow 

stress could have been increased during working to the point where it would 

have caused deformation of the molybdenum particles. 
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l~cspite the above li;nitat;ons. fibrou~ composite~ made using this 

tt•thn1'4u<> cdo ·io"'· unexpectealy large posHive deviat~on'i 1n <:.trE.-ngl.h compar~d 

with rule of m;x•ures as sho~n by the Cu 16 volume percent ~e system. 

Significant deviations in strengt~ from the rule ~f mixtures begin as early as 

true strains of approximately 2; and. at a true strain of approximately ~-6. 

the observed strength can be as much as ~O percenl above the rule -of mixture 

value. 

for certain composite materials applications. the approach d~scribed 

above may offer significant advantages such as the following: 

lhe metallic constituents making up the composite are inexpensive 

relative to nonmetallic reinforcement. 

lhe composite can be formed by traditional metalworking operations. 

lhermal expansion mismatch between the metallic reinforcement and 

matrix is minimized. com~ared with nonmetallic reinforcement in a 

metallic matrix. 

Much higher strengths than predicted by the rule -of ·mixtures can be 

achieved. 

3.2 Spray Casting 

Singer and Osprey processes. involving spray casting techniques. are 

based on conventional gas atomization technology. In these processes. a 

molten metal stream is impinged by a gas stream to create particulate. Rather 

than allowing the particulate to solidify. as is done i1 the gas atomization 

of metal powders. a substrate is placed in the path or the particulate. The 

molten particles collide witn the substrate and a metallic preform is built 

up. These techniques can be classified as either powder or casting techniques 

since they combine both processes. 
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Rec~rtlj, Singer and Oz~~l~ used ~ spr~y codepo5ition process to prepare 

par-ticulat~ reinforced ccmpQsites. ln their study they introduced various 

r~inforcement phases into the atomized stream of ilhllten metal. In this way 

they were able to b~ild up a spray-cast strip structure that ~ontair.ed the 

reinforcement phase in a fairly uniform dispersion with the metd1lic matrix. 

Incorporation of the reinforcement phase into the matrix does not occur 

unt i 1 the reinforcement phase is trapped by molten matrix particles impi11gin<j 

the substrate. When impingement o~curs, heat extraction from the splatted 

matrix particles is very rapid; and the fairly high solidification rate, 

combined with the fact that the reinforcement phase is in ~ontact with the 

molten metal for only a very short time, greatly reduces the amount of 

interfacial reaction that can occur. This in turn minimizes the formation or 

brittle interfacial phases that sometimes degrade the properties of a 

composite. 

Full density is not achieved during spray codeposition, and subsequent 

hot and cold rolling need to be used to densify the material. The 

distribution of all the phases tried, including sand, graphite and silicon 

carbide, appeared to be quite uniform despite the density variations. This 

feature of the process results from introducing the reinforcement phase into 

the atomized metal stream and entrapment of the reinforcement when the two 

components impinge on the substrate. 

4. SOLIDIFICATION PROCESSING OF METAL-MATRIX COMPOSITES 

Solidification processing of metal-matrix composites represents one of 

the simplest methods of producing metal-matrix composites. Cast irons and 

aluminum-s1iicco alloys are in a sense phase diagram redirected metal -matrh 

composites. Unidirectional solidification of eutectics can produce fiber 
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reinforced LOmposites in d single step. However. these are phase diagram 

restricted. 

Modern cast metdl -matr·ix composites which are not restricted by phase 

diagrams ar~ made by introduciuy ribers or particles in molten or partially 

scl1di!ied metals followed by casting of these sluri-ies in molds. 

Alt~rnat.ely. a i:n:form of fibers or particles is made and it is infiltrated by 

molten alloys. which then freeze in the interfiber spaces to form the 

composite. ln both these processes wetting between molten alloys and 

dispersoids is necessary. The cast metdl composites made by dispersing 

pretreated particles in the :nelts followed by solidification are given in 

lable 3. In addition. several short fiber and long fiber reinforced 

metal -matrix composites have been made by casting techniques. 

Continuous fiber reinforced Gr/Mg, Gr/Al. and several oth~r cast fRMs are 

valuable structural materials since they combine high specific strength and 

stiffness. with a near-zero coefficient of thermai expansion. an~ high 

electrical and thermal conductivities. The primary difficulty with 

fabricating these cast fiber-reinforced metals is the poor w~tting and bonding 

between fibers and metals. However. compatibility and bonding between the 

fiber and the metal in these systems are induced by chemical vapor deposition 

of a thin layer of Ti and B. or oxides like s~lica or metals like nickel. onto 

the fibers to achieve wetting. The flexible c~~ted fibers may then be wound 

or laid·up and held in place with a removable binder for selective 

reinforcement. lhey are then incorporated into Mg by casting near-net shape 

structures by pressure infiltration of Mg. Complex structural components with 

high volume fraction graphite fibers can be fabricated in this manner in a 

foundry. High strength, high-stiffness fiber FF (100% polycrystalline 

- 17 -



lABLl 3A 

Selected Potential Applications or Cast Metdl -Matrix Composites 
:- -=-==-~-=-=-..:::---=---=---=-...::::::::--:-~-- ---=::---------..:--_ -:..=--=- ------~=-------.=:.-::---=-_-_-::--_-_-:.-_-____ -~- :=----~. :..- _-:,.~-- ----=-- -:-----~-· 

Composite Applicat!ons 
- - ---- ----- --- -- ---- -··-- ------- -- - - - . --- --- -- -

Aluminum/graphite Bearings 

Aluminum/graphite. 
alumin~m/aAl203. 
aluminum/SiC-Al203 

Copper/graphite 

Aluminum/Sic 

Aluminum/glass or 
carbon microballoo~~ 

Magnesium/carbon 
fiber 

Aluminum/zircon. 
aluminum/Sic. 
aluminum/silica 

Aluminum/char. 
aluminum/clay 

Automobile pistons, 
cylinder liners. 
piston rings. 
connecting rods 

Sliding electrical 
contacts 

turbocharger 
impellers 

lubular composites 
for space structures 

Cutting tools. 
machine shrouds. 
impellers 

Low-cost, low-energy 
materials 

Special ~eatures 

Cheaper, lighter. self -lubri.:ating 
conserve Cu, Pb, Sn. ln. etc. 

Reduced wear, aniiseizing. cold 
start, lighter, conserves fuel, 
improved efficiency 

lxcellent conductivity and anti -
seizing properties 

High-lemperature use 

Ultralight material 

Lero thermal expansion. High 
temperature strength. gocd 
specific strength and specific 
stiffness 

Hard, abrasion-resistant materials 

------------------------------------ ---- ----- ------------------------ ----------·- -----------
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lABLl 38 

Matrix Oisperso1d Comb1nations U~ed to Hake Cast Part1c~l~te Composites 

Matrix Oispersoids 

Aluminum Graph1te flake 
Based 

Graphite Granules 

Carbon H1crcballoons 

Shell Char 

SiC !'articles 

SiC Whiskers 

Mica 

Zircon 

Glass Particles 

Glass beads (spherical) 

MgO 

Sand 

Tic Particles 

Boron Nitride Particle 

Si2N4 Particle 

Chilled Iron 

31ze 

20-bO µm 

l 5 -100 µm 

40 µm. thickness l ·2 µm 

125 µm 

3-200 µm 

3 ·f> 11111 long. 15 µm dia 

lf>-120 µm 

( ': -10 µm) 

(40-180 µm) 

( 5 -53 µm) 

40 µm 

100-150 µm 

100 µm 

40 µm 

·15 -120 µm 

4 f> µm 

'If> µm 

40 µm 

·15 ·120 µm 

5-80 µm 

5 BO µm 

Amount 

0.9-0.815% 

l ·8% 

15% 

3-30% 

0 -23 Vo 1. -% 

3-20% 

10%. 0 ·0. 5 Vol.-% 

3·10% 

5% 

0-30% 

8% 

30% 

10% 

3f> Vol. -% 

15% 

8% 

10% 

3f> Vol. ·% 

4% 

4% 

10% 

----·---·------- ----------·--------·---- ··--- -·--··-··--···---- ---------------·--------··-··----------
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iABll 38 (continued) 

Matrix -Oispersoid Combinations Used to Hake Cast Par· iculat€ Composites 

Matrix Oispersoids Size AmJunt 

Copper Graphite 
Based 

Al203 11 11m Vo I fraction 0. /II 

Zr02 !> µffi 2. 12 Vo 1. -% 

Steel Ti02 8 µm 

Ce02 10 µffi 

111 ite Clay "/53 µm 3% 

Graphite Hicroballoons 
------ -------------------- ---- - -- -·- --- - - - ------ ----· --- -- -- -- ----- - -- - - - -- -- -- - - -- -- - -- --
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Q Alumina)/Mg composites containing up to 70 vol.% fiber fP have been 

prepared by a pressure infiltration process. 

for non-wetting metals, fiber fP is coated with tht metal by vapor 

deposition or by electroless plating. prior to infiltration. Coatings of li-B 

dlso have been used for Gr/Al, fiber fP/Al and fP/Pb metal-matrix composites. 

However. from the sta.1dpc.int of ease of fabrication and cost, modification of 

matrix alloy by addition of small amounts of reactive elements li~e Hq, Ca, Li 

or Na is oreferred. fiber ~r reinforced Al, Cu, Pb and Zn composites as well 

as several particle filled metal matrix composites have been synthe~ized by 

using reactive agents. 

Continuous adherent metailic coatings (e.g .• Cu and Ni) on several 

non-wetting particles such as graphite, shell char and mica improve the 

melt-particle wettability and allow high percentages of these particles to be 

introduced in the solidified castings. the wetting properties of ceramics by 

liquid metals are governed by a number of variables such as heat of formation, 

stoichiometry, valence electron concentration in the ceramic phase. 

interracial chemical reactions, temperature and contact time. 

Therefore, while metal ·matrix c0mposites are not restricted by phase· 

diagram considerations (viz., fixed proportions, chemistry and morphology of 

solidifying phases), thermodynamic free er.ergy and kinetic barriers still 

ex:st in their processing in the form of poor wettability and rates of mixing, 

and they need to be addressed for synthesizing +hese composites. 

4.1 Casting Techniques, Microstruct~res, and Properties 

A basic requi~ement of foundry proce;sing of MMCs is initial intimate 

contact and intimate bonding between the cerami~ phase and the molten alloy. 

This is achieved either by premixing of the constituents or by pressure 

infiltration of preforms of ceramic phase. As mentioned earlier, Jue to poor 
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wettability of most ceramics with molten metals. intimate contact between 

fiber and alloy can be promoted only by artificially inducing wettability or 

by using external forces to overcome the thermodynamic surface energy barrier 

and viscous drag. Mixing techniques generally used for introducing and 

homogeneously dispersing a discontinuous phase in a melt are: 

1. Addition of particles to a vigorously agitated fully or partially 

solidified alloy. Figure 8 shows a schematic diagram of an agitation 

vessel using rotating impeller. 

2. Injection of discontinuous phase in the melt with the help of an 

injection gun. 

3. Dispersing pellets or briquettes. formed by compressing powders of 

base alloys and the ceramic phase. in a mildly agitated melt. 

4. Centrifugal dispersion of particles in a melt. This has been done 

for carbon microballoons. 

5. Spray casting of droplets of atomized molten metals along with 

particulates on a substrate. This technique has been described in 

the previous section. 

In all the above techniques. external force is used to (i) transfer a 

non-wettable ceramir. phase into a melt, and (ii) create a h~mogeneous 

suspension in the melt. The uniformity of particle dispersion in a melt prior 

to solid~fication is controlled by the dynamics of particle movement in 

agitated vessels. 

The me~t-particle s~urry can be cast either by conventional foundry 

techniques such as gravity or pressure die casting, centrifugal casting or by 

novel techniques such as squeeze casting (liquid-forging) and spray 

codeposition, melt spinning or laser melt-particle injection. The choice of 

casting technique and mold configuration is of central importance to the 
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quality (soundness, particle distribution, etc.) of a composite casting since 

the suspended particles experience buoyancy driven movement in the solidifying 

melt until they are encapsulated in the solidifying structure by crystallizing 

phases. Particles li~e graphite, mica, talc, porous alumina, and hollow 

microballoons are lighter than most Al alloys and they tend to segregate near 

the top portion of gravity castings, leaving behind a particle-impoverished 

region near the bottom of the casting. Similarly, hea~ier particles such as 

zircon, glass, SiC, Sio2• Ti02 and zro2 tend to settle down and 

segregate near t.1e bottom portion of the gravity castings. 

The spatial arrangement of the discontinuous ceramic phase in the cast 

structure principally determines the properties of the cast composite. The 

distribution of phases depends on the quality of melt-particle slurry prior to 

casting and the processing variables, including the cooling rate, viscosity of 

solidifying melt, shape, size and volume fraction of particle, particle and 

melt specific gravities, and their thermal and chemical properties, 

interactions of freezing solid with particles and presence of any external 

forces during solidification. The various techniques used to solidify 

melt-particle slurries are discussed below. 

4.1 .1 Sand Castings 

The slow freezing rates obtained in insulating sand molds permit 

considerable buoyancy-driven segregation of particles. This leads to 

preferential concentration of particles lighter than Al alloys (e.g., mica, 

graphite, porous alumina) near the top surface of sand castings and 

segregation of heavier particles (sand, zircon, glass, SiC, etc.) near the 

bottom part of castings. These high-particle-volume fraction surfaces serve 

as selectively reinforced surfaces, for instance, tailor-mad~ lubricating or 

abrasion-resistant contacting surfaces, for various tribological applications. 
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4.1.2 Die Castings 

The relatively ra~id freezing rates in metallic molds generally give rise 

to more homogeneous distributions(-SOUTH-)cles in cast matrix. Figures 9 and 

10 show a microstructure of a pennanent mold gr~vity die casting of Al alloys 

containing dispersions of graphite and zircon particles. 

4.1.3 Centrifugal Castings 

Solidification in rotating molds of composite 111elts containing 

dispersions of lighter particles. like graphit~. mica. and porous alumina. 

exhibits two distinct zones--a particle rich zone near the inner circumference 

for lighter particles and a particle-impoverished zone near the outer 

circumference. The outer zone is particle rich if the particles like zircor. 

or silicon carbide are heavier than the melt (Fig. 11); the outer zone is 

abrasion resistant due to these hard particles. 

Due to centrifugal acceleration in rotating molds. the lighter graphite 

and mica particles segregate near the axis of rotation producing high particle 

volume-fraction-surfaces for bearing or cylinder liner applications. The 

thicknesses of these particle rich zones remain adequate for machining. Up to 

BS by weight mica and graphite. and up to 30% by weight zircon. particles 

could be incorporated in selected zones of Al alloy castings by this technique. 

4.1.4 Compocasting 

Particulates and discontinuous fibers of Sic. alumina. TiC. silicon 

nitride. graphite. mica, glass. slag, MgO and boron carbide have been 

incorporated into vigorously agitated partially solid aluminum alloy slurries 

by a compocasting technique. The discontinu~us ceramic phase is mechanically 

entr?.pped between the proeutectic phase present in the alloy slurry which is 

held between its liquidus and solidus temperatures. Under mechanical 
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agitation. such an alloy slurry exhibits •thixotropy• in that the viscosity 

decreases with increasing s~ear rate and appears to be time-dependent ~nd 

reversible. This semi -fusion process allows near net-shape fabrication by 

extrusion or forging since deformation resistance is considerably reduced due 

to the semi -fused state of the composite slurry. Figure 12 ~s a scar.ning 

micrograph of a compocast composite showing a random planer arrangement of 

alumina fibers. 

4.1.5 prl~sure·Oie Ca?ting 

Pressure die-casting of COll'POSites allows larger-sized. more intricately 

shaped components to be rapidly produced at relatively low pressures (~ 15 

MPa). Pressurized gas and hydraulic ram in a die-casting machine have been 

employed to synthesize porosity-free fiber and particle composites. It has 

been reported that high pressures. short infiltration paths and columnar 

solidification toward the gate produced void-free composite castings. The 

pressure die cast particle composites exhibit lower tulk and interracial 

porosities. more uniform particle distribution. and less agglomeration of 

particl~s. High concentrations (60 wt. % or more) of zircon (ZrSi04) 

particles can be achieved in pressure die-cast Al-Si-Mg alloys. Pressure die 

castings of LM 13* - 7 wt.% graphite and Al-(4-12%)Si-(0.5-10%)Mg-alumina 

particle composites showed considerable improvement in particle distribution. 

particle-matrix bonding and elimination of porosities. 

4.1.6 Squeeze Casting 

Squeeze casting or liquid forging of metal-matrix composites is a recent 

development which involves unidir~ctional pressure infiltration (pressures -

70-200 MPa) of fiber-pref~rms or powder-beds by alloy n•~lts. to produce 

void-free. near net-shape castinqs of composites (Fig. 13). The Saff111 fiber 
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reinforced pistons of alU11inum alloys made by loyota have been in use for 

several years in heavy diesel engines. The processing variables governing 

evolution of microstructures in squeeze cast "4Cs are: 

(i) fiber and melt preheat temperature. (ii) infiltration speed and 

pressure. and (iii) interfiber spacing. 

If the metal or fiber temperature is too low. poorly infiltrated or 

porous castings are produced; high temperatures pr01110te excessive fiber/metal 

reaction leading to degradation of casting properties. A threshold pressure 

is required to initiate liquid metal flow through a fiberous prefor11 or 

powder-bed to overcOlle the viscous friction of 1ROlten pressure 11e>ving through 

reinforcements and the capillary forces if there is inadequate wetting between 

the melt and the fibers. Several theoretical analyses to llK'del and analyze 

the frictional forces have been proposed. These relate the infiltration 

velocity to applied pressure. capillarity. viscosity and interfiber spacing as 

well as fiber prefona permeability. length. dia11eter and geometry. 

Alternatively. whiskers or particles may be mixed with 110lten 11etal prior 

to squeeze casting. Al alloy COfllPOSites containing SiC and Al 2o3 powders. 

a-Alumina (Saffill) fibers. and silicon nitride wt.iskers have been 

fabricated by the iqdeeze casting process. 

Sic whiskers (0-10 µ111 dia. 5.50 nn in length) have been dispersed in 

cast Al-(4-5)% Cu alloy matrix by a squeeze casting technique. The 

wettability problem was overcOtle by codispersing SiC whiskers and Al alloy 

powder (200 µ111 avg. size) in an aqueous solution of isopropyl alcohol. 

followed by infiltration. cOftlpaction into small briquettes and vacuum 

degassing. These briquettes were disint~grated into a mechanically stirred 

base alloy melt followed by squeeze casting under a pressure of 207 MPa. The 

resulting strengthening effects of coniposites are attributable to several 

- 26 -



factors. e.g .• fine grain size. elimination of bulk and interfacial 

porosities. increased solid solubility due to hydrostatic pressure and the 

presence of high-strength SiC whiskers. Figure 13 shows a schematic diagra• 

illustrating the principle of a squeeze c~sting process for particle 

composites. 

Plate and tubular COlllPOSites of Al alloys containing continuous or 

discontinuous Sic fibers (nicalon) can be synthesized by a squeeze casting 

technique. The SiC yarn consisting of about 500 monofilaments (13 )Ill avg. 

dia.) is mechanically wound around a steel frame or aligned undirectionally 1n 

an Al vessel. In the case of discontinuous SiC fibers. fiber can be chopped 

and packed in the vessel. The vessel with fiber is preheated in a;r for good 

penetration of nK>lten metal 11atrix into interfiber space. Then the vessel is 

put into the mold which is preheated to 500 - 700 K. The fiber volUllle 

fraction of composites is controlled by selecting the winding conditions (for 

continuous fiber) or packing conditions (for discontinuous fibers) before 

casting. 

4.1.7 Vacuum Infiltration Process 

Several fiber reinforced metals (FRM) are prepared by the vacuum 

infiltration process. In the first step the fiber yarn is made into a 

handleable tape with a fugitive binder in a manner similar to producing a 

resin matrix composite prepreg. Fiber tapes are then laid out in the desired 

orientation. fiber volume fraction and shape. and are then inserted into a 

suitable casting mold. The fugitive organic binder is burned away and the 

mold is infiltrated with molten matrix r~tal. 

The liquid infiltration process used for making graphite/Al composite 

differs from the above process of preparing fiber FP/Al composites. Graphite 

- 27 -



fibers are first surface treate~ and then infiltrated with molten metal in the 

form of wires and these coated graphite wires are then diffu>ion bonded 

together to form larger sections. 

4.1.8 Investment Casting 

In investment casting or 111etal-t1atrix COfllPOSites. filament winding or 

prepreg handling procedures developed for fiber reinforced plastics (FRPs) are 

used to position and orient the proper volume fraction or continuous fibers 

within the casting. The layers of reinforcing fibers are glued together with 

an appropriate plastic adhesive (fugitive binder) which burns away without 

contaminating either the matrix or the fiber-matrix interface. lhese layers 

are stacked in the proper sequence and orientation. and the fiber preform thus 

produced is either infiltrated under pressure or by creating a vacuum in the 

penweable preform. Continuous graphite fiber reinforced Mg has been produced 

by this method. 

4.1.~ Microstructures 

The primary solid (o·Al) grows by rejecting solute in the melt while 

the discontinuous ceramic phase tends to ~estrict diffusion and fluid flow; 

a-Al tends to avoid it as shown in Fig. 9. Primary silicon and the eutectic 

in Al-Si alloys tend to concentrate on particle or fiber surface. 

Th 0 discontinuous ceramic phase also tends to modify or refine the 

structure, e.g., eutectic Si in Al-Si alloys gets modified whereas primary Si 

is refined when solidification occurs in the presence of high volume fraction 

of ceramic phase. At sufficiently slow cooling rates when the secondary (DAS) 

in the unreinforced alloy is comparable to tnterfiber spacing, the grain size 

becorAes large in comparison with interf iber spacing. In this case fibers do 

not enhan~e the nucleation of the solid phase. With a further decrease in the 
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cooling rates. the extent of microsegregation is reduced; and. at sufficiently 

slow cooling rates. the 11atrix can ~e rendered free of microsegregation. 

4.1.10 Properties and Applications 

Modern fiber-reinforced or particle-filled metal-matrix composites 

produced by foundry techniques find a w)de variety of applications due to the 

low cost of their fabrication and the specificity of achievable engineering 

properties. Sonae of these properties are high longitudinal strengths at 

nonnal and elevated temperatures. near-zero coefficients of thermal expansion. 

good electrical and thermal conductivities. excellent antifriction. 

antiabrasion. damping. corrosion and nsachinability. 

The high temperature strength of MMCs is enhanced by reinforcements such 

as SiC fibers or whiskers or continuous Borsic (8 fibers coated with SiC) 

fibers. Carbon/Al MMCs co.llbine very high stiffness with a very low thermal 

expansion due to almost zero expansion coefficient of C fibers in the 

longitudinal direction. Graphite/Mg composites also have a nearly zero 

expansion coefficient. 

In the case of particle-filled MMCs. the mechanical properties are not 

significantly altered. but tribological properties show marked improvements. 

Soft solid lubricant particles like graphite and mica improve antiseizing 

properties of Al a1loys whereas hard particles like Sic. alumina. we. Tic. 

zircon. silica. and boron carbide greatly improve the resistance to abrasion 

of Al alloys. Particle additions can also gi~e rise to better damping and 

conductivity of the matrix alloy. For example. the damping capacity of 

aluminum and copper alloys is considerably enhanced when graphite powder i~ 

dispersed in them. Hitachi. Ltd .• of Japan has produced a high damping MMC of 

graphite/\1 or Cu under the name {GRAOIA) whose damping capacity is 

- 29 -



considerably more stable at high temperat~res than conventional vibration 

insulating alloys. including cast irons. Sliding electrical contacts made 

from the same alloy GRADIA (Cu-20 graphite) perform better than sintered 

materials of the same materials generally used, since the alloy combines 

excellent resistance to seizure with high electrical conductivity. 

Figures 14 and 15 show photographs of fan bushes. journal bearings and 

several other components made from cast Al-Si-graphite particle composite and 

cast Al-Si-silicon carbide composite. The use of graphite in automobile 

engine parts considerably reduces the wear of cylinder :iners as well as 

i111Proves fuel efficiency and engine horsepower at equivalent cost. The most 

promising application of cast graphitic-aluminum alloys is for bearings which 

would be cheaper and lighter in addition to being self lubricating compared to 

the bearings currently being made out of Cu, Pb. Sn and Cd containing alloys. 

Cast aluminum-graphite fan bushes experience considerably reduced wear as well 

as temperature rise during trial at 1400 rpm for 1500 hrs. 

Cast aluminum-graphite alloy pistons used in single cylinder diesel 

engines with a cast iron bore reduce fuel consumption and frictional horse 

power losses. Due to its lower density. the use of aluminum graphite 

composite in internal combustion engines reduces the overall weight of the 

engine. Such an engine does not seize during cold start or failure of 

lubricant due to excellent antiseizing properties of graphitic--aluminum alloys. 

Alloys with a dispersed ceramic rhase are finding applications in 

impellers and other tribological systems which run at high temperatures where 

there is a possibility of failure of liquid lubricant. Cast Al alloys 

reinforced with ceramic phase are being tried out as turbocharger impellers 

which run at high temperatures. 
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5. THE CENTERS OF METAL-MATRIX COMPOSITE MATERIALS IN THE UNITED 

STATES AND SOME OF THE DEVELOPING COUNTRIES 

The United States is one of the most actively involved countries in 

research in metal -matrix composites. University-based centers in the United 

States with substantial activity in processing metal-matrix COfRPOSites include 

the Center for Processing and Characterization of Composite Materials at the 

University of Wisconsin--Milwaukee. the Massachusetts Institute of Technology. 

and the University of Virginia. Other university-based centers for composites 

include Drexel University. Carnegie Mellon University, University of Illinois. 

Michigan State University. Renesslaer Polytechnic. Pennsylvania State 

University. University of California at Santa Barbara. University of Texas. 

and Witchita State University. Several other universities are in the process 

of opening centers on composite materials with activity in metal-matrix 

composites. 

The companies and organizations that are very active in the metal-w.atrix 

composites in the United States and Canada include the following: 

Aluminum Company of Canada. Dural Corporation. Kaiser Aluminum. 

Alcoa. American Matrix 

Northrup Corporation. McDonald Douglas. Allied Signal, Advanced 

Composite Materials Corporation. Textron Specialty Materials 

DWA Associates. MCI Corporation. Novamet 

B Martin Marietta Aerospace. Oakridge National Laboratory. North 

American Ro~kwell. General Dynamics Corporation. Lockheed 

Aeronautical Syst~m~ 

• Dupont, General Motors Corporation, Ford Motor Company, Chrysler 

Corporation, Boeing Aerospace Company, General Electric. Westinghouse 
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Wright Patterson Air force Base. Dayton. Ohio 

• Naval Surface warfare Center. Silver Spring. Maryland 

While the United States had a lead in the use of metal -matrix composites 

in aerospace and defense weapon applications. Japan has taken the lead in 

using metal-matrix composites on a widespread basis and in large applications 

such as automotive. Toyota was the first company in the world to incorporate 

metal-matrix composite pistons in high speed diesel engines. There is 

intensive activity in metal-matrix composites in several other corporations 

and universities in Japan. 

In Europe. recently a consortium on composite materials has been formed 

involving all European countries. with a special emphasis on metal-matrix 

composites. The countries which have strong activities in composites include 

England. Frdnce. Italy. Norway. Sweden and West Germany. 

Among the developing countries. China and India have well established 

research act\vities in metal-matrix composites. China has set up a very large 

institute in composite materials with a heavy emphasis in metal-matrix 

composites. This year's international conference on composites materials. 

which is one of the major biannual worldwide meetings in composites. is being 

hosted in China. In China. work is going on in the area of casting and powder 

metallurgy processes for maki~g metal-matrix composites. 

India has had substantial activity in cast and poWf4er produced 

metal-matrix composites. It has leadership in cast aluminum graphite 

composites for automotive applications. and can offer this technology to other 

developing countries. India has the requisite technology base in the metals 

industry and it can get into large-scale manufacture of metal-matrix 

composites. especially particulate composites. It has laboratory scale 

production capability for production of carbon fibers for metal-matrix 

composites. 
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List of a few Institutes Working on Metal-~atrix Composites in a 
Developing Country {India) 

National Physical Laboratory, CSIR. New Delhi, India 
Indian Institute of Technology, New Delhi. India 
Indian Institute of Technology. Kanpur. India 
Regional Research Laboratory {Bhopal). CSIR. Bhopal. India 
Regional Research Laboratory {lrivandrum). CSIR, Trivandrum, India 
National Aeronautical Laboratory. CSIR. Bangalore. India 
Vikram Sarabhai Space Center, Trivandrum. India 
Indian Institute of Science. Bangalore. India 
Banaras Hindu University. Varanasi. India 
University of Roorkee. Roorkee. U.P .• India 

6. STATE OF THE ART IN METAL-MATRIX COMPOSITES AND 

RELEVANCE TO DEVELOPING COUNTRIES 

Intensive research in metal-matrix composites started about thirty years 

ago to meet the increasing requirements of properties in aerospace materials 

to achieve higher speeds and higher temperature engines for higher 

efficiencies. Much of this research was concentrated on ceramic and carbon 

fiber reinforced metals ma1e by processes of plasma spray and vapor 

disposition or diffusion bonding of foils with interspersed layers of fibers 

foll~wed by hot pressing {Fig. 2B). These multi-stage processes involve 

several steps, and combined with the cost of long expensive fibers like Boron 

and carbon. the cost of metal-matrix composites thirty years ago was several 

hundred thousand U.S. dollars per pound. Most of these metal-matrix 

composites were used in aerospace applications where wt;qht savings were of 

paramount tmportance. and to some extent in selected weapons systems, where 

cost was no concern (Table 2). 

During the last few years. several developments have occu~red in 

metal -matrix composites whtch have great relevance to developing countries. 
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for instance. the costs of metal--matrix composites has come down enormously 

during th~s period. The costs ot metal-matrix fiber reinforced composites has 

come down from several hundred thousand dollars per pound to order of a 

thousand dollars per pound at this time due tu o~crease in costs of continuous 

fibers. The continuous fiber reinforced metal -matrix composites. therefore. 

still remain quite expensive for wide spread use in developing countries. 

except for certain critical applications where enormous savings in enP.rgy or 

resources can be made. However. there has been a more dramatic decrease in 

the cost of metal-matrix discontinuous fiber composites. The costs of 

particulate composites like aluminum-silicon carbide have come down to the 

level of two to ten do~lars per pound due to the feasibility of using 

inexpensive particulate reinforcements and the possibility of using 

conventional casting processes to produce these composites. 

In the early part of development of metal -matrix composites. 

organizations had captive research and ~;oduction. or contracted small scale 

production of small quantities of metal-matrix continuous fiber composites. 

For the first time in the iast five years. there are some producers and 

suppliers of metal matrix-silicon carbide composites both by powder metallurgy 

processes and by castings route. For instance. one could today obtain 

aluminum matrix silicon carbide composites for two to five dollars per pound 

from Aluminum Company of Canada. In fact in the last six months. Alcan has 

announced putting up of two plants with a capacity to produce twenty five 

millions pounds of aluminum silicon carbide or aluminum alumina composites per 

year in Canada and USA. and it can ship ingots of composites which can be 

melted in conventional foundries and cast into components very much the same 

way as conventional aluminum alloys are cast from shipµed primary ingots. 

Norsk Hydro in Europe also plans to beco1ne a supplier of cast aluminum-silicon 
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carbide composites. A number of components including pistons. impellers. 

brake systems. and housings have been cast out of aluminum - silicon carbide 

composites. This type of cast composite will be the forerunner for widespread 

use of metal-matrix ceramic particle composites. and could make possible 

secondary processing and use of these composites even in the developing 

world. Dow Chemical can supply small samples of cast magnesium-silicon 

carbide or magnesium-alumina composites. Likewise OWA Associates and American 

Composites can supply powder metallurgy produced aluminum-ceramic particle. 

whisker and fiber composites. In addition. companies like Textron can supply 

metal-matrix composites with higher melting metals as matrices. There are 

also a large number of research laboratories which can supply small samples of 

high melting metal-matrix composites. and composites with intermetallic 

compounds as matrices. 

In the area of applicat1ons. the first application in large scale 

automotive sector was by Toyota in Japan. which put out a ceramic fiber 

reinforced squeeze cast aluminum piston for high speed diesel engines. This 

has triggered a flurry of activity in making engine conponents out of cast 

metal-matrix components. There is a great deal of activity in trying to make 

pistons. connecting rods and other engine parts out of aluminum-ceramic fiber 

composites using conventional pressure casting. In fact. Dupont had done a 

considerable amount of work in this area severai years ago involving squeeze 

infiltration of FP alumina fiber. and now there is intense activity in Japan. 

In addition to Toyota. several companies are produring squeeze cast pistons 

where the combustion bowl area of the pistons (which is subjected to very high 

temperatures) and the ring groove area (which is subjected to high wear) arP 

reinforced by discontinuous ceramic f i~ers placed in the molds as preforms 

before casting. These low cost. large scale mass manufacturable cast 
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metal-matrix composites represent the biggest potential for metal-matrix 

composite activity in developing countries. The ingredients to make these 

comp~sites are available in, or can be imported into, most of these developing 

countries and the composite products made will be of inmediate use in many 

developing countries. For instance, aluminum-silicon carbide composites can 

save considerable amounts of energy and fuel when used in transportation 

systems, and can free several of these developing countries from the 

requirements of importing critical strategic minerals and oil that are 

present1~ not available in many of these developing countries. 

Another metal-matrix composite of relevance to developing countries is 

cast aluminum-graphite particle composites, which has been developed in India, 

U.S., Europe and Japan during the last fifteen years for anti-friction 

applications. It has been demonstrated that pistons, cylinder liners, and 

bearings can be made out of cast aluminum-graphite particle composites. The 

use of pistons and liners of aluminum·graphite particle composites has been 

shown to save considerable amounts of fuel in the internal combustion engines 

and reduction in wear of the pistons, rings, and the liners. Aluminum 

graphite particle composites can replace much more expensive and heavier 

bearings made out of bronzes and babbit metals. Many of todays bearing 

materials rely on dispersions of toxic metals like lead in the matrix of 

copper or tin alloys. The use of graphite in place of lead can eliminate the 

need for lead, therefore, reducing the cost, weight, and toxicity of presently 

used bearing alloys. While aluminum-graphite particle composites have not 

been produced in the U.S.A. and Europe, they will be very useful in most of 

the developing countries where pP.troleum and metals like lead, tin, and 

copper, are available at very high cost and have to be imported. The 

technology of aluminum-graphite particle composites consists of stirring 
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pretreated graphite particles in the melts of aluminum alloys using very 

conventional foundry equipment. followed by casting. either in permanent 

molds. or centrifugal casting machines or in pressure diecasting; most of 

these technologies are available in most of the developing countries and 

therefore. such a technology can be practiced and can be productionized in the 

developing world without much difficulty. and the products could be 

i1T111ediately used ~n the local industry. Japan has production facilities to 

make aluminum-graphite and copper-graphite composites. and India and China 

have the requisite research base to get into production of these alloys. 

In addition to the current use of metal-matrix composites in aerospace 

applicatiois. weapon systems. in the last few years in the developed world, 

there is interest in using these components in automotive applications. in 

bicycles and sporting goods like tennis rackets and golf clubs. The 

developing world should watch the application of metal-matrix composites in 

these sectors, and derive lessons to use these composites in other sectors 

critical to raising the 5tandards of living in respective countries instead of 

leisure goods. lhe needs of developing wor1d are more in the area of housing, 

in the area of energy generation and transportation, instead of in faster cars 

or airplanes, or sporting goods, or aerospace or defense systems which are 

driving the development of metal -matrix composites in the developed world. 

lhere is a very large increase in metal-matrix composites research in some 

developing countries like China, India, lgypt, and some Latin American 

Countries like Brazil and Argentina. lxchanges of information between 

developing countries themselves will be of great value, since their experience 

would be of greater relevance to each other. The agencies concerned with 

International development, like U.N. and the World Bank, could gr~atly 

faci~itate this exchange. 
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Another area of concern in developing countries in the composite 

materials area. is the lack of availability of reinforcements. The continuous 

fiber reinforcements remain very expensive. and their production cannot be set 

up easily in the developing world. The developing world should initially 

concentrate on in-situ composites made by unidirectional solidification or 

powder extrusion. where the reinforcements are produced in-situ during the 

proce>sing itself. thus e1iminating the need for expensive reinforcements. In 

addition. the developing world should concentrate on short fibers. or better 

yet on particle reinforced metal-matrix composites which are inexpensive and 

have large scale application possi~;lities. For instance. emphasis should be 

given on graphite parti~le reinforced metal-matrix composites since graphite 

is available either in mineral form or in manufactured form in a large number 

of developir.g countries; with the relatively easy availability of alumirum, 

the production of these composites can be set up very easily. Likewise 

attempts should be made to learn to use readily available mineral based fibers 

in these developing countries. for instance. attempts should be made to use 

naturally occurring alumino silicate fibers, or fibers that can be readily 

made by melt spinning of oxides. These are areas where the developing world 

can inmediately get into the use and manufacture of metal -matrix composites. 

lhis learning experiP.nce with inexpensive particulate metal-matrix composites 

will also set the stage for the developing world to get into the area of high 

performance metal-matrix continuous fiber composites when they become co1T1110n 

place in the developed world, and the possibility of using ultrahigh 

performance materials in the developing world increases, in the next few years. 
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1. ELEMENTS OF EDUCATION ANO TRAINING IN METAL-MATRIX COMPOSITES 

FOR THE DEVELOPING WORLD 

for the developing world to get into the position of mar.ufacturing and 

using metal -matrix composites. it will be necessary to start teaching and 

research in design. processing. and use of COfllPosites. in selected 

1nstitutions in developing countries. complimented by a United Nations 

sponsored International Training Institute. These would ~enerate individuals 

who would be familiar with global knowledge on metal-matri1 composites. and 

can readily learn to use these new family of materials for there own location 

specific problems. In the absence of such indigenous manpower. trained 

personnel and infrastructure. there is the danger that the developed world 

imperatives in metal--matrix composites will continue to drive the development 

of these materials. and the progress will not be of much relevance to the 

developing world. The per capita availability of materials in deve~oping 

countries is low and is a major constraint in raising living standards. 

Composite materials, specially metal-matrix composites. provide an opportunity 

to increase the supply of required materials at prices affordable in 

developing countries. However. it is necessary that scientists in developing 

countries are trained to explore the opportunities in metal-matrix composites 

for the development of their respective countries. 

The science of design of composites involves prediction of properties of 

composites as a function of chemistry and structure of its constituents and 

processing. For example by changing the volume percentage and orientation of 

graphite fibers, magnesium graphite fiber composites with negative, zero or 

low positive coefficients of expansion can be designed. Subsequent to design 

of structur~ of composite componen•. the processes to manufacture and test the 
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cQ111posites have to be designed and simulated. Process design requires 

considerable data base on manufacture of similar COfllPOsites. Design of tests 

requires considerable data base on relationships between structure properties 

and performance on the specific composite in question. 

In addition to the information generated in the west. the developing 

country scientists must be trained to use local resources and facilities to 

design. fabricate and test metal-matrix composite materials for use in their 

own environments. In certain dPveloping countries. there are large 

agricultural waste products like paddy husk available; conversion of these 

resources into high performance whiskers like silicon carbide for 

reinforcements in 11etal-llliltrix composites would be an important imperative for 

them. 

The newly emerging metal-matrix composites are based on most abundant 

elements (for instance carbon. aluminum. silicon. nitrogen. oxygen. magnesium 

to ntake carbon reinforced aluminum. silicon carbide reinforced magnesium. 

silicon carbide reinforced alumina) which are available in all countries quite 

equitably. Therefore the development of these composite materials will free 

several countries from resource constraints in manufacture of advanced 

materials. This. however. presents a threat to some developing countries 

whose economies are based on export or certain minerals like copper ores. The 

scientists in developing countries should be trained to analyze. and react to 

opportunities and threats from developments in metal-matrix composites. 

Once the chemistry. structures, shape, s1ze, volume percentages of 

constituents is decided by structure property relationships. the next step is 

to design the process to synthesize the composites. Process design is as 

important as product design. After the process design. the next element is 

design of testing and inspection procedures of composites to simulate long 
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term perfonndnce in short term testing. The process design for developing 

countries should be of the type which can be used for manufacture in the low 

technology environment which oft•.?n prevails in these countries. C011puter 

simulation of performance of composites and the process to manufacture them. 

could save scarce resources in developing countries in terms oi !llilterials and 

energy wasted in trials. These aspects of design and simulation should form 

essential features of training in metal -matrix composites which could be 

imparted through the following elements. 

7.1 Elements of Training Progra• in Metal-Matrix C0111posites 

I. Lectures by program coordinators and permanent staff of the training 

center on principles of composite materials science. A possible text used 

can be Co~9sit~Materi~J2 by K. K. Chawla. American Elsevier. 

2. Lectures by guest faculty working on metal-matrix composites in other 

1nstitutes in developed countries. 

3. Lectures by guest faculty familiar with developing countries. These could 

be people who are either working in a developing country or are familiar 

wit~ developing country environment in relation to metal ·matrix composite 

materials. 

4. Demonstration of computer applications or design of structure. processing. 

properties and testing of metal-matrix composite materials. This could be 

done using tne software available through or~anizations listed in this 

report which can be operated on personal computers and other stand alone 

computers available in developing countries.The participants from 

developing countries should be encouraged to bring material on their 

resources and infrastructure, and typical applications that have higher 

priority in their countries. Development of metal-mltrix composites to 
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meet basic hu11an needs using local resources should have high priority. 

SOiie examples would be COllPOSites made with local resources like mined or 

manufactured graphite particles. sand. aluminosilicates including clay. 

mica. and carbonized and pyrolized plant-based resources like natur~l 

fibers. rice husk and equisetum which can yield silicon carbide whiskers 

for reinforcement of CORIPOSites. The work done on alumin~~·graphite and 

aluminum-shell char COllPOSites at Regional Research Laboratories of CSIR 

(India) at Trivandrum and Bhopal can serve as an illustrative material to 

stimulate similar thinking on using local resources to make metal -matrix 

coniposites. 

5. Video courses on COlllPOSites avail~~Je frOfl ASM International and other 

organizations. 

6. Laboratory demonstration of basic manufacturing processes including powder 

processing. vapor phase consolidation. and casting techniques. The 

training centers could collect samples of components of composites made in 

different parts of the world and demonstrate their properties and 

performance. 

7. Demonstration of instrumentation for process control and for inspections 

and testing of composite materials. This could be part of an overall 

training in the use of modern instrumentation and sensor equipment with 

feedback circuits and intelligent processing using expert systems. for 

materials design, selection and processing. Modern instrumentation 

including ele(tron microscopes. microprobes, chemical analyzes with high 

resolution and surface analytical techniques like ESCA, AUGER. SSNMR, 

SIMS. and automated testing equipment should be a part of overall exposure 

to advanced instrumentation for design, processing and use of metal-matrix 

COl'ftPOSites. 
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8. A long term and continuing mechanism IDUSt be established thro~gh which 

sunr.aary or ne~ information base can be supplied to the scientists working 

on COflPOSites in developing countries. The participants should be 

encouraged to write back and consult with the center on the opportunitie~ 

and experience on designing. manufacturing and using composites using 

local resources in their respective countries. T~is growing body of 

information base could be shared by all developing countries. 

8. SUMMARY 

Metal -matrix composites with tailored properties have the potential of 

becoming one of the fastest growing ramily of new materials which can have 

large impacts on develcping c~untries. At this time the best performing and 

most expensive metal -matrix composites are being co~sidered for high 

value -added. relatively low-~olume military and aerospace applications. 

However. automotive and other engine and electro mechanical energy 

applications which require lower cost ~nd higher part volume. are now closer 

to connercialization. and these are of greatest interest to developing 

countries. With continued development of composite manufacturing processes 

and improvements in alloy design. including the possible use of particulate 

composites, htgh performance and low cost will draw closer together. The 

development~ in the near future will involve using the casting and powder 

processes to produce tailored interfaces, new matrix alloys which will yield 

higher ductility and toughness along with higher strengths in discontinuous 

reinforcement composites. The science of predicting properties and 

performance of metal-·matrix particulate composites will gain considerable 

ground. At this time the low cost particulate composites such dS cast 

aluminum-alumina, aluminum-silicon carbide and aluminum-graphite composites 
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appear to be most promising for the developing world. These composites can be 

readily produced in the developing couJttries using readily available 

ingredients and simple techniques. and can be used in energy and materials 

saving applications. It will be best to begin with simple applications like 

bearings. pistons. cylinder liners and then move into other high performance 

components. The developing world should pay speciai attention to the possi~le 

use or metal -matrix composites in energy. housing. and transportation sectors 

which are of high priority ir.cluding sol~r photovoltdics. semiconductor and 

superconductor industries. Developing countries such as India and China have 

a good research and industrial base for producing metal -matrix composites. 

mechanisms should be developed to expand this capability into other developing 

countries through expansion of education and training in metal -matrix 

composites and through exchange of intorrnation between developing countries 

themselves. Developing countries should impart suitable training in design. 

processing. manufacture and use of composites made from local resources using 

locally available manufacturing infrastructure. 

9. INFORMATION RESOURCES ON METAL-MATRIX COMPOSITES 

The following journals and publications have a good repository of 

information on metal -matrix composites: 

(1) Journal of Composite Materials 

( 2) Compos Hes 

(3) Proceedings of the •international Conferences on Composite 
Materials.• Six ot these have been held and the seventh 
will be held in China. 

(4) Composite Halerials Handbook by ASH International 

(S) Video courses on Composites from ASH International 
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(6) Metallurgical lransactions (Journal by ASM-AIMl) 

(7) Mat~rials Science and Engineering (Journal) 

(8) Journal of Materials Science (Journal form the UK) 

(9) Proceedings of Composites Conferences Organized by ASM 
Internatior.al AlMl. SAMPl. American Society for Composites 
and the Journals brought out by these societies. 

(10) Proceedings and lecture notes from a 1arge number of short 
courses organized in China. Europe. India. Japan and the 
United States on Composite Mater)als. 

(11) Powder Metallurgy International (Journal) 

(12) Metals Abstracts 

(13) lngineered Materials Abstracts 

(14) Chemical Abstracts 

In addition to the above open literature. a large number of reports on 

conmercial prospects of metal -matrix composites have been written by several 

consulting companies in the United States and are available at a price to 

subscribing organizations. 

Several university centers on composites including the University of 

Delaware's Center of Composites publishe~ ne~~ letter which lists activities 

going on in respective centers. In addition. information is available in the 

United States from NTIC and MMIAC which has government information banks on 

composites. 

- 4~ -



APPlNDlX I. SlllCllO BOOKS ON MllAL·MAlRIX COMPOSlllS 

l. ~dvanced Composites: The Latest Developmen_!~- Proceedings of the Second 
Conference on Advanced Composites. Nov. 18-20. 1986. Dearborn. Michigan. 
ASM International. 

2. Composite Technology. Proceedings of the Annual Conference on Materials 
Technology. April 14-15. 1988. ldited by Margaret Genisio. M~terials 
Technology Center. Southern llliPois University at Carbondale. Illinois. 

3. Testing Techno!.Qgy_ of Metal -Matri~ Composite~- ld. Peter R. Digiovanni 
and Norman Ray Adsit. ASlM, 1988. Philadelphia. PA 19103. 

4. Interface~ in Metal-Matrix Composites. Proceedings of Symposium Held at 
Annual Tech Meeting of Metallurgical Society in New Orleans. Louisiana. 
March 2-6. 1986. ld. A. K. Ohingra and S. G. Fishman. The Metallurgical 
Society AIMl. Warrendale, PA. USA. 

5. Mechanical Behavior of Metal -Matrix Compos it~~- Proceedings of a 
Symposium of ASM held at the lllth AlMl Meeting. Dallas. Texas. Feb. 
16-18. 1982. E. John E. Mack and Maurice F. Amateau, The Metallurgical 
Society of AIM£. 

6 K. K. Chawla. Composite _Material Science and Engineering. 1987. 
Materials Research and Engineering. Ed. 8. llshner and N. J. Grant. 
Springer Verlag. New York. Berlin. Heidelberg London. Paris. and Tokyo. 

1. Cast Reinforced Metal Composites.• Proceedings of the International 
Symposium on Advances in Cast Reinforced Metal Composites. 1988, World 
Material Congress. Chicago Illinois. Ed. S. G. Fishman and A. K. Khingra. 
ASM International. Metals Park. Ohio. 

8. Engineered Materials Handbook. Vol. l. Composites ASH International. 
1987. Metals Park, Ohio. 

9. Advanced Materials Conference Proceedings. Dec. 2-4, 1985, Dearborn, 
Michigan, ASM. Metals Park, Ohio. 

10. Proceedings of the Fifth )nternational Crnference o~ Composite 
Materials. ICCMV. July 29-30. Aug. 1. ~~85, Ed. W. C. Harrigan Jr., I. 
Strife. A. K. Ohingra, The Metallurgical Society of AIMl (Also 
proceedings fo the sixth and seventh ICCH Conferences). The ICCM VIII 
will also have proceedings. 

11. James G. Crorce, L. R. Dharari. and Walter F. Jones, Crack ~row!h an~ 
Fracture of Continuous Fiber Metal Matrix Composites: Anal.Yii~_and 
Experiments Metal Matrix Composites Testing Analysis and Fracture Mo~es. 
ASTM STP 1032. W. S. Johnson, Ed. American Society for Testing and 
materials, Philadelphia. 1989. 
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APPENDIX II. SELECTED PAPERS ON METAL-MATRIX COMPOSITES 

1. Rack. M.J .• ·~abrication of High Performance Powder ·Metallurgy Aluminum 
Matrix Composites.• Adv~nced .~teria}~ an~ Ma!l_~J~cturing_ Processes. Vol. 
3. No. 3. 1988. p. 32J. 

2. Prasad. s.v. and Rohatgi. P.K .• •1ribological Properties of Al Alloy 
Particle Composites.• Joyr_!'al_Qf __ Meta}h Nov. 1987. p. 22. 

3. Rohatgi. P.K .• Asthana. R .• and Oas. s .. lnternatiQnal_Met!_ls Reviews. 
Vol . 31 • No. 3. 1986. p. 115. 

4. Rohatgi. P.K .• •cast Metal-Matrix Composites;AsM Metals Handbook.• Vol. 
15. 9th ed .• Metals Park. Ohio. p. 840. 
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Ftiure 9. Optical micro~raph sbo•1n~ distribution ot 
graphite particles in tbe -.atrix ot an 
alu!linu11 alloy. 

Figure 10. ~lcrostructure of a die cast Al alloy-zircon 
partlcie composite. 
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figure 11. A section of centrifugal casting of Al 
alloy-zircon particle composite showing 
segregation of particles at the outer rim. 
Mag: x 0.60 
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(C) 
Flcure 14. Photographs of various engineering cr.mponents of cast 

metal .. trlx particulate co•posite~. 

a> An Al alloy-graphite particle co•poslte piston. 
b) Surface of an Al alloy-graphite co•posite cylinder 

liner after an eadurance test. (Courtesy of AE 
Borio, Italy). 

c) Connecting rod fitted with bearing of an Al-Cu
graphlte composite. Also shown ls the corresponding 
pin after 100 hour test showing no evidence of 
surface scoring. 

d) Photos comparing the surfaces of a ~ :andard graphite 
Cree alloy piston after 30 hour test and an Al
graphlte piston after 60 hour run. 
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Figure 15. ?hotogra~ns of some engireering co~~cnents ~a1~ from 
cast metal matrix camcn:,:es. 

a) Pressure die ca~t bushing spring ]uide of ~1 
alloy-graphite particle composite. 

~) [mpeller and several other component~ of cast 
aluminum-grapnite composites. 

c) Graphite fiber/Mg composite for space str~ct~re 
application~. (CJtfftes; of ~artin-Mariett:3 Co.) 

d) Various 2ngineering and sporting goods produced 
by investment casting Al-SiC ~article composites. 
(Courtesy of Dural Company.) 
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2 • A .... lllP l LTRAT lOll PllOCSSS l'OR TllK PABIUCAT lOll Ol' llftAL llATll 1 I: COIQIOS lTBS 

A nvvel liquid -tal i11t1ltr.>ti<>ll t .. <-huiqu" tv• 
the produ•-tion of -tal -llldtr ix ..:Olll{k'Sit,..s .. ·ontainin9 
various ,,..:ntorcements is d,..s..:r1t>,..d. The te..:hnique 
is unique n thdt b\' prop,;r <-..introl or tht> process 
conditions, inti l tr at ion O<·..:uc s spontan~us l~·. 
without the aid of pressure vt v.i..:uu111. The r .. quiced 
process conditions are des..:ribed and the efte..:ts of 
the pro..:ess variables are determined usin9 a mod,..l 
system comprisin9 an aluminium alloy ltldtrix 
reinforced with Al 2o1 particles. 

l. Introduction 

Aluminium 111atrix composites have been produced 
by various liquid phase prcx:esses, includin9 the 
mixin9 of molten metal .ind ceramic particles 
followed by castin9 (i.e .• compocastin9), and the 
infiltration of molten metdlS into compacts or 
reinforcin9 material via the use of a pressure or 
vacuum assist. Similarly, solid state processes, 
such as the mixin9 of metal and ceramic powders, 
followed by hot pressin9, and the lamination of 
metal foils and ceramic fibres via diffusion 
bonding, have ~en utilized to produce such 
llldterials. The liquid phase prf)Cesses are 
potentially more economical; however, the solid 
state processes have been the most successful to 
date, with the liquid phase processes limittd by the 
non-wettin9 nature of most ceramics and mol.en 
aluminium. 

This art ide describes d novel liquid metal 
infiltration tec~nique for the rab~ication of 
aluminium matrix composites. By proper control of 
the process conditions excellent wettin9 is 
obtained, thus allowin9 the infiltration to occur 
spontaneously, without the application of pressure. 
With no pressure or vacuum apparatus required, this 
technique provides cost effective processin9, dnd, 
due to the favourable wetting, pore-free COftlPOsites 
with high structural inte9rity can be produced. 
Enhanced wettin9 typically results in an increased 
stren9th at the metal-ceramic interface, thus 
enhancin9 the mechanical properties of the composite. 

2. Experiment 

The experimental lay-up employed in this work 
consisted of an aluminium alloy in9ot, measu1in9 
about 50 x 25 x 12 IMI, placed on top of a permeable 
mass of ceramic reinforcing material that was 
contained within a refractory vessel (a 99.9 per 
cent sintered Al 2o1 tray measucin9 about 
100 x 45 x 20 nvn). In each case there w.is 
sufficient alloy to infiltrate 411 of the 
reinforcin9 material. 

The alloy-ceramic assembly W4S heated to the 
process temperature in a controlled atmosphere 
furnace in the presence of .i flowin9 
nitrogen-containin9 9as. To inhibit unwanted 9ases 
from entering the furnace, the exit 9.ls was bubbled 
throu9h a column of oil me4sur1ng 25 to 50 nvn. 
After cooling, the extent to which infiltr.ition h4d 
occurred was noted and the s.imples were sectioned 
and ex4mined microstructur.illy. The lay· up is shown 
schematically in figure lA, dnd a typical product is 
shown in figure 18. 

Du:ing the infiltr~tion process • .iluminium 
nit• 11.;..- may form due tv re.i•:t iou of the molte1J Al 
wi .t-. the nilrogen·containing atmosphere. The 
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quantity ot nitride th.it r,nm,;,1 in the samples w.ts 
determint!d by m..-asuc in'} the unit "'ei9l'lt 9 .. in f~·h.ir:<J ... 
in vei9ht of the s;imple divid ... d by the vri'}in<i! 
alloy weight). h•r c·.:>a>pac ison, th,.. wei9ht 9-" in 
obt.tined when pure .tluminiudl t0t.tlly co\'e•ts tv AIN 
is 52 per ..:ent. 

l. Results .u1d dis..:uss10n 

Initial exper u•ent.lt 1011 1J.,nt if ied th.it th ... r,.. 
exist two requirements for the spontaneous 
int iltrat ion to oc..:ur, n<imely ( i) that the aluminium 
alloy contain Mg and (ii) that the .itmosphere 
contain nitro9en .ind be noaiin.illy 01'y9en-free. 
However, meet in9 these two req•J i cements does nvt 
ensure infiltration. The ..:orrect combination of the 
various process vari.iLles, such as the alloy 
•"Olll{JC sit ion, the process t elllp«!r .tl u re, t~.e process 
time, and the nitro9en ..:ontent of the atmosphere 
must be employed. 

To determine the ef fe..:t of the Mg content 111 

the alloy on infiltration, alloys with Mg contents 
ran9in9 from l to 10 ·o1ei9ht per cent were pla..:ed 
atop beds of 220 9rit fused Al 2o 1 particles 
(38 Alundum, Norton Co.) and were brou9ht to 
temperatures ran9in9 from 700°C to l,ooo•c for 
ten hours in a 96 per cent N2/4\H2 atlDOsphere. 

The data, shown in table 1, de1110nstrate that 
higher alloyed amounts of H9 result in infiltration 
at lower temperatures, and that under a given set of 
process conditions there is a critical level of Mg 
required to induce infiltration. For instan~e, at 
900°C under the Cwcrent process conditions no 
infiltration oc..:urred with l wPight per cent Mg .ind 
full infiltration occurred with 5 wei9ht per cent H<J. 

Additionally, the data show th.tt process 
temperature affects the infiltration kinetics. 
Under otherwise conslant process conditions, full 
infiltration occurred with alloy Ai-5Si-10Mq at 
800°C, wheredS only partial :nfiltration OCCU<reJ dt 
700°C. No infiltration has been obtained with 
alloys containin9 no Mg. 

The effect ot tht! nitro<}en content of the 
atmosphere on the infiltration process was 
determined by fabricatin9 samples in atmospheres 
ran9in9 fro111 100 per cent N2 to 100 per c"'nl Ar. 
Usin9 alloy 520.0 (r.on:inally Al-lOHg) a 220 9rit 
fused Al 203 bed and process conditions of a four 
hour soak at eoo•c, no infiltration occurred in 
100 per cent Ar, only partial infiltration occurred 
in 10 per cent N2;90 per cent hr and full 
infiltration occurred when the N2 content equalled 
or eMceeded 25 per cent. 

In addition to aftectin9 the process kinetics 
(i.e., only p.irt1al infiltration occurred with an 
atmosphere of 10 per cent N2/90 per cent Ar), the 
atmosphere affected the quantity ot nitride th.tt 
formed within the p•oduct. Fisure 2 plots the unit 
wei9ht 9.tin versus the per cent nitro9en in the 
atmosphere fur .tll of the samples where full 
infiltrdtion O•:cucred. At high percentages of N2, 
where infiltration was r.tpid, little nitride formed, 
whereas in dilute atmospheres, where infiltration 
was slow, observ.t~le levels of AlN formed. 

In a similar f.ishion, the ~rocess temperatu<e 
s1gniflc.intly affects the qu.intity of nitride th.it 
fo<ms within th" .iluminium alloy mdtrix. Figur" 3 
plots unit weiyht gain versus process tempe<ature 
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:l: t:;rn. t?:.::; 

.1.1. . ...,:,; tht..• rt.s.:lt.1::! t'!' t·t·:: :t·:.. ~ [ht.• t .•• ~,""' ·;1t._.. t-• 

l._· ~.t:. !'it•.± -~th .. r:: .·h:: • .._;.:.-1 t:ri .. .• ~r,,i . .. -Lt..•lr~:;t:;·, r 

t: ... - !tilt.: i •... t,__!!r.-;. t-··: t:.:.;.t.1i .. ·\ .• l'••.:t•.:.t:>\.·S :1: ~nc 

id~ -..·,'t~t t.•:1t \.'t th-.• .tlil:t.ird~.t .. s: l...11· t:'.j,l ~ l'.i Wl ~ i 
... it.··-~tl.t:»t• th..- •"·.'i·tt l•'i\_)nt •• t tht.·ttti:.t: t: ... (·.t!.$!dr~ .ta.t 

lr: .. :r't..'..i:iit: tht.> :;t 1ttnt.'":>~ :! tht.' ._· .. ·t!-t··:.~:.t.·. 

Al::i,t t.··;.:.,;.t [t •Ir• t-'I-jtae ~ l.:i tL.i: 1.::!JttL1t;. .. :: 

._1....·,·,;.r :.._•,j L:t. t !it.• tu:>t ... J Al:;) 1 .tl •h.·~; ... ,· ._:th 

,,: ~ 1 .-:.: ~s~ ;~ .. : ,;.r·t..". ,;t tht> ,:;.srr:t.: r,,, .. \.. ... ~ .. 
tt..·~r;oi:.·:.t:t.r ....... t!l.1·i· Al·~Si JM .. J ..i~·i :: .. ·t Lr.!~lt: .. !:tt.• ·•~t.· 

A .... , 4t.t~~1 .... :~ .~1 .. ::TI,1il...itt .. tt1r:._, ~L.tr F·.· l.'.t:. 

t1t._-.ir"'tt.l' i::t1itr.1tt,'a .• ~ luw~r tt.·IT-i:•t.1:.1r;,,;.~t·_,.. 

'!'~lt.• !ii·'•nt.r::t.· ..... i.:.i :.r;t o l~ r.tt ~·I. lt."'·-·!u.~.t~.tt.· I:> 
.lppl :.-..·_tL!t.• t ... t:~·-· t.i:d...iu,·t 101. <•t .. · .... m,~~.:>~te:i 
c·unt Ji ti i r-.-; .J ._.~Jc:" r ..tn'Jt..-. ,-_,r r c i. o.t .... : t.:-.·mc:tt t ·.a·ti'-·s. 

Simil..ttl;·. th~ ~tJ01.t..tra.•0u:i ls .. tt!r:.tllvtl pc .. --..-t.<;:.i 

is ..t(:p~:c..it·l~ t.:. m .. u:}'" t1lt-.·r ··ht!'mt:;~tic-s. t--::ii:ctm(·l~s 

v! reint01:cemt..•n':. m.Jte1i.ils tn.J.t h .. l\.'~ bct.."n utili:;:~J 

1m:luJ., Sit~, Till,, HcJU, S1.· .·, •• it,·..1 l·-·tH::n1.·.1l 
1:.lpuur d'-'p..>:itt i..:.n) qr.lph1te, .lri-1 AIN. 

6') 

A tL ·.·~1 1-'r ....... -~:;s t ... c tht.• pr .. ·-1'1.-t t,·:~ \It ~t..11 

:r •• 1tr !X •"'=tli"·:Sit-.--:, .. ·Pt.:..t1111a.1 ~·~r. .. ·r .._·1.?1t ln'~·•U:i ... r 
.11s. ·1.t .i.h:.J• .. ::i :ot:":i:t.•:.-t.·~-t.·:.: :~ tt:i· .. : t .... -.1. rt~t..>-

i.•t '• '-''.5S ll!\.·,,:\·t.•$ t~'h.• lU[ l lt :.tt .i.••?~ ·~f ~ ltt:J~ 

.. duit1i.i.1~ .. tl: .. z::-· ir1t\· 1., ... -s .... !·it•J;'> ,: ,-,,,-·i'····t:., 
tci..?.: ·u: ... ; rt:.•tt.·: ~.J~ .-.:.th.1ut tnt> .n,f . :: 'r.·~:i~!tt..• .,f 

•:.1._·.;.a- l~-tt., :·; .... :_t.t:.t.• .... usi•;) t-,· i..r ... rt.."t ...... _.;.:tr-.i: ~·t 

th."-• t : •:t:~ .:i .. ·1 1:. ~ i.: l :ro-J,. 

i. 1 s llhJ t h~· m.. ic l :.; j':.:; t ~-m • .- t ;d, _ V j l•J. t t ~ • · 1 e 
:11..·1:.: .. r .. ·t..· ... t .tt~•:nioi.~::f!, th-.· •• .-t t.·.·t.::.. .... t the p: ..... _·t..·:>~ 
·.:.1: i .. ,L:~~ ·-·•· ;t;~:ltr..at t-1•• Wet'-· t'A.Jl:\lli.t:J. :t w .. 1s 

:>h•_•Wt~ lt"..!! tt:~t.._• '-"X~~t tWt• rt.1 4.;i:t.~l!h ... •t.otS t.._.r '-l~tt ~th; 

t.· •_)_·,·ut, fl.J.:T.t.·I·,· (1) th.\t tht.· .. tll•Y'j .:,,nt..tin M'} ,,:•d 
tit) tn.lt the ..t~l<;..·Stht·r-.· t~ t:;tr0g.:r;.....,u~. 

Tt':t:• r .._. t·" ~ r -..·...! t: ····t:.;::; ~ it.l'lni't.~• .tl are ! "' 

~=-~ 1.Itr.:tt;,..._.:. t ...... .-.:ur •-•~ :iho..•wr;, t...., bt" str, 1h;lj· 

.ttt\.." ... -t\.·.i t.1i· rrit: ~.J '""·~~f~ut -..)t '-h~ .all ·t·· vi.th ..t:i:._.y:i 

.· .. •nt.1in1:1.J !. ... -.• ~t.":.:~~ ·_;f. M.~ r~--tu1? i:h.; ~! ... jh~c pr:..:,.._c-:;::; 
l~m111t.'":.ltu!t._-:i. Alt; t·t~1:lt>Lt.t\.t!::> w.._·r~ t ..... a11..! tt· ..._"\..-._-.._1l 

wi~hin th~ .?~·?m1n1\..lf1 J[ic·;· m.1tr-:.4. p..t:r~ 11.:ul.ul;· in 
..l':.ll".c..:.st·tl~tt.•.; •1th t-J• 1.: .. -ntct1t:> ...__.: :i1t.t•->·J~n ..in.j .. :l 

hl.,Jh (H1.._• 0 :es:; t~rr..v~r.1turc..>. A:thvu-:Jh tht:' ~fre .... ·;.. ._f 
t :i.ller ...:h~mistr~! w.ts not qu.ua ~fi~J .. th~ prvcw,:.s::; is 
.J!·l·llt..·..1l'1t!' '-v J. wi.Jt: :..tn-Je of c:lic."r L.ltcr1Jls. 
(S0•ll<:t!: Art1.:l" wr:tt"n t•-; M. !\_ J1.9h.lj.tni,rn, 
J. T. !lurke, D. II. O.hite, .llld A. S. N.l-:Jelber-:1. 
Ld1•;;iJ., C..:rpurat1_>1., N .. w.uk, lei.sW.lre 19714 t.077) 

tor the ill!:!_~~~.!: iu1ul _SAKPE S:;~s!_~~ ISoo_'io:t;, 
f .. "'r the A,_1·.- tn•:~e-'4:nt of M..t:ter i..t.l ..snJ Pro'--"ess Eng •• 
.:o·;ind, L"alit0rn1•f, S ll ~ar 191l9. 
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lr. th~ ::.;J:..; ... -:r.'t:':.t '-'t th-.- i r~~c-:~t .tu.th,_11 ~. tt'.C' 

s .... ·1~1u .. ·e- ar~J te'-·ha· ·l•.hJ)" vt met'1l m-ttr :.x '-·vm.pv$ltt:S 
"'re aure d .. '!v.ua .. ·it:" ... i th.in th.)~it? ... :.! •:e:JrJ.mb .. " .._-~)!:Lte5. 
Wo'k ,.Jn th.r ftv..._·t:'SSlta~ vt !DC't..J:l C..ltr ix ..._··-·•p-....·'Sltt!':i 

:seems. h .... H1fC'\"~r. :v be ._,l:t!' tt::>~ r ~..._·t.:-•.! l•~ :; .. ·.__.pc th..sr; 

th.;tt on the i·: :. .. ·~sstn""J vt ... :C't....t:r..1l.· 11'...itr: LA 

'-""JllLPUSites. f"\.)r t,,)th t7p~s. thit:" '-Jtt!'.1t ._-hJl llt."n..;e .;t 
the ..:0&1lino.J ·1t: .... -d-ir- v& i l b~ th'-" .. tr·:it?l..::.,.m~ut .. •t 1i-.y,,· .. -~ 

or unprov~t p:'-·..__·~ss:nq t~\,:'hntqc~:> thdl Will tvrm 
c;ocapus1tcs .Jt .. :·r ...:i ... --..s~ t,1 net sh..ti•t!' tu .t 

cvst -"°ttect l"Jt!' e..tnne-r. The w1..1it? s,·.:tl~ ir.t :vd:..tct 1011 

ct ~t..tl d;UJ 1...·~r.tmlt..." .... -VO"~)Sit~S wil: thu.S dt?-pt"'nd U:~ 

ilftlJr,:v1~~nts tu pr1.h:~ss;nq t.:-,:hn.:i!o"1;·. 

-~ w1 i l .: .• :1·:~: 11 '--'urs~lvc:> here with thci (..·dse i...;t 
sol 1d1t lL".lt i,::~ ptdt..-t.·ssi:.q ,_.f t .. r~torms 0:' 

11iu!t if ilo~nt tuws vt ··.:r.:mi._- or -.:-arbv1. tLLttS t.:.;· 
int 1 ltr.it ivn with -...:ilten s.~t..tls vr ell lo:rs ~ud 

subst.•q.J~nt svltdittcati,-1n. Dist..·ontinuuu~!;· 

reinr .. H._:.-J m..-t .. 1 m..ttr 1x ..:0111p0sites prc·c..-ssed t,•; 
scmis-Jii.J sl~rr1 sol1dicJti0n pc~~~sstn~ ..tr~ th~ 

su~Je~t ot d f·lrth~i~in~ r~vt~w. W~ ~re r~stri~tiiiq 

this rt:!';.· it:·• tu svl id if ic&1t ion pt·_)...:~s~1ng t:,e'--.!use 
th"''" pr..-:;o::;tl;· o:~ists nu uther t1«:hnlo.lu~· t.• 
ecuru.:..rral...'.' .. tl t1 m.Juat.icture ._-~r.inu1: /d!n f'eir.turt...-~J 

m~t..tls. The ~st.1t...lished v .. t,-1.J.u~ hct prt:ss ditfus1va 

t.vnd1r.g t..-chu .. •l·.><Jies .. : .. nr;..,t be dp(Jl it!·i tv <: :o }'m 
di..to~t~r fil..rt.!S u;.!e~s th~ t .... w':.> h..s•Jt! tt.!'c-;. 

(ll previousl;· inr:1~tr..tt~d ir.t\_. •wire:;·. (2) spr~..td 

.. -u.d LO.:t.t~J ,i:· (.>ldtt:d with th1: m..t.tr lA t._, th~ ..it!'sir.a-·-1 
••oiumo? frdct ion, vr ( J) int 11trdteJ with .s tint! 
~owJt!r slurry ct th" matr i• .,,,.j t inJer. Such 
pruL·t."sses die intr:..._·dte an.J e.<(-It::iSi\.-t:. In 
a.:1..-!it ton,, dd·1..snl.:tljc$ uf pr~ssu~t.- irif i ltL.tt tvn 
pr•-J,:t::sing Lnc.·l,;.de the .it.illl/ tu ~:vdu.:e net sh..t(.1t:S 
with little or n..J tequ1rt:mt:>nt t .:,,r s.ut.St.:..jucnt f-;.,rmi:i-J 
ur m~.;hinin'1-

A r.um.Lt: ,-_.r tt.~ rt:infor.:ir.·mcoil:i t..c:•i·J 
~nv€'st !q..tt~d t•:..r sol ~dific.1t t0n pru,:e5sir';} 
m<tal m..ttr i:.£ c:.HT1~r.)sitc.-s dlt shuwr, ir, tJt1it: l. J...n·1: 

imprcvt!mt!:>t vt ..:om1,._,s i ~e prvpt0rl 1.,~ must f; rst tie 
a..:compdn1eJ t,y dn irr.pr011o:m..nt in the pr·.)peot ies ut 
the reinfor,,:eMt.-nt ~in1·t: mech ... r.ic...tl t-rJi-t:!t it?s car-. 
usu,tlly be dPi,r0~1~~t~i bid idW ur mi~tures 
cdl.:ulat 101,. 

Soliditic..ltiun [JI•i•:e.s:.;in·J ot mct,1i md~ri:..t 

coml-'Vsites C.Jn bt: bc~ ... kcn d•.,wo iulu four fundiamt:nt..-tl 
<:dtegories: <.:dpid.H1ty, tlui.j fL,w into th+> 
prt:rorm, f 1bre mdtr ;,; inter.i.-t 1•>HS, ""d the 
solidification [>f'•"H:e:..s. 

F1l>tt::t <:Jn,, in gt:nt:t.Jl, tJt: ::;urfJCt! trt:Jtc~i ;j(J 

th.st they Cdn t;.., wet by ,, re:; in mdt r ix. In 111<>St 
cases, this pro•:e<iure wi 11 not h.Jppen with molte11 
met.its. It is l!Spc•:i.1lly ditfi·.·ult tu wet mo:;t 
<;erJmit: or <;drl,un f itir1<s with mull•!n Al ur Al di lvys 
be.;duse of the omni1>resent ld;·er uf Al 2o1 dt the 
liquid-vapour intert.tce. l•Jnor i11q the effc..:t of 
o~i~es on the melt surtd~~. the l>tessure differen1;e 
at the liquid met.ti front result ill•J frum •'dl>il 1C1r ity 
effects hdS t-een evdlUdlcd u5ing v~ri0u5 
dSSumplions. The equdtion$ qiven in lht! 11teCdture 
dre di I diff.,rent v"rsions vf l<elvin's e<IUdl i<,n: 

(I) 

'/! 

vhert! a is th ...... tt inq angl..- .:>~ th..- 1 iqu1d -tal un 
th..- t 1t.c..- in thtt inf iltr.lt ion dtia.:>sphere, > is 
.. :ur;r .. ture .Jt the mvlten ....,t_.i front. and o 1d is 
the :>ur ~ ... "' t!ner~;· at the l '..Juid 1:apour irtterfa,:e. 
L·1rt.:r~nt .issum.pt!JnS le..td to v..sr ious f•)f81.:) vt , ..ls 
.11 fun ... ·tt~Jn <...•f r1Lce volume. Utten,, 8 is dSSUl!'l.~d to 

e..t•l.ll llllJ•ror si:::pl 10.:ity. Makinq su..:h aa as'<umpt :011 

th~ mina•um iafilt:ati1)n p;essur:es into d vari~t·1 .._--.f 
preturms <:du t.e c, lculat"d utilizing literature 
v_.lu"s fur tht! surtd ... ·e en..-:9;· 0r tt ... Al alloy. 

Nut..- thdt the Kel\•,n e<J'.»H •<'" 111.ikes sense ,mi;· 
ir 8 exists. M0re C<.)lll(•lex dppruaches w.,r..- aduptt!d 
hy Roh.ttqi anJ c0·w,;rkers tor part i .. ·uiate-reinf,.'fCe'l 
..:c.mp...>sites. ~~tt L:t.q is v!t~n a::iStX.:&dt~·.! wt th sume 
degree ut iutertacial red..:ti0n that de9rades the 
t ibr..- pr<)i:,...rt ies. The liquid me• .. : usual iy dll' s nvl 
Wt!t the f1br..-s dnd .,nerqy in the form uf hydrvstatic 
pr..-:;s;ir., must be supplied for tht! aietdl to pen0<trdte 
tne t itire t.urdie. 

Gent-ral !;·, the int 1 ltrat ivn pressure r..-lat i·.te 
tv lllOSt forging pr0..:esse:> is low. even tor ti9htl1 
p_.cked pretorir.:;. tt.,w.,ver. one should consider t.'le 
cLtmp1ng furc"s "" 1 U':Jt< rnvulds as a 1 i11itat ion to 
pressure iuf1ilrat10n. For e:<dmplt!, d win9 bo;: fvr 
d larqe cocnrnt!rc1 .. 1 aircraft mi9ht hdve a mould 
sect ion of 20 m2 . If a pressur..- uf 1 lllPd 
(1000 psi) is reo.luired ta 1nfiltr.ite a fibr..- preform 
prt!set intv a mvuld, the lvtdl cldmpin9 pressure 
would be 21 l<g (47 x 106 lbs). Thus, the 
rt0duct ion of the r"quir"'d pressure b;· a fd<:tc.r o! 
two would d"crt!dSt- the clJmping lodd by a f dt:tor uf 
two. This ditf..-rence rr.i9ht be crucial in terms of 
the .. .:.:inomics of <:Jpit.tl fdcilities. 

Frictiondl forces resulting trom the viscosity 
.;t the 1 iqu id met a 1 o.;3n impede the prr·9r ess of the 
met.ii through the narrow interf ibre ch<lnnels. An 
<ldditiOndl amount of pr.,ssure must thus be applied. 
Th" pressure 1n.:r"m"nt.tl is d"~.;,ndt!nt on the rdle of 
infiltr<ltion. 

Frictiondl ror..:es hd11e bee11 m<>d..-lled (1) with 
the ~ashburn t-qu~tion for wetting systems where the 
mt!tal is driven ty ..:Jpillarity furces intc the fitir" 
bundle Jud (~I 1o1th the Bldke-l<ozeny equ.ttion or 
dnother modifi<:dtivn of D'Arcy's law usinq th.: 
Hdqen·Poiseu'.lle equ.ttion ford pldue infiltration 
frvnt in systems where the metal is forced into a 
non w~ttin':l fit,r., bundle. For a .:ir•;ul.tr f<ont, 
anotht!r more •cum(Jle:< equation was us..-d. The use of 
D'Ar..:y's law is p.,rmissible t,ec.tuse the ch&nnels 
between fibres Jre tine enou9h for the metal flow to 
remJ;n in the lam in.tr regime at normdl velocities of 
infilt1 .. tion. Comparison with experimentr.lly 
medsured permt0.tbi I it ies was 9ovJ, provided a 
.:urrection WdS mdde for temperdture effects (lo be 
discussed) dnd " fd•'tor of 32 w.ss used in the 
Bldke l<o:i:eny ec(Udl iun. 

Ford pldnJr front, using the Washburn equ<ltion: 

IP, +-P)d1 t=·t-=j_j_d 
di/Jr-·-- - ·- - (2) 

n,,1 I It 
where dlidl 1:; tho: infiltrdtion velocity, 1 the pore 
len9lh, d the pore, diameter, Pd the applied 
pressure, P.: th" Cdpill.sry pressure and~ the 
viscosity vf the fluid. The viscosity term is 
perhdps the most importdnt considerdtion to the 



ttf..."\Jrt-Jlr.l ... :::i Vt t,IC';)~Ut~ tlJ.[ ! ~ t f..tt l• ll ·t :ft~~ .. 1! !T:.lt.; ;.)L 

t...--Oin'!.p ...... •sit~::i .ts ..... -vmp..trr...i tJ r.1u1.· .. ·j:'-". t t~:;::1 .... :·: .. ; •. ts:» 
tt.tust~r naJutJinq. F1 .. put."' l is ..t .... ·v3liJ.it •~- H ..... t t.h~ 

v1s .... ·vsi:1cs ,.:.t m,.>lt~n m~t.•':i '" ·:.H :. ..... ~:; :~:;i:~:) .. HLl 

ql.ts::)'C'S. M\:!'t-t!.s h..t\'~ .Jb'-'lut thit.· :».ut.o: ·.·i:>1..·.._.s1t·i ~s 
w.:tte:: .. \t ~ 10-J il.l·s- 1 . ~i'"-·A!t"".::;,. ->1: th-: .._.:.nrr 
h..tn.J,. h.lvit!' .J -..·i:h.· ... •sit;· .. Jt~.ltt"r th.u1 ~w .. • .. n.J~rs "t 
111...hjr&J:tUd.C" hi".lh~r,. .-tn,1 ..,al.J:SSt"S ..i[tf r l\"t:" t ..... -. S!A. ..... .r .. i~t :.i 

of n:.tqnitt.>de hi':Jh ... r. Th...:s !.>t •"1u1·:_,:.,11t 
int1ltL1tion r.1rc-s (pr .. .,,,'!th_·ti .. ,r~ !.t:.'l:"s) u1J r.,r :.t."'• 
s .. tae preturm. g~ .. "!!':C-try • .J: pt~ss.u~ t• .... t..it'!rs ..:f 
IL1'1nitud~ hi-:Jher ls rc--I-•!t"t:"J t .. •r t";- .. _,:· .in..._i :>:. .... 
or.iers 0f llld-:Jnit.,.l,.; hi':lh._.r tur .;l.t"'s t:.rnsr ... r 
m.;alJinq. 

An-.."tht?c f.·n~th)rr.C>n ... 11;. tn..st rt.• t•~!(~:j .._-.._10:):1..i:~r ... tt i, ... -.:• 

l~ .;U~.llt.:t-:iVJ~ t..:> tlui..110:.z· tn .1::t. ... -t1.r ... r._-~,.j ~ ... tst in-1.s, 

i .t!'., f[t?t:.ce .... ·~Jk ir:.-J dut u·~J n:r t llt..tt i1.11~. Th~ mvst. 
impvrtd.rtt p.!t.1m111r:tc1:S. i:~ .tJ..i1t tvn t..J pres:sur~ • ..t?e 
rn..--.u1d pr~he..lt ..su.j :r.t:1'tt S•l.l•~r~e ... t:t t~ITll---~tJ;ture:;._ S-...'m.'-~ 

investigators ha~e tddi ... ss ... ~ the p10blem 0r tlu•ditr 

t0r pure 111 ... t.11 ;n_stri~-.,s. B~·th ""P"'r '"'"nt.tl ,u:i 
mod ... ttin-J work h.;v,.; shvwn th.it the 1:1<>st cru1:' 11 vt 
the t•v is th ... t ibr._. temp ... r.itu<e. T ... mp ... r.itU• ·.> 
beL'W tht! iaettin-:1 poil!t .::.t tr.II! ir .... t.tl .ue per111iss1L:., 
onl)' il's0t<1r as the;· .Jl l~'"' on!;· a 11mited amv.,r.t 0r 
th.., metal to soliditi'. a ... :1011.j th.1t EK·int. th ... 
sol 1difit!d 111 ... tal "..:hokt!s" th._. .>d':.>n.:in<J li-tui,l. .>nj 
intiltrativn C-lnn.:it be ..:vmplt>tt,>J. Nagata and 
M.>tsuda meas.,red a "cr•tical pr.,.heJting t ... mp.,.ratur ... • 
belvw ioih ich part 1c! ... s .:oul.j rut be i ntl l tr ated by a 
given puce metal. This t._.:nEJ._-rature w.ss iud._.p.,nde•lt 
of melt supecheat. The v0iumc traction ot solid 
formed was obtaineJ by a simp:._. heat balance 
equation. Ft.Jiil thi:>, .s critical volutr.e traction ot 
solid formed was Jeduced. Fukuna~a and GvJa 
postulated that -'solid l.t}·er initially forms .Hound 
the fibres. Their cal.;ulati.:.ns assumed instant heat 
transfer between the fibres and t .. e 111etal ta 
reasonable assum1Jt10n 9iven the Ji-nsions ot th._. 
fibres and interf ibre spaces) ar.d th ... solidif icati0n 
onto the fibres of a rnetal ~ayer thick enough to 
bring the fibre,; to the meltin<J point of the met.ti 
thrOu':Jh evolution ot latent h.,at. This mod it ies th"' 
effective fibre diam.,ter and •1.:.lu:n"' fraction and 
thus the permeat.i l ity .;,;eff i .. -i ... nt given by the 
Blake Kozeny equal icm. Correl at ion with their 
e~periments was 900d. 

Fukunaga arh.i GoJJ dlsv .ts:rnmed th.st 
i-filt1ation ceases when the intiltr.stion velocity 
r-.a.:hes a value low ... n0u9h for the fibres ah ... a-:l of 
the infiltration front to extract enough he.tt t0 
solidify the met.it. This as~umption correlat1d w ... 11 
with their medsured iufilttdtion lengths. This .JlS•> 
e.:pl<1ins th ... obs.,rVdt ion that mel<>l superhe.:1t hJs n,, 
influen.;., on the infiltr.!tion i .. '"Jth since th .. met.ii 
at the infiltration trout is rapid!/ brought to its 
melting point by the colJ tiLres. 

The;o otb1..>V1:? mv...t-.:Is ..tit! ..tl::. ..... .i in 1111~ fiith thit: 
folluwing 0t. ..... rv.sti0n~: Iii HagBt:~1un-. alJ.,;·s With.! 
low latent he.st of tusiuJI ar" in..1ro! di ft icult to cast 
into" cold fibre h<antll.,, 121 Cast i11q und ... r 
condil i•>ns th.st pre•:luJe the f.,rm.>t i .. n of the 
solidified l.sye1 in hl Sil'.." """'>"'"1tcs led to 
decredSed R1.,chan1,·,11 IJI01J.,cl j.,.; ·~r buth th., 
composite .snJ led•;h.,d t it,c.,s. Thi; is thou9ht to be 
due to a reduced reactivity ut th"' fibres with the 
Solid .tlu•'.;lllUlll lJyt<I f<.>rmeJ JluUr"I the (itHeS Und.,r 
o1de,1u.1tt< o..:.sstin<J conditiuns. Th.- :;"lid lJyt!r rhus 
prott!L"ls thtt" f ibcc-s, whi<.:h 111dct."~S tl..1.J ,.u) 1m,,ruvl!,t 
.spp.ia r anc·e under the SEH. 

OueP l.dSl d=-P~·:t of the '>rv1:t.':i!.. o( ~lt!':.:1-urtt 

irofiltrdtion o.:on•(.>li..:dtes it$ 111<,,1.,111nq. Tht< fit..r" 
prvform o.:.s11 911t '-'''"'"r".Slil!J unJ1:1 hi.4h 11.r 1ltrdllun 
nressur.,s. T'1e volume fr.s,·t 1011 .,f th" f ibr"s may 
thus vo1ry dur1nq thv process. 
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~"'!t:!_~.? ~~ !!!_t~!..!:!~!.:!!._ !.~~.!-~~~: 
1!1:!~; !~-~~ w: ~ ~ ~ -:!~:~ ~l~ ~ !.~! !t~ 

Tf.t." ! ttizt.• th.!.: Ct:!it.[vl,_"t:.":ii th~ .•:t."t..1! ._·..tn. ;.r; 

it:>t:Ir~ l1~ ..t ,-, :'!":.t 1.·t ~trt:.·:tl..r~·s. ·rht" A.-:._·~ 

~.-s: r1trt! s""r':ot:-> 1at-i.. ·'~ .u: t..·:,.1:':".(1l~ ..._.r ...1 d~si·r·"·,j 

r1br~. lt:> ~:ru -t•.Hft!> ts l.,_·0m1·l~A .ts is snJ•n 
s~·?·h:::'.,tt!._".J~t:,· ir; !~1:fUC.C- ~- Ut ... 1:r~-..·~.: :~tc."$~ t,. 
tht!' :"-':j,'•·irrauu i::. •.ht!' :; .... rr ... ..__·t- ::>tri.;··t:.J.:~. -~d .... ·~ 

-:Jt.J:,f't:!'S t!:·,~1qh .t.t• .1lf\0r~'-:1...iu:i :: •. !.~ tr .. ~ .·c;·~t.til :•1~ 

Si<" t:,._l tl.t!'.t[Lj" rurt.• 1._".\ttV:i. Thts ;.: ... n~ ":'L:'J~ ... 1s t .... 1 h.:-.ti 

th~ .Jerr .... ·t stt~.-·rur'=-"' ..1:i4~~:1.1tt:"•_i with th~ <..Ll! .. '). 
,.Hi.:ntt:-~I ~ .• : ;.;hi~j.c,~ri l"'~ -:Jt.t•:ts .l:s :.t:.:;· !t"!'mio':Jtt" ..tt 

tht :;:..;.rt ... .1.:C" ;~~·nn.11 t .. tnci t;.li(t" .. \At~. TtlC> l·~liit ._·? 

th~~ l )llf'. th1..__·k .S•"$ ~-. ._,, ir~J is ._· .. trl··~·t' 1..1 );.~~.j with ~l 

.... ~th~ surt-1-_i: t..__. (.t• 1m .... ·t~ b..-'n~1!t•-J· Thi::; l.t·,·C".r: ~~ 

:i .. t..:r it l"""t.:i .t!O·t lT'•.t;• be' !t..• •• ,_·t~J ~---t~nSl'-"t?i.j" Wl!!l lll~ 

t!"......ltt iA Witt~._ut .jt.""•jt.tJlH.! th~ i-·t:C[•·I:t~n.._·itl' vt th~ 

t1~r~. ~h~m1~~11~. th~ ~~s ~~~~c L~h.:lv~s l1k~ J 

c..:.irWn rit~rc surr.t .. :e~ 

lhC" r~.1.-t1•/lt.y ..... : .-..ut . .;.u ::.t.rcs tu m..dlt:!• 

.1lum1n:um hJ:> bt:'."t"::~ th~ :»lll"· ]~ ... ·t. u: s~~.ter..sl r~.._-~ut 

st:.idi~s. !t h..i:S t~~n sh-..·-•~ th.;1t .:ll.....:>ve ~J1...1"'._ ....... ~.irlr.;:n 
.llld 3lum1n:um r~~··~t tu t.,_,rm J;luminit:rr. -..·.lrbidt. 
F..1 4c 1 • This pr0du.:t tttst t0rms on the surra..: ... 
of th"' t 1br._. then gr..:iws tntJ the m.ttr i>: .tr"1 SVlll"•h.>t 
into th,.; fibte as l.sr~e he~.>~0na! pl.tte5. ~hen th ... 
reactiun re.tch"'s this phas .... the tibre str.,.n':}th is 
degr.>jed with ,·vn•:vmitant l0ss .:it strt.'n':Jth in the 
longitL.din.il jire.:tion of the .:ompvsite. A slight 
.imvunt of r ... _.ct ion at the int ... rf.sce w.ts ,._.pvrto:d tv 
increase th" tr<tasverse str.,rogth of the cvmlJQsite. 
S1n..:e Al.iCl is hygros..:op1..:. its presenc._. dlsv 
.stfects the .:vrrosion behalii.J•ir ot the .:vmposll"'-
rn spite of their interreactivity, wetting of earl.Nu 
by alumi11ium is pvvr bel:>w lGOO"'C. 

The .,tft!Ct ot alloying .tdjitions t0 the 
.1iu111inium llldtrix has been irwestigated, both 
regarding wettability and fibre rea..:tivity. A 
collllllOn but n.:it •1ener.!l 0bserv.H iou is that tht! 
presence of somt.> sil'.~un r._.duces the a1110unt vf 
re.!Cti .... n at the inte<f.lce and henc:c tibr._. 

degr ajat """. 

Aluminium oxide, 111 .iJdition to TiB 2 , W.>S 
.>lso tour.ct on various gr.>phite fibre- reintvr..:t.>d 
aluminiu~ mdtcix compvsites fabri..:.ltt:d by the T1 E 
<.:Cdling infiltrdtion techniqut!. Mdlri.:es wht:r" 
alloys 201 ~nd 60nl. This oxide was also fvunj 011 
fibres ..:o.it:d by ion li.JpVur d.,position uf Al 4 p.-r 
cent Mq. 'f'le 0. iqin of the oxide layer was not 
determined. ~ simildr ul..is ... rv~li~n was m.JJe on 
unc:oated <JI.•l•hll._. tibr" syueczc c.Jst compos1t"s with 
various .sluminiJit. b.ts._. m.lti i,·.,:;. e,,th oi.id"s anJ 
exc:ess carbuu "'er.: t0u11J vn the ftl.Jtrix llide of th ... 
interf.>ce. This oxide w.ts t.el it<ve.f to be pres.,r.t 
becaust< of '''Y<I"" ddSvrhed on the t tb<t< surf.Jee 
lJrlor t<:> iot1ltr.stic1n. 

Stl" r 11,rt:s .>r ... n.Jl r.,µ._,1 t._.J lv i....,. wet by hi ur 
Al .;I lc,ys bcl.,.., ')GO t.> 1000"''· Must interl.!•;tdl 
studies on Si(" t it,lt:'S in .:11un .. lr11um h.:tvt? f>t."t.-n dvnt

with Ntc'.;l.;n C thr.:.;. The Ni<.".>l'>n" t ibre i:; 
Jm~·lJ;hvu~ vr firae -..,r.111u!..S !";i1.~· with tie~ ~drt>vn a11J 
sil ll.'.'.:1 tJ.cU.lJ 1111.·""(H . .>C.1tt="J in the m.suutJ,:tur ln<J 

pro<.·.,ss. Th ... r".s•:ll•;n thdt 1s e:op.,.._·t.,.,f to l.tk" 

pl.:h.:e ctl the interf.1...:e from j lht:=-rm..,dtn,tmil.· p,,..1iut ut 

l SiC t 4AI - A1 4~l t l(~t) In 

~rovided tht!' df't 1vit y ot Si is 51_}m~whJt le~$ th.H• 
vne. Th!: l*'d1;ti(.1n <.>c1.:Ul::i lu iJl.l•.:ti~v dlh.1 t!'US11l11·1 
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• •. :1t.t.·r with rt•. i.tt.·:. Al .1t /tiu .. ,· w1ti1·•u' ... 1nz· 

:i l•P· l [ 1 .. -.1:1t t lllt..·I Lt· i. .. ti I t.".l·.'l 1 .. :; t tk ~U•j l l.t.-t..•. 

I..11>•.Jt."~ ~;q,,.,.Jo,;:t: t lfr•t:"_; ,,( ht-Jht.•f tt:.·lJ.t·lt.'I.1tdit:_·:,i l.'.1U:.,t.· 

.-!.t• k r .. •liLtl l··I· !11 t?:t.• :'! t i,:t1 .. ..itt:r l.t'£t!I ..1111.,WUl·J 

tLt:.• ~U•1!1t..•r :;·ir1•J -.ut .. ,r. l·• tt.•.t.-l .1!. l r •. rm Al -tt"j· 

M.tt I: .... :n1 ·r, ::.t l1 ... ll .. rt: 

l· .• r .. :...:t·,· t_; tt~t.· t1r_;t .:n·! .: ·;l ··I it i.·t! 

m1.-c .. ,~t1 ... ·tur.d te.1t•Ut" ;,rt.•J•.-:.t in tnt." m.ttri:.:. 

\,\it\i:> h.h't..• l·~cn r t.•pe.tl t.·.11 1 :1· t.t..··i .tu:.1 ('' C•Vr:on l<> l•c 

,Jc let.es l·•ll.:;i. t» th~ (Hu{•t"I t •t.-:i .1~ l." .. tSt metdl-m.11. r lA 

'".-.. n.,, .. ;_,1tes. A::>;:,.um1n·J t~,~ iutiltr..stiv11 pr H.·~ss is 
pr--·per ly pc:rl.Hmt.-·~t, the ::l...ti11 :il•ur.·lt." \·,r (1·.,r1.~itj· ;.'> 

thr:o shrir.k.:.t·J~ rr .. ~:>t r.~et.1ls "":Al•t'"rirt.•"t..· -huithJ 
S·.>l1.t1ti.:.1ti- 0 :._ A ht·.jh \.···lUmt.• tr~ti."tl··U ur 

lt:lz.tvt1_·t.:;ncI1t m.t; :;:i,,c.ic lht- t!uw ,~t 1nt.:r~h.•u.h 1.t1.· 

l i\1J1.1 ,;10 .. t 11tt>1·lu.t1t.· .u·.y t•ltlk a.uvt.•R"·t.•nl \,t thit." mt:l.il 

lU tht• St.·~1\lS1•l hi :>l.•'C. i"ct_-.ilI•'J i")1._,_,1t; 15 

tht.·rt.·~ r.._· t."...:1._·.-t1.-.t t-• t,t.• .t ::>"m""_....,.ra.tt m .. r.• .t1tt 11·ult 

pr.,b!•-1!1 t • 5,.lvc t. r mt.·t.tt-m.•trL:.. ·mt1·•:.iltc:.i. t'ew 

.tutr.. •:.i h.t•-·e ,1,t.tre$:.,t.··t ltlt· 5·r ,t.lt·111. 

du t ~· J:1!.J··· t. t tr~ ... ~r .. 1trt ... n.1··1,.·;tru1·t •• rt.· 

fif .. (er. iH:tdL;h, .. f It.·~1.-.u.·h l~ r1•i.1tl'h·l; ~·".tr··•: t» 

well. lfl "Wh.H f .. li.iw_;, •b.t.·r·;.1t1 11:.i rr..i!t.• ~1. v.1:1 .• .i ... 

!a.l,1.tit.":i .Ht.• -jl':t:U t,j' tl l ,1,. :,;•:..tt:rn. 

Ai :.i dl !.,-,-~. ctft.• frt.••pit.·11' i'/ ~1·,,_·.t t-t.""".tU•i.t" 

tht.•lr iJ, ·-1 tlui.f1t;· ,11 .. t ••Hnp.t1t•1l1r·1 with v.tr1,111·,; 

f tt;rt..·~. .!;lni·t..· the •t"• ,,;1·i (ih.1:,t• (!;;I) l"i r~.1.t1 ly 

•11:addc ··n ·:nt!t•·ht..··I l)"l1:;~u:I m1. t•,•J .1(1h·. tht.• 111~.1.t•t·r 

,)t (;h~·t··•Jr.t~)t\·; .1 1 ... ,~1.rt.lt..· 111 tht:.• ~lt•_··.1t11r'-· 1-.... 

i n1 r t:.t;t.·.t. 
in p111t•11t,·1·r i1· .11 }q'i.:: .... rt· f,q .. 11.t ~u1 r .. 1111d1n,J tht.• 

t 1Lrt.'S. :>1l l•'••n i·l tf•·:> t•:n·t t. '1111-lt.'.ltt..' on '.it.'Vt-1.11 

lt."lBf,,[,'t'Rl'-'llt • (.lll·jlll·J ff,,lf: 1~t .. t11 t,; ~10,,l .IU11 

Al,l\Ji 1•11tt1°·h:_, t-Jr !01ii1 ·..- . .i·ut11· tr.1.-tit,n 
,:ump •. · .. dt~s .11,.1 lht" •-·Ult.."· ti·· 1~ thu~ :i•1mcwh_., 

mu<1tf\e.t. It ·.-a· •. tl::.>•1 1)t..t.•f'r't•l In h;•1u:rt"Ut ·•_11: 
,,1 J.i'r'".io th.tt fh'-" pr 1m.1r1 IJh.t . .te (~;·) •Jft'W rrvm I he 

t 1 l1 rt..• :'.j I flt 1 • t lot• I n l t." t f l tit t..• r~l··'' .,. ~; . 

~ 1 M-J .tl l "•' _, • .stq • h .t It:.! fhu rt.• d I t f 11 ·111 t t.' t..· l ·h • 

wt..•rt.· r..._a.p·_>ff•:·t ' ' J~:~pl ,.,. ,, tint> 'Jr.1111 ;;i:lt.• with 
:;.1tt 1 l .duttlln' r ll•lt.'~~. It l:.i O»t .·lL·.d fr.,m tht.• 

mi. ''''Jr.1ph:. (h1t tt1l· J1ttc1t.•11t •Jf,,wth t:lt:mcnt:. ,,,,. 

01Jl wi.thin th•_• :.i..tmt: 1Jr.t1n. The: :...t•1'.•.>lid l>h..tst.t w .. 1~ 
prc.l•>mlU1\lll l 1,' •II tht: f lt•(t.':.0. 111 ,,ther SlUdJt.•:.;, lht• 

St.••:·~11·! pht::.~ , .• 1·111fl } •. 1·,1tt."I u11 lht..• f1br~ ~urt.1.-t.."~ 

.sn.:t ,tlu~'J tH>.u"l.u it.•::i th.tt ruu t1t.'tWce11 the t 1tHt!~. 
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A: i.1 ..11.l,.-J:;;. U:=.t..•.i Wltt! [it tt: t-·t,• Ji.l .. U:~ll..t [ It·t .. ·.:,, 

!i.Jtd..i·1·t..•,t ·~ut~1t l:...:.;:. . .Jl'i :...:ti.il t .. 11t.••lu:t:, ,.f t.6.At 

t1itt..•t1:i.._·:..tll1.· l·t~.lSt.•:> i•t\.··;..._•11t ltl tht_• m..1tt1J1:•_ '!'ti.1$ 

•• 1: .. 1~:t~t .. tt..·t t_. th ... · 11:t ... ·tr.1.-1.1~ , .... 1 .... t: .. :1. 

! :ttt I •.t·. ,b.·•~1 \ .. ti.._· li.~ t,. l J.lilln fht ... P.. .. U•·l 

:. .. t ~ ~- _, • r l .. t A! .
1 

~ t4 • lh i :... ~'-·rt" t ht.· s 1 s i .::. 
•t..1?' ~ t_' t ' t t. ') './. i ! [ l l ' .... _, . 

tt .. - • .,· l·-·tt .. t!u_•,f t.·,. tht.• ,· r:-i.1.••·•' 1·:ei·,· i.:t.:...- r l~ 

,·, :·:.u ... -:.·:.d !J:" i" • ..rt.· /,.: ;..._ 1 L~ r·, 1•1!, ~.:l• .~;:.i 

.:,1 ::;! .ft-_;.(1! 1·1·t .. i -...·,q·.i l.u.h.· .Jf.ttr. :.l::t.!':.; .tt.d 

-.tr=.;t_• ,_· .. :.t 1:.u .. ~1_, p.aiu !•.,lui.i.tt"j :1t:t•.1rk-; .. t t'' 

.t" • ·ll~t t•h.t :;,~·. 'fi1 .. • t."lt { t.._ ·t l • • [ t:: ; 1, >:1:;) I .t t..' ".·•"t."11 {'' 

.. ttc.••!. li-•Wt·.·t_·I. 1a.f tho..· .tit .. ·,• ,•1:11·":.-ltt -1; 1:) 

. ... r.t•lt::it:. :.;:1t.1l.tr ,•t :>•_•r-...:.1t 1-- .. ~ · ..... !t.' rr:.tJe t·-,· H.ttr 1-J.1:1 

.!1 :.t\,••t.:~1 tt.•t tht? :;._it .. :rc .-. i1tt!':tl LI1 f)fJrjl .-.ut ... r. 
~ .t . .tc.· .- .. ml .. •..iltt:,A:.. ;.z. .. r~.1:.;t.•,t ,-,. je:: t .. tht" t i.l ,,.-:.. 

• u ~! ~Ii P··! l.i~t_•.t t • ., .• t T1h ,-d.tt llhJ 1.•1 .• :.::l···tl 

r1t•tt.·::i .11:....pl.t·,·t:."1 ur.1:1:.·1tllft.t.•.I ft:;.h!tt:."5 in l..ttljt:r 

,i.tt:_•rtd.r~ !.._•.J1.u1:; .. 1r i.ntilt.t.ttt:.i t'--w$ . 

·r1 ,·l: .111,,;·-::i •t:rc ir.tiltr.tlt:·i i1it__, '-·.1rl. ... i11 tzl•r:e 

tiun .... iit."s. A h~J'J'f .tt.>.1'--·r i...1. l.:1yt:.1-t rcsuitt: .. i,. but th•: 
ir..1t? i:.... .ti:;pl.ays ,·lt.>.u I;~ thr:o ~ut~'-·t1)i.J rc'-J1".>n:; in th~ 

.·t:atrt:> .. r tht.· intertit>r~ :it_:.J·:~s. This • .-~Hrt.•$p0 11;.J..i 

ti• ~··l t·itt it·.tt i . .i• \•t tht."" l·f un .. -ir'i Tl r ,,_·h ph..t:s'-·, 
wh1.·h is c·lt."..tllJ" :;~t:n t.l h~tve .iv~·i,t~ .. 1 th~ 
. ·\: re Jt.•·_·t ~ uJ 1;•t t>f t .11.-c- itur 1 uy ~Jr ..._).-th. 

~~ r_·~1 ,1i 1~1z·5 ~-~l t.!1[ i~'-1 lB th~ s..1nu:• t..1~hi•.)U 

"''th th" pt 11r..uy !Jh.ts" .1·;~.1d1n<J the t ibr.,s. Th" 
~ule•:t i.: is thus prc.-iplljt~,1 untv the t ibrcs or 

bclWt!~n i&h.Jtv1.tu.1l ,fcr.dr ltt!' j.t:-1$. ApprotH l.:lte 
rt..._·hin·J tnd rns.·r •• pr . ..t>t!' sc.-.in::; displJyed 

t!•J•ll '-'utlt.~Tll (.ft•::.. ,j.tf..ii. lt?l t~) th~ f ibt~ :)\J,[ f~u..'~S 

with tla: '"~ri.··c-nt r.it loB r.iin1rtam lfl tht" '--·~utr~ ot tl!e 
ll1t ~rt lt,1 t:" r t:•P ullS.. t-'uk llHd•Jd ~l -~ ~- .1. l S» tJtJSt:"l Vt:•i 

thir 1ric·r•.:.1:;1n,J tht.• 11rt!s:>url!' 1iur ir. 1J s(l~Jt-•t.·:.!t: l·~st lU•J 

r~\~u-·c·i tht.• .JRk,uiot ,•t eutei:t ''": (-ft.•$t..•nt. Tht.""J" 

t.'-'pl.t11.~d the Stiu,·tllf~S lht.-j' (;l•:it.'t'V~d With .t 

~·d iJir i. •t 1, a r.1t.>."h..1n1sm 11i111\:1chJ· tht" "~iitht 11h.1~L' 

flt!a.t nu• ~t.·.t~~s ..tnr.t i)fllW:.i .in !ht.- 1:uld ti~1rcs. Thr 

i·u r1.·h l qu!.t lS thu:; lt!Jt>t'tt•,l tn the ,·~r.trc u! tth." 

intt>"rt 1t·1 · it..··Jl•.n~.- T·, e:.qil tlJJ fhir!::.t? 

rn1.·r .. :...tt.i•:t•1r.1l ft.•.1t~Ht.·:.., fh•!')" pt~::,{uLttc th.tt .t t1lm 

·•t lltj1.ll·i :ict:t.JJ t1t..•twccu lht: tst·r~:; .1u.l th~ IHl'l1.lti 

ph.ts1.· .t:ii .t 1~$u1t ut sh1 i11k.t·Jt: ot tht!' Lttlt."r t~Jw,u.i 

tht!' ~11•! ,,f Jul i11it 11_".tt l\lll.. Th..:y i1.tt-rlHt!t the rule 

.,f '-Ht::i:.i.Uc With r.11.:.1,f !::•d 1.l:f1,_-.at ion f!'f[e.-ts •hit.• t .. 

enhdn1:t!d •'(iut ai·t ut tht.- mc:ttll •Jll th~ cuJd tat.Hes. 

A~ 1'u 1 i.·h l i1.1u1.J m.•J h.1Vt..• lict.·n l'i-:th!t:.1 u11t ._,r tt.~ 

rt..-1nr.,r,·t-d r~•Jidh:-.,, dur ~rhJ :.>Pl 11!1t 1,·.Jt i·•n ui..ler h; Jh 
1irt."~S,H•·:.;. the1 r intt:rprtl.:tl i·JB i~ spc1:ul.tt 1'.lt.' .tt 

t.e~;t • 

~:J Al • .i 1,~·1:.; with ~li." r .Lit.·:.> ·!1:spl.•J $1m• Lu 
ft_·<Jflift.:S: the ~Utt..•t'ti .. 1:5 .ll the f.l,,re mttrl..: 
111ter f~t•''f! .tnd c1lonl.J "'hr ld•jc:.i" l1~tW1!t!'U lht: t ilJfL":.i. 

'.~'..'J!Ul1~~!·_'!·!~ H1j ~~ ~~ h.•~ t•t.•t•U U~t.··t t•:) int 11 tr.al•.' 
t abrc t"P 1 .. 1lumi1i.1 t 1hrt.!~. Th~ m.Jtr iA dis'-'l.Jy-:; 1 .. tr~~ 
t.Jr.&111:.;, t.ut .:ts th'-" ..1lloy w .. 1$ n,1t rc11lt:n1:::;hcd 111 

:zir•:c>nium hcturtf infiltr.Jt lniJ th~ tllHt.t~, the i-.1d:.>t> 

f·H th.It '.1L~t!fV,lt ion is not t'le.tr .. 

1 1-:. 1. du h1r1t dt.• UL·n1uur:; ., I\>,, W1 lm1o~Jl1•n, 
Iii-; •• 1;;.;A. 



Al-9Si-4Cu was us .. d to intiltrate c.ubvn fib<" 
bundles. The fibres .are surrounded by Al 2cu as in 
Al-Cu alloys. The Al 2Cu phase w•s the last to 
soli11fy. 

~ al 10ys tor med by .i:i:i imi l.1t i011 iut0 th" 
matrix of a ni<.·kel co.it iug ""re -;.-en to displ.iy 
prirr~ry Al 3Ni dendrites or pl.itelets growing frvm 
the graphite reintorcements. 

In conclusion, three types 0t microstructures 
are encountered: 

(l) A tint! nt?tw0rk 0f dii!ndrit"s Wht!n tne 
latter are much sm.lller than the fibres; 

(.:!) Dendrit.:;:, uuclt!atin'} 011 the fibrt!s aud 
gr0wing into tht! interfibrt! spaces (hyper-eutectic 
Al-Si alloys, AtJSi .illoys, Al 3Ni}; 

(3) A primar~ ph.ise that av0idt!d the fibres 
Jurin'} gruwth. The seconJ phase is fol.ind ou the 
fibres or betw"'"" dendrite arms. This cep;esents 
the majority 0f cases. 

Atter the c0mposite is cast, it m.:st cool tu 
room tempecatuie. Since the therm.11 e><pausion 
cvefficient vf tht! met41 is generally higher than 
that of the fibre, tensile stresses can buiid up in 
the matrix. This rr.ay influence the microstru._·turt! 
of the matri;;. In p.lrticular, the dislocation 
density was fvut•d to be increase.I. This in..:[~d:i\.' ii~ 

defect density was sh.;iwn t0 b·~ Ct!Spons i tile L>r an 
increase in th" aging response 0~ 6861 allwys with 
B4C o; SiC fibres. 

The me.:hdnical pr.:perties of tht! mJtrix have a 
corasiderable influence on the properties 0f the 
composite, especialty in the 0ff-axis dire.:tiuns. 
The need for gvod control of tht! matrix structure is 
therefore obvious. The na, .e and prlperties of the 
interface are also of par4mount itr.purtan.:e in 
determining the quality of the cun.p03ite. Both 
jepend to a large extent on the ma:rix .;ll0y anj its 
proct!~sirag. Studies concerning the taLrication, 
evaluation, interfact! behaviour, and mechanical 
properties of compo,;ites acvund. F.,w, h·->"'ev.,r, 
address the s~lidif1cation 0f the alloy ;n any d"~th. 

Another general f.,.iture of the comp<>site 
mic.costruct~re s..-:}l id1f icat ion prc.:a ... ·~:.ist:d Ly most 
vend0rs and researd>ers is tit.re distribution. 
Although WL•pved .,,,ven preforms are Jes igued to ko;ep 
the fibre in placo;, local movt!ments lake placo; 
during solidification. Sin.:o; the f 1brcs are at best 
poorly wetted, they tend to bunch into high volume 
fraction clumps or ~lusto;rs Ly the surface tension 
forces and momentum of the in-tlowinq liquid during 
infiltration. This prr·':-lem is must severe with 
carbon fibres in Al '••atri._c:. b'-'•:ause <A tho; low 
cohesive strengths ~etween the matrix arad 
interface. Thus, ~hen twv fibres tuuch, we can say 
that a d1:tect o;i<ists of the order of two tibre 
dic1meters. Thi·., in part, e~pldins the luw 
transverse properties of carbon fibre/Al c1lloy 
composites. 
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Future needs and !Erect !_ons 

It is now an a~iv~ ot materials science th.it 
thert! is .i rel.ition betw.:t!n m.tterials mi.:rvst .Jcturt!, 
m.iteri.ils properties, .:.nd tht! w.iy the m.iteri.:a • .; wert! 
made, i.e, processing. These taken together det1ne 
mater i.tls performJr.c·.:!. It is 011ly with .i thvL)U:lh 
underst.inJing of tht?se re Lit i011s th.lt we will be 
ablt! ~v pt ed kt per form.ince. We h.tve m.iny mvr" 
oppvrtunities fur materials desiqn with cvmp._)site 
materLHs. This opportunity is ia m.iny ways c1 curst! 
in that .i large data base will be difticult to 
,~:,tain, given the large numb.-r of possible 
,·ombinations. Thus, it is m.indat.:.ry that we dev.,l-:.p 
ti'~ models fvr both the beha•:iour and for the 
proc'!!ssing of this new cl.iss c)f m.iterials. 

In solidific.ition proct?ssing vf mt!t.tl m.itri;< 
corr.posites, we have very little inform.itiou 0n the 
relations between processing and meta! micr0st1ucture 
and eve•l less inform.ltion on the effects of tile 
met.il microstructure on the mech.ini.:al prop~rties. 
This •ork :;ho•.Jld first be perfvrm•d vn mvdt!l systems 
and then !.le gener.ilizt!J to commt?rcial sysct?ms. 

We have the opportunity to design a met.;l 
;natrix Cvmpvsite from the inside out. The review ut 
the Avco SCS-2 fibre pres.,nted here is an e;;ampit! vt 
an iearly attem{Jt tu design a f llameat utilizing 
fr4cture mt!.:hanics as .:a guide. This approach needs 
to be made more sophisticated dnd e;;terded to other 
s:tstems. Ther., is uot suffi•:ient rese.;r.:h Leing 
applied tv under st ar;diug multi ti lament tow mc1teri .i ls. 

While We dre designing lht! fib>e, we shuu:..'1 
also turn vuc attention to the mate:;;. Most matri~ 
alloys w,;re J.,ve"Ot,>.:!d tor other purp.:,s.,s. llow .. vt:r, 
we have shown that a significantly diffect?nt 
micro;0tructure .:an bt! prvduct:d by contrvlling th., 
sclijification rate. The l~w mi.:rose9cegation 
effects noted with longer solidificdti,)n times c.:>,llJ 
be exploitt!d by developing more con.:entr.;ted 
dlluys. It is al~o possible to affect the 
Wt!ttability of fibres dnd fibrli! mdtrix CLITipdtibility 
th;:ough alloying. Tht:re is r.t!e.1 t0r .;.,mp1ehe11sive 
alloy development studies to 0ptimi~e thest! systems 
for .; number of c,ener ic- .lppl icat i.)••S. 

While fund"mentdl studie· a:e e><trem.,1;· 
important, the manufa<.:tur inJ ted1110l0qy for 
s.:.lidification processed composites is retarde,i 
compared to ditfusicn bending and powdo;r 
metallurgical approaches. The emphasis of most ~o~ 
related programm.,s has been !01 demunstratiun 
articles. Casting to;chology involves e><pensiv" 
tooling and tixturing that may not be ccst effective 
for producing a few parts. Thus, this technology 
has seriously lagg.,d. This can bt! corrected by 
favouring technology oriented programmes over 
component demonstration ptogrdmmes. tt:xtr<lct"d f<um 
c;:eramic Bulletin, Vol. 6!>, No. 2 (1986), article was 
written by Jdrnt!S A. Coruie, Yet-Hing Chiang, 
[JOnald R. Uhlmann, Andreas Hnrtenser:, and 
Joseph H. Collins, Hdssachusetts Institute of 
Technology, Cambridge, MA 02119, USA, and kindly 
provided to us by Professor P. Rohatgi) 
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Fib:e reintor~ement tor liyuid-metal inf i. t rat ion 

Sucna1ll Moduhas Dcnsa1y Di1-1cr 
fiber (bi) (Ml'al , .... 10'1 !Ml'a-10') (lb/1•') la/cc') r'I <-ml 

Al,O, 
(Saffil) 290 2000 43 300 0.119 13 0.67 3 
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p - 100 32'i 2240 100 ft90 001!1 225 05 Ill 

-I 
~J J 

1~---------1o10 ~·---------i1Jlo~1 

10 10
4 

-· 10 10 2 

10 

rid:i ( l'lol C, ( •IJ' 

Pol\jcorbonole (200 C, "'!'•O) 
5 

Po I ':lprop':I 1 ene ( 220 C, Y •0, nU•l1 I 0 ) 
Pol\jelherelherketone (iOO C,i'°•IOOO ,-1) 

Glau (8orosl I icote .il 1200 C) 

. 4 
11\jlon 6 (270 C, l•O, MU•J.10 ) 

niniaua ~olue for epoxies (177 C) 

f~ 

Cu, Ag 
H

2 
0 (20 C) 

Al. n9 

Poise• 100 Cenllpolse 

Poise • 10-• Po ,-• 

• 10- 1 Kg .-z s- 1 

Figure 1. Viscos:ty of selected molten metals 
polymers and glasses 

- 7S 

11s1c 

...,.olvllc graphl le 

coallr>O - car• 

C<rOoft •lr"O CClt'O 

at I SI 

SIC 115CS coallr19 

501-----t 

Figure 2. Schematic section of SCS-·2 fibre 



t. CH.ARAL"'TKIUZATIOll 011' f'HYSICAL, MJC:HAlllCAL, Alll> TMlllOLOGICAL PROPKRTIKS 01' NllTAL·llATRIX COMPOSITKS 

W~itten t>:.· P.I(. H-.:h..1t.p. H. Asth..1n.l ,111d ::i. lJ.iS 

Sin.:~ th~r~ '1.rt?- v~r;· tt..4
• ".}t?-ri~r.l.l i::t:"d mvd~ls 

.i•:ailablt> re: [>tedi,·ti:19 tr."" P·-i·trti.:s ,)[ 
met .. 11-mat r ix-part i'--u ldte •-'VmpO:i l t 12s, se·.:~r.J l st u .. i \t"$ 

h.ive been m.i.Je tv ,·hdra ... ·ter iz._, t!lt> 1::.11,·icludl 
ph; s 1,·.il. mEoch.:u.ic·.i! and tr ibol -'<} ic-.ll prvp._,<t 1-:S vt 

mt-t.il-ceramic p.itticle c0mposit..,s. The Jensittes ot 
b0th pressure die c..1st and <Jr..1v1t¥ dit: c..1•t Al 
Jlloy~zir.:on "-·Qmt->v:iites i1h.:r.:-.lst:-d with pco\Jressive 
additl0nS ot ZllC~n p.irticles, wh'-'reas gtaphite and 
Al 2o3 (hollvw p.irticles) disp..,1sed dlloys sh0wed 
a decrease (tigure l). The thermal expansion 
generally de.:reas._,d monocoui,·d! ly with increasin':I 
additions ot ceramic particles (tigure 2). and this 
is a distinct ~dvdntage in applicdtions such as 
automobile piHons. The thermal conductivit;· ol' 
Al alloys d._,crt-dsed with graphite additions, while 
the electricdl resistivity ot mica-dispersed 
Al alloys increased with increasing additions ot 
mica. work carried out at Hitachi has shown that 
graphite-dispersed Cu .illoys perform better as 
current collectors th.in the sintered base alloy. 
since they combine the e)(cellent conductivity of the 
matrix with the wear resistance of 9raphite. 

Sev..,ral workers have shown that dispersions ot 
graphite and mica particles in several Al alloys 
improved their damping capacities. Similar results 
were reported for Cu-graphite comp-:>sites. In 
addition, the graphite-containing alloys were found 
to retain their damping properties until very high 
temperatures. unlike the other alloys. Effects of 
microstructural parameters on ultrasonic velocities 
and elastic constants of Al-Al 2o3 composites 
have been reported by Madhava et al. 

Hardness values of Al alloys containing soft 
particles such as graphite, mica and coconut shell 
char decreased whereas those containing hard 
particles such as alumina, zircon, glass particles 
and Sic whiskers showed increase in hardness. 

The elastic modulus of Al alloys containing 
dispersions of alumina particles, short alumina 
fibres, and zircon particles increased with 
additions of these particles. Much higher increases 
in modulus were reported when sic whiskers were 
dis[>ersed in squeeze cast Al alloys. 

The m.:chanical beh~viour ot several Al alloys 
containing dispersed ceramic particles has been 
eAtensively studied. In general, the tensile 
strength of Al alloys in the as-cast condition 
decreased with additiun of graphite, mica anJ shwll 
char. The tensile strength of many of the cast com
posites followed d two thirds power law with volume 
fraction of dispersed particles {figure 3). Work 
carried out at Hitachi has also shown that the tensile 
strength of l>oth Cu· and Al-base alloys de1;rea:1ed 
to9ether with tne elongation as a result of graphite 
additions. Howevec, the tensile properties of cast 
metal-ceramic composites remained adequate for a 
variety of applications as t1as been demonstrated by 
actual life tests of bearings, pistons and current 
collectocs. In a limited numb~c of cases, especially 
where the matriA was pure ductile aluminium, improve· 
ments in tensile strength have also been reported to 
result from ceramic additions. Dispersion of alumina 
particles, short alumina fibre~. zircon particles and 
SiC whiskers in solidifying Al alloys with or without 
pressure Jed to improvement in strength. Many Cdst 
composites, prepared by tne compocasting technique 
and which wece subsequently extrujed showed tensile 
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~trenqths ~~._.mp.lr.\t:lt.• w1tt: th..lt _:.t tnt.? rr.,\tr !~ .J.! L, r·
l!r sum~ .._-~\:S~S imt.ru· .. ·em~nt$ lrt ~tr~rhJlh w~r:t.'" r. .. •!t.•,J. 

H.oh ... -tt'ii .1r.d C\..l ..-orkers h..s•:.: r~port~J th.J.t ._·0n::;1 ... ier -
.:t.ble imprJvt:.nents lt. strt>;:.;th • .1'l.ctilit)· .. u.J 
h..i.rd:oess ot At ']r..iph1t~ \..'timp.:sit~s t"'-";uld be- v~ t.1tt:t..· t 
.t!:t~r h~Jt tr~Jtrr.t>rH, h._•t ~xtrusi..:.."'n. rvllinq .t::•! 
tur'!inq. T~e;· rep·Ht.,.J d,;r..:r,,,ati0n ..:t gr.l(Jhlt"' 
pJrt1~l~s xr1t0 strir1-1~rs wit~ 4Sp~~t r3ti~· ds i1i~!1 

"-ts :.o .:tttcr hvt w0rki11~. H~.;tt tre.Jtment .:...:t .. _-.ist 

cvm1,...._,slte::; le.'l.Js :o ... -vns1.J~r.Jl>l~ ini.:Ct>-.\::ie in th~::: 

sttt_=tr;~th ..tro .. i 1iul ... t il ity. rt is cle .. •r th...tt judi~< ... 1us 
sele .. ·t ivn vf ~he m .. ttr iA rr.'1tt>r i .. tl .iri..i th~ ... iispt-rs.._·.i<i: 
and the1momechanic.1l tre.1trr.t-nt L'.l!l lead to 
stre•hJlhening .,tfects in Cdsl met.il~ct>r.imi.: 11.Ht i . .-1._, 
compositt:'s. Ht:3l tre.Jtment leads to stress rel .. t:'!'..1-~ 

tion, sometimes improvej bonding, and sphervidizin~ 
of the second-phase particles. resulting in impro~._,d 

ductility and mechanicdl properties. Detotmdtion ot 
the co!?lposites results in str 111<ier ing, t ibr in9, 
fragmentation and alignment of the dispersoid. New 
cerami•:. metal interf.ices are generated dur in9 
deformation, in additior. to the intetf.ices fo1med 
during soliditiL·ation; there '.s substructure and 
texture stren9thening vt the matrix; and there is 
decrease in porosity, all resulting in improvement 
in the properties of the composite. 

The length of chips produced during the 
machining of Al alloys is decreased considerably b1 
dispersions of gr.lphite or mica particles. The 
decrease in chip size will be of advantage in 
autumated. fast machining operations where long 
chips get wrapped aro•md the tO<)l. 

The fracture toughness of Al alloys to which 
glass and fly dSh particles we.' ddded did not 
change significantly as a result of particle 
dispecsio~. In several Al-Al 2o3 (MgO-coated) 
composites fracture surfaces showed considerable 
plastic deformation of the matrix. 

The adhesive wear rates ot Al, Al-ll"8Si and 
Al-16Si alloy castin~; decrease with the addition 
of Al 2o3 particles 100 µm in size (figure 4). 
Pure Al exhibits mu~h higher wear than the other two 
alloys. Large (142 ;1m) alumina particles provide 
mdAimum wear resistance. With a 5 pee cent 
dispersion of alumina, the wear rate of composites 
is comparable with that ot Al-11.BSi and Al-llS1 
alloys. A!so, the abrasive wear rate ot Al-5 per 
cent Al 2oJ is lower than that of eutectic and 
hypereutectic Al·S1 allo1s. The mechanism of 
abrasive wear in these composites appears to be 
material displacement by plou':Jhin<J in pure Al, and 
chipping for eutectic dud hypeieutectic Al-Si alloys 
containing 5 per cent Al 2o3 . The abundantly 
available, ineApeusive Al 2o3 can form a s~itable 
substitute for expensive Si to achieve improved w"ar 
properti•s. Further, d combination of high strength 
and dl.casion resistdnce 1;an be achieved in Al ·matriA 
composites by random planar orientation of Al 2o 3 
fibres. 

S.:ver<1l :;tudies hdve demon:;trated superior we<1c 
resistance of g1<1phit" dispersed alloys. Graphit ic 
Al Si <1lloys have superior wear resistance to pure 
Al, Al Si and Al Si·Ni dlluys when mated with a 
rotating steel disc. The high wedr resistance of 
graphite Al alloys is primarily a result of the 
presence of 9rdphite particles which act as a =ol id 
lubricdnt. Those alloys with over 2 per cent 
graphite when rut.bing dgdinsl a rotating steel disc 
only at pressures in excess of 320 kPa require only 
an initial 1 min of run in with lubricant. Tne 
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s~ i zuc~ r.:s istd1h.-"~ 1....·t th~:;;.: ~ .... nn~.v:io it~s ilh.:tt!..lS~:i 

with ':Jr..tphite p .. ,,·,..nt.'':l"'· Ab0ve 2 pe1 ,· .. nt 
qr..:tiJhite. tht!':>~ alL.1ys L..tn IUU uudt-t ..:unJitivu.s ut 
bvu11d..t1y lubr ic.tt i,,n •ith0ut :; ... i:.:ure. Iu f,k·t, th., 
test h..td to b .. slvpp .. d b .. c..tuse 0r h .. ..ttin':J of the 
syst .. m, dnd nu seizure ucc·ur re,! even thvu':Jh the 
t.:n-.perdlUre .tt the inter fd,·e w.ts hi<Jh enuu<jh for h,,t 
detortn.tl iun. Wvrk dt Hit.tch1 h.ts sh0w11 th.it Jq· 
w.:..tr cf Al·- or Cu-<Jrdphit·• ..:vmpv:;it ... s d ... i:redseJ with 
irKreasin<J <Jrdphlte cont ... nt. Th,.. 1e..t:;un for tt•e 
.:xc.:llenl tribuluqic.tl prup .. rties of <Jr.tphitic Al 
alloys is th.it the Al dlluy m.ttrix yielJs .it lvw 
strt!S::>t!S dnd dt!'fvims ~lri.tt!'ns1vcly which enharh..:.:s lht> 

deform..ttiur. dlld frd<Jmt:ntatiun 0f the surface dnd 
subsurface grdphit.: particles, even after a short 
runniuq-:n period. This prvvides d continuous 
film of <}tdphito: on the matinq surfdce whkh 
prev.,nts met..tl-tu-n1 .. tal contact, dnd ht!nce pto:vo:uts 
seizute. 

Graphit.: ~dd1tions dlso reduc .. the cu.,tticient 
ut friction at the mating into:rface and reduce the 
temper.Hur" rise in we..tr pins. Actudi bo:dring tests 
have shvwn that the stab1lizdt1011 t"mper.ltu1e uf an 
Al-grdphit.,-particles compvsite bearin9 is lower 
thdt t'1at of conventiundl br0nze bearings under 
identical conditions. Moreov.,r, the oil 
spreaddbility ot graphite-cuntdi11in9 dlloys was 
superior to thdt ot the parent dlloys. It must bo: 
noted, however, thdt at hi9h VL>lume per cent of 
9raph1te (8 per cent) in composites made by 
compocasting followed by squeeze casting, 9raphit._. 
so weakens the alloy that yielding occurs and d 
severe rate of wear is maintained. 

Figure 'l shows the temp.:ratures of some 
Al-Si-Ni alloy-9raphite composites as a function of 
time at d pressure of 3b'l kPa with continuous 
lubrication and when the supply of lubricant WdS 
discontinued after runnin9 for l min. For alloys 
with 2 and 6.2 per cent 9rdphite the temperature 
reached a constant val~e aft.,r about 5 min. For 
other alloys with 0-1 per cent 9raphite, the 
temperature rise was steep when lubrication was cut 
oft and experiments were discontinued. 

The minimum bearin9 parameter reached by 
graphitic Al alloys based on Al-12Si alloy for 

17 

two typ.:s of <Jraphite of v..trious sizes fdll within a 
natrow bdnd when pl..>tted as 11 funct ivn uf qrdph:t., 
,·.:;ntent (fi9ure b). This rel<ttive indo:pt:11Je1•'-'" ut 
the size dnd shdpo: vf the ':Jraphite p..trticl"s is 
.lpp..tr.,ntly d 1e:;ult ul tht: ""t"n:;iv" J.,f,,.mdt ivn ut 
graphit" during w".tt. 

The w~dt r:dlt!' vt Al Cu dllur·s cv11t...t1IJ111.•J 

dispersiuns ot mi~d pJ:t1..:i~s i11cr~dS~d w1l·~ ~i~:~ 

cuntent as w .. 11 .t::i with bo:aring p•ess~r.,, :r· .1tly 
bo:cduse of luss ot luvs.,11 bundt:d micd ~Mrti..:les. 

The Al-L'u-rr.ic..i <.:om~x..>site '11 lo·r be..tr inq cdn ruu JuJ.,r 
bo>u1nJ..try lubci""·dtlvn, ~~mi dry, .ind drr \.."Ou..:fit10ns 
whereas the micd-tr"e bdst: dlloy seizes. This is 
because the luose mica particl"s rel.:a·.,j by b.:..t11r:y 
pressure ill the m.tt inq interfdce diminish 
metdl-to-inetal cc.nt..tct and ..tct as a sul id iubr ic.int 
in the abs.,nc.: of "ny l iqu 1d l ut.r :cdnt ti lm dt th" 
into:rface. 

We..t1 1..i'es drh:i the \.~l)~tfi...:1eut of friction ot 
Al-ll.8Si alloys co11tdin'ng up to a p"r cent sh.,11 
chdr p"rt1<·les uude1 dry conditions of s!idiug 
Jecr.,dse "ith incredsin9 amount of char particles '1t 
the low slid111g speed of O.'l6 ,s-l (figure 7). At 
hi9her speeds ('l. 18 ms- 1 1 the wedr rate incredsed 
with vol.-i shell char particles. The adhesion of 
fragmented bits vf shell char particles on the 
bearing surface reduced wear rate and the 
coe!ficient of triction. Journ~l bea~in9s made trom 
this composite alloy could run successfully under 
conditions of t>oundary lubrication without seizin9. 

Banerjee et di. ha•Je shown that the abrdsiv., 
wear resistance of Al alloys containin9 zircon 
particles decreased, possibly because of hlunti:;g ot 
the alumina particles of the abrasive cloth by 
dispersed zircon. The wear rate of Al-2'l p.:r cent 
zircon after ten passes was very similar co that ot 
brass dnd steel 1fi9ure 8). Similarly, additions of 
Sic. Al 2o3 , Tic, Si 3N4 , 9lass and silica 
particles to Al alloys led to considerable 
improvements in wedr resistance. Under low-stress 
abrasive wear, the wear resistance of cast 
Al alloy-zircon composite was equal to that of 
steel. (Extracted from International Metals Review, 
1986, Vol. l~. No. 3. The article was kindly 
provided to us by Prof. Pradeep Rohat9i) 
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5. PA&llCAT lOll CW HIGH PlllU'OIUIAllCB PCM>~ -lllBTAU.UllCI 
ALUlllMIUll MTRlll COlll'OSITBS 

H.J. Rack, M.£terials Eng111eerin9 A..:tivity, 
Depactment of Me..:hanical t::n9ineering, C1emson 
Univecsity. Clemson, South Cacolina 2963~-0921, USA 

Abstcact 

Re..:ent years have seen the developm .. nt ot a 
wide cange of high-pecfocllldn..:e dis..:ontinuously 
reinforced aluminium powder metallurgy composites. 
These materials have combined both standard wcought, 
e.g., 6061 and i12~. and specialty mate ix 
compositions, e.g., Al-Cu-Mg-Li and Al-Fe-Ce, with a 
wide variety of discontinuous reinforcements. e.g., 
A1 2o3, a 4c, SiCP and Siew. This paper 
discusses the manufacturing procedures utilized to 
fabricate these light-weight powder-metallurgy 
composites. Emphasis is given to developing a 
generalized framework for understanding the 
intercelationship existing between thecmo-mechanical 
treatment and the mechanical behaviour of these 
composite systems. 

Introduction 

Modern design pro..:educes continually strive to 
increase structural efficiencies thcough reductions 
in either absolute weight or increases in the 
strength-to-weight ratio. Figure l illustrates how, 
for a cargo-bomber airccaft application, reductions 
in material density, or increases in modulus 
(stiffness), yield strength and/oc ultimate tensile 
strength, can be directly translated to reductions 
in structural weight. For example, a 10 per cent 
reduction in alloy jensity, which can be achieved 
through substitution of Al-Li alloys for 2000 series 
aluminium alloys, will cesult in a 10 per cent 
reduction in structural weight. Alter~atively, a 
50 per cent inccease in modulus, which can be 
achieved through substit~tion of a discontinuous 
silicon carbide (SiC) reinforced alloy for an 
unreinforced wrought aluminium alloy, will also 
result in a 10 per cent reduction iu structural 
weight. Indeed, it is possible to envision 
combining these effects through the development of a 
reinforced Al-Li alloy. 

System trade-studies, such as outlined above, 
have been the primary motivating factor in the 
renPwed interest shown in metal-matrix composites. 
Initially, these investigations focused on 
continuous fibre reinforced metal-matrix 
composites. Wide spread industrial application of 
these composites has however been limited by the 
high costs of the reinforcement fibre, e.g., $300/lb 
f~r 8, and the metal-matrix component fabrication 
process. Most recent attention has therefore been 
directed towards commercialization of discontinuously 
reinforced metal--matrix composites, notably silicon 
carbide particu!ate and whisker reinfQrced aluminium 
alloys, where low fibre costs, $2-20/lb, can be 
combined with standard or near-standard metal 
vorking practices. This paper discusses the 
manufacturing procedures used to fabricate 
discontinuously reintorced aluminium metal-matrix 
composites. It further considers how alloy 
chemistry and processing modifications are being 
utilized to enhanr;e their mechanical performance. 

Billet fabrication 

Two principdl methods are currently being 
employed to fabricate discontinuously reinforced 

pcwder metallucgy metal Ntri>. ~·ompusite billets. A 
generalized flow chart illustrating the tirst uf 
thes~ is presented in figure ~-

The initiai step in the manufac·turing sequen..:e 
d,;picted in figure 2 involves prop,;r s,;lection of 
the discontinuous cerami..: reinturcement and the 
~atrix alloy. Sele..:tion criteria fo= the cerdmic 
reinforcement inc·lude: 

Eldstic lllOdulus 
Tensile strength 
Density 
Melting temperature 
Therll!dl stability 
Compatibility with matrix 
Thermal coefficient of ex~·ansion 
Size and shape 
Cost 

Powder-metallurgy aluminium matrix composites 

Table l sununarizes selected properties for a 
wide range of possible discontinuous ceramic 
reinforcements. Unfortunately mu..:h of the available 
ir.formation is tor a rather narrow temperature 
range. This is of major importance if the composite 
system is to operate at elevated temperature. 

Elastic moduli, tensile strengths ·'"d densities 
are of particular interest in establishing the 
eventual structural efficienc;es of the 
discontinuously reinforced metal-matrix composites. 
Chemical stability of the ceramic reinfurcement, 
including its compdtibility with a suggested matrix, 
is of importance for both end-use and c01t.1·-·Site 
fabrication. For example, the matrix composition of 
continuous fibre FP Al 2o3 reinforced Ai must be 
adjusted to enhince fibre wettability sinca Al does 
not wet Al 2o3 . This is conventionally done 
through the addition of Li to the Al alloy matrix. 
~owever, this reaction must be limited, i.e., enough 
to wet the fibre to promote bonding, without 
reinforcement degradation either during composite 
fabricatiofi or utilization. 

A consideration of the thermal mismatch between 
the proposed reinforcement and matrix is esse11tial 
if the composite will be subject to thermal cycl Ing, 
for example, as might occur in an internal combustion 
engine. The strain, ~ , developed at the interface 
ot a discontinuo~sly i·einforced metal-matrix 
composi,e due to a single thermal cycle is: 

where A~ is the difference between the thermal 
coefficients of expansion for the reinforcement and 
the matrix, and AT is the range of temperdture 
experienced due ing a thermdl exr:ursion. In order to 
minimize strain dCcumulation, differences in 
expansio11 coefficients between reinforcement and 
matrix should be minimized. rt is also importdnt to 
re..:ognlze that relaxation of these strains, by the 
formation of a dislocation network, will alter the 
response of a discontinuously reinforced 
metal-matrix composite to thetmo mechanical 
processing from that experienced by an unreinforced 
alloy. 
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SiC whiskers may be R (OCC) or a mixture of/,' 
and t (HCP) phases. Yurthermore, the whiskers 



q~n~r:.ill';· h .. l\'~ .. t t..iult.: ... i 11:t.._•t1;.tl :>tl'Ul..-"tL:rt• ..1nJ ..ln 
1rrequldr sul't..11..."'-'"• fvr tt-.t.> AH'-'" .:iii .. '" whisk~r. 
i"in.l:l li·· u1it l .. ll whisk~r l ... ·nyt:1s m..t.;· r..1n-lt!' Ltitw~en 

~ .l.nJ .:.o .. m, t l":llltt> J, .111J i~vrm..t~iy .._·.._Hlt.llll SH ..... 

dlh.._1 vr S1U.t t-·..ttti~ul.;tt~s ..is ... :vat..tmin.Jnts, t..tbt~ 2. 

A wi...ic l.llhJt" vf ::i11..: p.trt1 .... ·u.l..ttt: SL:.:~s .t:o ... t 
~h.tp~s ..11~ .t!s., .tv.tiL.tt-h.·. A...;..ti1., th.·-th :( ..t1i...i 

!. Si'-.. r..: .. ')'St..ti :Slllh.:tu1es h.t· .. ;~ l·~ ... ·:1 eA.lrttn~.J .is 

p1. .. )S:iil·l~ [t?'llltVl'L"t:?m~nt:i. t-"i-jUlt? .; Sh\.)W~ d typiL·..11 
pdrti~le size Jistr1~utiJt1 t0r ~ $11~ p..trti~ul..ttc. 

Th,; import.;n,·~· 0t :;.,1.-,·t in-J th., .tppropr i.!lt> Sic 
sizt> t ... 1 ~ ... )._..._"let :;1:.:t! r.tt iu h...t:> r~L·t::1tly b.:~11 

dt>~'i::;tr.1t,;..i t.·; AL.:0;.. in'·"sti-J.it0r:>. Th,;:;,; 
invest i'-j..ilVl :> shi.Y•cJ th..tt m..lAimum tUU'-Jhness 11: 
SiCP reintor~.,J MF18, .i 1000 :;,;ri,;s dluminium 
.tllo1·. w.is .iss,k·1.it,;J with ..1 Ji:;t in..:t Sic Al powJ,;1 
si:,:~ L.tl i"'\• fi-.jU[~ 5. 

T..tl..dr 3 ~aest!'ut::i the .... ~h~m11...·..tl ..... -.,.)mp0sil ivns i...•t 
scvctJl Jlu~i11ium Jlloys thdt h..1ve bee?1,, vr dre 
b.?in,J e;;..1mi11,;J, .is pvssibl,; m.ttri" .ilh,ys. 
I nit iJlly, :itd1hiJ(J wrou";Jht .Jllv~· i..:om;K)Sit ivus, 
e.g •• 60&1 dnJ 2l~4 w,;r,; util1z,;J. These w,;r,; 
pr,;p.H,;J dS "ith"c .,1.;menlal or pre·dlloy,;d 
air ·h,;lium inert <JdS .itumiz,;J p.;wJei:;. 

Re ..... ~~nt inve:>l iy:.Jl lL'llS h~ve shvwa lh.Jt th..1t 

minur allu)'llhJ ,;lcment:; ..:ommonl)' in..:luJ,;J in wrought 
.slloys dS grdin refiners, "·'l·• Mn dn..i Cr. d•e 
unnecess..try in Jis.._·unt inuuusly reinfor':~d 

mt<tdl m.itril< .:ompc·sites. InJ,;eJ, they m.i~· L•tm 
l.H-J<' inl.,rmeldll i..: ._·0mpvund:i Jui i11-J ..:onsol iJdt iuu 
and subsequ,;nt p1u.:.;ssi11-J, th.,:;,; ._·ompvunds b,;iug 
dt>trim,;ntdl to th,; "omposit,;s' t"nsil,; du.:lility. 
In JJdit ion, micr0:;tru.::tur.il-mt<ch.ini•:dl beh.iviour 
ei.:Jmin.tt ions of these alloys hds shown lhdt ledner 
.allvy cvmpvsitivn!;i, th..tt is dllu-.,·~ whu~t? ~Wffi(.JV~ilion 

limits lit> on the lower ,;nd of tht< st.inJard wrought 
alloy sp,;..:ifi<.:dtion limit, develup d bt<tter 
combin.H ion of strength, du<.:til ity and toughness. 
Nt>wec compusit ions hdve th,;r,;fore el iminateJ H11 
dnJ:0r Cr, .inJ hJVc tt>b.sldnCed (i••dntc'r) 
..:vmposit.ion.il limits. 

Oth~l' m..itriA ,.-0mp0siti...>ns thJt hdve he~n 
investigated include 7090, 7091, Al Fe Ce, 
Al ·Cu Hg Li. Th""" .i l l"·;s tak" full 1,.,nct i l vf 
rdpid solidifi..:ation. 11.1w.,v,;r, they do require 
modi t i..:dt i0n ,)t th,; cui:sol id.it ivu drH.l processi11<1 
(•cO•:t>dures desc< it>e..I IJeL,,w. 

A .Jr'i or Wet bll."n,i~rhJ .,Jl>~l.Jl lvll lJ'5li(.:Jlly 

tull•>W:i seltl..·t i1>11 vr th~ rt..·lnturL·cmcnt dlh.1 mdtr iA 
!Jo.>WJer. It whi:;kcr:; u! :;hurt t iLr<'S .ue tu be 
included in th~ composite th i !i t. lend i nq st cp mu ~.it b~ 

pre.:e.,dtd by .je,1qg1.,m.,r.itio11 ,-,r th,; reinforcement. 
C .J. Skuwront.•k ~~ ~ ~~. hdVt.' :.>hu~11 thdl thi:> 
J~dyqlom~rdt iuu CdB bt• di."t:t.>mpl i~ht:d throu,Jh 
ultr.1:>JJ1h'.' ~;pt.1tl•rn of .-1lc11h11l tibl'~ sus51en:.Ji .. ,n:.•. 
Whl Lt.• tht.• difft_•rt.•111.'t!' tJt.•t'.,;1•t-11 lhP .:tlum1n1um ln1wdt.>1 
dl1d rt."inti>l~:e;nt.."nt 1·.1n be Jpc··1t lt: .. 1 ,u1J t:unttullt!d iri 
IJ•'' t. i1.·u 1 Jl~ It! i rif urt.:t..·d m~l,t l 1T1,tl I 1 ii: 1:•>mpu:.i 1 t~~ by 
::,u1t.1L1t.: :i~!c'-t1u11 or puw1h..•1 d11,! pc1rti1:11l.ttc, tht' 
s.1ml." ,tppr11.tl·h 1:..snr."t tJt! 11t l l l~t!d lu :ihur t t 1bre>/ 
wh1:;kt.•r ffit:!'t.tl·m..ttr1A (·pmpD~itt.•· •. In tht• l..stter, t.t1•_• 

wh i ~kt.' r , r i t > r L' d i .:UTlt.1 t L' 1 :; .u t· f i A•·· I w i t h i n .1 r .i t ht!' r 
n.1rr•,J JlZC r.sn•Jt:. 
me1:h,1n11·,11 ""')1ic:J11tJ ;1:11•.'t.·.h1rt.•:.. .ittt!r tht• 1.inly 

5'•ilc11t1ct.l tor minim1L.in1J lht." dt•t1 lnw11t.1l ctf~,:t:.; (.'t 
di!,.j,lmi lctr '1ow 0 lcr JOd lt!'l11f•:.r1·~m·~·nt d1.1nwtL'rJ., lh.tt 
l5 h1..>t C\dd dt-forni,1t l(,11 ~nn.trH·t.."5 1~111t 1 )rcemt•11l 

met l r ix m 1 ;c i fHJ. 

fo'1u,1I hi 1 lcl frtl>l 11·c1t 1 •• 11 111v1..d•1t1:; cold 

,·ow,,,,r;t ion, <..1ul<J,1s::.1rtc.J .tnd hot l:i\J.;o;t r1•·t 11: ''' vc11·uum 
h1Jl l>r~S5ilHJ 1 f iCjll(t.1 ;,, ("old r·11mp1t1't i~>fl df!ll::ill it•~; 

Ul 

should b,; .:ontrvllt>d to 111.lint.iin upen, 
interc0nnect in9 pvrusity. Tho? ldtter is ei.:tr<'m<tly 
impurt.int durin9 the out9.!:>sin9 st.iqa ot the 
pre:;:;in-J ,,p.;r.ition. Whil,; th,; detdils 0f th.? 
reintur..:.,m,;nt puwd,;r blt>n..i vUt'-jdSSllhj pro~,;dur":; Jrt> 
q"ner.illy ..:,>nsidt>t<'d p1opri,;t.1ry by the .:ompvsit., 
m.lnuf.i ... ·turer, they norr...illy inv0lve rel!IOV.il uf 
.id:><>rh,;J or chemi..:.illy buun-j w.tter .ind 0th,;r 
vuldl i le :;p,;ci,;s th10u-Jh the ,.,,ml>in,;d dO.:t ion ...it 
ht?at, v.i.:uum .ind inert ·1.is t lushin-i. For eiumpl.,, 
0ut<Jassin<J 0t Si.: r,;intvr~"J .1luminium mt>Ltl ~mJt r ii.: 
.:omp0sit.,:; involv"s r,;mov.il ...if .t<i:iorL,;d wat,;r trom 
both SiC .ind dluminium, .is w,;ll .is chemk·dlly bound 
water frL>l!I the .iluminiun ..tll...iy. Th,; princ·ip.il 
r,;.i.;tions o..:..:urrinq during this outg.issin9 pro..:,;:;:; 
Jrt> giv,;n in t.tbl,; 4, wher,; H2 dlld H20 are th" 
pr imar i q.i:;eou:; r.,.i,·t ion proJuct s .ind Al 2o 3 is 
the prilll.lry solid product. 

Th,; t>Xlt>nt ot th.,se r.;d.:lion:; during outq.ss:;inq 
uf SiCP .ind Siew r,;inforced 60bl Al blends is 
:;hown in figur,; 7. These results sugg,;st th.it th" 
outgJssinq; ted\.'l ivns Jle d furu..:tivn of lh~ 
reintor..:,;m,;nt surface chemistry. Other 
inv,;stiqdtors h.iv,; also shown that the dt>tails ot 
the re.ictions listt<j in tdble 4 are s~nsitive to th,; 
Al all0y ..:h,;mistry. 

Once th,; d.;sired isotherm..tl t,;mper.iture is 
redch,;d, fin.ii ..:0n:;ulid.ition is d.:..:umplish"d by 
pr,;ssur,; dppli..:.itiun. Selection of the 
c0ns0l idat ion t,;mp,;ratur,; is typicdlly bdsed on the 
r:,;,;J t.; minimiz,; th" p1,;:;:;ur.;s nect<ssary for 
..:omplete ..:onsol h1at iun without degrading the pvw.i"r 
m.itrix. Pr.;liminary ddtd also sugge~t th.it dynamic 
compaction m.iy be an dttrd.:tive altern..1tive when 
J.,..tlinq with highly unstable rdpidly solidified 
d l umi n ium di loys. l'ur the< mur.,, while bolh sol id 
state dnd mushy z:.m" ..:011s0l idat ion t,;mperatures h .. , . ., 
t.een empluy,;d, gruw1ng t:v1Jenc,; sugq,,sts that hiqt.er 
tensile du.:til1ties ..:an Lt> dChi,;ved folluwing s0li.:i 
sldte pressin9. 

Th,; :;e.:ond m"t"l m.itrii.: Lill,;t 11\dnufdcturin<J 
p10.:.;dur., .:ur reutl'i Lein<J developed by AI.CAN 
ir;.volvt!'s dir~t·t i11~01p,Hdt ion l)f th~ cerdmi1.: 
reinfurc,;m,;nt in the Jlldtr i)( dlloy dS an inteqral 
pdrl of th,; O:;pr,;y ptuc,;ss, tigur,; 8. Whit,; Jetdil:; 
ot thi:; process art< still under developm,;nt, 6 in. 
didmet,;1 Si1.", re111!uc<.:ed At.: Cu·Hg·Li alloys have 
b.,en product!~. These billets h.we contained SiC 
hdvin<J d me .. n .!Lsmt.'tt>r ot ll >'m anrl siz" 1<1n-Je 
~ ·20 ,µm. 

Atter cunsuliJ.sti\Jn rr.t-tdl-mdtr1;.; 1..:umposite 
b1llt<l5 art> h<•m..•qeni:.<.,J, s.:dlp .. d dnd inspected. 
Typicdl inspect i,1n L·r ilt!:- i .. 1 d:;sure ')S per c:ent 
th~ott:lli..:dl d..-n.sit·; i>flur ld :;ubst?queut {H0'--7~S~i•HJ. 

C:u11"olid.1tt.'•I billt<l:., t';~>i•;.olly ')8+ (><'f c·.,nt 
tht!ult!'l ii.:dl ,t~n::.,ity, 1·,tn l>t..• f..tt>r iL'.tlt!d inll> d widt: 

Vdl iety l»f ~h.t11t.":.; ut 1111.ir11; StdrhS,ttd melctl wurki11-J 
cquilJmt!'nl. Pr im.uy W1.lfk1ny <...1pt:ri.1t iCJn~ involvinq 

rollinq, p..;tru~1<1n .u1•i tor:JtrhJ h,1vt! <tll b~~ll 

dt·mun st l ,, l t•· J • 

H~.1~lllt•mc11t:.,, \)f wh1:;kPt l>ricnldttor. .1lS<> 

SU·J'Jt!St th.if \H1l;' m1ult:r,1te extrus1{>n r 1t 10·~ (\re 
re<1uir..-d fqr (.>:i:...l"1d i,11 ly ~·omJ'lt.'te ,11 ifJJ1me11t ,,f ~;~,.· 

wh 1 sk er s, f i {J\H t• 'J. Wh 1 le th 1 s d l i r.Jnm~ri t c .1 n l.t.• 

t1~ner i-.:1.sl, f.,r t.•A:.1m,dt.•, nt.·,11 rule nt m1Atlirt: 

~ldst ,,. m'1<1ul i 1:c111 be Jtt.titu!•I in pro'1t!rly IJf1_•,·t.·:.~et1 

e;i.:truded wh15kcr rc111tor1.'c<i ~•luminium dl loy5, 
fl<Jur .. l(J, its preS.,Jll"<' dul•:; '"suit in ii hic;hly 
.tnisot iopi,· frct1·turtf bt.1h.1v1,>11r. 



The attainment ot mJximum userul work. as 
d<i!t ined abvve. is a necessary but nut suff kient 
Condit i•)n for est.lblishing opt imu!1l detorlll.lt i0n 
p.lrameters. For el<ample, Gegel !"!:~-~.!.- have shown 
th.tt this dldl<ima in 2124 reinf.:>u:eJ with 20 volume 
per c~nt SiC whiskers. is associated with nearly 
complete dynamic tecovery. higher temper.!tures and 
rates leading t.:> in~·ipient melting, lower 
temperatures and rates t.:> disluc.lt ion .io.xumulat ion. 
In ...:ontrast. it is nuw w~ll known howt:ve1 th.it 
111.1idmum toughness in wr0ught aluminium .illo~·s is 
generally .issoci.iteJ with .in unrecryst.illized grain 
structure. For example, further el<periment.il 
examination of the microstructur .. ll conditions 
.sssuciated with processing uf Sic reinforced 212.i 
h.is resulted in the deform.it ion temperdture bein':I 
lowered to 400wc. 

Sec .. J11dary .irocessing procedures h.lve included 
shear spinning, superpl.istic forming and joining. 
Figure 11 illustr.ites th.it elongations in excess of 
300 per cent can be achieved in SiC reinforced 212~ 
through propei sele.:t ion of temperature and strain 
rate. Of particul.ir interest dre the r.sther high 
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strain stt<i!SS asso..:i.!led with superpl.lsticity in 
reinforced aluminium alloys when compared to othei 
structural dldterials. 

t"'ina 11 'j. r~ iut ... H ...:c..i ..11 umi uiuln ~vmpo::.. it t.. :i tr.Ji' L~ 

welded using .l ·.- . .Hiety or processe:;, providin':I th.it 
the compvsit"' i:; initi.lllr qiven a vacuum he.lt 
tre .. tment l<-' minimi:.:e entr.-tpped g.\s<i!s. 

Thi::; lJ .. ·p•.:r h .. t.s ctview~d th~ t•v prim~.uz 
pvwJe1 met.d l•ll'-J'/ b.lse-1 t.lb< i.:at ivn methvds 
...:urrentl;· u11J~1 Jcv~l ... ..'pmcnt f....,., dis~ .. .-ontinuvuslz· 
t t='inf 01 ct!..! .. alum i tt ium met ..i l - m~t r i ~ compos i tt"~. 
These pio:eduie:; have a wide rduge of fl~xibil1ty 
with eacl" staqe vt the m.inufacturin9 process 
ultimately hJvi"'I .lll etfect on mechdnical. 
physi..:a' .lid "'"':iionment.ll prop..,rlies. While 
m.lny of th"s" .,rt.,cls are not complete!:; 
unders~vod ,·ur ren~ knvwledqe dves exist for 
f.lbri~ation 0t b1llets up to SOO lbs. Fut~<e 

advancement:> iu md11utactui in':! te~·hnoloqy should 
allow this s1;:e t•:. in.:rease .l:i the demands of the 
llldtket in•:1.,.l:>e. (This .uticle was kindly pruvid.,J 
by Pruf. Prace"p kvhatgi) 



Ceramic Coefficien: 
of f.xpans1on 

( l(·-o,'of) 

S:.renr:.h 
(ksi) 

E:las:.ic ~odulus 
(IP?Si) 

------------------------------------------------------------------
BeO 
!1g0 
Th Oz 
uo., 
zro2 
Ce Oz 
Al::?03 
TaSiz 
11oSiz 
!.'Si., 
TiE2 
ZrBz 
TiC 
Z!:C 
H&" .... 
\'C 

Nb::: 
T.s::: 
!1c2c 
l-T: 

E.:.C 
SiC 
Al I'\ 

. , .... 
ti . .:.s 
5.3 
5.3 
6.67 
6.9 
4.4 
6.0 
4. BS 
5.0 
4.6 
:. . 5 
' .,., -.. -~ 
3 .. ; 
,j., I 

3.96 
3.6 
:;. 59 
; . ::; 
2.83 
:; . 36 
3.00 
.:: . 69 

3.5(200C: 0 f) 
6.0(2000°f) 

28.0(2000°F) 

l2.0(2000°f) 
85 .4(75°F) 
32.0(2000°F) 

.:.o.0(2000°F) 

6.0(200C°F) 
13.0(::!00C°F) 

400.0(75°F) 
l21C.O(i5°F) 
300.0(75°F) 

T.tl>le 2 

27.5(200C 0 F) 
22.0~2000°F) 
29.0{2000°f) 
25.0(2000°f) 
19.2(2000°F) 
26.8(75°F) 
55.0(2000°F) 
49.0(230C 0 f) 
40.0(2300°F) 
36.0(2000°F) 
60.0{200C 0 F) 
7:3.0(75 o F) 
39 .0(75°F) 
52.0(75°?) 
46.0(75°F) 
c3.0(75°F) 
L9.C{75°f} 
53.0(75°F) 
33.0(75°F) 
Si.0(:'5°F) 
e5.oc::s 0 n 
i.7.0(200C°F) 
.'..5 .0(2000°F) 

Chemical composit i0n for ACHC Sic whiskers 

Grade 
SC-9 SC-10 

-----------------------------------------------------------------
IJhisker content, .. 80-90 70-80 ... 
Particle content, • 10-20 20-30 ... 
tlement(ppm) 

Ca .)700 
t1n 2400 
Al 1300 
Hg 800 
Fe 500 
Cr <50 
Ni <50 
K <50 
t-<a <50 
Cu <25 
B <10 
Li <10 
T.i <10 

8J 



Tdbl" _l 

Chemical coapositions of aluainiu• powders 

Ele-nt 

------------------------------------------------------------------
Cu Hg Zn Si t1n Cr re O:her 

------------------------------------------------------------------
Al-Cu 
2219 6.74 0.4 0.05 c .12\' 

Al-Cu-ttg 
2124 4.65 1.60 0.01 0.04 0.9 0.3 

:?124HP 4.65 1.5 0.02 0.1 

2C48 3.73 1. 77 0.03 

ACM! 2.95 1.37 
AC!12 3.26 1. :?5 0.1 Z::-

AC~3 3.67 1.64 0.14 0.2 0.2 0.6 Z:-

Al-?ig-Si 
6061 0 . .35 1.19 C.02 0.77 0.22 0.32 

6013 0.75 1.15 0.94 0.22 0.1 

Al-Zn-?ig-Cu 
7075 1.5 2.5 5.5 0.30 

7090 l.2 ., - 7.6 O.C5 ~ • &. Co __ , 
7091 Le 2 ... 5.65 0.0:? 0.01 0.27 o.~!. Co 

SXA 60 !.33 ., ., . c - O.l 0.06 
--~:> , • I 

SXA 90 ::.. 31 2.49 7.6 0.02 0.03 

AZM:l Q.79 3.56 
.1.z~:2 0.65 0.95 4 .18 

M:S76 :.o :? .0. 7.0 Ci. 1.:. Z:-

1.: .. -r..i 
A.11 ! . 0 

A.12 
::: .0 

AL3 3.0 

Al-Mg 
5082 l. . 5 0.7 

Al-Cu-Mg-Li 
AC~l 0.91 C.85 l. 66 Li 

AC~,2 C.C3 Ci.65 l. c T ' 

AC!'U-3 , - ~. 0 : . c. :i...: •• :> 

AC~4 3.0 l. 0 : . 6 -~· 
Other 
Al-Fe-Ce 7.7 . ., Ce ... -

5.6 ". 6 Ce, 
0.3 .... 

Al-Fe-Ho e. i , - Mo •• :> 

Al-Fe-X l.5 ".5 4.5 l"i 

Al-Cr-X 0.8 3.8 1. 3 Z.r 

. 84 . 



• 

1_~!1~rn}_~~! !_e-..t~~ iuns ~~~!.l.!!g_ during hedt i!!_:i _ot 
aluminium pvwders 

> ior"c 
Al~03 . 3Ji.,Q ---------- Alz03 . HzO + HiO(r.) 

> 40C°C 

Al2Ci3 . H.,O ---------· Al203 + Ji20(g) 

> 200°C 
:!Al + 3H2D ---------- Al203 + 3H2Ct) 

2Al + 6Ji20 ---------~ Alz03 . 3H20 + 3Ji2(g) 

Whisker aspect ratio as a function of processing 

------------------------------------------------------------------
11at.erial 

Po~der/~hisker blend 
36:1 EAtrusion Rat.io 

Round-to-Round Through 
Streamline Flm.- Die 

24 

22 

20 

..: 16 
~ 
~ 0 14 

• 12. 

• 10 
; 
... 

8 ::> 

Vi 6 

.. 
2 

0 

L/D 

19.8 

18.0 

E 

0 10 20 30 40 ~c 60 10 eo go 100 

& 010 Property Cnonoe 

Fiyurt< I. Pt1rforma11ct< e11han..:eme11t rt•att1d struc:lurdl weight 
rt1ductions in ..:ar90 bomber aircraft applications 
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6. _,LTI PILAllBNI', COllT!...OUS SIC PillRB •MICALml• RBillPORCllD 
ALIMIMIUll COllPOSITB WIRBS 

(loshika=u I111.1i, Hiros~i l.;hik~Wd, 

Toshikatsu tshik.tw.l, 
Nippon C,ubon Co. Ltd., ~ -l ·l H.!..:chvbvr i, 

Chu0 ku, Tokyo, J~p.!n) 

r.bstract 

Multi-filament, continuous silkon .:drbide 
fibre NICALON produced from poly..:.lrbosilane, an 
organosilicon compound, possesses outstandinq 
characteristics, such as high strength, high 
stiffness and high temperature sta~ility. 

NICALON is expected to be one of the best 
reinforcements for metal matrix composites (MMC). 
Now, under the HITI's project ot Basic Technology 
for Future Industries, we have furthered research 
and development of a NICALON and aluminium composite 
wire, which can itself be fabricated into a metal
matrix composite, or can be used as the preform 
material for fabrication of metal-matt ix composites 
by hot ptessing, rolling and cast inq. 

At the present, an appto><imately 100 metre lonq 
preform wire w~th a tensile strength of 1.5 GPa at 
room temperature and l.J5 GPa at high tempeiature 
(723 Kl for pure aluminium matri& and 1.65 GPa both 
at room temperatute and at 721 K tor Al-5.7 wt• Ni 
eutectic alloy matiix, is available frOlll a pilot 
plant. 

On top of this, we have reali~ed that this 
preform wire has other outst.!ndin9 properties. 

Therefore these result to exceed the project's 
targets of tensile strength 1.47 GPa at rOOlll 
temperature, and a heat resistant temperature of 
123 K. 

l. Introduction 

The main commercial products of NICALON are 
supplied in the form of continuous yarn of 250 or 
SUO filaments b~· Nippon Cart.vn Cu., Ltd. 

Some typi..:al ptvperties uf NICALUN .. re shown in 
table 1. The sinqle filament is very tine and 
flexible, whi..:h .,nat.les it to be made into cloth and 
other secondary produ.:ts. It is also possible for 
it to be used fur a composite material of various 
complicated forms. These characteristics of NICALON 
cannot be found in large diameter filaments made by 
chemical vapour dep,;sit ion (CVO) such as boron and 
silicon ..:atbid., f ibtes. Different to SiC whiskers. 
NICALON is .s cc,,.t 111 .. ous fibre, therefor.,, when used 
in composites, its stre119thenin9 efficiency is very 
high. And alsu, NICALON is said to be comparatively 
well compatit.le with .sluminium. So ir is expected 
to be c,·,e ot th., l>est reinfotcing fibres for MMC .snd 
now b.,in':I widel;· tes.,.Hched. e .. t indfoed though mu..:h 
expectativn has l>een pldced on f 1b<t: reinforced MMC 
materi.sls th .. realistic proyress on their 
developmer.t hdS hdfdly been s.st isfactor:r. This 
developm.,nt faces many "roblems: in particular, tt.e 
difficulty 1n developin9 an etfe~tive fahticatiny 
-thod of MMC witn multi fil.sment cunllnu.:>us fit.re. 

In 0rder t" S()l•1e this p1ot.1.,m, 11o J.11•.tn <1 

nat icmal prc,j.,..:t hdS t,een cat rying c,ut dvveloi-meBt 
of the f.sbr 1cat 111g method for MMC under the 
111ctnagement of the kesearcn and Pevelopmwnt lust itutw 
of Metals and Composites for Future !ndust11es 
sponsc,red by the Agency of lndust r i.sl S<:ience and 

'I,' 

Technvlu':JY• HIT!. The or':j.tniz.it ion for MMC' in the 
composite project is shown in fiqL· e 1. Th., t.11q.,ts 
for HHC, as sh0wn in t.tble 2 and figure 2, are 
tensile strenqth ,u1d hiyh temperature resistan..:.,. 
In the HITI's project the fabricating method was 
char.lcteristi..:ally diviJej into two parts: 
"composi,e-111.1de prvcess" and "forminq process". 
Thus, in the fotmer, a cumposite·made technvlv<J/ h.ts 
been develo~d to p1oduce the composite·111.1de wire, 
called a Preform ~ire, because a wire is regarded as 
the lbOSt basic 111.it.,r ial form. And in the latter, 
using this Pretorm wire, a wide range of forming 
technol.oqy were incorporated to produce difttort<nt 
forms of H.'4C produ.;ts. 

Con..:retely, vn., of the .tims of the HITI's 
project was to dvvelup the wire of an aluminium 
matrix composite usinq NICALON as a reinforcement. 

The targets ~f th., wire are a tensile stren9t~ 
ot over L.~7 GPa ~t roo~ temperature, and over 
L.12 GPa at 721 K. 

At the i-resent, the tcuq.,ts have virtuJlly t.evn 
reached by Nivpvn Ca<bon Co. Ltd. 

l!HC1'>l'..ON was us.,J as the reinforcement. while 
either pure aluminium ot an dluminium alioy was 
used as the 111cttri><. The cvmposition of the alloy 
was Al rich · Ni which is a unidirectionally 
solidified eutectic alloy, called "in-situ 
composite". The composite wires were continuously 
made by the liquid metal infiltration method. As 
can be seen from table 1, NICALON has a small 
filament diameter dnd there are 250 or 500 f;lame~ts 
in one yarn. 

Tht:refor.,, wh.,n mak in9 a composite wire, it is 
nt:cessary Lut ha1d to infiltratt: the many fine gaps 
between the filaments with molten aluminium matrix. 
The manufacturing process, in short, invo!v.,s 
tre.ttment wh~,., the sizinq .!gent of the fitJte is 
lemoved; sufficient spacing between th., filaments 
is 111ado;; the <,101-s ate complt:te':; inf i lt "•ted with 
the molten matrix; then a yarn is pulled out 
continuously thruugh a nozzle with a small hole; 
and finally, a yarn, that is already composite-mJJe 
wire, is wou11d vnlV ...s drum. 

Mecndni<«sl prc,pert io;s of the composite wi1.,s 
and the Si<'. t it-1es before and after the compvsite
maJe ptoc .. ss w""' ""'asult:.J t,y tensile twstinq. 

Th., m1..:r0sttu..:ture 0t the wires and the 
exteriors of the• •t<acte<1 fibtes were undert.tken by 
sc.snnin<J .,1.,ctron microscopy (SEM). Also the 
fracture surf.sct:s and cross sections analysis of th" 
wires were done by SEM. 

Al - ... I JNI eut.,<'l 1<' phases in Al-~. 7 wt• Ni 
matrix, w.ss observ"d t.y SEM after etching. 

~·1ble vulum., fr act io11s (Vt) of the wires we1., 
calculated t,y m.,asutinq the weight of the extrdct.,d 
fibres aft.,r the m.it:1• was di,solved out. The 
tensile stren•,th ,,f the wires at high temperatu1w 
we1e undertJken t.·; m"dns ,,r the twnsi le tester 
.,quipped with .sn 111frared qllick heat1nq furna•:w. 
t:.tc·h test spe•:im.,11 was measured after bwin<J 
m.s1ntdined in .11r for rive minutes at the set 
temper.sture. 
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Figure 6. High temperature tensile strength 
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(t'rdn,·k A . .;ir0t. Pr.tsh..1n, l'.lr.u:.hk..1r. 
Azar P. M.tj1J1 anJ Tsu •e1 L't"i-,u. 
llll?nter t0r Cl1rh(A .... sttr M .. tt~& t.tl:;a. 

Uni~ersitf of D"l.tw.tre 
Nt!'li .. -ttk, f'E 1~llb, 'l::iA) 

The i:ir lu.,u.:e 0f pru.:ess tr.'} ,·..111.1t.>1.,s 0.1 th., 
stru-..:ture 4nJ: pvtusity of rh~l~··.tst ~nd s.qu~~::ii: L..tst 
Al-·L5Cu .. 110~· reinror.:eJ .Jr .. i unreinforced h.;s been 
in•:est iqateJ el< per iment .tl l y. Tw-c. t heo.:ast 
C\)ndit1ons h..:1v.e- bet;?>n i..:onsid~rt!'J: i..."ontinuVllS .._.,J'--·llr. .. J 
and isother111..1l st it< ir.g. Pr0.:.,ssin-J var iaL1.,s wet.; 
varied as toll0ws: stirr iny speeJ frOtL 2~·J tv 
900 rpcn, stirring temrerdture between liquidus .t:o.• 
o~o·c. isoth.,tm.il stirring ti- tr.;111 (l tv -10 1111n, 
arhi v0Jume fr.i<."t ion ot t ibr"s trvm 0 tv 20 P"'' 
c~nt. The porosity ..:untent incrt?.ises with 
incre.tsinq the st irt ing speeJ 0r the st irr i11-J t 1me, 
but de.:reases with in.:reasing the temperature. 

The vis.:osit~· 0t these 111.tteri.tls h.is been 
investigated using a r-:it.tt ivnal vis.:011.eter, anJ 
cor<el.tted with the pro..:essi..g p.Hdmeters. The 
vi5.:osity of the alloys and ~~'"' cvmposites in.;,.,.;ses 
with increasin>j the volume tract i~n of tr•e ~vi id 
phdse or .. he t ibrt? vcl ume tr a(..-t ivr1, Lut ..i~·-·re~Slll?~ 

with increasin'l the shedr rate. 

An .;JJit10n.tl t0rming oper.itLwn, ... g., squee~e 
casting, was us.:d t-J soliJify un.ier pressure tr.e 
allo~·s .ind the compcsites in 0rder to decrease the 
porosity content. The 111i..:rostructu<e o! these 
materials showeJ the beneficial etre.:t 0t the 
pressur~ vn the st<u.:turdl refinement .;:iJ 
homogeneity vf the squeeze cast p.irts. 

1. lntro.:iu.:tiun 

The techniqu" 0t rh.,u.:dst1ng hds Leen Jev.,lopeJ 
during the past few years, dnd p•1Ll ished w,:,rk is 
available p<oviding bdsi.; tunJ .. -nt.tl ard 
pvssibilities of appli.;.ltLou. 

The rheocasting process .:0ns1sts .,f vi-Jurously 
agit.iting d semi-solid alloy Lerure cdst1n~ so thdt 
the primacy phdse is non-den.inti.: .;1v1n-J a slu<ry 
with thixotropic propert 1es anJ le.tdi11q tv d 
qlobular microstru.:ture in the solidifieJ alloy. 
During the stirring, fibres cdn Le aJdeJ tu and 
retained by th£ melt ~eg<lrdless of wetting dnd 
without phCnQdlen.t such as floc.:uldtivn dS it occ~r~ 
when the alloy is completely liquid. 

Colllbining fibre incorp.cr .tt 1011 .i1>J rheu..:dst ing 
enhances the diffi..:ulties relat .. J to ea.:h vf these 
two operat 1011s. Th .. ·~,st importdut probl .. m is the 
incc..>rporation of <jdses within th" s .. m1·solid -tal 
whicn lowers the 11141ch.snicdl p .. rfJr aan.:e wf such 
•dteridl,.. Purther1110re, th .. rel.>t 111ely hi·Jh 
viscosity of these slurr i .. s ,J..,e~ 110t <tl l•.>w thtt use 
uf ~ur!Vtrnt io11..1l ~.:>:.tin~ v'u":e .... ~~··. 

The dill of the pre!io,.llt Culll lll>ul l<AI IS lo 
dutermin" the effect of th" pr.-,.·essin•J pdr.s-ter:; 
dur inq <hotO<:dSt in•J vn thv p.>r<>Sl ty ,·.,ntent 1n 01d.-r 
to opti•ize the pr·>• .. :e#:;in·.J cvn.t1ti•,11::a.. Va;;.1:0:.itf 
..,.:1suce"'4tnts wa 11 dll luw u:i ti" \lit:t~rmiue Wt\t.•n thw 
d1fh:rent slulf'i dte Cd:.ldl>le .u1J huw we •:.tn 
incre.tse lheir f1111J1ty. F1r1.•l: ·;. th., S•lu•e~" 

«.:dstin(J tec:hniqu.r •~ usv.:J td :.11li,1;fy ltn1l form u'"·h:r 
pres:;,ure thw ~dler IJIS. 

[:h1U::itt l..tl [·C\...k."t"-S:at:S [.l[ tt't? a'.ln~t..s.·t'.I[ 1r:J •. t 
met..tl.l i"'-· prudui.:ts ..tee- usu ... l L;: ...:...;;n.JuL·tt".f in 
t:Il\."ltu.!m~nt:i :·v:1t..tiroit1-.j :). u.tc_·t..-~ vt hjtd~ Jt:>!~ "'hi ... :h 

.. :.ln .._·J:1t~tmi!l tte sus·-·-:pt il,,le ~t"! • .is t.-; ~..ts 

..tbs~ : ~·t ion. Tht en~ r ..lppt:" .. i '-).t:i~::i, evti:?"n i. n l r ·"-·~ 
>..1u..tntitit:-s, u':i11.\ll"j q.:n~r.ltit- ~11.suunj ..:d.stirhJ:i wtt~ 
m~L·h • .u1i'-•.;t[ W~.lklle:iSt!'S.. fvr ~A.il""l•Le, the tJC~.:iCll•_·._.. .... :: 

1 p .. r .:ent porosity iu "'"Al -1.'>•:u allc.y l".tds tv _. 
lo per c~nt d~ .... -r~..ts~ o: its ?IT:>. lJur inq: the t..:.Su..ll 

rh~L"\CastirHJ procedure, the 1.: •• Htt"A which is y~r!erJ:tt:"..; 

b)" the stirrer :.icil1t.tt~s tht!' entrJpm~lll of 4.j.tSt:".:.t 
in the sl,.rry. This '}.ts .tl•:;.,q,t10n is dll the mvre 
trnport.tnt ds t il>t"-'S .tre _..j,j"-'.J lv the -It al the 
s.taie time. So. dn ,.Je+14te ::.;ntr•>! ot the 
.:ont.Jminati0n (.l p<.·~0sit;· cor.t..,nt b.,Low 0.7~ pet 
..... -~nt is n~'--·it:"s::i..tf)' tu 0bt3ir: :; ... H;!1d Al--1 .. ')o...'"u c.;1st i.h.JS) 

is vt p..1rt. icul..-u: irt.~ct..i1h_~e t....,r th~ su..:~essful 

mdnut..a~tu!' th~ 0'1~1..1t l.J!l. 

~lumintum .llloys which ~te cast by .; 
•:onvent i,>11.il er rheoc .. st :ng rcute ret.iin .ill tht: 
dissol.,.,J h-,·drv<Jen they 11>.1;· ..:ont,.in. But be.:.tuse 
the solubility of hydroqen is less in the soliJ i.h.sn 
in the li~uiJ dluminium, during soliditi.:.sticn a 
p~rt or the gdses is el<pt:ll~J trcm the growing suliJ 
and is tra(lt-eJ in the adia.:ent liquid, generating 
two different t~·p .. s or porosities: rnal! ix porositi' 
and interJer.J1 iti<.· (>-:>r0sity. 

Porosity me.tsu1.,111t:nts h"•e been carried out by 
usin<J an image analysis te.:hnique on differeC1t 
speci111e:is (re inforceJ and unr" i nforced) processeJ bi· 
<heo..:..1sti119 for diffe<ent stir• 1ng speed, stirr ir.9 
ti~e. te~pe<atur~. dnj fiLre vvlu~ fraction. 

Figure l shows the e'lvL•t 1or. vf the porosity 
content as a funct ivn ot the stir r in9 speed at 
different temper.itures fvr the unreinforced alloy. 
in .:untinuously cool in~ e><(leri..,nts. It appo:ars 
th.tt thor higher th" sti<rin<J speed the higher the 
pur.:>:>ity content, p.trti..:ul.srly dbvve 500 r""'. 
1 ndeed, at h ! gh st i r r i 119 s peeJ, l he vo r t ex wh i .:h is 
piv.Juced by the stirrer is s0 strong th.tt it 
g .... erates 4 turl>ulent f 10w 1.,.;din9 tv the entrapment 
vf more and more g..1srs. This .,frect is all the mvce 
important when the tempo:r.ttur .. uf the slurry is 
low. In thdt .:ase. ~h" visc..:.sity of the slurry is 
so high and the flvw so turbule·it that por::>sity 
content in the mater i.tl incre .. ses e>1ponent ial ly. 

In the Cdse u[ lSvlhermal stedJy st.tte 
or;;peri-nts, the rorsults point out that the stirri11g 
time dces not affect the porosity le•el for lvw 
stirring speeds (fi<Juce 2). However, when speeJ 
increases, the porvsity content be..:omes strongly 
lime d"pendent. 

For .tlum1n1um dl loy dlu1111114 <'.)ftlj;OUnJs, th" 
porosity depend:; slrun<JlV •rn lhor volume fr.tc:li<>n of 
reinforc .. 111ent (figure l): the higher the f ibror 
cvnlt<nt th" mu<e •·i:;c.,u;; th" slurry f.svour in~ th" 
en tr dpth4'nt of <J..l~"-'.i. 

This eff,to·t 1,,..: • .mo::; st r.;n<Jt<r at high sp,.eJ 
Le<.:dll.ilt vf d 111urv s"vere v.:>rtell .tr.d .t turbulent t Lvw. 

Th"'s" diff•H.,••l r.:sulls .:ledrly show thdt It 
will l>or d1lf1cull lv stir the slurry .st "suffic:ivut 
:>pee•I (~r.·1 shedr r.tt .. ) whi·:h dllvws thw 
Hh"•.H"'.Hdt lVO dnd tht: ,Jlspersaon 1,1f thtt f it,rttS 
•nth.,,ur Jw; 1111vu1t.si1t ~11LrttJ;it: ,,.t the P'-''·>S1ty. 



Only \..·veq.~\JJh.i:S \."lth ~ ... )"'·.- .. ~tum~ tz:..t ... ·t1'-1i i.-·t-...:t::::>Sc!'.J .lt 

hi-Jh temr•'-<.tture (!>~~ o~J··.-1 will exhil>it .l q0..ij 
~tht!'.Jt itj· .!ft~z: .·.1s:.1n:J ... u~J svl id1tio..·.1t i ..... -1 (p0C..)Sl\.'f 

l~ve:l tici'-"W U. 7:> pt.'t '-·t.•r.t). 

L \.1$•".J..i t t .. ________ i 

Th~ rht!'-~.._·.lstit~>:J Jt!'\:i...:~ ~tt.""v . ._~: l;· Jtts .... ·r ib~..i 
V.ls us~,j in this studj' t'--l mc ... tsu.t~ th~ 
~ppdte11t vis~0sity ~t th~ tl!0¥ ~1th '-\r with0ut 
tibres. 

The ~1s~0us t0r~u~ T ~~rli~~ ,1r1 th~ st1rtet 
dut in~ ~ ... unt inu .. -.us ,·0,_"\l in':J w.is J~t~rmineJ by 
mc..tsurin"} the 1.. ... u.rrt!'::t t"'" th.: m~,Jt ..... r n~"'·t:s:.i..tcy tv 
m.iint.tin its speed (.wj the sh.,.ir 1.tte). 

Only .... ·u:it irn;,,)~::>lj" '-:v ...... ·le:...1 ~=--i--i~t imt!'nt.s w~t~ 
~.lrr it?·J out. lt:.t•iino.J tv tt-.l." ful !vwiaq: t.jt."f\t;.1"[.11 

~bst?r\"..tt ions .. 

Tht? vi:>t...".JS~ty inL·t~..t:it!'S tjpi .. tt;· b~l1....\W tht!' 
liquidus teinper.iture vt th.: .sll~•\· (6~l)"C) .t..:..:01J11;-l 
tu ditterent w..irks r.:p0rte~ iu the liter.tture. At 
tl1e l i.]uidus temper.ltur.:, the .. pp.t•ent 1;is•:vsit;· •'t 
the slurry is very lvw ~imil.tr t0 the •iscusity .it 
c.tst inq temperdture (SOlht! ..:ent 1puise), .ts 
illustrdteJ Jn figure~-

As the tempt!'r.Jture d~· .. :rt>..ist!'s -inJ l iq,.J..j ..slluy 
s0liJifi~s, th~ .. tpp.irt!'nt ··•i.:. .... ··>Slt'i in..:re.ist!'s slu•l;· 
at first .tnd expvnentidil;· .ts th,; v..ilume tr.t..:tion _-.f 
sol id be..:vmes si9nif icdnt (.tb..i•·e 0.20). Figure 5 
also sh.:iws th.it .tt d 9i•·e11 ~-0...il in'} tdte, the 
viscosit;· decre.tses with in..:redsinq the she.tr r.tt.: 
vr stirring spetJ. 

At tvw svl1J v0lum.: trd..:t1vn, the dppdrent 
viscvsity is well described b;· the two first terms 
of the abv1:e equdt ivn while for sol id volume 
fr.t·tivn gre.lter th.tn 0.25~1).J the ldSt term 
becomes the md;vr contributor tv the app.trent 
vi s..:o s i t 'i • 

t•i9ures o .tnd 7 sh0w thdt tht! presen.::e of 
fibrt!s within lhe dluminium allvy in..:redses 
significdntly the .tppdtent viscosity of t!le compvund 
wh.ttever the t.:mp.,r.Hur.:. It must be nuted th.it the 
fibres were J1spersed within the autri:.: .tnd thdt the 
phenomenvn of floc..:ulat1on JiJ not 0..:..:ur. 
Furthe1111-H.:, i1Ktedsing the shedr tdt,. le.tds to .t 
same Je..:redSt! uf the dpparent vis..:.:isity as for the 
un1einfor..:ed dllvy. But in the c.tse of reinforced 

')/ 

.tl lo•fs. this decre.tse o..:..:urs vh.tte·:er the 
teq>er.tture, eve~ a:,Vve the liquidus pvint. 

~. 

After stirrin~. the s:urry is reh.:.lted when its 
temp~tdture is t-..10 l..._,w .ind ..:.isl into tht!' die t..:..tvit1· 
0t d sque.:;:e ..:.ist inq de,·i..:.,. The pun..:h is then 
lowered, it forms the part .ls it descends int0 the 
die c.tvity dnd tin.tll} h,>l~s t!:e metal under high 
I-t~ssure until :> .. )liJitii...'.Jtivn is ..... 0rnplete. The 
cvmpun.,nt is then re0>0veJ from the Ji.: .lnJ th.: 
tuvl inq ts :le.tned. 

The str .• ·tur.tl ret inement .H,-1 humoqeneit;· vf 
th" s~uee:e ..:.tst m.tterials (s0!1Jitied under a 
oO MPa pr.:ssure) is .:vi.Jent .tnd in..:re.tses .,ith the 
t ibre '--·oatt:-nt _ 

As in the ... :dse- "--'t i...·'-•mpv ... -.ist m..:ttt-r i..sls. the 
t ibr:~s .ire loL·.it~. 1 u~ th~ intt?r'llvbuldr sp..tt.:~s. 

Durin~ pressin~ fibres .tre uriented, .tnd the 
resulti"-1 te~ture is trdns~ers.: isotropi..:: ticres 
.tre r.t•.•01111)' or iente.1 in th.: pl.tnes perpendi..:uldr to 
the pressin9 dire..:tion, witn no fibres in the 
pressing Jir.,..:ti011. 

t•urther1D.)[e, the qu.il it;- ,,t the m.tter i.tls dre 
·ietinitely improved s1n..:e pressu:e clus.:s the 
ditterent pv1osities le.tdinq to s0unJ m.sterials. 

~- Cun..:lusions 

T~.e pvr<.>sity vf rheo•:.tst lllJt,;r i.tls depends 
9reatly on th.: stirrin9 s~eed, the temp.:rature of 
the slurry, the s~ irr in9 time and the fibre 
content. It rne.111s that the m.inufdctur in9 ot 
alu•inium 111.atriA composites with.thigh volume 
fraction 0f fibres will lead tu mdterials eAhibitin9 
a high porosity .;ontent. Furthermoie, it has been 
shovr th.tt the vis..:osity of su..:h compounds is very 
hi9h but c.tn tit decreased by reducing the fibre 
aspe..:t tdtio or in~reasin9 the compvund tempcrdture 
just before <:Jst inq. Hvwe,·er. it is necessary to 
use a complementary te..:hnique such .ts squee:ze 
castinq to form the cvmpvsite. This additional 
te..:hnique presents 'he advant~ge of decrea~in9 the 
poro~ity content, lealing to high integrity, close 
tol,.ran..:e pdrts with a very fine microstructure. 
(Extracted from llrd International S~E~!um 
(Society fur the Advancement of Material and Proce~s 
Engineering, Covina, Califoini.t), 7-10 March 1988) 
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Figure 2. Effect ~f stirring time and speed on 
the porosity content 
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Figure 3. Effect ot fibre volu111e fraction and 
stirrin9 speed on porosity content 
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8. AJ>VIUCt:l> MKTAL COHl'OSITKS ON TllK llOVK 

ht.· .. ·t.·1.t ·''~\·.1: •. ·t.·_; l:. :r-it.._•r11i-•• t-__ ·-.1_1:1..i ..111! 

t•t.._'1.Li.1..:t i.._··:? tt.·.·:::o·-·L·.'.JY t·~·-~r t>':i.Jt..·1:.·,_• th.tt t~lt> 

mt•t.J!l;.ir'-J;.._-.tl ti~.~' ._.,_,!?'..!!' .• 1ait·1· h.t::. tt:ic:1. t,',l:i'i !.ttl.":y. 

H.._)i:t.·t·.-..;U .~: .. t ··~ht:t s.t ... t .. ~.t~ •.. rr.t ·.:.:~tt> 

~ttu,·t:..U:t"::> .He thL· hl·Jhcst .:.,;ttit.'>l<Jth t 'Wci.•Jt:t .tn·i 

st i.ttu~~:; t ... · Wt!~1..Jht rr..\tet i.t~~ ::>j'-i•t.·:: . .::> _t\:.t~l..Jt·i.t.• 

t,._, ... i..i·r.·- Tt~t..'St: 1~~·}:.1·1· c~!: l•'lt..•!i." \·.._ink,_:itlL":.>. ~ [ 

l..ur.;.u.t\.•_·:;, t...· .. ·:.::.i:>l ,.~ .t ,·, !•· r i1. thr "-l~t· \" 
h,H.Cl" ... '\rnb, .i .._- ... .He :,t[U· ... :tUit.' t·l..'Ol ... t~,i t ..... ,_ ... .ltt:![ 

:>k.Ln$. '!'·,·pi.:.ll 1·1·, ttlc.•:it> a-... ti.t:!. i .ti:;. ·'''-" in th~ t.h't: 

ti,) be ~t·lt.".·t-.•.J f-_,, l t-Jntwit: l·-Jht. b .. t:i i1.: .. 1t :y twv 

dim~nsi .. )n .. tt, sttui:tl~I.11 .. 1rp~l.·.1t i .. Ju:::i. 

(Jn th .. · .._..~Lt.•! h.J:1 .. i, met.1~ ;tutr i:"' -,)r."r••Silt:~ 

1...~ttc-1 u~:t ._ ·:1·1 =i•·.Jh ~tr11.•a•Jth t. •t.:l•Jht .tr~d ..it ::t:it::. 
t.J Wt>l'-lht I.ti. i_,:;, t)u.t .t .. ::i c:r.ttca.t'l)· '-}-•t.J·l hi..Jh 

t~mi:·t:r .. tt ur t.~ pr •. •p•_· t t: e:i. 'fht.·St:' m .. t t ~: l .l l.;,,, ._ii 1 bt> 
1....·.:.mpet it l\.'t.· !-..H .tn ~mptt's..>iv11.~ .. trr_ty \:t .tppl it.:..lt l1...1u~. 

rJ.u"'}tihJ !r .... •r.i .. tirtt..J.i:.t:' structJr~s t~· intt.•rrLtl
c~mt,u:;t l..Ja c-r.9l1ie tJ!:,t. 1;.:;. 

M.lur!1110ium i:.i .J t-".1i:Jld •. u h011~·1-·umb '-·~ire 

mJt~r 1.tl. It i·t•_,·.-1.:it"~ .i hi-.jh ::ittCU!..Jlh tu Wt:1'Jht 

1.tt iu dll•i tx.u.t:..; ft"..iJiL·,· tv ml_1st !>k•n m..J:t~rials. 

Unfvrtuu..:it~lJ, Wht:n •Jld(;hLtt' l~ ust:d in tht:!' skir:. 
rnjt~r i.11, ..is ir. qrJ:i.-hitt.- t ~hr ... • r~ii~f . ...;rl.·L"d cumpos1tt: 
:;kin:i, J~umi1iium Lci...:-vmt..~.::i :iU!>·-·c(.1tilJlt" tv i.J .. tlvaui._· 
•.'VI (u!) LUU. Liu.Jet ptvl•)U•j~J ~AP•-·:i.Uitt lu ht.""Jl ~tnJ 

humiJ1t·1·. the dluminium cure de'Jl' ... hie:s (in l'l .. idi':i ur 
lt>::iS) ... u1J t.t1ls dl the ~kin 1....·ure intert.iL~, iinl~s:, 

the ..slurr.iu:ur.-1 tt!'-·~ivc:; dn .tr.ti ..._~.._.r r...>siun "-·u.Jting. 

A n~• t.e1:t:oi...1\1c, hv"Wt!',/t!t. l:i t•J .. u~._,J1;:c the 

.:tlumiui.un-. in phl):.iph .. )r ic d·:id lJt-tore ,_-, __ ),,ting it with 
the c~rro~i011 resistJ:[ll primer. Ofr~rtJ ~•s d 11~w 

tJrodu'-·t t•y kmt:r: i1·.1.n ':~-..H1.sm1..J, l'AA. CdtC hvncy._·vmt i:; 
s.Ji..J tu he i...·vmtJlett:Ly r~sist.u1t tu ~urrvs1Gn Jdm..s~t!, 

t.1ut in dddit ivn. th~ (-iCt." tre.1tment siqnit l•'dBt l~' 

str~wjlhens the ..-1ih~:i~Ve t>c•r.·jiu-J vt the L·vie .ui-1 
hetw~~n th~ '-'•JC~ .1u.t skin. 1'hc intt:!'rfa,,,;e t.Jo1h.i i:; 
mutt:! than tr it, Lt:! tt • ..tt d~ the t... .... t.J t;etwecr. uut ft:!'dlt:•i 

alum11.ium. AnJ th" t,._,,,,j ·l""~ "'"! t.111 .ittt'r ttnt>e 
m..:inths' ~Xi.>"'-J~l.HC tu h~.tl .tnd humi.ilt·,·. s1n1:t.· the 
L~uat UhJ .• uid tre.ttmt!'nt prute,·t the dlum1nium tr~'m 

qdlVdnic Jdm.ig~ f (Jm ~l.,ctrulyt~ tluiJ~ thdt a'" 
t:!e.Jtt:.".J Lt:lWt.-"t:n tt.t! met.JI .. 111.f the 1Jr.t51hite i1. tht' 

\·ump~..;s~tc skin. 

A thir ... t in11re.lte1.t in m.t11'1 h•1t1e'j1~·,.mlJ S'l··t~m~ l:i 

fill~I' .:t f(;.tmt:J pul'/ffi•~I 1JI '-JldS:,, ritJrt: It:dnt1..1t1·c·I 
JJolymt!r 1n tht: ,·t.•l l:>. 11·,.h-.1ph\)hi1· J.1ulyl'1'·~·f~ t'.J~tms 

dte r.,·.w U~t:d t(., ht<p rcdu··t..· 1·urr11:.;1,>ri • .;in<c the~·_. 

IT'.1slt:r 1.1ls ~ti;.;···JlH.t•lt: W..tler t111ilt.! u51 within th•• 
t..:~llJ. A ty5,i....:.-1l m.tl~E Ld~. th!A•·el'~ Air lite t\dlJ 

1:l1)S.~d ··t!'l L 'h1ly1mhl~, ptf)'J•'it .. ·:.t lt..·:~-:; th.1n ) per ('t:llt 
ffi(~J:,ture l,11·k11p t>;· Wt.·i·Jhf .tt tJ'.I ·,· ( l .\1j''t·) <\nd 98 51cr 

'--·~nt rel11t ~vc hl1mi.t1t·r- i'•>l;1midc f,,,~m .sl: .... is 
spt.•1:it it:d t,~, .11.!·_.._ it 1·, 111111 t l.tn1m.1Llt!, tJt."nt.•r.1tt_._. 

littlt.· :.,m(.1kc, .1111 c·r111 Wlth:•t.111,! ·q, t., ~rltl'C' (')Od'I"') 

,·l,fll lnJ1,u~ ~t.·tVJ•_'•-'· ••ulJ'1ffil•!t•, .ll:.iu (·f·,·:1.f..• q1J·"I 

(; l ,I . • • t ' 1, I •: r t,.' ~ I Ir ' , , ' . f •. 1 I ' . l I 1 :. t • J I t I l l •• I 

m.1rcr1 .. t~ .Ht! o,,w h~i1;1J u·;,•,I f,,I · •. ,•Jn•I .1t.:;.,1ptl 11,, 

t..•;.;a:· · 1.1 l l ·; imp1 •ff .sn~ t • 11 ti 11~··1· 1 •fTlt, uJ••·J 1 n i•-lltt! l I n•j 

.. tppl .,·,1t 10115 :•'l•'h .1::. ,t H, r d t • Ar .tm t ·1 t .,,m 1 ~. u ,••d 
t ... 1 !t·da···-· '...itnl1k1_. 1J•-·111:r .tt i.,;1 .1111t t•• r1:·iia1 •' t r1 .. r1T.11 

<.:r.1U•illt'l i I/ l { J. 

.11T1i n.1t 1· i 11;.I h· 1nt.•y1·1,nil1, 

.1 numr)1.•r ._,r unu·;u,11 1IJ15·l 11·,1~ 1.,11«, t •• 1•i•·d •>i1 -••:•'•1;1°t.1r-.,· 
c·h.tr11,·tP.r i:;t 1··:1 or pr')ll•_•rl It.•:., h.tJt ••lht'l'J•"I. f,,r 

c~.trnl<t" ••.. !t."S .tt•: tit 1-.·J ;.;1~h ! it,tit.•1..Ji.l~~ , t .t 

L..itt ir •. ~ m.lt~r IJl .111 ... ! th~ rc-.>alt ir•~ "-"umpv:iitc ~- .. su 
r , ~ ._, n '-' 

·"!1~11 .. -..Jt :.':lo the sku;. '.'Il ....,:l·-· :;i..Jt..' ...:.t .. ! ~1-ltll.': 

._·,·nt.i~ns ;:;m.11~ h...:l~s ttn .. ·:•-Jh wni.-h ::;,'un,i t::ntt:!~ ,tr1.! 

i:i .t.t·~·_tL~.,_i b'j th .. · t.J.1tt1n.,J t1. h,_.n~;-.__· ... ~mt 1 • __ ·t"ll_;. 

rt-.~::->t.• l>..tnets Jre U:icJ t .... 1 ,,.+-.ill 't' nvist- it. ~t::l:t.dt 

.;,r.,j .,\I0Ut1 i t"t1'Ji1~.,::;i. 

Mct.tl ..._~.,l'!'.E-J0Sltes J~:.i·.' .lh_• tclt-.-J l,;St",_i t_) t,:,_.·::.1e 

t-~t..•o.:t1...Jril.t\l11eti'-- .inj I.Jji.) ttt:q~t.~nt..."£ in:t."rter~t:•_·-. 

(C-:HI. fiF!) shil."ijllh_i ur lJt•Jt.' t."H•: .. ,isurcs Ltu.J t."\.'CI. 

t~:.JtlJll!"-f:i. Ct::"lls C..in lJt:- .. tu:1eJ• l·'f _sJ1u:;tin4 t!~-.·!r 

St~~ .. u •. 1 lt.'lHJth t._. :tttt"f1;1 .. t:t..• .l ~l''-''--ifi,· W.tVt: t.•Jl1·: .. ;i 
l~V~l. r·._.r t!'A..lmplt!. tn .l ht::"A.11;1...Hl..ll ~'hJr'lt:"'z'L'•-•r.lt1. lt 

the .·cl L wi jth (mcJSlltt>·J .J•:r~1ss the ht:XJgun) t:ltu .. 11:.i 

tht!' .:ell lt.'"tHJth (me..lsur~·i L~tWo:"eu th~ lr~i.t::"t :;;•.;r t .... :"=s 

._.f tht! sk tns) • ..tltt:-ro..:. .. t.l tun ;,5 4;Ll jb. ~·H d •-t.·i l 

t1J.J.r times .l:i lono.J JS its Wli ith, .1tt~r.uat iui. i.:t 
ht.'»trl;· 110 Jh. i\ hullSln-_; t01 ._·vmt.uters or ~t:r.si~i·:t." 

•. :1.J11tr1_,1s ~h.Jt rt·ltuircs ~·-·mt.· lu..J.J bc.sring 
,-J~Jl.t1iitic:S .JS Wt:i.l w._.~ll .. i bt.· dt. h.ic:.:t:. d,P(.ili'-'..Jllvn 

fur th-=s-= m .. ster i.-tls.. Ht:"t .'11 i·.: ldmin..:ltes dl1J 
tK•ne•;,-.··mb 1·.,,ndui.:t he.it •. u • ..i ther~~1;· 1...-.._u• L~ use.i :n 

jpplic.iti ... .-a:; wht!'r~ insul.Jtior. i:> uvt d~sir~d. 
Cci lul..ir: 1.,_·urcs ...:--J11t.J.1u .ilr. :iv 

b~ Ly r.:idi.tt ion ~tud conv~ct ion 
th10u-Jh tht' m .. t.il 111 the .:0re. 

he.:tt cundu.ct iu! • .....:~~'' 

.lS w~l l dS C1H1..h~1:t iun 

In dppl icat i.H1s 

wh.:r:~ !al..ll>i l ity .J.n..J r:~sist..tth.:e to bu1....-kl i.n9 must t·~ 

m..t1nt..tin~j in lht!' p1t!St:"n1;t!' ut tem(.it:>r.JtJre 

J1tt~rt!nti.ils, m~t.dl iL· p.tnt'l:. l!'ldde uf th"s" 
mJtt!ri.ils will .itt.Hn tho:rmdl ~quil1brium on l>0th 
sk~ns dnJ th"y will r.vt bt!nJ or Jef0rm trvm 
VJC'fing: dmounts .:;f th~rmdl ....-Ap.tnsi;.;n. I1~ ddJitivn, 

these m..tcr i.il~ c.in b" spec it i"d in appl icat 10ns 
whcrt!' ht!'ilt tr..tnsmission is tt!'qui:ed. 

On ttlt!' othtr hand, ~v!ymtr: l.J.min3lt!'s •. u~ .. 1 
hvnc:y(.."umL l..:Sn b~ USt:!J tvr the .._,l'(-"-.>Sife dppl1c.1•1,_1n: 

insJlat ion. with c"l ls ti 11 ... J with ii;:;ulat ir.q 
ti.1tt iroq. dn dl..!mid r:t!'iut.)r,_:c...i h Hl~yl;.._,mb p.tutl "''t rcr:;; 

th ... rmal conductiv11y as lvw dS 0-0~6 W·m.~ 
(IJ.4 !lt<I in. hr ft 2 "~". 

~dmid ~l_umlnlum ~Jmil•.ilt?'.>, ur Ak:\LL. r~1.1t~se:nt 

d new f.tmily ot t1yl,r1.J stru·~tlHJl compusnc systc1n:; 

thctt pru"id~ 11 l.'umbin...sl i\Ju vt t::..:tremt:>ly l 1qht Wt:>l·Jht 

with high fdtique and tld~tur" r~si5t~ru·c t~' 

t.1t.-"tt~r f.:tt iy:u~ re:>iSt.HH.'~ t~~-Hl ~vl ad Jlu:n1n1um. 

t .. n.ier i...·o!T'.rT1cr1'.i.1l iz.-tt i 0 :n ht AlL~u, tht" cum'-"'sstc 
tJ.1:il•'.tl ly ~vU:il;,,t .... uf thin shet."lS .,f .tlumiulur.
tiuri...!c·1 with adhe!ilVe lt?\iJ[C(jfLllt."1J .H.:SltqJ t1brt-!i. 

Wh 11 c rtlJl\j' v.1 r 1 cl le~ · . .1t t hl· '""Http~ ;:ii t c .. st t• 

p .. •:>:;lblt.:, the t11st :1t!'r:~r.1ti(>n Vt.·r:,ion C•ll15ist•; .... 

th:~" sht.>t't·; ut CJ.I mm th1··k (ll.fll.' 1n) /U-i':> '!'f. 

.1l:1rrdu11.•m .1ltt"r11,tt irllJ w1th t'W.i l.tyt·r~• 1Jf 

unidirl!1'l ic.Jndl .sr.1m1<l l ibrt.!'5 mi:.:t."t wirh t..'iJ•'A/ 

J~!ht:!.il'Jt! lh .t ')1);"1U I.sl lu t)'j \r'Cl1Jht. "!'hi;" t 1L11.·.; .ti•: 

~)f it.•lltt!'•l IC tht• t•Jl l lfl•J di r:t••·t i .. n or the ,t11.mi11111m 

~~ht..•t'"l. Wit~ l h ,tfl <»Jt•f .t l l t fl l L·k Ot"~S or 1. J :Ml 

{IJ.1;')t 111.) th•_• in,1!.-ri.tl h.1:.. .1 dt•ri::oit·t' \)r 
: .. ") <J 1·m 1 (lJ.Otti It, in .. 1

), '~ l"'r ,·~11t l•)W•·• 

ti •. 111 .sn t·•11Ji•1,d•:nt :o1d 1.t ~ht.•t.·t .,£ /d/'1 ·rt> .. ll~u~.1~.a~rn .• 

Th,• .tr.1m11S t lr•rt:>, .Ht' .,,!.hlt...• S f•Jf m.tr~)t' •,t th•• 

l.1m1:1,ttt··~ .t,1ta.>.1l111'J s1z,,;,1t .. rl1t••. fo'r.11·t11rt! :Jfr~;1.ph 

1:; hi·Jh, f.-,r io.ot.111··,•, t •••. ·.11i-,,•!> ·>tst· ";t!::; .it tt1•• t 1p·; 

'·'' ,·r...s.·K:i th.1t 1n1tL1lt:d 10th•• mf!t,tl 11~ d rt..•:..o·.ilt 1 1: 

r.11 i•Jllt' ("Y''ll1 lt1,1d1nq) .Ht! tr.i11·otfl!rrt.•1l fr•1rll th11.• 

m,•t.tl f,J tht> :;t r·Hl•J••r t 1Lr~:; ·•h .. ,...., ttH·y .tr ... 

,.rrt::itt1d. :d,·,,,, 1'.'. w1,rlo:1n,1 w11n 1.un1r .. 1tt.•::-. .. r 
t<,l''jher .1lt;m1n1Hrn 1ff.1t'lH-, ·»1.·h 11~• ;o;.i T t ttnd 141~> Tr. 
t,, c.t.t .1i11 hi \Jt1t• r r r ,,,. t 11 rt• :;'. r •:••·1t r1:;. I 11 ,11t1l i 1 l• ,,, , 

v~·rs100~~ _,;th •. ,.,,,:-, 5.l'i (1hr~ "' 1~11t.1t 1u115 h.1·1•· hL•t.•:1 

prn1111:t••rt t 1 .iri'HOVtt am'"'"' .. 11••1 •JY 1th91)f'1t l·>J\. 



In m.Jni· 1 • .- .. ty-:., th1s t1z·t.: :.-1 n.-ttit.·r. :.~1i :..t"t~.n·t.--:. ~ r~t;:" 

t1bre r~into:, . .-t::"•.:i p...;t;·n-.e: m.t!.fll'- .·,_rr.~·,::>tt~:i. M.t1~;- .... : 

the prvp~tt i~:i ..li:t dtt~·-:t ?··n.tl, t--~:::;t",: , :: ~ tt-:~ 

.Jtit!'nt.:itivn. Tt"ns.:.lt:\ strcr:,Jth, t...::t t.•"l:!'~<e. ~s ·.,er:· 
dire'-·tivn.ll, r.H•':J!.1~':1 tr ... 'rr: .il····.n: .·..:.: Mt·.t {::l·.1..»,'·.: t-:::1) 
in tnt> lungitudin..ll ... ti r~1...·t 1._.1: t ..... j:h.: Mt--·.: ( ~~ ... _1J,_. I--si) 
ii! tne trdn::iVt"r:l.e;\ ...iir~ •. :t iJ[i. r,·r ~·!~ ~:r..ttt" tt.»L:iilt
strtr•,Jth an~ t~J f.!P..l \9.fi,V~• rs:) i.,·!.pLi.·ilo .. 1: .::.t 
J.::-t MP..t (..it,IJOU (:Sl) ~r .. tns·~·t?rs~ :-. : ·::.t;:"l . .i str~:.g~h. 

C'0:np1cs::;~· .. :t- 1·i~ld strt-.1~.Jth, ~....:...-~.~::. ~::: .tt01.>r~.1 
J7U MP.3 t~.i, 1JLIU r-=>iJ r~~-ir.Jit.'"::>:) "r .:!11.~.._·t~.._.1:. 

ThC:it? ptl)t·~tt lt::i .... -.u: lc:l' .._· .. rr.~ .. t!~.i w1th ~'- Mi-' .. l 
(tU,J.:.O psi) ultim.Ht:, ~l'' MLt (q,1)1L p:>iJ to:nsii.:.-, 
a.r.j llOJ HP..!. {73.u~io psi) '-·ur.-.r:t>::i::il'_.t" ~tt~!11.Jth tvr 
s0lid 7u7~-T6. fh~ propt:ortt€s : th~ t~m11~~t~ ~ce 

s.:tid t-..:: ~em.air. :>t.lble .:_1·.·t:or .1 t.:mt-Jt:!..iturt:' rdt::Jc ot 

-34 to dl2'c' ( 30 t<' • 180 'i') '""·k' .• ·:.H 1.:ty 0r 
conditiOilS S~!~h ~S h;gh humiJit~, S3lt Sf·I~~, 3il,j 
therm.al i.: 1J1..."l!n':J. 'ht"l"j!lt q.J.tt• .j.;~ tv m....1sturc is 

negligible. 

T~s t e ... t in the t i L: I:.' u i r t'._·t_ : n, t ht hRAI.L 

.,.·om1.10sttt?-s oftt;:'r t.tti..3ut: strt:'u.:jth r~~..-trl;· JO pt-r r...·t:.~r!t 

aWve th-tt ut ::..::.l 1d 7J1~ Tt; .:!~um1u;t;m. I:i the 
trans· .. ·erse d1rt!L·t i._:,i., st r~sst?s ..ttt?- t:vmpar..ttJle hut 

the litetim~ t0r the cu~p0s1tes ts short~r, ~inct?-
the fiores p1u\.·ij~ little L:- 1:0 reinf.._1rr... ... emeut in 
this directt0r~. :0rnpress1v~ resiJudl stcess~s ~an 

be ddd~d ~o the mdte:idi ~y ~:estrdln:ng, thereby 
in'--·reasiug th~ :stress~s tequirt:d tol cr.l•-·k. ~niti.Jt10n 
ar.d further 1m~·ro,·ement ot tat 1gue st ren-itn. 

The~t: l..tm111dtes ar~ i1: th~ s.Jme l~~~ue with 
c.lrbo1. -t iLr., and similar dd\·a11<:~d high·· st re10<Jth. 
lightweight comp0sites. lk;w .. ··.er. with metdl dS a 
mdjo:- c..:>nstitu~n·_·y, ARAL!.. iJtr.tn..tt-.:$ 0rt:e: a r:umt.e; 

ot .:tdv.int.i<Je:S.. i-·ur t-i\jmpic, th~)· .:..in Le in:;pe•.:t~,j 
by traditior.dl •.:cr.1.i4u.,:;. s1n..:e man;· tor:ns ot 
d.lrr.age w·:iuid b" re•:.,dle.1 ir; tne r..,rrr 0t ~last i.: 
J.,formatioL 0f the ~ute: plJst1..: ldye<s. 

Th •. u~k~ tu th~i.t n.~t .. 11 •:v1~t~ut, the: l Jmlnjtt::.> 

.--;..sn b~ furrnt:d dl iu1·; tir.u:: uur1n.J their ~ife c1·clt!, 
unl1k<' therm·.:.set 1i..:1;·rr.er mdtrl.< materidls that aro= 
r iqi.j .tfl~t ...:.~r ir.-J.. '!'he!tt' .:.it~, they c .. '\r: bt-

f..lbt i~.;Jtt:J L)t m: ... st rr.eta.1w._.:k1'··J ~~·;n,~iq~;i?~, 
~1h.:l~1Jifi:.J stam~ing dnd m..s·:h1nir.y:. Tr~c·; ,_;.s:i L~ 
ass~mbi~d with t~Stt:"Bers. Tht .:_i .. tc:t mct..ll surr..t.;c-s 

1,>r.,;·:ido: typi.::ai metd1:1..: j:.«)j•E-rt1es ,;u.;n .L 

eie...:tr i..:dl c:vndu~·t ivity. l i~Jhtntaq 1-·I·Jte1_-t 1(,ro, 
rt!flect ivity, anJ "'" :~~u·e resistan•:e. Tht! 
l.amir . .:t:~~ Sign if i• . ."dO.t l'j O'JttH:rtvtffi ~' .. 1n· ... •cnt li. .. .tijl 

cJrb1Jrl f itJre:e~1~,A'l L~,m~vsites in im~d1...·t r.esist..ir .. ;~. 

Th.: 1 ur.1r1.tlc:; sl!.f) 1,fft..•r +.11_,,J ::; ... .i . .Onl1 ,,, •. j 

V•brdti.:>H d.;1mpin\.j, t!AC~~Jing thj:t uf Svlid rr.ct~l b/ 

" !.actor vf l\JO t<· thrt:e. P.-iml>ll!·J 15 dliv11t ullt: 
third less dCr•:>:;s r it.re$ th.tr. :"n1ptul1in.l1 l·1~ 

A trt!nd in mcldl m.stl '"' 1:·.Jffii>, .. ~1tc:,, (HM1_.:'.)) t".ct:.. 
t,ee:n to dt.-V~lcp shfJtl, wh1::;:i.:.t.!l i.:111:, .... rc:c-i 1:uml"-.1Sitc~ 
ctnd l'drt iculdte ·r~infur,·c·1 ··~...r1.5 .. s1t~!i 1r• (idft 

Lt='-·..susc tht=se """ter i.Jl~ .tfl.' c.1::.;1cr ( .. -tnd tht:>r~tore 
t;h~d..,t=f) tV proces:; th .. tn ,·vrT•l>u~~tt.•::i cvrit..tinin1.J 
~unt inuuu::- ur lvntJ ! 1l.rt:!I. Tw1, J.rvd~Jt..:t lur1 ttf1;hnl\jUt:~ 

.ctre ft=1..:eivin~ rr.'J:,,t at tent i._,:1 t.,.1.1·1: ~..:.1st ir.~1 dfl1! 

lJOW'l"r mt1tdllurqy. Th" ldtlt.'r. l'M, 1s th" ~tm!Jl••!.! 
Wd'/ t0 ensurt? (jdOd rli:.;t r itiut i~·n ,f r~1nf0r,:l•mcr.t 

within lht.: mc1trii'. C..1~.ain'J• \JU tht:" .,thc:r hdn•J, 1::.. 

lc.>wcr in c.:"1:.i'., .Jl t:lvU<Jh dt .J ~d,·t l f l1'c vf ~·,mt." 
pr\1pert11:s du•.: ttJ unt=ven <i1:;p~rsi.»r1 ot rt=1rif\>r1·~m~,.t 
<;dus~d Uy <JCdV1tY Jnd other f,1•-'"ot:.t du1 iu1J 
5 .. ,1 i"ti t i•;dt ion. c,,n~uqt1t.'nt ly, mu1·h r~~.~,1r··h 1:... 

h~irHJ de:voted to imv1ovir11J ,,,.,.,,,~rt1cJ \" 1:..t MH&':.. 

0I:.C' it.tt'tt:St l!._J ::iot~.'-.11· ..1t th~ Ht>-,Jl'-L~ti L
4 t:'::i-'-".l!"h 

!....tt. . .._--::..t:.~ .. ·r·,·, T: l\;.t:.lrt..:T'., t::J.~..t. r~·;~.J.l~.j lh.1t ..t s;:q .. t" 
remelt 1r:9 ~u .• 1 so:. tr: i: •• _i ,.~ tht> r-.tt~r 1..-tl .ttt't"r :.:.t· ~-ii 
.-.1::>ti:~-1 :a:~t:ttl•".l!ltlz :.:*i:' ."t:~ '~~-.it:: lt:t..:t!-.:1 : r•-:c.· 
-.,,t-:.isirrl.t:::>tS ..._.r i--•r~ 1 -.. ~.it .. _·:. :'..~: t!'~t.·:· .... ~-~·:! ~1 ~:.!~ tt..·.-· .. 

..._~ r e .. i" t e.! t,,:. : 1!'~· .c '-- \" c-.-."! we- t t .! ~ : >. : :. ;· ...: !: t t'.t: ..! :. :it t" r s l : ::. 

~-! .. H ln-j Cct~~:t i::..; .. 

t.;X.U!'1~ i.t.·, :t !T•.i'z" bt..· i.._•::,;:::; ~L:'-· t .. 

J.I-,-:J··!.:l~ l!'.~._·t: ..iS Wt: Th)'_.-~-- [.•! 

[ :c:p..ll~ •. : .. :1 s ~!."t.· 
~ith:~ n.~st~: ~-e'::.1.~ 

.:u.J -'~~ ·,'js. t.._·, ut- ~,r,,y;i, .. l~<~ t, ·: ... HJ.r!·ir lt":i .. ~ ,r .... ·.:-:.:: ::. J 
t•..:. ttn.ll sh.i[>t.i .. h~s-2.tri..·~~::s .tls .. ) r~p...·~t -:~:.st '::h::::: 

... -0:•1...·i::Ft .... 0 .... ld to:;> t:-;,.t~I~Jt-..i t..J t··Ct"p.'\r ir:-1 '-·.:·c~"r•.._'s.t~~ 

h•qh:·z '-"·Jn .... ·t"n:..c.1tt: ... i •:th =~~1;t •. r._·t"mt>nt t-1 !1i..• ·j~: .~~..: .. ! .. 
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mixiihJ :ipt-1.· ! .Jttl' .:11 t 1m1,;rt.1.:1t ·:.\r l .. 1Ll~:; .. 
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o.:han<,11<S ir. Sl'Jndl dmpl1tuJ1< (horizontal dmplitude). 
lnstrum1<nt 'I.Jin, t1<st trequen..:y, and pr0be size wer1< 
the pri~~•y test variables. 

l"'i":jU[~ j Sth.1\iiS th~ Vd[ Lit iun in edl1y 1..-'Uf [t!-~1t 

s1g11.Hure cl~s0..:idted with different pre.Jllo~·.,.j 

dluminium powders 0t essent idlly th1< sdme averd\I" 
pdrticle size (ll~m) dnd tdp d1<nsity. Nute the 
significant V.Jriation i11 eddl' current r1<s1Nnse witn 
alloy type. The signdl diffeientidl WdS the sdme 
for both th1< en..:irclirog dnd p.Jnc·.lke probes; 
how1<ver, less instrum1<nt gain was required with th1< 
en.: i r..: l i ng pr,>be. 

Fi9ure 4 shows th" eddy currt.'nt r1<spo11se for 
Sic (>OWder as a function ot dVerdge pdrticle size. 
Note that the eddy current response, dlth0u9h ot 
relatively low magnitude, dues illustrdte d posit iv., 
correlation with incredsing averdge partio.:11< size. 
These data were generated at l MHz under tap density 
conditions with an 1<nc·ircl ing coil. 

Fi9ure '> illusttates th" impact of 
powder-mixing on the eddy current response. In this 
case, SiC particles were blended with pure aluminium 
powder to create a model representing various 
degrees of reinforcement loading. Note that as the 
volume tra..:t:on of SiC increases, the eddy current 
response decreases. These dat.J were generdted at 
5 MHz, with the eddy current response from 100 per 
cent SiC powder set at zero. Note that the invers1< 
correlation between eddy current response and 
reinforcement loading is essentially linear. 

~ressed powder models 

A pressed-powder sample Wds manufactured in th1< 
form of a three-dimensional re..:tangular plate to 
expand the modelling capabilities with powder 
metallurqy techniques. Spe..:ifically, pressing (and 
sintering) the powder models permits the dSSessment 
ot the role of density 011 NOE respo.1se. In 
addition, increasing the density above the '>0 per 
cent typical of tap conditions makes it convenie~t 
to impl~ment ultrasonic test ptocedures. Tests with 
the dry-powder models were limited to eddy current 
procedures, but the pressed-powder models were 
examined with ultrasonic and X radiographi..: tests as 
well. The ultr.Jsonic tests were conducted with 
conventional flaw·dett:clion 1nslrumentatio11 
(Panametrics Hodel 5052/Tektronic:i Hodel R'>403 
system) and special dry-coupled tr~nsducers (Ultran 
~n25·2XI- The dry-coupled prob.,s do not require a 
liquid coupl~nt and, theretore, eliminate problems 
in cases where d couplant can b" absor~ed into 
porous test material. Ultrasonic velocity 
measureonents were used to characterize the 
pressed powder models. 

Figure 6 shows the variation in ultrasonic 
velocity for 2024 aluminium powder compacts pressed 
to different densities (expressed as per ce11t of 
theoretical density - 2.77 q,1:m 3). Note the 
direct correlation between velo..:ity and per cent 
th~oretical density. Fi9uie 7 presents eddy curre11t 
data (sig11al amplitude in volts) generated with the 
same 2024 aluminium compacts. Agdin, dn excellent 
correl..ition exists between NOE response ..ind 
powder-model density. 

Figure B shows the varidtio11 in ultraso11ic 
velocity ;is a function of SiC volume fr act ion i11 
2024 alu~lnium samples prersed to 87 per ~enl of 
theoreti;al density. Clearly, as the volume 
fraction of SIC i1.cre.sses, the ultrasonic velocity 
in the 9reen compact decreases. 

IOJ 

Fi9ur" 9 presents the eddy current test 1esuits 
'lcnerated with the v.nious volume-traction samples. 
Nott> that the eddy current results show an abrupt 
d"crease in sign.~l ampl itu.je betwe"n 10 and 15 ('er 
c·owt load1n9 .lnd d p;.tt.,au resp.::.nse up to 40 per 
cent Sil:. llir.en Sic whiskers ( l -l by l0-'>0.£im) dr« 
blended with th1< aluminium powder in place of th.: 
Sic particles, the eddy cu1rent r.:sponse is alter.,d 
as shown in figure Ill. The eddy cur rent response 
plat.,du has shifted from l'> to 25 per cent loading. 
At volume fr act ions above the lJlateau, the wt-isker
reinf<Jrc.,d models exhibit a "''qher eddy current 
response than do the particJ,dte-reinforced lllUdels. 
Radiographic examination of the pressed-powder 
sdmples show"d that the X-ray !ilm dens:ty (medsured 
with a densitometer) correlat"d with the compact 
density. How.,ver, the p"r cent SiC loading 
(whiskers or particles) could not b., revealed by the 
radiographic results. This behaviour is not 
unexp~~ted because both aluminium and SiC have dbout 
the same X-ray absorption properties. 

Liquid mercury mode~ 

Fi9t1'.e 11 illustrates the liquid mercury modtl 
used to replicate particulate-reinforced metal-matrix 
composites. This modelling procedure was developed 
tc address concerns for the assessment of matrix-to
reinforcement interfaces. More specifically, this 
model was credt.:d lo expedite the eddy current 
characterization of composites prepared with 
molten-metal techniques (infiltration, compocasting, 
etc.). Figure 12 presents the results of a number 
of expe1 iments in which brdss and glass s11heres were 
placed in a liquid mercury pool and eddy current 
measurements made as shown in t igure 11. Al though 
the spheres float on mercury, loading in a plastic 
container produces a uniform surface of close-packed 
spheres with liquid mercury filling all void spaces. 
Consequently, the model represents a conducting
matrix system with either conducting or nonconducting 
reinforcement partic~es. To expand the modelling 
capabilities, the brass spheres were used with and 
without an insulating plastic coating. This option 
permitted the evaludlion of particle-to·matrix 
continuity. Figure 12 clearly shows a sl9nif icant 
variation in eddy current response (signal 
amplitude) as a function of mod~l configuration. 
Note that, because of frequen..:y, probe size, dnd 
penetration intt<ra..:t ions, the m"rcury model in 
figure 11 represents a realistic composite 
microstructure at a test frequency of 8 kHz. 
Further description of the mercury model and its 
capabilities as an experimental approach to eddy 
current analysis is presented elsewhere. Nole that, 
by altering the sphere material and size as well as 
coating options, a nearly infinite number of 
composite-material ~~ructures can be 1110delled. 
Other conductin9 liquids and reinforcement 
structures can be used to change the conductivity 
and permeability of the matrix model. 

The simple models created and examined in this 
investigation clearly demonstrttte the significant 
impact that subtle changes in structure can have on 
the NOE response of metal-matrix composites. In 
addilion, this work has shown that, under controlled 
conditions, existing NOE techniques can be used to 
characterize the composite structure Itself. 
Consequently, experimental modelling can be used to 
identify important pdrdmeters that cdn affect 
inspectability and, at the same time, provide 
guidelines for sele..:ting and improving inspection 
procedures. 



1'h~ ;.it 'i (-...•wo..J"'-•[ • t .Jl' ,._h:t::. l t z· :r.- • f.._. l:.. • .t l l t~. ·U JL 

nvt truly t~present.s: t\·~ '-·.t t: tti.ll i·t·.1-tu.-ts. '-·-1t1 l·c 

us~d t .. - tt::i.t..tbi ish tL~~ .... 1s rv: it.•.Lt1· '"· ... 1 !t:lil t1.::t: i11l.J. 

The v .. trt .. ttiun in tLt:.~~111:t! t;>:1:· ,·:...tr1.·,.t t"'-·~;t-··n-·"'-- \ii!t!: 

.i 1 um in i um ..t l l .: )" ( r i g •. .- .: J ) : s .ta i mt"• r ~ .. tut 
obst!'tv..tti ... ln th.H t~prest.·nt:.- liit..·ti.t· .. ·i.·•ut ~: • .-v;1u~~:tc.:! 11. 

wrou9ht dl~minium pruJu ... ·ts. ~ilit!'"-·!r l·.·.1lly •. lt!t'="rL•rt!. 

aluminium .}ll")·~·s ~xt;~t>it "itCtt!:t>nt it?J.t1 \,.· .. u:t"'-·ht 
siqndtut~:i. Th~ f.t'-:t th .. tl t.t .. ~a.j-.•.i il'-·'ill•it.·t ::i..1•r.l ~t"-~ 

(aluminium ll l us $ii_') pt W:..-..:~ t"~t ... ty ,·lu r ~nt 1 t.":i~; ! . 

that .~orreL.tt~ with tht> bl~1L! t..st 1..._. is .-u• i:r.p ... 1ct..i1~t 
dis..:uv€ry with qu.illt\" .-i..J1ttt .. d pvss:t.i! it t~s- T~e 

var iat i-:in in e.fdy curr<'nl resp·.H•S<' •nth S1C p.Ht tel., 
siz~ is ...tn ii:tert?st iii.J ,lbs~rv..J.t ion th .. tt h~:; r:••t ;·~t 

been tr .. tt:~d t·• tin.ii pt..:K.iu ... ·t resp-.u:;~. Howc-·~·~r, it 

ts reds0r1~bl~ t0 t:?'~p~~t th..tt p~rt1~it:?' s1~~ ~ill 

intlu~n~~ e.J~\' t...-urrc..•nt r~sp,H.sc ir. pr~sseJ l--"1w,i ... -r 
curnpos i l es. Th<' l t rr.; lt.'•I p.;w.ic r ·mc..ie 11 i nq wL·t k 
condu,_'t~ .. i i1. thi~ pru•Jr~mmc shoW's thdt matrix 
Comp..):) it ion, rt: i u!or ..... ·e~ut lvdJ i ll':J. .:t:td p.il ti ... ~ 1-.:-
s i z~ ~.ln h..s';~ .1n 1mi"--'rt.:11.t .l.tlut:?<nct: vn the bJseli11t: 
eddf ~IJ(I~nt (~:i(r1E:S~ ot S1("-r~intor ... ·t:l'd .ilurt:.inium 
.::omp0sit<'s. ·rh~se results retl..-ct t.eh.iviJu: th.H 
prvvides guidelines tvr iuspt!-.:t.tbi l ity 1.:vnccrns, but 
tht most Vdludble aspect ur tne r.tw·pv•J.,r mu<lcllin'} 
is the demonslr.tted potent i.tl tor in-process NDE .ts 
a tool tor m;rnut.tctur inq control. Th<' Jat.i 
generated h"re show th.tt c0nventi011.tl ..-ddy cu:r,;nl 
inspection prucedures Cdll be used to ch.ird..:lcrizc 
and qu.tlity impvtt.tnt pvwder-m.it.,ridl p.:tr.:tmeters. 
The ultimate ..:orr<'l.~t1on of powd"r pa1amet .. rs with 
find I - product per forrnan·:e w 1 ll prov idt> the ba,, is f .-,r 

ed.Jl{ current .iccept.ince c1 it<'l ld that ..:"n be 
implemented at th<' r3w powde1 select ion .tnd 1.>1.,u.Ji11q 
stages of m.auufacture. R.:t~ ional proc<'S:i cu11tr0l .H 
these early stages of t.:tbrication can have d 
tremendous positive impact on product yield as 
compared to typical final-product inspection. 

~ressed-po"'der rnodell ing techniques dr<' 
directly representdtlve of some ot the process<'s 
used to create commerci.tlly available metal-matrix 
composites. Consequentll(, this modellin':I option is 
particularly valuable for th" Ct<'dtion of NuE 
guidelines for our ta1get system - Sic re1nf0rced 
aluminium prepdred with powdet ·processing 
techniques. The fact that both ~lttasonic ve!u..:it1 
and eddl{ current signal amplitude correldte with 
increasing density (figures 6 and 7) implies th.Jt 
either test is a rational option for the ass .. ssment 
of this important paramete1. However, when we 
examine the volurne fraction of SiC as a function of 
both ultrasonic velocity and eddl( curient amplitude 
(figures 8 and 9), we find signific.tnt differences 
in response. The ultr.:tsonic velocity decreases in 
proportion to the per cent volume fraction of SiC 
(figure 8), whereds the eddy cur rent response 
exhibits a pl.tteau between I~ and 40 per cent SiC. 
Assessment of this observ.H ion with whiskE.-r inste.td 
of particle reinforcement confums the existence of 
a plateau in the eddy current d.tld. 

Although the basic phenomenon 1esponsit>le for 
the eddy current response remains to be id.,nt i! i.,d, 
it is importdnt to note th.tl th" "ddy curienl .tnd 
ult1asonic tests retlect dift.,ce11t pa1dmet.,rs. This 
distinction is ccitical to the selection dnd 
qualification of NOE procedures for structure 
characterization. For e~ample, conside• the 
potential compl icdt ions of trying to dCCl.'1S bo•.h 
dtnsi tl{ and volume per cent r_ infurcemenl with 
ultrasonic velocity. Bec.tuse th" :.. "'"' t.ug.,t 
velocitl{ c.tn be .tchieved by d1ffe1e11t comt>i11.ttiu11:; 
of densitv and re111forcem1rnt loddi11g, 1t is 
impossible to qudl ify the m.tter i.11 on th" b.i:;is .,f 
ultrascJHic velocity alone. (Nolu thdt 87 per c .. nt 

104 

·h.·:.jtt; .'J...:--t !d. ~; ... · Wtlh ..tl·"\.-~ l i E·-·t -.-.;1.t 
r~tuL1:~.'t:m~nt n..1.:; .:1 '."f!L .• _-~t·r t_>,;:~i.i .. t:e:-1.t t · (•.;r"'-" 

...'li.'-l Ai .•t t!J f•t:."t i..:~nt .... h·:.::.t!:. > Ar~ :..i!t:.1·. ·1:1.· 

'."t:~ lt'i ~it.·::.t (,·. rr·l·lrtt:-~ W~t!: l:: it.•!·!,· .• ::t.·I.~ 
X '·'i t~•-..t) .- .. dJ pr .. .Y:iJc .l ~ r..: ~"'-·: .·::·. t·:..: 

'.\ r .t•,· ";."l'..tm ~ :i.tt 1 :1 •..l::) :.sc-1 t. : r :r. 
:.!t..'!lSiti• l~ltt s~- ·~:. \.''="i"«:t·:· •"·:. ! l-.· 

tt1'!iit..··~1 1. t :~t:.: t<•:<"'1~1.t rr,. 

.; ... :,. 

'l't!t: t-"i·cl t1r.r1.ts ,··J1"1·1.:t~· i ::o !t.1:: ..::! t• •'-·:"'-· 

.1t:.>::i l~Jr~t·-.1 ::ip~.-i t: 1•:.t~ l;· t .. :.i ~1tm. :.~t Lt'...t: tri•.· 

l...~..ip.J.t;l~lll~S .lt 'JJll~_,us NC~ £"-l··;iS. !t•.-'•"t.•· .. ·~·1. ~~-t.::\." 

h .. ts l•t."~•: t:.• .iltt..·!"!'l(.t t-· ·I'··'::~·; 1 ·J-· . ...-n rt.itt.•r l.ll 

lJ.tfdrt1t!'t.:1 .;"·J-lln::s.t c .... r~ ... :t.-1 =a·:·: .. c t·ert.._,r:'." . .sr •. ~. F·1t 

t:A.1.:·;·i~, ut th"'-·, t·ltmu~ ~311· tc1:1r,.:. t:.>-.i _;_.,,,.:_.i. 

J! ..... 1u.:1 1·u1~.ii.t ~ _.i;.:; Wt:!t.> t.tr•tt.·t'-•,1 .tt ... ~ (1~.:1 ... :it.:: 

\.'ulumt.> tr.:.-tti.1. ~•~' .u~t }1. ~·tr :t.•t.t ·1t.::.s;.t·z, tt:._• 
S~L~ct i.·n 0t 1:1$pt!•-"t i·>rl tit.•• n.111..iUt.· :T.l·jht :·c- ,ja t tc;t.·:•t 

th:iln lh.Jt Stdl:!'•:ted fut 0tht!'I '-...... ,r .. ~l.,._n:i. Th"'-• t.tl:•jt!l 

iJ.l(.Jrf"'-.·':.~t~. ut ._·vUIS~, I!IU::il t:~ ! fit..·f&\. l[ l._ ! , ; .. tt:~ 

t.1sis 0t t""l--..:·.·re.i :>t.'tvti·t.~ l~t.·rtdt!'t .. 11; ·1o.~ .u1J 
tlU.Jl it ll." .. lt ;.on test in'). At tht!' prt"::i~r:t t lor~. th~ 

rdt i0ndl .. t(.;l11'...1d.:h tu the st:.-lt?'-"t I•111 "-'t i:tSEJ~"-·t iou 

er it~r ia tot tht.> IJl~dict i(JI\ c;t a...att:1 i..sl ()€'1 ft:..rm .. 1•1·-·t.· 

must be b.tst'J on NOE si<Jn.ttur..-s dt'velop.:J trum 
suc~t!'sstul curr.rx>::iit~ cvr.t l\j:Ut...st lllUS. Th ts eltlpir i .. ·..tl 
a1,proa.:h Cd11 th.:n be u"td to '.JU Ide lhe mvd..-11 in•J t._.r 
tine tu111nq lht!' 1.1.;;;sessm~n:. c: .. sp.Jl>i l tt ies.. 0111..:~ the 

desirable stiu..:turdl p.~r.tm..-lcr;.; h.JV<' been iJent it ltd 
dnd correl.tt"j mlth inS(J..-Ct 1.,11 v(>t ions, the NOE 
L".:.>nstd~rdt l•_,u:a • .-.111 Le dir~'-teJ dt dcft,!cl s~usit tviti· 
~.:>ncern::>. A":J.lln, ~;np1r lt.:.sl ~vt rt?L.1t ivns betWl:!'l:!'n NDE 
response J1><I pe1turm.t11ce te;;tin'} will vrovid" th" 
quidelint'S tvr 111Ure ad.,quate d.,t.,~·t s .. nsiti·Jitl{ 
analysis. Clt:.ttly. lht mvst do:t<'nsible "P'-'rvach to 
the creativn ot ptdctical NOE qu.tlification crit .. ri.t 
tor advo1n..:ed composite m.ttt::1 .. 1s is to inclu·:le tmt. 
.;1ssessment ...:vnsidt!rdtiuns in the ~.t1li~st Sld'Jt!'S ot 
111Jter ia l Jes i':lll dnd per form.tn•:e testing. 

Cons1der.tlion of detect sensitivity for 
metal-llldtr i>: compo:>ites is a comp! icdted asi;..-ct uf 
structur.tl reli.tt.1l 1ty t...>1 lhe:>e a .... teri >ls. Th., 
definition of d def.,ct in 1tselt rem.tins a l>lvt.lem. 
Oatd in the l it.:rdlure iJ .. 11t1fy d multitude of 
potent i.tl d.,f.,cts in c,>m1,.,s 1 t<'S th.st ate not 
ddequately chdldctetiz ... J l>y the crack or voidl1k" 
discontinuities eni..:-ous. ert?d in c·onvt:nt ion,al 

monolithic llldte1 ldls. lt ha:> t..e"'n '"l"·"t"J that 
cra..:ks in teinforcem.:nt l>.Jtt kl<'S dnd pout bonds 
between reinforcement p.Hticles .inJ the matrix, .ts 
we! l as both reintor.:e«ient ·rich and reinfor..:ernent 
lt:dn dlt!dS of d awtdl mcttrlA i...:vm1-x.)Sile, ~an Le 
considered im1>01t.tnt defe..:ts. Once id.:11tif1.,J dS 
potential prvl.>1.,ms, the immtd1..ile '1ue:<tion t,.,cvmes 
"Can we detect and size these detects?" ln .tn 
attempt to mo.ltd these I><;tent idl t ldws tv Jss.,ss 
detectat.i l ity. the l 1quid mer~·ury model show11 in 
f i'.lure 11 WdS .;r.,aled. Altn.,u-,ih I imited lo .,,1Jy 
curren~ testinq, the mvJel, tt="ldt ·.,t!' tu md~hinih'J ... H 

uther methods of sirnul.tt ion, L·an e"IJ"dite the 
replicatiuu ot d.,fe~ts. The very l>relimlnarl{ dJt.> 
1eflect"d in fi'.lur .. 12 ..:1..- .. r1·1 demt,113trdte th., f.tct 
thdl eJJy ~u1 runt i11s1J~ct iun p1.ut.~t!'dUlt!'S i,.:411 
..:h.tr.tclerlzt' iml>"ll.tnl Vdlldlion:i in lht! co11J1t1u11 
<A the reinforcemc11t tu mdt 1 ix inter t.tce. Thes" 
d.ttd imply lhJl, .tl le.t:;t f,,, th., mod .. lling 
co11dit10ns, the int.,rfav" i111.-911ty is rt'f1.,,·t.,1I by 
el.,ctr k.tl •-'<H1<h1..:t ivitl{ pt'rform.111.-e. It is eJsl{ to 
tHPli:iion tot :;itudt ion wht:re lht!' futmdl iun of d 
nun<:unduct in-,i ir.t.,tmt:ldl Ii•: •.'•>m1>0u11J al lhe 
reinforv.:mowt tu m.tttlx iult:rf.tc" •:.tn '"due .. the 
eddy CYI r"ut te!J,Jt;nstt. ThL~ l:i tUH . .:our.t';li1llJ from ,1 

~i(jndl ·dis<.11mlndt iun puinl uf vi~w, but it ~:a 

i"'portant tu note that 1111.,1fd•:11 c0ndit ivn 1:; y .. t 



.!I.-':~ c-: · ... :t .. t! .t.: t! .. it ··.1: ~:..%V~ ..1 :;:.J;.~t :.'.JLt lir·: .t• 

.... r: ~!~~ :.:·!::. s: ;1.tt.::~ : , mt-..__.::;.t'-· ttl....stt:: a..1~J. 

1....'i'-·11 ·I. :t.~ t:.1a.!'-·::...fc ! '-°·"''"·.::.. the- tJt-...iLlt:ot4. :-

i.J~r.t ~tz.: ·J .u.? ;::1 .... ..1rlt .. ~1~: .. : tt:..: st:J_·t !tt" ~;_1: ... u:·t.:·.""~~ 

t~: .. 1! .• i! L:'t..Jtt..·~·,· i.rr,~.t ·t L!tt':.t:r ~.1: (.A:tt •. r•tur ... :11::6 ... t:~! ·t~'-·· 

,_·1~_1t;:.i 11.~t.:~··t:d1:. ... -..i, . ...st1l1ti~s tt.1t • . ..1!1 

..:n...a: '-·~.._.11..:"· ...::: ~ ,l~.Jl i~t ~n~ a • ...atc~ : ... 1 ... 

!n r!:•· ... ·h:. ~ ~:•--1 • :1\ .i J .... '::'-·~I t .... · ·1..1':.~, ··t:.· 
t" . .t~e :s~~ . .-;. t: ... t• t..· .... :~~:roJ ?;~:-,:. t(.tl il1t1c.:> •".1!: 

... :h.ir .. s-·t~: O.:.:ot: ~~ .: ... ~it:".1 \"..t: :.t~ 1.._.; • .::. l•l _·vrn.tiv::..ilt.• 

~1-..·:"'"~t.:J. ti....'-ot:- !• w~·:e:r. ;t •~ 1 .. ot ;·~t (r.):,.::.U it.· t ..... • 
Ji::>\.·: ~:n11.ttt"" !·'='t-~.:e-1 •. i£.t!it:tc· :.1: i..1ti.'-=·_:; t!: ... tr: m .. t 1· 

.......... -i..:-l..r .st lht" ::. 1r.t..• ~ :m~. In .s ... ~.ht l·..1rL HJr.~ ... ! th~ 

a".Joit!: j, lU•j h.t.::. lli. i .. !~.·J '--·: .1,."k. ,_.: "J\1iJl lk.t.• 

J1sc_·0ut~rh;J.tlc:> th..:tl •il: r.d·.-t: .:i p1 ... •1n .. )Jl~·-·t::"J t:~r~ . .-t 

on stru...:tu.1.:ti ~·~tturm.:tu_·t!'. :"v p:.asu~ tht..·:ic 

t.:onsiJ'-"r..ttio1~.:i it: ..1 m....11t?- -=:-ttt:-:tiv~ manu'=="'• ll w111 
Lii:"" ?~~c.:es~ .. '!rr· t .... 1 t._··~·l .. .::. ~n~ lk.r..icll:.1.q .t~ti·,.:itie:; .:..>~l ~• 

n.-ttti'-·ul..tr ~1stt:m "'h~re d~tdil~ 1....1f the fi11.:1l (..ilt'.J,· .• ·t. 

-"''- s~_.._-i t 1.,.1 thrv\J<jh ptr t0rauncie t"st ln<J. 
This o;11;tl~·1t;· w~ll ;..Jnstitute th~ heAt •Jh.JSt: •)f tht! 

•~.;il i :•~h...,ust: (>C LHJI .unrr.t:. The i"->w..:i~r. pr e:;:;~J t;·Jw ... h:r • 
ai.J i 1q.1;J m.,t .. i mvJiell lll':J CJ!·•Ll! it lo<S d<:S<.:lib.,,j !ll 

thi:s (..i..ttJC-C will l>~ .Jir£t:t~·J Jl ..s .:.u11.!id..ttt:
SiC-reint0rcied ~luminium syst"m th.st otters 
prop..rtie ... Jes1yn"d tc. 111eet S(Je,·1ti..: op .. 1.sl111-J 
requir_.m.,nts. 

The pert iner.t observ.H ions .tnd conclusi.1ns 
associ.sted •ith this pro9rarnme are summarizeJ b<:low. 

(l) PuwJer me~dllUl-JY dll.:i liquid meLtl 
modelling te-'111iques can be use.:i to replicate 

10!> 

rr.c-t~s~ lf",..st.t 1:x ...:0mpnso.ttt :i,llu~tu.tc-s t .... r th~ ..t:~:»~.:ii'Srr:~r:~ 

.... r .1. ri~tJ~...:t 1 ..... :l '-·....,ras iJet .;at i ..... ·u~ • 

(.!) .: . ..i1·.,,·~1~tiv: • ..:ti ~'1 ... !1 1;u.tt~nl i1S(Jt: .. :t1~·l. 
11.::.lt .. l~ut..tt 1 ... _.1: .ind l~..._·hnl.jU.-=:-~ i.:-.Jin t~ U:)~j lv 

·~•..J:Lll. .. 't.C-.t:i:?c S1·: ,u1..J ..tiu!T'.ioi4m dllt..)j" pvwJ~ts .. u .. J 
~~i.Js ~seJ t~ ~t~Jt~ ~~~~·~ltc ~tru~tur~s-

t J) -:"!.'-" ~ l tr ..s':i._,1.t ._- ... 1::-1 -! ... !.j;· 1...·u r rt!'nt 1 ~::ipv:.st.· 

...... Si· .... ~-A.l C.Jff·l ...... ,:>tt~:; is ...it"p-..·r .. it:ot .1pon ftL.!\te:- 1.11 

,t~••:iltt ..:tuJ tta .... 'i .... ~t...m~ t t.s•·t ! "' vt rt:tinfvr .... ·.:-:r.t:!.t • 
~-. ! l~lC l.·.1~c •.·f .. p.it:CI~ • •. : ... •r:it--•.:s ... :t:;'-. l ..... l~ Ultr..:1:>unit..: 

:t:l ·(.:~t·,- dr.J ~!-!,) 1.:l:.::reonl !ll'-JU~1 3mplitudc- is ..... ·.c~.s~c
.iith i111_·:~..ssln'J Jt:nsilJ' .tu.J ·it:•-:t-.is~ with in"'"·re~~in'-f 
1c!ntvr1..·.;:ot:.it;"11t. 

(~) X·raJL•>o.JCd[lhi' .... ·..111 rtt !t>,.::. tn~ d~1.~it;· .,r 
:;,._- Al ~~sitt:s Lut r1 ... •t :.ht: .tt.·iutvrctt!'~nt lc.... .. Hi!.•~'l· 

!~I L14u1d rne1..:u11 inoJ.dLi.-J techniques c.111 t>., 
use.I to rep1 ic.t•e the re1ntur,·e-nt to-m.1tI ix 
11.terf.tce con.Ht ions tor <.:Olll(JVSite structures. 

(!>) S0ur..:"' .11:;crirni1:.st ,,,,. prublerr.s r"Lated 
t..J NUE c~sponse v~rsus ::ittu..:tL'r~·v.!rldl>l~ 

1 nter .:tct ions w i 11 require mult iple inspect tun 
t.,<:hniques to d•:.:-urately ch.t«•cter ize ..:omposite 
t:unditions. 

(7) A structur.,-lllOdt:llin•J• NDE 
1;h,udcter iz.tt ion pro9ra- •ust be integr.tted with 
COlllpOSite-formuldtion and perforllldnce testing 
•:unsiderations to limit the number of vari.tbles tti.tt 
111ust be eiumin"'d in the .:reation of "i.tble 
inspe 0:tion require....,nts. (Source: Materidls 
Evaluation,. 47 /April 1989) 
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10. Al'l'Lll"ATIONS 

:: .... 

1.':'.!._ :: 

r -~· h_· t 

.. Li·:.tri':. .. :·J~:S .·:.:: ~~-~':. 1..: ::i1t:" t ... 1:... ... : ~--t..·,..~:!.;. 

':.· ..._~ .. ,-,..·s tc:"-·hct...:.ti s ;..,.-::·,. thot..• tt.~:! .... ,. :.-i."::11.• .t:~. ~t 

..tl\..2"i::.> tr!.t~-.JS t .. ~:::-.1 .1 t• .. :;·:n~·: :~·::-:•: lf..1!:;,, 

s,·->t-.·:r.:.;. s~ • ._-h. .t:..> :.tt.:t..·. -.1:'t..· tit.::!! :.·~,!. ·ii:" .. r. -··r·· 
c.ti:!; rr.v ... 1~i ~z·Jtt.:r-...,;. M1t:!..1i i .. _::: i:, .: .lf'.i, _ l~r.::;. 

..s'....t.1:..1t:l'-" t ... :...._1..1, l .. ~·J...1~-l ..... ·.~ ·r·:· ':: ...._.;:.t" : ~ht" 

f,.:;.l L0W:.l..; t~r~C qr,·u.1 S: 

;.. t-:-Ht :.·i.;..1tt.· L.t .. n:·! :.iz .. "•·' :. :mt..!! 1 t~:~.: 

..1 .. :..ii:.;..:a ..:t sn•..J:i .;: .. 1:.:....Hi: t:lo.t.·J::: ~ .. 1 

t;1n.J.:-r ':.h .. 1! ~.:-:.t:r.tl .; tt::.i •• ii:.s t: .• a: ••• ·it· 1:..11..-

1:. St :ttn~:i:i ..JO'oj• (.t::t" .. tl;S, :.,_•!t • ..: ~u.::~ 1 ot.• ~: 

stren~th; 

A •ht:>kt:: t l . .i.t\.C' ::.·,. ~!.t..•:: ':.L.at :.t: .. :i 1.:it:..J .a 

~:.~.it~t '-':..:.~--rt:._·t. _t ~:.~ t;.~Lf:t :ittc:t.~~: 

ju~ t·.J th~ hiij:ht:>I .1=>t,t:" ·~ r.Jt i,_, 

(l~=~.:;t~ di..smcter) v! ~r-.t" f.!i~r .u~..!. t'.C"th·c-. 

h.l-.> .1 ';):t:.Jtt[ .ltJi11t·1 t~ tC..l~Li!w:l l ..... i..i: 

A. '-·._.r.t lnu. ... ·l.!:i t ll,t~ J': -'~.:-:~. t ::..st. J:.;t.: t _. t iL:r 

~·~11tir1~1ty. reJli=cs ~~~ t~il ~rup~rtlt:'S 

(str~:."1th ..lt.J stl?:tn~:::.:i) .:.i: tt'.~ !'i.1~~-

pc:r fvrm.uu ... ·w: t it..c~. 

rr,t:s~ thee~ ...:0mt .... _,.s1 tt!' .:i:rstc..·:n$ .HIC"' ~th .. ·.,;;;. 

s..:h~:r • ..:1t i~..sl lj i:: t l-]U:'c!' l. 

!::.1._·t; tJ'~,c.· ·:,.·IT"k .. :iltC :a·,·.;...tclf. h..t~ ..1J·;..1I.t..\,jt.:;_; 

..srl-1 .:l~s.1~·;.u.t.;:1.~c..-:). The' p.tct.1...:u.l..ite- b..i::i~J :i'i:itc-m 
~-rtet!:i ~-.H• .• :.:at, s~.Jr1.1t:.....:.:tr.t st1ttn~s:i impru ... ·c-;ri~ .. l~. 

~ad r·tl'..trl;· i:.. ... ,tr_~ l•: r.r1.)(J~ttie~. H(,'tiit.:·:rt, tht!" 

~t<c•.~th i1T.f.C..V<'ll'<=r:~~ ,u .. sl ig~t oir.d the str.sin L> 
f..-ttl1..r~ .-uo.J tr.l-..-tu;e ~oi..qtu.c$:i dte 0C~ l!°11:! i,,)W :illJc.•. 

°!":le -..;~1L:jkt:I t:...l:i.C'-..i L«..>ffi~·Sit~S ..trr mvtll! ..._·.._,:.;t ~J, l·t1t .j.,. 

L t~c:r :th .... tt!' -strt"•:,Jtn, ir. ~e1hH.Jl, tfLtu tht:" 

t1..:ttl i .. ·ul.ltt:" t..lS~Li (..'.""vm, ....... ~itt"S .. Tf1t: '-·->,.t u11 • .-,Ju_. fil • .rc 

r~L:!t-.:_..:.._·t"J n-.1:t.-t: m..itr ~A c._,1T1pu~ltc: .... 1ftt:-r the.• t>r!>: 

1~..1mlJ~11.t:.1 • .i. r .. tr~u~tt .sn·j ..itirt:.'C'~~; r •. J·ri1c· .. ·t:[, tt•·~ 

·._:jt '"-t tr. L· s;!>tcr1. is ·-·ct'i hi\Jh. 

O·;cr tht..· r ... ,,s:;t .,.;J ;·e.1:, .._r '...·,, ~ht: ltHctc:,t lfl 

r.~t.I~ IT.J([ lA '"·~·tT·(-• ~tl'-'S. h.l..:. t l1i1:tH.lt'-" .. i b'1tW~~r1 11.11\t 

ir.tt.•[t.:jt d••J 1 .. 11.lt:-re:..l dt .tll. Tht.- dr,;·, 
l'"Jthl~vl1 ~_;,,1.ti.:1u,;u:i fitJrC tt:"l.ot ... •t•t!J m"":t.s• n-+.str1,. 
~.,;r ..... ~llc..· ..... -,Ank-'''~B~J •."Ul[c:'l;tij" LU St:"tVl·""t! .Sit.: lht.'" 

•ut ••. 1a: strut~ >B the 1r5 :;,1.s.:t: sl1~ltlc:.>. Tilt• m.••n 

!1~_,.t·.:,SJ.t.syl(:o ,_t '-·,_:;:t iuu.JJ::> t 1t_,tt.: r~ir.t ... ~1· t: i 
tr.t:"t--11 m..ati: iA , . ._.m1,,:;;1t-=-!io i:: thC' hi-Jt". 1.'u!.iot "'': tth: 

t 1t)[CS .Jf\d r~t.r ~.._:,tt i•~Jfl. ('\Jtt il .. J .tl\•J .Jr• .11:1o; \.It 

s,~mc: c._,r tht:- ..._·ur &~nt s;·~lcm:.; '"·.su tJ~ v~11· ~A~~r.~ 1.1.· ... 

,,1mt,.i1t.-J 'W'ith lt.h1ttlu11Jl rt.~t .. d ~h,,,, 1>(1ci: .. st1v11:'i. 

(',..,~t-i.Ji~J \iii th 1es1u m..Jtt 1,.. 1_0n-1p0 ,.:..1tt:_;,. MMt":' 1t .. 1; vttt.·f 

rrur1·r dttt.s'"tivt! , .. t.Jpcctlc..·:.., s1J1.h ..1;., Lot.·ttt.·1 

r'!l•'.:or.)11m.:-nt.tl t.,terdn•:t:!' t•; n .. 1 ;t1.i~ .u .. J tt·IT·i, .. ·: 1t1ut·, 

t.l1Jh~&: 1JJterl..1m1ndC Sll~H·Jfr1, ..... 1 :ett~I 1:n5.s· t ..sul 
l 1·jht1.1r1-J i1.11T1Jljt." :t:st:;f.dJI·:~. r',;m5 .. 1re i ·-~to f1.,rrr.,1l 

h .... m,_,';j~aeuds :it:lh.:t.Jr.sl mt.·t.1l~, HH1 • •.• ttie:i rr.u.. h h~ 1;Lt:: 

;,,t1ttr1tt!#;j tv 'Wl:"ljht ,u;"S ~t1.:ri·-1Lt'. '" •:i.'l•JLt r.at i.,.-. 

u., .. ~\t:(, 111 l···ltht:: •'J'..i"" I .,•;l,t tt~t.· .s.1·:..a11t.1 ft."~ ,f MM· 

)i,:,j.l •f·; tt1W ,j,1,t1t J.,j,,f~ I•, :aot~. 

L1. !t\c." e.:.1t IJ .·1{LL~, .. •.•.t:C 1. H1t:.s ... 

'ir.;1 ~~I.,., fol ,ll ,1.f•. ~lf1t."lol .••• 1tlo.'-' ~.I (t.•:,t,•,., S ll,'L'f~ .. I 

r.t :n,• ,,i:, ! 1t re.: &t.·~1.!· r t.··1 ri.•·t ti tr ... ~ 1," 

• , .;1 }1\1:.. l t ""!:.0, J> lff•t: l 't, (ht• flt't:" t t ••I h • Jl• t: t•:T1Jit•I .It IJI t.' 

14. : ! t..': : ! . :;; • 

"'~'r;,t.:. -1:r- .t ·-~.;~. 

•!t.·~!t..•t..• ! :t'r!'."".1 i~!!.t,.'._l !.,,~ :;.t.~l•t::t•; ! •! ..;~.: 

.t:.':. ._.:.,.I .tpt:;, t'::: ;. . ~I-".• !' t ;._- ,; ·+·.: ( ! ; e: ! :t.:"'l 

t !. '~ ~- ,,. .... t ~-<t..·:..~ : t.. ·.:. . . _:·, -~-~. 1::· t_•i.: ... ·;::..: 

·,·!•· ... ·:· •. it.-t.·. ~~- .. : •• _: ... ~ t ... - ·.t.:z '--"':·-··.:..~·.~. : ... 

... ~·i" :t ... ·:: .t. ~ r: ·Jt.•:.t.··, •• ·, .:-;t:':.~i ~ e-... t! !:· t. t .1·_ .... ~ 

t!:0t_· i :t..·-··1:~ ~r.::tt: ·! Ut: 1:t !t: .... -;z-. !_ . ._ •• t! i.,· _, . 

• :.ir.·t::. tL~ :.r.:• :it:,; . .:.~:'="r.-'-·:.~~. -·· .._. ~!".t..Ct..'" .1:t.• T.t:. 1 :.c·· 

~. • :J.
1 

::;.r '-'":... ••.. !t.·: ···_lf.:i: it:: 1~ :._ :. "!e.. .. t- :. E- .:t.·:.· t, 

lflt.•t..·~ rr t t.·: :.t:'t..·.l~, ~ !.~ : ~.: ... : '-" : : ~.- :. '\..::i, 

i ! ..• ! .. ~ : :~ ; . 

~=-ttto:t~ :~ . .-1:.:: :.·t_·,l .rt..: .. 1. ~ .. tr:;,.· rr.: ..... t.·_. 

lt..:t-·tt·::~r.t ::i.~ f.t.•·: tt.·;o:-:.s~ ~-=·, t ~1:.;r: -;-:..tt;.t..·~ .... 

. , . .- tr.it: r .r •• s ~ t...' :~ t-· .. : .... l · 

!:rr.t:r.~:..._1 ;._1 •• 1· .. :11:.:~·.ti ...ii--1 ·~·::.t!:. :;t:o..;..:tl•tt':.: .. 

r·:..; •• :c- ... :,,r ... ••- t:!~ot.· ... ·._,t..•tt •• · .. 1t.·:.t -~! tt".t..•:Cf'1...Si c.111t·..1u:...: 

(·.-~£~ : ..... : st'"·:t'"I..si ,·_.;r.r .... :...:.t~ :i·;~t~tn::i. '!"he:- -·•··:air..·t t:ra: 

.. ·Tc: l'Si t ... =t'"r.:· ·~t;' bt:-tte:-r. H:gh sp~._·1t1 - st :ttr.t:':a~ 

I !l. -..·vl1 .. it:[~ ~p...s._·~ .. u~t~.t.: •• I. .. ... Ct:!"St.• i!'...ttt?"t l.t: :.i .._.t t1:! 

ri1J:1·, _..~· .. ..sI.t.J~~:i \.'\.C:-1: (t:Sl!l .n.1trlA ... · ..... a.pvs•:t:~. :,;..; ... ·E. 

..::.... h1'";Jn~r ir:~~,·t: l.-..s! .S•~·:! tr.11.:rm..!~ ,·~nd".!~t i·-.•;t·,·. 

Lt:;t:.e:r i:.t.!•-t.t • ..:,. !~SlSt.l!•.:~, .. 21~.! r;1o... d..!t'-j.t::i::d:.-j:. 
i..."u.rr.:-utl;. the:- r-i11t.l alumtr:.lwiT . .si. • ..._·•1• •S ..... ,.~ .[ t;~ 

pr i.a ... i r ·1 rt.c.:t .1 ls t..·11:: ~ thJ '-·.:,ns i...1t:>&: ~,i .sj ~ ~~ tt .. 1!: ~A ~ .. : 

ffH,::- .. H ... •wi::-·;.;or, c'-~E--1'-)s~tc:-s n:..t.J~ •:tL tt-.1:; ..1l!._z 

~~niL1t ...s ~~r~c:- h~ster~s1s ~~rir~~ th~:~~! ~~~:11.~ 

..t:.J. r~s1°!~ .... 1 .t:n.~:-.s1·:·n ._-h.Jih~C""::i .trit: in1.:h1·.·t:oJ t·r 
tr.E'.'rm..Jl ..:;· ... -1110~. ·rr.i~ t.,t:hJ\"l·~~.r is un.a ... ·.:e11t.st..:.: r •. r 
th~ p~rtcrn-.... u~'--~ i1.1 dimc:-n~iur..l1~'i ..;rttl\;''11 S~d\._·c:-.:t..!!t. 

Cvl'r.t.in..t~ i .... t::;. .. r ._·,:,r.i.ir.~r.:i .. !. hi\Jh strt::.~tL 

..1lu1r;1ni;.:m ..slL.·;· rt • .Jtr::.:es .lr.J (-h:,$t f.Jt.Cl•."..ttt_n 
~Cvt...:~~S.c:-:.i ,Jt:•;el._,.,..c.· ! .it t :~c: N..st ,.,. :•..sl Aer..:..n.H.:t 1·."~ .u.'"1 

5(.-.J..:-t: ,;Jm11otst1.;1.tlun (riASft) L .. U.lJlt!i' ht:se.t.r'"-·tl ._·~ •• tcr 

fl.l\..C'-' r~:iullt:j lB MM\_·s th.tl •lv 1._.t t ... hibLt Ir::..1.!1!..3: 

th~r:n..tl :Ht..tlu ~:ii strJiin hz·stt:tt...'~l~ du:i1 .. ~ thL·:.r.sl 
1·;·...:l ~'·'}· Tr.~ tht?rrn..tl ~,q . ..ir.Sl··)r • ._,r .t PliJO 'Jr..tf•~.1tt.• 

fit~:.t:> rt:i.utur'-·c\t ..t02.-I .. 1Lum1ra1um ..sllu·i ..:vm1fi.;:..ltc, .;1:.. 

t..sl·t i ..... ..1tir.::.1 • .;1ttcr p.)::it -~r'-''-~~:;:;u.'], .;in.i dtt~i: llJ..J'.; 

tn~r:T • ..tl '-'.""J'\·1~::.. l~ >hvwn la t L~ur~ l. The:- t ~':l .. ,rc 
tJiutS the tht::mJl .:.i.tr..t11; ..t:. tht: ~(.ici.:un~u:.. wet{!" 

hc .. "tteJ fc01T1 ''-'u1n tcir+t:t.slutc t~, the lf•.:tAltt•~•;n 

t t:f?"llJt: r ..t t i.l It.:, ,_:, •'J ! ~J t 11 t ht: m 11~ l n~arn t ~miJt.? r ..s ~ u 1 t:", .• :.J 

ht:>.tte~1 ..tlo:l..tin t~> tlJ1>m t~.fl(>\.""t.lt:llrc. Notlc.:~ tfL't ~he 
.::...11ou~s1un ut tht: jS t.;1tJrii:dt~·.1 1:0mp,1s1tt.· (lt~c .j_,::.ri._-.1 

l incs) i;i . ..:~i..tr.,,_.~er i2~.i b;· ·' L.1I1Jt: h;·st.~rc.-sis .1; • .J 
f<=:>i.iu.sl o.tl.SIB, lik°' th.It v! th" 1'100 i;r 6Ut>: l-.1 
.nJtc.::I i_.l. Attct lht.." ih;~l iJ:, .... :c.::..Slr"; (th~ :;vl t.J 

11n~), as •.-c.:ll ..t!i .-tflt:"r lUOO 'ht.·tm.1'- •."fO..:lt:"~, the 

Pi.UO Gi: 2u.:.; Ai l.:·Jll'.pV~it~ cAhlt;ll!i ntnlht:: tc~1.j~.•~ 

:.;.tr.1ih nor hj.:iot.:r~'..)is. This ~~h.t 111\.J~r W..iJ .11:..•J 

uli..iervt."d fv1 sim1l..: LJ 5.r,;'-·~~:it:•.i .1:1.d <... .. i'-·l~d 
l.".ffil"-'sitt:S IT .• a ... it: •Ith the:" ..":!ul ..1u,1 7C ,~ .. thHl\l111un. 

.111<' .. 'JS. Tr1u::, th~:it: mctdl mJtl iA ~'"-·mp(>Sl.tes, .Jttc-c 

.1 ,, .... st 1.sLi: i1·oc 1'" .. :u pru1"t:'SS, dr~ ~Al:t·L lt:11t L~s:.dn!.1lc 

n •• atcri..sls t ... , ,1in1t.•n:.i.....111..sll1· 1.ritL:.ll :::.'-''"''-:~ 

:.>tr u~tur~~. 

The •erosp.s.:., pl•nt! 

l-"urth"-'' ~tit:"·.1·d··•·IP~l1t 1:.. 1~·1~"'"") tOJ •.IL'.llt.• lht..• 

~ 1,Jf1lW4:!'iljnt, hl·Jh !ilre1 •. ;~h m,1tt."r 1.1ls 1.~ttJc~I :;~; tr1.1t 

-•11 '"U!lV~'°1.l•""lt!' 1:1.l;lt.." WI~' JUl'Ji'Jc.: the:! t:""ltt:mt.• 

{t.•1fi,1t:fdlUlt:S .tf,d 51tt::.iJ>Hc.::.. 1t Will '"!il1"ddfllt!'I. itt•lt.' 

c!Hter rf·ll'l al 1t•~st r i.~ ,· •• rqt,,s1te:.i. 

Tht: lt:i~i·'-"' st.iit.•::o tt1.1t Wll• L~ ir.:1:··u\.1,lc[•:S t 1 

t r •it:' I c' ~;:.. .,. •• It.' l · l ·'I 1t: ·': •• fl " ~l tu•, h ' ,Jfl t',' ' .. 'L I .hir· : 

m.1 t 1 1 A . ·. ,m5,1.1:.. it t-' ~. I n .. lt-'t." I, r he t t:fnl .,. E .st 1• t 1· ~ .1 r' ~. 

L•\Jh r.11· .Ill t,~1t .I:~-... ,.,,.,,\ .. J~l11tt .. 11:;; ilot:Lds. Id t:•.':,t..• 



r~w h..._..m..._,,c-: ... ·.:i.:.. t:'l.:!...a~::... ir.t·'=-•·-·:i: O:.•t.t"' t..1.~ 

suft1i1..-1t:nl sr itti.~:o;::i .u .. t ~tr,-i,,Jt!~ J•. tht..· L:,,t~ ... -: 

t11:fti·<::.ttu1t.:":.- t -1l: .... u.~ ::.ti.·· t.;:,· t- _ .c·.1·:,.-. 

H .... ·wt:"··:t:'I:. l i lt:l!.:. !""- u.; :'.),·tn«."' "'t •.t111:.,,.~ .1.1~ • • t!l.;h 

t~tr.1~:~tuc~ .Jtl,.·:~· th..st :.;;;. t.i:..1:.i...:.r. .. u •. 1 'it.1:::..1~ 

-.1i...;.m1n:.d~::.. w1t~1 h',th :.>tt~:~-jth. ~t tt!. ·'l·r.ia.1.· ,.: 

o.jlJl•hlt'-" t :L1-.·~. tr:t· :: .. ·~ti.!t iu.J ~P+- •ti: tl.:·;,_· tta.

""·•t·~•~·i Lit•) l...: s .. :·:1·.·..: t~tt:' t.Jt:.h t::.:1:uiut.~!.::.. ..... 

..S~lv::..tl-1._·~ tI..i;'.t.•.i. [t.·i._...lt~!i)'· 

M.:tdl m...ttr t.._ _.vlDl~'-::.i.lit:!) ..i..l:t- ur~1 .. 1u..: t·tt.···...s~~t:' t!1it:";· 

...:Vl!!Lll•~ tht:! hl'fh :>t ttto~:i:> .. u~.J :>t1.:-:1'1th .... t t :l·rw:-~. 

but ..'.l!.S. C:t'tdin th~· ~iJSl lC (Ji ·~t .... l·irh.1\i'l ....... H .-t tLt.• 

a.tlr iJC m...tl~r :~1. lu hi~h l.:~r.1tu111: JlJ'-1l t•:.1t h.1u:>,. 

th~ at.-t..tl ·m.Jt r i ..... m.1;· t:'a.hi.t•it '-'i.:i• ·~~...1.:>t i._. t.J't:'h.1-.·1. ~r 

.:1.::io w~ll JS ..t11:vrl l• s1.1n1t 11..·.u•t tht""rm...tl l~:i.t....!c .. tl 
St l~~~~:i. .. 1:::. tbt.•'1 .1tt: '-·...,,.lit:"•.i j., ... u. M."11 . .''~ .!~:iv ... t1:>1-•l.1J 

uniqur t.st i.•l,:t"' ..1: .. t trJ'-"tu:r~ t•ch .. l\::.L·UI. E::-'t1.-:: irr~1ot-1l 

lt::>tin ... J pto..A·t.:"~JCt..:i r: ... :.r ~·.Ht! n,·t 1...·:.arrutl;· '•t:r;· 

w~l l ... tc·;it"l··!-·'-·.J • ; ,j ... · •. uro'-·1~lit:·J .. A:1.t~Jl l•-_t. lhJt..-r t.sl 

muJrl:> .He."" u .. .>t ,:l.r 111:nt l)· .1 ... ·.11 •. 1t·lc- lv t! u •• Jl~ .tl l tt~t:."" 

pdr t it..·ular t-it .. •L·:~ms. :>u.-11 .1s 11:lJ::i.t 1.· ·1- .. J~l :1· .. 
1-"lSC.Jt-lJ:J>t i.\.."lt\o'• .11 ... : thrrau.l "°t ?t..·~::i,· •• ':h.s!. i.c:c»i t-• 

t;,~ ..tddrit:"SS11:,i tr. Jt:"Sll.jllllhJ with ""'" TL ... _, at.;'-·h 1-11... r-. 
rr:DJ.in:> in un.:i~t.:)t..1n.Ji1hJ .snJ de"':>l j111n.J •ttr~ MMt·. 

Tht:."" t":.lljh L·u:l vl ffM,· h...t:.. ..._t.·t,t It.•;_ ..... 

tJ~ ''"J mi._., e ,_- .. 1mpr•_ i: i \.'c • l l h rt:-_. ~ •· &n..t' 

la l t'l~ ,tJ..IS t • Hvwrv,· r .. nu• : ht:" .t...J· .. · ...1n ... -. 

h.:1.s (>IVi.Jlr:i::i~~J Lit:"y,)nj the .. ·..11 .. t,_•i 1 tt lit: 

lft .. tt I l A Cf...MftP"-,S l t ~S. rh~ :' t.>'a l ~,. ·~· ,)( hJ. 

hlt:'t::i f : .. An 

-...•a:.pv:i. ~ t:'~ 

tit:'• 'hh ... ~ - ~><Ji' 
,.[ tt:.-:ill. 

: Sul.i.L : l l,jht 

h&shjit:"S vn tnt: ...1t!'·.:~iv~nt •Jt ::.u1t.1:,tt:l> 11.et.tl s:n..11t rill 

t:ucr.lJUSlt~:>. Th~ tuturt" vt M"' l'"'"'Ks t•li\jht tt··-.t•l:it: 

thry .;t.rt:- nu l ..... ·n'icr in st::-1r....:t. ,"[ Jn ~(JiJl 1'..:~!! ··~.111,. L1.1.t 

tdlht:l' ,;JI! Uht-.vrl.u': ..il•(.lllL-.~l;.v11 l:i 1:1 :>~.iit1.._.h •Jt 

tht:tn. (t:Atf..i:•:lt:-...1 t1Jdl ASTM .S~-.!:~·.!~~~!~·H ~·~!1 ~~'!S• 
Q,·tuLt'< i9~7. drti<:l<' writtt<l• C·'j ... S. John~<.,n) 

~-=~ :!l!~!.~~··t.c~ ~~ ...!!~ru~:!·~~- ~-~~.__:~·~~ ~.:~~~-.!~~~ -~~~~:J 
~!~~~;um ~~.:!l_~:!~.!~~ ~-.~~-'~~~~~· t·y Jvhn P. T~·lci:. 
AV"dhl~k .. lru·,-,rpvrdtrd Miii(Jlt..ts. t'ctlltdrn1..1 drh.:i 

Mdrk H:. v.an dt"n b~r,Jh. lJWA ,·_,m,)'.:i.tttt S;Je,·1dlt Lt:S,. 

In..: .• t:hdtsw ... ,r=:1~ 1_".1!1tUlUL1 

i . lnl roduct ion 

Tht." dc:.i~•JU JIH.J p~.r:[ .. (m,~ui. t..• .. [ Mt"f'Jw.1· .. ·~ 

l11t~~&:..1tc:d Hult tt1J11··t i.,n i\:i.:it.""mtd i ... ·:... (MlMA:;) l:> 

lnt Iu~nt..:c~I ~l r< ... n<Jl;· t.-,- tht: 11hJ'::i 11...·.sl '"''''l;r:: ti~~ ·~t 

lht!' '-·1r1:u1t .. trhl pdck.1y1n•J mdlt<f l..tl:. .Jt:lei·'c.t. The 

l~v~l uf C•)mpl~:.:1ty. inte,Jr.t! l•·r •. lH•1 (•oWt•r dt."n:.;t;· 
in HIM.A!> 1s r.t1•1dly in._·r~.ts1n11 thr""·Jh .tJ 1~•.111.-L·mt..·nt~ 

in m1 • .-r.-,w.1V'L" s~ml•'tHi.tu.·t.._,r tt.···t.11.•l·"Jl ..... ·J. Th--.· 

lmlJIUV~,i ""~( f\)(mdlH't: of Ital• l<•W.t'.:t.' S~mic·,,11 IU• t••(:_, 

must t.f': ..IL"t'c.>ml•.JUlet:t t1y lht: •h_-;11t,•l<>1..m-..nt uf (1.t• • .lljllhj 

mdltHidlS wh~•:h will Jllvw t..""ff11·1~nt 1>p~r .. 1l1Lr. ot 
the d~Vic:~s,. ..tn.l thu~ im1>r1,•Jt• rtu: (.>t_-ffttrm.,H,c't: uf the 

m1.:rowcl\l't:' ,·Jr.•u1fs. 

P..t...:k.11Jlh.J m.1l\.·r 1..11:.. u_.,:.t >l1 MlHh: .. mu~t --.·:..h1t11t 

9t..>Od thtH11\.,i;i 1:unduL·t 1v1ty ti .... r t•f t 11...'lent ht.!Jl ft."R\o'ldl 

from pvwer d1:.sq>.tl '"'l <lo:vi.:t!:.. Y"t. 111., <lt!:d<J" 
often requires l 11Jht w~l·Jhl rn.:1tc1 i.als,. tor re<tu..;c,t 

pdCkd<Je density in ""rospd•'" dppl 1°;.tt 1v11s. High 
tlexur.tl di~ 5h.,.sr str.,ngths .tro: .tis~ d.,siro:d for J 

reduced cros5 ,;e,·tion ot stru··tur.tl elements. 
Fin.ti ly. tor rel i.tbi l 11y <>Vt!< 011crdt in<J to:11111er.1tur" 
extr.,mes. tht! 1h.,rm.1I <"<mrr1.-1trn! of e•p.in:;ion (TCE) 
of the P"•:k.s•Jll"J m.iter i,tl,; must i,., .:lose to thdt of 
the ma1:roWJVt! 1:111·u1t tdtunt:nt~. :;uc.:h dS AlloJ• 
Si , dn<'.I GdA:;. 

Aluminium mctdl m.1trs;,i1: •'<..1m~o:;.1t1r:;.,. l'<..on5i:.t lrhJ 

vf .tn .tluminium m.it r 1• .1111,•; rt!inturce.J with 40 t<· 
!Ji~ volume 5>~' ,_·vnt :; 1 l u.:vn C.:Jfl>JJc p .. 1rt ••:l~~ .. h.1•1t.• 

been ctev11lo1w,1 tor elt!<.:t runic <1nd mio:rowdVe 

10'1 

;~1 .... _.k..s~tn'f •• ,., .. t~.·..st•...._.~::... Thtit tdc-"-'"..t•Jni'- '-jt.sJ:t: 

'-· ... "'I"-'"> t ".. t: 11t...1trr •.Ji~ h.r.·t: .s ,J._ n~ l t ;· ::. ia:. L.tl :. 
.JL::ftu.i ... ~h:.:t: tt""a.h:.l.t1no.1 ::-·:1·tt""rt._! fl~•1.a.ti ..tL.! 

:.!h·~tl' :::.tt.:-1.~lth t·:··l·t.·!'t?L">- T"··~ ..._·,.a1""•:)ltt:"S .-a.~:.!.~t .1 

r,·p.: w!.t .. h l:i lt:S.:i th..s:1 h.1.;.f th.Jt ,.t e::ct .1:1~.:::11.~ • .i:!'-. 

Tt:e -r.·e. ~.r t!:t!' .- .~-t· ... 1t .. • :ri..1t ... r . ..1.::i. .';;) .it+:L·..a.:!~11·-1 

th.1~ ._.r ::.! .. u ... 1.:r~t r.?.·r· t•.1·:1.· • • :, '-•t rlt:~ht~- Tt .• 

l ht.•.C 11:....1 l •·,In Lo t t ; it;· ~ ·: l "lt:- • .,.~, .... ·~; l -..S 1 S St:C"'Il t" • t.~ 

l..I· t·· tt.=.:~ t •~~ tr . .1t ,·t l( •. ·.-.1: •. •t ..tt ..... ut vn~ tf;.tr.J 1 1 

~ !;tt..• J .. ·ii:. 1 t ;·. 

-:'ha:>. tt•'-· t .. ~,il l·t, i•t.·rt •tt..·:.. ut !ht." '-··...ai"-':iotl.:

~•l~t i.tl~ .J?~ ~it"'[~ -1ttrd•.t lVt:" tu lht:" ~l~r:uw..1~~ 

\t~sa..;nt.::"f.. Tht"[it" r .. tJ L.·~~ ,t ,!t:":i•. r It-•t i.. .. 1. vt tr..t:" !Jiil! l"j 

._,f '-·.....cr:.1,___,s1":~ Cft..Jt-.·t Lsl::a, .f!.,f ..s ,· • ..n1...ir isvr: ..... t th't."1:: 

;..·h;·s1_·..1l i-;r .. ,,~rt 1-::>. tvll,H11t:J L1 d J1s .... ·u:>s1va .._.t t!tt:" 

se,·· lh.IJr;· (.ir •• ,·c.1:>lU·.J ,,t th~ m..tt~: l..tis. int.._, us.tt·!~ 

t""-•tO'lS fv1 •t··tvllll.t';c:" ,·1r.·u1t (oJl.-11..ti.Jll;q. t-•ir1..tll;· .. 
,_·ur tt:"nt • .u .... t r:u.tur...- .a;.,{•! .... -..st ; .. -its .. ue i~r~:i~nt~. 

A. ~~_!_:_·~~~·~!_::: Th~ el-.·.._·r rvr~~.- ':Jl.s•!it: 
llk-t..s! :zutr ilL ,._·ucn1,..•sttt:" ILlt~r t..tls ·11s .... ·usst:"...1 in thl::i. 

p.slJ~' .ir~ 1->.1: t ... r .. ldr'Jc- t..s•i i;· 1....\t 

.._-t:"r.un1c 1•..1rl 1,·11I.1tt:" 1~1nt0r•.:-rd .. 1lumir.1um .._·,~ml·· ·~lt~::i. 

prvJu ... ·r...i l·~· ,,.... . .,,lc:"I ~t.sl lt;to.j'i l~,.:hu.1q,...C"':i.. 'fh~ 

pr 111:..tr;· r..._nlli. vf tt:.tt:" m..tttt:"[ I.Si 1$ Stl_~ ~·..trt 1.· ... d..atit"" Al. 

E:l.-c·lruioh· <Jr.t.lt' $1··p Al i:; .. il:;t iu<Jai:.ht<..J tr..,m ,•tnc<r 
$1•'(' Al t'-•1a;:i. L:i hl,Jh 1~1utull.0 it:IDt!'lit vvlulDC' 
pc-r ... ·c-r.t..1~~~ • ..111.t t•')' the- hl•Jh th~rmJl Ct\ndu ... ·t , . .,.it·,- ... ·t 
th~ •.tt r lA ..sl lu:.· ..11~,j thc- Sit_"(.~ tC'lllf ... -,r..:e~nt. 

The:" Sl'.l' Al MM.- lS (>f··-ii.J•:ed f arst d:S ,j •. 1 i 'it"'t. 

A t.1:1.,t is fdl•n,·.•t.,..J t.;· Li..-n..Jing Si<: p.1rt1c·.;l<1t,; 
with dlu111iniu111 1,..;w..J"r .sn<i tr.snsferr in9 th" .:""""':;it., 
l>l.,11..J to" :.t.,.,l 1110.ii..J t .. H d<'nsit1-..sti ... :m. Th., 
t..illct is .. 1.,11sir1.,..J L1 v.t,,:uu• hot pressing. si,·p Ai 
Lil I cts dre ·~ur r t!nt I y proJa;,;.,d in "'" ights r anq l ng 
fr,,m :o l·> 40l1 lt.s. T .. ~ ...i..tte .. el~·:t?"vni.- qr.it.J'-' 
:iiCp Al h.s"' t,.,., .. (><c-.Ju.:.-..J in weights troa> 20 tv 
1>':> I: ~. 

It. i> M ti.t:i.t."",f ~1.-(• . .;. • .-.,:npuS Ltt lS r,jl~lj" 

UtllLz~,t tu tht:- -.1~ l•l._..:>_,-...t- l>l!lt-l f~..1fl'D. 

Th11:rr:lt·~· h.tn1.· .. 11 (·' ~·-t!':iSirhJ :;u,~h cts eAt~1;s1•1h t!,, 

t)"iJb~ • .i l;· 1,crt.,,r1n4. f. t• .. "i'l 1cr.1:~ st rerhjlh "n .. t 
.tu 0 .:t 11 ity by hr~.tklu•J U(' :,.;.lur .... -~ ctlu!91n1~.1.• ... :.:~~t .. -~ ... r, 
t ht!' ptJw,1~r l•..tr t 1._·te:... Th 1 ~ ia~r.,•1tt:.. •~t d l m.t.·t .t 1 .u: .. 1 
m~t.11 !'.iit•p t .. ,,11,flH .. J. l-.:Atlll:.Oh.Jfl dlS0 d11..."tS l~..1 llftlJl'.•>Vt" 

the!' d1:;t r :t,ut lu:• ,,r th~ S1•."1J iu the .t;lu1D11~ium 

na .. ttr lA,. "'.tkllhJ It •1r~ ho«k ..... •Jcne..>us. t•sudi.ly .. 
t:"Atrus;;,n .tllc)w:;. thc- ~t1"1• Al t:..illet to l>e 1:-c_.r.vertc0 ! 

to .t m.>re ett l•"lt"ht ~h;·~i,:.tl ShJ{,t:' tor tin.tl 

l·'"'·t:.·S:il&+,J, ht.• lt foil 1 in·J• t.•f•JlU<J .. a.tc·hi111n4J, "' .. 1 
Cu-mL1J1J.tL.l1 uf th~se "r .. ,•.t"::l-:i.t":i. The prlmt.llV 
ttxt1,1,lc:"•I :..h.tpit: tor elc..:t1u111• "J:.aJ~ SH:" A.1 t:.i J 

? .L ... t.·,· '> .. "-ro:;s St:-i:t ion p1.u1k. Dt."pendlJHJ 1..•11 th•! 
:;1z., vf th" t.111.,1. ':> lo I':> 1111•·.tr tee! •:<111 1,"" 
ptc1<1,11·~,s <Sur lll•J ·' ~IO•Jle ~At ru~ior. nl>ert1t lf.ui. 

A. Wl·lt: &:.IB•jt: •.Jt S.~•."(•Hd~tf\j lJfj,,·._.:iSlOo.j vJ.>t.'"ldl l.,.ro:.,, 
hd:t t.J11:...-H ,ietTk.>11:0.trdtc.:t with thi:.. l..."ldss of ._. .. ,mpr...tsite 

ll'dteri.tls. £:..trusiun 1n var1vus. touas is n1.)w d 
c~n pro.·.,s:;. Hot rolled ,;heets of v.tr ious 
thi<.:kn .. ss h.sve b .. en produced tor all .tv.tilable 
volume trc1o:t 1011 lo.t.Ji119 llldter i.sls. For product ion 
MIMA dppli<.:.11i,rns. SiC40 (40 v .. S.Cp.'AI) ••Heri.tl 
h"s been proctuc"d 1n .t thio:kness of 0.040~ with " 
t1 .. t11ess uf l>.00i':> 111. 111 :::m.tller lots of SiC:':>':> 
(':>~ V.'O :;11:1> Al) h.1ve dl:>u t..evn produced i.• 
thi<.:kn.,:;ses rdn91n<J •rom O.OlO" to O.lOu". 

rme t•J !he .1!,rds1veness of the ::;icp 
rt•1nfc,rc .. 111.,111. !he SI<'(.. Al co•posites aur lll(He 
diffi<.:ult t., md .. :h111e thc1n unreinforced alu111i1oium. 
To min1mi;ie the S•"''onddry 111Jchinln9 steps, thw 
<:dpdbi l ity ot f<>r<Jll•<J the m<1ter ial to ne.sr net sh.111• 

l 



h.t:oio l·.t~~t J-:-• .. • ~·-~\.!' L T~1r t 
h.J.n~l~,j J1!tl!'f ... :·~ ~·:- tt'!.ln • .. :.·.- .... :.t !i..,• •• tl 

~:um::'l!.Llll'l. l·u.: ........ 'ts:~!·•· 11.·! ::·.:.t~:; • ... ~...1I.i.4l~ 

r~t : ....... c-:t"". tt._•,d .;t..t..l'-"' .S; .. ~ .""t.l ;::: :,-r ;~ ! .\' ·:~r·_.-

1...:..w ~tr..t1n r..tt~-s ... 4-~.J ...__._, .. ~;"' r ~"· H :· : t:.ur .. -n.·[ 
tvt..,t!''1 .. T•J ._·.._.a:t-~.;t.s..tt._.. f. t ~r •. "'"· r. :.;u:,; t • i.~ !1 .. t· .. ~ 

~~r.. JCl!'~:.q:n~i ..t1.J t".2t.r.·.1t,:i ._r.~ !"" •• t:i.-~w ...1 •t·.tt.-h .. 

ot: t ... :Jr .:-~t.cr~t:io • ·. t·t" ""t .Alt...·-·it:"·i -.!..:t :n; .t S~!i..;:'t!' 

f.:ir.11 l~ -:'j"'-"'l~- !'h~ ~.ttl_·t: t..._.!'"J':1.~ .·, r~·-t:t·: · u, ~ 

es.p.111..::e ... 1 b":':,· ... ):-;-j thl:. t -. s..1:..:.::r1: .. • t ... 1. ,.i·J~t,ut. 

Pt.t'-·~ihi:l-.j vt t!"!~-·tr..._.:111..· •jr.J:Jc- .St"t.-· r-: :.:; t--r:..:. 

..t..:L".JC!lPi :.sh~ us~n-1 k--l·:"·-·:·;st..ti ~ i:.I:." 1~.s--·h .. t ._· ... >.ttt::" t 
tv-.:>ls vr b;• t.:.!JM te,.~ni ... tu~s .. -..h!•'!l. w:• 11 l~ j•s'-·usst" I 

;n .-t l.tt~r s~'-' 1.-.: •• 

b. '!:!_!_'::"~~~~ l'..!~-~.!__:~~= c:~~ ... :t1._.u1°: •Jt.tJlt:"' 
Si.Cr Al ,....._. r...st.:-r 1..tts h.t\°ci t'e~u t..ti.lv:.:j tv .... -.h•t.>it 

tne prL~tt ·~s n~._-~"iS.tr 'i t-.·r .it.·til i.._·.J-: lv:. t .... 
e1e-,;t:v111 ... -s p..t·:k.1--;inq. Thl.;» .._·!..tss or tut.· 1s Jt·le- t 

r~pl..s._~ "--Vn\;~nt t.Jli.tl :n.:t .J.is Jy,.: t,., .. ts rc..11...11..-t:d 

th~rlllJ.l ·--~tt i ••. .-~~ct ut e:iip~;:s1on (TCE) .. t:.~':f" t!"lr[•.:..;. 

c •. :H1..Ju"'-·t !Vit;· • .l;~.J hto.Jh m..~i'"'l>Js •:.t t:l.ist :,,_:1t;·. Tr-.111: 

Jenstt"j ot t:l~·tr'-'nl~· -,Jr.:tde St•
0

(1 Alt:> uni;· slt-:Jntt;· 
h19her th..tn -..· . .)r~v~nt i1.1n.1! ..'.llua1nium. Th\1S. t~ar 

.t!Jpl~.:.lti.;,n 0t the new ~· .. •p.:.site &.1t1..rio1ls will 
provi\'.!e suL::.'!. .. U•t l.li w~u~ht s.1..-1.nqs i.n .:tl[ -tA.:.rr•~ ._,, 
sp...·:"' ·b.ts.,_j .,1.,~·t r.>n i.: :..ysto:ms. 

The T·:E _.r tr..~ t:lt~.._-trv:.!·." ,Jr.s'1e •..stet 1..tl 

s;•st.:.a:> .;1re sh .,,.,n 1.u •:vef4t..sr :.s·.:-1. -.ith Jl..liRl.niusa tu 

t i~ure .a. Th"' TO.:E ~t th"' .:-"'1pvsites 1s """" t.> 
de...:-rti?~St!' subStd1.tic1.Ll)0 •11th ir ....... ·r~..tstra-J v::,iu~ 

per cent lo.tdinq vt t!:·c Sit.."IJ reir.f•.)r.:e....,nt. Th" 
Sic.ao a.tteri.tl hJS d TCE ~! l~.l ppe -c. 
approxi11M1tel1 h.tlt th.lt .:.t dlu81iniua. Th.: T,-E vt 
the SiC55 ._.teri.tl (il.2 ppao •..:1 IS ne.uly vii" thu-1 
that of 4luainiu111. B.ts.td on the TCE cump.trisvn, th.: 
Sic.ao .tnd SiC55 11<1terials .tre e&cellent canJiJJtes 
for r"'~l.tcement of st.tinl.,ss steel .tnd IC0var, 
respectivel1. 

The ~herl!ldl cu1d11';t i•:ity 0t th., Si•_"p "·' 
..:~site ranqtts frua llO t •• > ~ou ;,; • "IC .. t '"'-"' 

te91pero1ture. Th•s VJlue is pr i11:.1r '-I d..-termin"J t:,~· 

the m.ttr ix .llloy Cvlll~Sil ivh vf the llldteri.tl. The 
Sic.ao llldten.tl t l )j ;,.i ·m· "IC 1. f u st Je•:.,10ped .ts .. 
:eplao.:emcnt for beryl I ium in an .,1.,.;tronic s1st.,m. 
utiiizes oOi>l Al as thP 111.ttrix .\1101 This llldteri.11 
system v.ss th" f ir:a SiCI-' Al ,;uaipusit ... tu Le: 

evaluated tor ~icruw.sve p.to.:k.tqinq apl-'lications. 

The therllldl .:o:..Ju.;t ivit'j Gt the SiC')() .tnd Si<'.~'> 

m.steri.tls is appruxim.ttely 200 ~·m-•IC .tl <VUID 
temper.tture. Both of these m.st.,riJl sy:;t.,•s have 
been t.ti lvred for hiqhe: tho:r111Jl .:011.JuL·t i·•ity t.y th.: 
selo:..:t ivri uf o06l Al .ts the lllJlr i;. .. 1 •O'j. Fi4u1., ~ 

shovs J tfhHIDJl conJu;t i. '• ., · ·-''" f,,, th" Sii'.'.~O 

system and the b06l Al matri& dllvy. by 
e•t<J!-"'l.ttion 0f this Jat.i, the th1H111Jl ,·.,11Ju~·t1·•it~ 

vf the S iCp is ,.t,c,ut 2 20 w 111 ~ac. an.J thu:; 
contr il>uttrS tv the hiqh t11.,1111.tl •:0111Ju"t ivlt'j uf !h.: 
C0111posite llldte1ial. 

The "h'r':;lc:JI plvl>"rl i.,;; vi thL' c:lc:<:trv111._· <J"t-1" 
SiCp,Al 11\dter idlS .tre <.:veapared tv ..:onYent 1011al 
p.tckdqinq 111.ttlU ials in flqur., b. The SiCIJ Al 
COllll>OSite ladter i.tls dee seen l•l :;dt 1sfy .ti I f.,ur ot 
the desi9n criteri.t co-=>nl1 us.,d for elt••:tr0111.: 
iJ"Ck J9 i ll<J l'ld t e ( I a IS ; l OV d.,11 :io it j , hi •Jh t htH llld l 
conductiviry, lvw TCE, anJ hi.Jh llluJulu:. oC 
elasli<.:lly. The TCE or .,1.,.;tr.,111.; <Jr.td" :i1•'.v •:Ju.,,.. 
clo511ly -..t..:hed to> .tlum111.• .sn•I vth,..r •i•:ro.1a·1 .. 
circuit ..,ltrr Id IS. Tht' deu,.it'r' of the •:u111v>s1te 
mater i•I is le .. :.; th<1n ''""' tit th thJt vi the 
co1->pt<r/r11fr••:tory p, M 111.tt"r 1.tl:o. -..ith a COlll!•"r .. t.1 .. 
ther-..1 ..:vndu~·t iYlty. The lh1r1111.tl c;.,,.,tu.-t ivity <•t 
the SiC~O •nd SiC~~ systvm:; 1s si~uifi.;Jntly 'l'""t .. 1 
th•n other c~nly used P""k"•Jln'} •.tt.,, 1.tls. The 

llll 

::a.ut-<--: .. t thcraul .._.,., .. J •. h':.l'":t~· .,,,t l!"l.~ s~,·, l~ :tj t1t.".!' 

..sl ? ..... _. i'-•-=-l --'I ~::.Jt i.t~~ ':11:'£p1:~:..!tJ:~:io '-'t :)~IC!.._- _:;~! •• ·:t•·! 

-J~\.·:._-._..~. 7t~...;::t ;X-i[ '-1f . ..j .. _•t-~:.tt~ :i..t: ~·t:: ·• t~:m,,· ': 

!.lL!w.:~ tt•J:.:r-=":> t, t • ~~,"._[.,:i. ~·,_.':_11;."1".::.. 

j. 

1:.t: tt~t..!r-'1 ... u . ...! ~.-~.11: ... !~ t= .. ·t-·· .. :.c-:. .:- :~.it.· 

..tiu.!'to:u~t.;.=t M,M."-> !:11.· :. 9 ._ •. : ~ li1 ··•U. -:!~'-"$it.° i·=• :,.,_.: ! 

.Lt.kt.:" t~ir: rr...tt .... ·::.t.-s ~ ... ~1r...1tl..- :., i,.._...-llC'!.,E--' r r 

~i~..._-~r·.·••L· .. : t?··.! En~ t .••.t."c- .tt t:: ·.st:. .:.:,i.. H ,w.,,.·:lt:": • 

t?'".~ ;_.ittll1't=';t .. e~ .t:!.._·•~ llt..J:k..-. :~t: !!'-.!t~~ l.t:.:i .tt':.I.t•_t .·.~ 

~, .. rhc- ·J~s~ JO,.: .·.!:; ..1t5 11" .. skt· t!'.t- :r .. \te: t.s. ·.-~:;· 

'-1 i rt 1 \.Ult ! J 19' l It .,: l. f h. ":" !'°l~ S ~ . t>-t.:: t l -_';,,.. l .It~ 

t~1r.tvr,_- .... "' .... :.t .. :.in 1..._.11..:;;,"'= .,~:;:Jt..:r..t!:.h: J.:!~:.:..1..:z tt. 

ar:..1 ... -n1n1r • ..t tt~-.1' ~Jtr: l.tl L..;,J.;;;..; st.u"t.u.j ~:!":. .j~ . .u.J 

t'-' ... -·.l tr6~- ~lih.•w:s~. tt'.'- r~1n!ut·--~"'.t:'rl.!. .._·.s:: (JtC':it!';.t 

... !:tt11:ai.t lt:".i i.u wr~ .. %•!•~ t'.~:!Lc'tl .. " ~·..:·:tt':S ·.·:it._. 

r!~r:tr,:.ri1 ... : ~'.1. .... ·ktJttS. The: jitfi .. ·uitl~:i i.U. w,_ric.:.:..; 
w~th th~ e.1tc:"r i..1l .... :..t:. ~ v\..·~r·:...__.~ .:.r .1: ..... 1.,!~,t t:,i 
tt:.c l!St! _? ~1--t'• . .-:...1l r~·-~t: .... t·-~·j .J•:j pt .. ~t:":iS.c:i. 

A. M...1 .... -~1:!;.1.J: :"t6~ tt"l!-t •f,:t:mt:nt c._.: th~ 

'-· .... lfll(>Vsttt' ault:-: i.1i an..:kt::i •l thr ._,st a:br.:1si.._-~ !ii·~ 

0t .alua1c•usn .l.'J..a:~.,t,l~. lt ;,.s; 1 ..... t vtter~ pr.t'-·t1...._·dl 

t'-• aJ...:hine f·.srt:i .;~:.n-j ._.._,.n·_.c:r:t ;..:1 • ..1! c.itb•d~ st11:11:l 
t . .x,ls. How..-·1.,,, 11: th ... dr:ilin-J .::.! s111.1!l hvl"s 
wllh hl-Jh .lSt'C·Ct r.st ivs ("':dth dr;.>th). the w.,.u ~t 

1._..til,id~ t.1t~ 1t..1;· t.,~ suft ,,_·1.:nt i.;· l•JW tv j•lst it;· 
this ti'V" .:.t rvvi. T'jpi.:al l)'• .sr.,._,.,t 4 half ;11.;t, v: 
lad.letld.l ~-t" ~ Jciilt:--1 wit.r. .s s1n-:1l~ ..:a:b1,:u:: t..1~. 

in sh~ets less th.J:• u.O~u· thi..:it, drillin'.J h01"s 
with an 4SiJt'~·t r.H;v (wiJth .j.,;:>th1 0t .>t le.1st !.'l:L 

The use vt ENll.:ryst.tl 111.e didmond or cer.tmic 
.:v.st .. d .:.srbide llld.:hine tV<>ls will Cvnsider.tbly 
llllf>rvve these yi.,lds. l'vr !l:C:diu:a lv l.trq~ Lt...:h11.1nq 
lvts, the h1qh tv<,l lli.J c.:.sts 4S5o..:i.lted with ccdt.,J 
tu..>is is dist r ibuto:J ov"r th" entire lot, thus 
dddinq ainimal cvst to the p.lrts. Howev"r• hi'Jh 
s~eJ drillin9 or •illin<J o:<}u;~nt .;apat..1., .:,f 

st.sble a.tchininq with spiudle speeds in e.:.;ess of 
l~, 000 rpm is re...:..-.. d .. .J with di.tlDOnd or cer.tmi.: 
.:<.>.tted tools. An i<MS ~urf.t.:e fini.oh of 
6) •icro in..:h .. s .:.tn i.,., .t.:hieved t:,y this tyi;e .;t 
lll.tchinin9. 

In m.t ..... -hin1n~1 :,;m...tll.er quantlti(·s -:.r enq:i.neer:n'l 

L.sti:hes of '-'.:trta. it is nvt pra~t i...:..ll ll> pur'-·h.s:.a.C!' 
Ji.smvnd or .:er.tmk ..:-.. .. t .. J tvOl in-1 t.;,r ev.,ry jvb. 
Other, "''"" .:ost .,rte...:livo: mc:thods 0f pr<.>ces:;in<J lhc 
,,...ter iJI must be ,1evel..:ip.,.l. 

C'vnvent iq11.tl .1nJ wire t:l>H mJt:hinin") h .. l\.0

t.! r.iruvcn 
tv t..v t:ffe.;t iv .. with the:;e m.st"r iJl:;. Cvnv .. nt iv1Ml 
EL>M ..:an t,,. us"d tv .:r""l"' t,l ind <.:oiVit ies .tnd thrvu':lh 
ht.> I es. W i r., El.>M is w., l l :;u it e.1 tor •4,;h in i ll'J 
L"uAlpleX lldl t.:Jrti~l$ l,.H ll'i..;rOWdV'~ Citc:uitS. 

..:ire EDM i;.roL·.,s:;i114 ut ti.st :;he .. ts of 111.tterial ~- .. ,. 
t,., dc•;Olllpl ish.,d "" st.1.-ks of llldter id! up to 2" thi..:k. 
i'ur w1ce: t;.t.>M prvl·~:,,siu<.j •• 1 ::itdrter hole pc1ttern is 
require1, which m.;st l>,; .,,.,._·hined into th"' t..l.tnk. A 
hlllllt.."'r of .tppr<.>.1ch1:s ha:.; be.,n us,.d su•;..:essful I'/ lo 
lu1111 lhe :.;t.,rter hvl" p.tlte111; <..onvenliu11.tl t:C>M, 
.:onv.,nti->n.tl ,,...._·t.11.in<J• lds.,r drillinq, .tnd 
ult<dsoni.; dr 11: 111q. E!Jfol 111.s..:hininq !Jloduces an i<M:.; 

surf.t•;e finish bett"r th.rn 61 micro inches. 

Lds ... r m.J\·hini•HJ etr c.:ut t in<J i~ dlsv prvvin<J 
u;;.,.ful in ,,roJu,·iH·J tl.tt •:.Hr iers. Non cont,1<.:t 
.... ,·hinin•J <..111 .ti lwVldl"' sv111" .,r th" IJCvt...l.,111s 
.ISSO~ ldl ~.J w l lh l r ..... 't lun,a l m .. h.:h i II; IHJ m.t h·...n1:... 

l.a5er m.tch1ni11q is w.,11 su1t1r,f to the form.tt i.:.11 
or thr-.>U(.jh h~le:.. .rtu.S l"UC11UlS in fl.rtl ShthrCS of 

thu mat1111 .. 1. llvwev"r, the wdqu t i1>ish dlhi 

profile 0f ldswi m<1chi11vd f.,dtUC"'S Ill fl.tt :.h~u[S 

is not .ts •Jv>.J .ts lh.tt .. ~~u·:i.sted with El.JM 
processing. 



i : ; ! • - ; : ! : .... - ,r .t ~ \ : ;. , • .: • -.. 

••• j, ~ : .... it ... t : ., ~: : t : .• ·.. .. .. ; . " : i ·: ~ :.. .: .... .. ~ ~ ; • 

• f .• I ~ t. : ~ .I : t : • l ; : t • l -. t"' t • : . " I ~ . .._. 1 a .. t ;, • · • : • 

. l t : .t::. ; • .. : .. l. 

t .!·.-, t ~ .. .-!. .t ... -....... : : it.·,·: E : • ~L ..... : . 
_·! ••• t '.1:· t : : :: ;:r' - t t t : 'l t ~ t: : ~ • : ll" ":.; :. :... r.• i. . t : . I ~ , 't ': ' 

•t:.1':. ... · ... ,.-r ····· ,it_·,.-.':.: !- t.· 

:. • :t.. .I ~ ~ I :;.. ,; l : · t- ... :1.; : .•• :. : I·. ! ! ~ t_• _. • • 

II" ~-·t · .:.L't.• t .t • .. 1 t· • ~ ..;. :;: • 1. I "> • ... 1 .... -:.,! ' 

". • • ~ X r: .; : t 1: I.: t: ·~l 1 t. l ~ , ft· : l t." t 

!-. 1" ••• : ! .. : j: r r •·• "- . ~ ' 

t· .a:: ::i : t .. : • • .1: ot·.: : t. :.i · -. : t ,. ~-.1 t t.: I ~ .1. -_; rr.,. j t 

t.'-'t~lt·~~ .a .;.· ,! .. : ~.It.' f ,: .. :.::. l '- m:, I· i,; •. ·t:~~ 

: .... : :. ... : , ' ,_. .._ ... 1 • ! : :t 'l":,;;;;,. o • '• • l : t ' ~ it_; t .t: .• It. _,. • ,If,• i ... .II I. I. : i t.•:,: 

t:."~t..·o..t I :.-.1: ~·· •• ! .. · t :\. ~': l. ·it:t=> tt..""\{ ..... :lt..•'..Jo ..t •t..•i.: 

""- :1: I: •: e:- i :t.4t:'t 4 •• t: lil.:. !. l.:;.f [ t ht· i'-tI ! :_,. 

~' -~ .. .; , .. t. 

t·'-""'·l•Jt.'$ ~·: .·.1:: lt.'l ll:• ~-" W.1·:-': • 1 »i;i~" It•:.! "I 

l.t.S,~;t•,,• It -.•,f I~:) 1 i.O t..'i"'·A :c..·~ • v! t•·r t.• .• ? ff!. •• .t: l. ":' 

lt.J.:!n--J. In. t.·•ther ._ .. ~~t:". tht"" •• ~ i·i.tt~! J ... I !.t--t: 

!tuish ,•t !!?t.• . .-1::.· . .it .·.nr:t:: t:.. .·::1t1.-sl t !J~ot· 

rr•I t:·~t_!o .. :.tt.s .... ·hmt...•r:~ .. r tt~r .·;.t ·\.alt t:."lt.·rtl'l·1.ts. 

:1 ... ti E l L• .tf : •I.:.> •he.·[ t: .,_ •. "'!. 

...... ,._·u~t"-> .sr~ t.•1...tt."to. ... · .. 1a.i 1 ll.t...:rt l· t:1c ,.stll'l.·r:> • .1 

h1~h i;latt·r ic>lt··tr.·t1~.Jte,1 .;•: t;.:.tst~ •~ rr.;•;tcr,1 

Au ti~.u lro•J blt •. t:·; t'Ute,·t 1.- lo. ,··; 11-.t.• t r. !' 'Lt:.: ;i ·J· 

10,1 l'IH..:C... Ui• ~.it:::; ·~t hlJh l·ul ~~ ·1 • r P..l:. ·.·t 'hr .-~, t ~c..·' 

[.._~ .J Z:rlLtl.~t.· .ftt..• .._( $1U--::.tr.ttt" .. Ht.1,·:. •'i·~Lt:l,•U. 

As ..t ,t1t(1J.:,1 ·I' t.tr11c..·1. tt'.r ,\;.i •Jt:nrr.tilz t~.•:> an 
·:.a1 .. h:.~r~·L..1t lllJ ._it lJV t .. ...:lhi ml• rv o.:.1_ti.t>:.. ,,:- :~~...:kt"t. 

7~a~ .. ;r.t.Jc- t•f r.~'-·kt"l lt"':Jf •• 1tr.t .t·• .u; uo.tt'."ttJl.ttt" i~ 

. t t'.:.;h pt;: tt·, i~1.._·l(~i rl~ .. t l·-E'•-t~r \He' t1 ;,Jt:!lt."ners) 

tr~.-n .• sulE1h..ton.ttt." t •• tth. Wht""n t·'·irrl·,· .s(~t·ilt:·1. tt.l:. .. 

;.i.-ke~ .. ],,:.i t tt.1-lt. ;:.; St:t'"n tp w.tt-.'.'it.u~j rt'L" Ll Jh 

teml1t.'r.:tturt..• t r.1:.:11;.J ~li•t:r.tt : •• 11:.i with .• ut 

: .t ·iii. 1 u~; . 

11111!\t."io .t • ". it1( , ,:.,. ~ { t.• !!:,I ( 11..• [ l .11 t :_ t, • t ·t.' .j::._,,-. l ,1: ~ .t 

hctrr:~.:t l•" h.h;~l:~·J ••f .,;l.lJ ht..'l&Sil~·J, J•'•·.i ~.i.· l i~r.,t.1 t ii·, 

ut tht: "1111sh 1s 1...·r1t11:.ll t .. tht.."ll·h·k.1 1 Jt.' ir.tt.·~r:t·1· 

.t:-~.t tL·: i.st11 l 1~.·i·- Tht! :.;uidt..": in-J >t t~ • .-:m~·t •· 

ft.•t•dttu.~o.•·JhS (:1 rh1U::ilru.JS fllf (,.__· .1n•t :r.1,-r .. w.1·;'-" 

... ·,~nn~,-t h .. 11..i ;:; l•:.>~ltily J->llt!' with ,t :.Jn t.~at 111 .. .J 

Cdtt.·,·t 1·· .1~ t .. ·.:, su1...·h ~i~ ~u l•t. id. :;11 ;..q. rh1~ 

:_;.,1.t.~r 1a.J -·l·it.·r.tt 1,-,n is t>L'Jt .J, ,- .. mE·l l~nt. · •,n .t 

;,.•t.t.:r.1l.:t.· '.~l1'1ii.t.·~ ·1u1f.1• '-, I.1tta:I tlic1 .. • 1. ·1,•l.t. 

whl• t! lt.•n.t:,, t. ,tlJ:...'d\·e 111 !t•'-" !:>1: r 1.·t1 .tl ~ "i .tn.t 

t.._iim l·rittlt.' ~1;t~[;f1it:t.tll1•·'. ... Ar. t:l'-·1·t1 .. lr:~J 

~.i .. .-kit.·~ i·h.1:~i.L"r~• .. t lJdJh 5.1, ·;1,tc.•J iJ·' .. t 
:-u! lt.:r.1lo1l1ty, wh1lt• 5.r-,-.1,t111·J _.. ......... ~it.'11t • ~r..·:1oi:1 

lt.·~l:.l.ar···t.· t •i Th•• t: ·H:..,:ii<;. 

,,, c t 1 ~.1tm .... 11t 

pl..ttint,J L:;.. :..l•n11.tr t> th.at l<>r 1·.1nv1.·:.tl11·1.t• 

J l um1 oi I um. lk•"W\.··~·•:r, .t ht.··•'J'i 5.1 t..• t 1 t: .. 1t mt..•11t I th·· 

1·um51u:..lte: n1_1tt."r 1,tl I~ St:t.•n {1; bt." murt: ,., ll 1•".d t• 

•J·~~j 1,J,1t lrnJ ~'lt!\,j_, lhdH with •:011· .. · .... nt l·••Ltl 
m.1t t•r ',, l::;. 1'h I'> i th· l u.1,_..> 'tu.· m •• r 1: ,., mm.,,, .1f r fit: 

• ·tit:m11·.11 1°\)11'.'t:f~l,)ll ... ,_,{ lfltj:,, u::.-.··1 r" .du1111111um 

t' rt: t r 1.·.1 t mt:r•t . 

C.'. '!t:'!~~.~llj: l'ltt! 1tLl l ll'J t" f.,;1f1 oli.·JD \lU.111t·, 

ld:i~r tu~ . .ion w.:l.t J·>:ut~ t•t.•tw~c.-:• .1n .alum1111i•m MM•" 
ff•dtt?r i.11 ,uhJ .1 h1 Jh . .ii 11·1H1 .11~1m1u1H.n ,· .. v,:r 1:, ,.! 

·Jrw-.1t sm5;· rt.tr.•·~· 11: •• ,1,1l 1··.1t 1 .. 11~ .r t.crmt.·t 1· 

h1.u~11 .. J:i. t ,, fT''.l•'f••\iil.1\/~ • .;lf1''''1\•!nl •. Ml•'fu"W.1\:1.· 

th·U:llJhjJ .trt! ,·~·mrh· 11l·,· 1'\10_,tru··t"··I fl••1n .1l1un1r.1~H1'1 .r 

:;t.11nl•.':i'io ·.tt..•t."I t ii l.sSt.•I w.~1.t.1l·li ,,.,. H1°·r •• ..,, ......... 

i l I 

?~, ~-,1u 0 ;:.: .._._11.:.ll;.,,.. lt:J tl·_..t. MM .... ILJlc-.i: 1J.l:S mu!.t l·~ 

::-1.0 ?:~ ... t t .... -... ·1:·1 t..._1w 11..·.tk. t .. tte::.., t•-' .t.-ht~Vtt th~ hl·Jh 

1 ... -: L.sl·• i ~:; :...-q.:t?..-.i: .•! rt.;.,·r .. -.•.a·Jtt ... -... a-i>--·,u4t:'1:ts . 

!~1.._· .: .. 11,·i. t~!Lt r.· ... -m ... ·;.t .. t tt--1.· lb.Jtt t .... ~tt:jt ... ·:;, 

·J:t.•!• .. fl:tt•"\,:~?': ~'l .a.,:h!.t..·',."t::j ~--~ Wt•i.J~ ... t tllit..• 

;r.,1:. ... -: 1,1l t" it -;t>. t. T~H: .J.!-~1t 1._H; ._,f ~ui tnt1·1,1't"\LJ.tt:' 

.1:t.m1::ii•rn. ~ .. tht..· ~c..·l ... : ·-> 1.c-...::t.-s: .1~;· l·• ..iL·n:r':t: ..; ....... f 

:nit. .. t.t! t. w •:tt: .t t"'''··Stt'J .. ·r ,~ut..J.t:>::iin-t. li••.1!-. 
_.?.1,· .. ;:a ..tlu.h1u1 ~.: .tl~ .. Yi:i.• :;,u. •. :h .1:> -ltl-1.f Ai.um1n1Jn1 • 

.tit.' "1 ..... ! !Htt..·:.rb1..·-i:.tte m.att..·f 1...11:... l·-.: .... ·.J.-..:it: ._,t tth·lr 

.t,_.,·t!tl!"i .u;d q ...... t tl•lW t:l•Jl)ot!"lltt!.::a.. 

-rn~ :.: i ~ l it.'t t .. r rtt$ • ·l 

1..·.,t t ..&..il.."'j • l :.h U( l· t ! I') 
.1: .... ~~1:~u:r ~ ••. ! ··•· 1.••tt~-.:-1 

tt:,· .-.,m; ... ·si.t~s on.1;· t·t: 

u .• ·h1...•f hi4h Sl~: ••II 
;;a. .~it.· '- t l h~ t.• · t I U::i !,,_,a. 

Thi;;; m-t~t.·I Ltl m.1·1 th .. -ll ! ·tit". tt~c.:· ....... ~\.t.tl•l~ t·'i; ::i.ll! · ••. -.. _. 

·t .1 m1.·: .. 1rr11,·t.· i·.1· 1t.1.iot·. t..t·r~= :> ,}r Jlum1n1~1n. ..in.t 

:.t.:1::lL·::,:.i. ~'~1..·l :..~'.t::" trt..-.1 ::iu .. ·\·t":.:...tu~li· l.'l.hi ·I~'"' lht.." 

,·. mr._•:ilt~ m..a~t::[ .• 1i. ~:.·ll&·J .. tH ~A"1l ... !ii• .. "t.• .._-i.s.._f'-flh'} 

(·l•H. t:"'..;.":::.-. 

-L l'Ulure Trend:> 

A. ~-.i .. i'!.:~·:.;tt ~\-~:=: ·~bit.·~.: ~ldt '-- .• rr lt.·r [\ r:r::. 

tt:t.- th~r1ra...tL .:tnd mt:•:n .. 1:,~ ... -4tl int~t!.Ji..·~ vt th~ 

tft~,·1.1w.1· .. r: .::r · ... nt r'J t\' tht" r~st llf th~ s,sttl'rr•, 

i1r, .. :1.11r•' .. l s.n·ithJS i1. •~1ght .tn..:i sp..s ... ·e. Th~ tl.tt 

._·.1rr ;'Lt •• ,.,.,.-•··ti 11.·i·=~=>tl'nts ... h•>..Jhlr '-·..-..st ~ttt.>1...·t. i.""t: 

U:..iit;" -t thir:: n."'-t~r ;.sl. ~tr . .-1 ut l i l~t!'::i th~ '1t:::il rJt•ltl' 

t·r._ .. (,t:l l h.·:> ._ t the MM,· wl\er.: lt t::i lfk.lSl Ut:."t.>.J~.J; 11. 

tn~ thttm.J• l·..tth tr....m the ,ft:"Jl"t"S tJ thtl' he~!t sink. 

l·ru·Ji:t':..i:.; 111 :,,.,· ...... 11.t.1lj (•l·J•.1 .. .':i:..ilt .. J ..itiii lt I~:) -""l 

a~.JI n~t ShJ(.-C t.._1f,Ji.U'J Jll:." ..sll\.\WlH':1 thtt' \.'ulT•l....._,sltt" 

lti.Jtt!'r l.:tl:> t•.· t·~ ti::>~d .is h~rmt:."'l i.: n.i.:rVWdV~ 
""c·l0surc:>. 'l'h" dbl lit;· tu dl'(li;· d hermet 1..: 
•JI ass lv 111.,t..i s., .. 1 .tir.,.:t ly to the 111<1ter idl .~ .1 
t't it h'.!l stt.>p ln th4t:' .. tt!'\.'~l .. pm~nt 1lt r@l ial:.ilt!. 

idW .~\.is,t m1.-c~1•.1·;~ h.>us!r:.JS . 

l::. ;.._i·_:_·!~!'·-~·_i ~~~~~ !..!_:_~: f.it"w p.trt 1,·u1.tlc-
.i:c11.t ... H• t",1 .t:lumi.r~lum ,~)ml·,i:i•tt."S dt~ c;urr~ntlj' th 

.._1t"Vt:."lu'-1m1.·nt r.-r ~l~1..·t r,lnl• .1ppi ll'.Jl l»J\S. Vnt" ..,>[ 

tt.t"S~ 1:5 ~-j11lt:t."t i._· ,1lc1m.u1.1 tt.>tnt-..11:,:~d .ilumu~1;1m. 

~"f·c-r1me:-nt.sl t11llt-ls. W~l-lt"-ln·J lt"SS th.Jn LO lti:> .tn.t 
,-,,:,:;tsl l:l•J o1f :i 40 \.'t.)ltUT1~ pt:ot .-~nt lo.idtn<J of 

T·,-E,t: l~ :;•11.thct i,.- \i1otm,•t1d in ti.'.~rd Al hdVt?' t.r~n 

1•r(1,t10• ~·L .tn•t h..i· .. -~ tJ~it"n h·it w.,ckt!-.1 l··r upst?>t 

r~ [•J•O'J. l'rt."l 1m1n.tl'j T~·t-: •••. 1 th~rM.tl t.:ond~11_·t lVltj' 

ft-S~ UhJ h.t:> tit:•JU.ll, .. -tn.1 this SJ"'.>t~m h-15 yit?'ldt?',1 tht= 
11.w ... st T•'I!: _tn.t tt:c.- hl\Jhl!:.a th~rm~tl ,-• .)1h.1lh .. :t iv1ty t?-\."-.:-~ 

m~.s~urt" .. t ir1 .s 51.tt t 11·i.~ rr1otdfl"lt."d dluminium t•dScd 
.·,.ml">:..lt.:. TBr thcrm.11 ,·di.,lu.·t :v~t;· '-·urvt: t .... 1r tflt~ 

n1.1:t.•I i4tl l~ :,..h .. Wtl lU f i·Jllft.~ fi,H1m t~~.;~IJlUft..• 

tru:rm.11 ,·,,1..h1.·t 1v1·y l~ •."\H rt.•Ht I)" q&cJlt"r th.tu 
.. 'i1l ft If, '11( .... ,:t1 rht..• U:..Ot: .1! ... hli.Jhc:r 1_'0U,iU1't l\'tt·; 

IT'.ttr~A .illu',• ftlt: thcrm,tl ,-lJll•_iu1·f iv\ty tur tbi~ 
.•• m1,._1~1t. ~_; '-·...:p\!.·r_.._•J t. l.'A•1.·...-.l ~~Ow rn ").;:. 'fh .. .- Tt"t; 

.,f tt11s m.1tcr 1.11 5','~t.•m 1s n1t:.t::..:.nrt:."11 ti..) lit.1' t'J..'J 515111i "1' 

l·":t.•r t.ht:." C.trt·Jt.' l"'lO t •. i')IJ i'), W'1it.'h IJ with~n 

l 111im •ir ~1l11m1r1..t .111.1 (;,,1,~. l·t·:..1'~'t! thlt."S~ l!A1:t.-llt:11t 

tht.•rni.d prv111.•1l ;.c:;. the• tll·jh ,·,1--.l or the Jldl"'-.. >1)•1 

l1.0 lUful1 Clllit:f~{ n\,IJ' ~'Rill tht.• W\rh::..(J(C.td J(i(JJ l•."Jl lull 

l·t th~ 1>1 .. 1m..J11.t Al ,· .. 1mp,,·;1tt.· t\J ~lt:i:t ,,H,i1: "J.11:k .. t,Jlli•.f. 

· .. Conclusion" 

Ht:."t.d rn.1Cr1...: 1·u1.1p11_,lt•::.. 1q1•• ... c•t uf .1luntlr'\Hf1'L 

.111 ... ,•,:s rt.•Jnt•.d•'t:•I with ::1.· p~1t1°:lt.9::1, h,1v~ ht:\."11 

-lt.·Vt.'ll'''~\t t"r t:l&o· t1u11i1: 1>.t• kLt•Jlr1 1J ·''1"11''-"'-'t1011..; in 
.t•l'/.th··c,1 m11·r,.w,1vt!' s.;•stt.·m~. The m.1teri41ls eAhit>it 
l->W T•.'i':, hHJh thclm.1! 1·011.ju"t iv1t1, .trl1J hl·Jh ll'k.>dulu:.; 
\•f '-"lJ!it 1.-1ty. F.lc··tr1u1li.." <JL1•it: ~l1'5• ·At dlS1".1 

cAhihit s l1.1W 1fc11:..1t y, whi.;h ~•l l<JW~• fur :;;.1qnif ll..'4trll 

w'""'Jht s.1v1n11s in .1t:ll•:.5Ht'tt J'•lil 11· .. 1t h.>n::a. lm1Jort~1ut 

n1,1nuf,1,·tur 1119 tt.···hnl•IUt.·:... h..tV•! lu:1:11 11t.•vcl\Jl)~d. whl1.:h 



enJbl~ CV:it .,:.~t~..._·t l".t:' ~t..._1 •• :~isin.; ... ~ tt!~ RL..t:t..•t •Jl LU':. 

tinish~J , .. vmpJn~nt:;. (S.;ur.·t.·: ~~:! l_1_:t__".~~!1·~~ ~~~l:tL 
SAMP~ {s,,..:i~t}' t•}r tht.• .... .J'/.ln .... ·~·n.t."'n! ... it ~.lt~: .. ti .11·.l 
Pt .... "''""·~,.:1.:i ~·u'.Jin~~ri1hj. 1."·"/l~L.t. l".ilir..._:u .. tJ ~lt:' .. :,1 .. ! t.:: 

'-=~~!~!~~~-~· ~l)-2~ Jui:~ 1'18~~) 

h.<2~-~~~£_: ~·.;.·_; ~!···_·?~ ~,-... -~ ••l ·'i: ~.t.:: ·~~ tr •. ~~_!_~· ... 
-~~-~~~~~t~~ lM!'~--~! ,tr~: :~t~r.1··~~--~ tr··tt.~t~~t:~ ~-..__ .. 
~LE .. :::_;_::_>_!~_l':..: _.t._'___!"~:.l~~~·:i _~ll :!~.:~~~~:t_·~·- :'!~ti_~~~:~~!_·~~~ 

t~--:-i...·· .. • 11•~,_- ''.:a~·k.t.Jl1._1 P' .. t.tt..·' i.. t.Is .ttt.• t'""·ti•.ft;.".! "·' 

stru1.:tur.1i:;· s .. 1p("'v:t t:"l'."'•.:tr. ::t .... · ,·..._.a.p..._··.it.•lts,. ["·f ... •!t! ·t 

the!lt trvm hu:iot i~t:- _•n·:ir·au-•.?t!tJ! ~~tt"..._·ts •. tut lt.·rr.u· .. ·~ 

~.A.;,."t:S:i h~ ... H q~1:~r.1tt::J t...i1· the1!'.. .... "':it.•t..tl rrhtt~t i.!~:i 

.:ire av.J:il.1bl~ th.it eftt"'\_·t1·1e:;· mt:~t tht=-:it. rit>t"Js, r.ut 
the tc.iJit i . .)n.Jl m~tJlS us~ .. t h.i:~ h~tJh dt:n:ii.: it""s, 
m.lki:1q th~m :J:1dttr,t:ti•.1e in .lvi,xi1·· ..t~1pl1'.:.:tt i .... ns 

wh~rll?' 1 i..Jht '9~iqht is cs:ient lJl. Thi-> h:ts lt-d t•· .11~ 

intensi\/e s~.Ji:ct: !:vr ..ilt~rn.lti~·t", L ... •w J:~us1t~· 

p.i•:kaging m • .n.,r i.lls. Altern.H i·lo; p.t•:k.t-Jin-J 
mdteri~ts .. hvw~~~r •• tlsc must have c011t:011~~ 
:.:..J~tfi.._·ienls vt th..:-L~.tt ~Ap~u~si.Jn (l...'"'TE:i). 

He' rmt>t i..: ~'.l·_·k.:Si.Jt:S ..tr~ nt:~t.it:·J t··· p:\. tt!". 
elec·t r ):1 i..: circuits tr .)m :r,....i st \.a~ .tnd vt ht:l 

environmental h.1Za1d:;, .tr.d the~· ..i.._.nerall1 have 
gldss-to-met,11 st-.sls t<)r eleL·tr11:-.-=tl •:unnt:! ... ·ti.)ns ..tn._! 

often '--·ontain semi..:vndu..:tvr .je\·i1_·es dnd ur ..slum1n..i 
circuit board~- For m.ttched glass to metal se.tls, 
the thermal e:.p.tasiur: of the h·>Usii:-J should eq11.tl 
th .. t of the glass; for comprtssiun seals, a ther:r •. 1t 
e;.:pans ic.n 1110de rate I·; r. i .,her than t h.1 t of the se.1 l i r•·J 
glass is required. Lo>1-e:.p..1n:;ir,1. ir0n-n1-:kel .iilo;·s 
such as ASTH f-'l5 (e.')., Ko•1.u, C;Jtpenter T"chuolo'}y 
Corp.) or ASTH FlO (e.g., Alloy ~2 or Alloy 52) are 
commonly used for ltldtched-seal pa..:k..tg.,s, while copper 
.ind co id rolled stet:! are used for c·.;mpr t:i:i ivn so;.il s. 
All of these materials, however, have ~i~h densities, 
and iron-nickel alleys are ~vor tner~~l conductors. 

Constr .. ining-c.:He he .. t :;;nks are used t•, re1110·1e 
heat from epo:.y 9!.1ss print..,j wir in9 board:; and ;.Q 

minimize thertndl eA~ansion mi!im.J.t•.:i1 b~twe~r. 

surf ace-mounted cer alfl ic comlJ0nent s, e. '-J ... dl um i n..t 
!eadless ceramic chip c.irri1:rs ~nd ~arium titanate 
multi-lJyer ceramic capaciturs. Crackiny uf the 
components 0r fatigue failure· ot c'1rc11it-l>oa1d· 
compon.:nt solder Joints may o.;cur in tho;se circuits 
dur iny thermal eye! ing. HolyWenum and cu~per-cL1d 
ln11ar are co1M10nly used fur su•·h heat sinks; these 
materials hall« 10>1 CTEs and hi<Jh thermal 
co11d .. ..:ti11ities. but .1ls0 ha11., hi<Jh <lensity. 
Beryllium ..Jl!i•J cdn be used for c•..1n:;trdinin9- curt.
heat .>ink~; it ha:. low density ,rnd gow th«rmal 
conJu,;ti11ity, l>ut hi<Jher CTE th1n dt:sired. 

H..sltH i...t1:.i m•!-.:l in.J tht: rci.j~1: remeut:. c.of 1 iyht 
weight, contrullt:.i CTE, goJd thermal •:onductivity, 
and ·;ool corcosiua resist.111<.:c wvuld t in.J use in 
hecmE:tic: pdl'kd.rjifl<J. h~Jt sink~ 1tnd h...-.tt ,.dpt!:.i. 
M.:tal m.su i>< cumpr,sitt::i (MM1::;) .trt •ti l suited l0 
su..:h """licatious l>t:..:Ju~c the1 uff.,1 tht: Jbility 'u 

tailc,r prup.,rt ies of component:; and W•.>uld allow 
c:ousidt:tc1Ll~ w~i<Jt\l s.1v1nrJs .t11d iml->rovuJ thcrmJl 
c:u:1d\JCt ivitr· ,..}ver mJteridlS $Uch d!'.i l<o•:,1r Jnd 
Alloy 42, 110w us,.J ia hi<Jh rt:li.1l>ilily ,,I,.ctr.,1iic 
itppl i··ttt ''>u:.,;. MHC:::. with t!h: rcl1uir~d ,,,rof,t:.orl s~;, 

such clS tht: lhtt.:t? cc.1m5,nn~r1t Al ·51l.' '~ji cr1rr~p<J!>it~ 

dt:st;r il>t!'d 111 t hi~ .tl t i1:l~, me:~t tht: dt:md1vJ f<>r u~w 

m.tlt:r ic1l-s t.>'j tht! in··rcd:JilPJlY ~'>Jlhi:;t i 1 :;1t~d 

military .sir.-r.ift Jlld ~i>d<.:e•:r.1rr elcclrc.nio: •yst.,m-:; 
mdrket. 

T~llorin9 MMC properties 

'1HCs offE:r u11iquv 11p~u l1u1't it.-:; lu '>f11v1.Sc 
1..:omldudl iuns c..1f ph1:ii1:i1l dn1S m~1;h~111i1'dl 5H 1 >51t:1 lit.·:.; 

n<>t d<:hle11Jblv in mono! ith1<: all<;y:;. l11:;1·onl inuc,.;sl-; 

112 

rt>lntur'-·t-J 1_·1...•rD(·V.>lt~s c..._1:1tdlu i$ .... >l..1.t~~t lJ.l.Ct i ...... :rf!s, 

whiskers. 0r chopped tibres in A r~t.tl ~~trix. Thr 
must flll?Aibl~ m~tt-• .__.._t ....... r m..ikin-j t'lt"'se ..._·,._,_:l.(h.:i:>it:~·::::. is 

tv USt! p...1w....Jt!'! m~·t.J.li.:lr\ri {Jt._· . .._·c~:S111,; .... ··,:;.·J~ut i, .••. t~ 
se·_·,.n\1~·nj· pr~h .. ·e:;ses su,·h ..JS ~Atta~i 10. f,•111n-J. 

r"d! iihJ • ..iod m .. l.·hinir•-J ... ·.u, th~n t.~ aslt.",i t.-. t...tt'lr ~.·.tt~ 
the .!.,;ir.,.i 1:r,•tu. t r .. tot·~-

·:-n~ L·h.J: l i ~·n-.J•· ~ n d ~·:'121" (.:;. t• j M..M.r_·~ ~. t '="I,_. ·t: .... n i 
.tp(·l 11...:.Jt i ... .u•:i i·-. t~-· ! .1othi 1.._·1·mp .. t!. 1!"'.!t: rr .. ttr !.A 

lt""i:1t0r·_·t"~~nt •: ,mbtn .. tt i·.H1S .. h,tt pr.).!•.i··t..' 1..".,.i!T\l'v...i!~t.:...'. 

W!th l\)W ~tcr>sit·1 .-tnd i"'T~: •. \S •t..-1! .. t:j t".tqh tht>!'IT .. t~ 

,_.<...nJu,_·ti·:it)· ..Ju.j ~ul,.::i .. ;i:.!tr~t~1~;m .u1d .n.t<Jt.e:iiuu:. 

..tll1....,;·s .i!:t.• .._·.,n;rr .. >:1!:,· u::;c~ 11'tJlr 11:-::; th.t:. ,_.1...'~ir1e it...•• 

J~nstt;· .uo"-! r~-l::>1)1l.1t•tj hl-JL thctm .. tl .·"•n.._jJ1_·tiv1ty, 
l1at whi1_·h hJVt"' r.1~::; IT:.u.:~ h•,_1h~r th.Jn th.::.:5it: r~'-ItJLrt:.··I. 

T;.. r ~\!lit.. e c11mp" ·Site l"1'E ;.,hi i ._. : t"t ·• i :~ i n1; low , i~os i c 'i 
.Jnj h1qn. therm...il ..:uad-..i...:t i'.i·iti·· Ct-i:1t...:1:r...·tm~nts mus: 
tJ~ us~d th~l h.n.·t: s1~citi .. · •.:vrt\Liu..slic·n:l v! 1-H1...·pt:[t1c:.; 
..tn•l J?t:"' ... -..::.=--pdt ible with ~ht" ~ .. tt r L:..: m_,t~r i.-1~. 

C:!.~.h_!-.!~~~ .. ue ..._·.-·:.tic:~t '-'' rr.p·J~,ri...i:..> ru·~ iiL~ v~r:,: 

h?o.Jh h..sr..in~ss Ju.'f Lulk modut~s. d.nd l·JW .:-TE. 
Sil i1_·u1~ .._·drhi·ie t.:iiL) is tht mv:.it c• ... mmo;;!l}' us~d 
re i r.:or1_·~or.t.·11.t in .l l umi 11 i um and rn~t-jn~s ium MHCs. 

A ~-='V'j m..ltr1A re1nfor1.:cm~nt b .. •:t.i is forrr.~.:t ir~ 

the.::it: ..._·omt>''JSit~s ·J\lr ;n<J ._·c·u~._..t id.tt H .. :n,. and ~·th 

~arti...:ul.Jt~ .tnJ wnisker reir~t_.r._·ej t.:vmpvs&t~s .lre 

f indu-.~ .ippl lC.:dt .1.vn.:i as ;;ilCucturdl m.i':.~r iJls .Jr".i ir. 
t·l~·:isi1)n ir.strl!me1.t .Jnd opti ... :-4.li s;·st4;~1s. The high 
hardno;ss of Sic ar.d bor:.rn cart,i.ie (~ 4c1 requires 
the use 0t J1.imun.! t<>vls tor machinin:i .;.;..,pv,; 1tt::> 
ccctain1cg th.,m. 

Nj~~ides. Si!!•:cn nitn.ie (SiJN~J .rnJ 
aluminium nitride (AlN) are !•J'J CTE, relati11.,;;-
low de.1sit~· compounds. H;gh p•H ity Alt~ h"s :s hi.Jn 
thermal conductivity l>ut i:; "tta•.ked t,;· aqu.:01.1s 
solutions. SilN~ reacts t:><Jthtrffiical!y with 
mc~ten ciluminium to torm AlN :.lnJ silicon,. makinq 

it unsuitable for us.? in c0rr.p<>sites maclo; L;• 
liquid phase hut pressin'J u:d••,;$ it is P<'>t.,.:tt:J L·," 
•..:o.3t i aqs. 

~!~~~~- s~·vt:r.tl OAi.j~:i hJVe CTEs nt- .. tr ::~r·· .u~ri 

h.lvc bt>t?n ,_:un5tder~d dS rie-intor~~mc,.ts fut CT1dkin'J 
!0w-CTE HM•:s. Ultralow-C'fE u•id.,:; have very 10w 
bulk moJ.:li and therrr.al cc.aductivities, unclt::;ir.tl>lt: 
chdr.tcte<1sti•;s tor m.tking •:vml'osites fo: electrc,111.· 
packaginq. Sili,:a-rich oxides rea.:t with molten 
dluminium tu f0rm a!umir~3 (Al 2u)} dnJ silicur1, 
mJkiaq them i...ri:>uil tl>l~ ..:1s 1t1.cu..st~J .i:einfuri:cmt:nl:.io 

in .il,1minium i•-t", i" com(>'.)Si:es. lu the 
lithium .dumir.iu!T'-sili•:.tt., tamily, petalitt: 
(Li0 2 .A1 2oi.8Si02 ) re3cts ~ith dluminium 
during hvt pr.,ssin9, forming" silic.1 dtpl.:tt:J :;ht:ll 
dfouud the (.,[ i~in.11 reinr .. ~rl·t.!'m~nt 1).1rt iclt!. 

Spodumi nt ( !. i0 2 • Al 2o 3 • 4510 2 ) re.s<.·t s on! y 
slightly with diuminium duri11g consuliJa,i,,: .. 

9th~! ~~!£l!.·~1~~~~~t~. Other m;it~r idl~ 
t->\)tcntidlly UJ.t:ful dS MMC rc1nf·..>fC:t!'ment:. dt\! :ioll i•_:uio 

and carbun tihr""· Silii;,,n his" low CTE dnc.J hi.,Jh 
l>ulk modulus (l'r imdr ily du., to its unusually hi•;h 
PoisJon·~ ri:tl ir.)). Sil it:<Jr1 rcint•~)r.....-ed dlumin·um l"'M··,j 
ur.dt:r the ndme CMSH A 40 art: ,_,,mm.,r.;i.sl 1·1 
R1dll1Jtdt..:lUff:tl dO: l•)W CTE Jfldtt:t i.tls r(. r ~l~'-·trc..H1i·: 

ctlJIJl \1..:..tt ir,11~ by 5umit<.Jtnt, Elect r 11: c.·,. HirJn mud,1lu·; 

i-it•:h l>d:>t ··.srl>vn t it,res h".'" \/«I y t'.i'-Jh lu"'Jl t11·ll1 .. 1; 
elr1~t ic modal us .tn1I thermJl C:·•n:t,J1·f lvi~ y, d:~·t 

nt-tJJt ivt: lu11~itudindl ("Tt;. Pr(,;1t:cl ~e:# Jrt: v~r'I 

dnisvtro,1i<~, however; the f1tirc~ hd'Je low tldU>'ll."l~t! 

modulus <1nd hic1h trdl1svers .. CT~:. Aluminium , 
mctljn~5ium dOd cupp~r mctt 1 i" •:1•mp1,:•itf!.l reinfur•.:t:•! 
with C:•>nt inu(•US 1:drb11n t ihtt!:..,. h,tve tiern studiecl 
exte11si11ely. v .. ry l .. w <'TE, hl·jh •.'•>ll•lo1•:l i·Jity HMI":, 

h.1v" t,.,.,n m.sd", Lu t. t h·"Y ')""" 1 d I I y h.1v·: h 1 'Jh I 'I 
c1ni~otropi1; P'''''t!rt ie5 "'"d dfe very eilrH•Hl5iV~. 



H~t..tl m..itt i:a: \_·'--·Dl~:i.it~:s '-·vut..tlt.tu.·j .Jitf~re:ur 

c.:inturt:~rn~Ht 1--h.l::;~s w~tc .. -..st•t i._·.st~J lo;· t1le::~ ... i1u'i 
.ttvmizt.'J .,.,t.11 .illo\' pvwJ.,1s (i>O~! ,,, 2l2~ .1lu111i .. um 
ur :Kb::lA 11i.,hJlh.~sium) with rt::?"1nf0rL"t:"lll.1t!Hl pJrti'-·l~s,, 

whisk~r=s, Jt t.:hvpp~,J t~~·ce:.s • .._. .. ~·li111..tri'--·dl bille:ts 

7!l 111111 ( l in.) in di.i"'"tt.'I with grt.'.il~r th.1n \;S ;;.:: 
~~ut th.:vr~t i~..tl d.:-nsit;· Wt"tC t-·t.....r...iut:e-j frvcn th~ 

miJLtures usin':J dt:")..tssin"J .. tnd · . .-d.-uum h1.._Jt pr~:isinq, 

.ind tht.'ir ph~·si<.·dl pr0.er t it.'s Wt.'rt.' mt.'J:;ur.,J. 
Fctbr i\..".;lbiliti~s of thus~ Lill~t:i h..t\.·iu..J .!ltc..l~l?.V~,, 

physi..:.tl pr_,p.,rti.::; Wt.'re """lu.tt.,J b;· eAtru$ion, 
furgin<J. dn~ rvll ii:g tr i .. ls ..;n ..:ulhlllt.'rc·i.1! t.''l.1ipm.,nt. 

When CTE V.1lut.'s ..it bl" I .1lum1nium-.tlloy 
C..>mpV:iitt?:» \;'..:>nt..siuin':I J•j v._l ~' '-·e:nl vf v..trivus 
reintor<:t.'lll<!r.t ph.is"" fr.)111 this .iaJ other stu.lies .ir" 
c:ump~r~ .. i,, cocnpusitt:S r~in!ur~·t::?"·.I with !iiC ur B.;..: 

h..sve th~ lowt:st '-lt::, thos .. ~ witt-: l'\lN 0r sil ic•H\ ..1r~ 

db..;ut 5 to lO lJ"r c"nt hiqht.'r, whil" c0!llp0Sit"s 
r~infor~~J with lu~ ~~pd11s1ur\ ,~~id~s dt~ 

si911ifi~dn~i, :.:~h·r. Thes~ r~suits cle:~rly s~ow 

the importa111..· ... ot hiqh i ... intJ!<.:t.'lllt.'nt Lulk inodulu:; .1;; 
predicted by ll'tth.,111Jt i,·.11 1n<,d.,ls; most oxides hav~ 
a llluch lower bulk mudulus thjn the' <•tht.'r ph.ises .inc' 
.Jrt! lt!SS etfectiv~ in ~onstrdiniu9 the m..strix. 
resulting in reldt 1vely high n .. 'mposite CTE. 

Z~DOA awqneJium .;1110:,· l· .. >mE-PJS~t~s re:inforce.J 
with SiC or B~C have mt:Jsur"J v.tlut.'s of CTE thdt 
dlso dr~ very :a1mildr, which ._~wnfirllls the r~sults ot 
.tlum1nium-111dtriA ..:omposit ... s rt.'inforced with these 
materials. Rt:intor..:em.,11t lodding. howe·:er. must bt.' 
.tbout 17 per c"•'t higher in the ZICC.OA ·111<1tr iA 
composites th.in in th" 60!ll ·1Mtri:< composites tu 
.t...:hieve tht.' :;..,.,., luw CTE Vdlue. 

At high reintor..:ement loddtnqs. qre.iter 
dddit ion.ti reinforcement is needed to pr Jduce d 
given reduction ir. •~TE than dt low lc<idin9s, so :h.it 
very high reinfor.-.,ment load1:i1s dre rt<quired to 
produce low CTE composites. The f.tctor thdt limits 
the minimum CTE dttdinahle is th" ability to 
consul id.ste the <'0mp0sites dn;J e..:uno.ni•:,il iy 
fdbr ic.tte tho...n 1 nto the required product tor ms. 

The thermdl conductivity ot Si•" whiskers is 
111<1rkedly lcwer than th.tt ot pdrti..:ul.ite S1C 
32 W.mK vs > Bu w11111C. The lo" .:,,nduo:t ivity ,)f Sic~ 

whiskers relative to pdrti..:ul.tte SiC is proLdbly due 
to d high dt.'ns1ty uf Std<.:k1n9 f.iults .ind mi..:rotw111:> 
dnJ to high levels ot dissolved nitr09en. 
Pd rt iculdt« SiC 11\dde by the CO!N1k»1dy us ... J Ar.~·he~0n 

process dppdrent ly hds !c'Wt:r d .. t.,ct:; dnd lower 
nitrogen l«vt:ls, r"sult inq 111 hi<Jher therm.ii 
conductivity. Th" 6061 dlum:111um .illcy mJtrlA hdS ~ 

higher ther .. 1JI 1.'.on.foct iv1ty th.tn 2124 alloy. The 
temper of th" m.ttrtA all0ys <tlsu has dn t:ff.,.-t on 
conductivity; ~qe hdrd.,nt.'d m.Jteri.tl hss a hoqher 
conduo:ti·1ity than :>olution ann ... .11.,d <tn<I •lu.,ncht?d 
m.ste; 1.sl. 

Ho:::H low eAl.i.Jll510u reinturc~meuts in._·rc.1se 
com1,,o:::.ite m.:..Julu ... dt d s.1~1 l.tr Cdlt.!' trom 0 lo 40 • .. ·~,1 
per cent loading. Th" except iun is s1 I icvn, which 
h.iS a much luwcr trl.1:>t "' m<Jdulus th.Jn the cdrbide:; 
.:sn._i n?tritie:;; '"'ns1dere•L A hiqh ,~r_,m(k>:titt.· modulus 
is nel'ded r.o c011t rul pr inte.1 wi r lr.<J t"'"rd (PWB) 

expJrlsion for 1·0nstrJi~ir•9 1;0re h~dt 51nks dnJ f,Jr 
9en«r.tl d1mt:11:.1011dl :;r,1b1 I ity in othtH p<1•:k,19i119 
appl ir:at 1<,.1s. 

Three component MMC shows promise 

Aluminium mJtfij( ...:(1m5J(j:.itt!S t.:dr t>t!' m,s.J~ usiucj 
virtually .sny r"inf1,r,:eme11t phdStr thst •lutrS not 
r.t.s..:t excessi•1t:l•; with dlu111inium. r·c.:Tlpc.~it.,s 

I I J 

~-~,nt.1intwj u., tv 4~ 'Jvl pt.'r ..:ent fine pdrt i..:ul.tte 
(<:!> JJ1f1 ""'"" (JJ<t i..:le d1.slftt.'ter) <.:.in be v.scuum hvt 
pr.,s:;ecl t..i n.,.tr l( tul l dt.'usit;· .it moder.ste 
(•rt:ssut~s. At.....:.·vt:" this l,>J..JlwJ l~v~l • .J~nsiti .. :.Jtt....Jh 

b~.._·.;mc-.i ~ .... r~ Jit f ~·:utt. '-..'"..:.rTl(A>Sit~.s with up tu 
.aL' ~-._.l ,.~r ~it:nt t•..ttt i.•.:~~d~t!' '-·..Jn t't!' t?xtruJt!'d, fvr~~·J, 

.t!h..i r v: l~.J un t:'--r1•:-=-nt il...•n..! 1 ~,1u 1 ~nt us i nq 3'UJ it i~ ... t 
'''••I••·•""····•• lo• ••'-"-·~~1: •.. ...... ........... t-' ..................................... --.. ............ , 

J~..:.a.iu~:s t.tiJi...111- 1-'vr .. .-~_mp ... ..;::..it~::- ._-..._:1ldin11a~ 

..,. 11)0 v0l 1-i~r t.:it:i:t :~!n!vr'-·e~r.t. lllj1_:-hininq frVtfl .s 

t..1llt!'t is tJ~n~r..ti~;· th~ vnl)' pr..t1_·tit: .. tl pru~t!'~S !..:ir 
t.t:Lri...:...ttiuq 1.1rt:>. 

T0 u\'t!'t...: ..... .r. . ._· tnr lu:::l'..!ll0t~.;i .tud J:1tfi·:~itic:> _n 
l..'.uns..;lid.;1.ti.nq L"Jtf,~sltt!':i ._·~Jrit..tin1nq ~l1 "J:.Jl (Jt!'l ._·erit 

..)f l!kltt? re1nt..;tL"t!'~1:t, .s prvqrdmm~ •..ts Jlh.i~rtdk~n t(~ 

J.,· .. .,J vp lll.it "" J ls w ttn ._··n; ..:;. •J .; ll.I -f; .. K <111J tv 
dttv~lup tdl:t icdt i_,a ptut..:rSSt:!'S tc lfldnJ.t.;1t..:tur~ s~~t!'tl,, 

plat .... .s11J torg"J p.uts. The t irst suc._·essful 
nute:r iJl tu ft!'S:Jlt !rum this tJC .... h;r..tmatt: is a thr~.: · 
..:ompt'Ut!'nt c.:..ml-".:.sitt!' C·)nsisting vf an diumiui~m-.allv;
m...str1x. with SiC ..Jnd ~lt!'~ntdl sili...:un r~intur11..-eaae:nt. 

M..snufd..:tur iuq 1-Jruc.,ss ... s h.tv" been Jev ... lupt>d th.H 
proJuc" bt:tt"r th.tn <j8 P"l ct.'nt theor.,ti<.:dl Je:islty 
V.1...:uum hot press«<i lllj~ ... 1 idl with !15 voi pt.'r ct.'nt 
rt-intvrcem~nt t:s in-J con'Je1~t ion..tl produ~t ion 
equi~nt. This 1t-1nfvrt..-~l!.~nt l~vt:i iesalt.s in 
compvsite <:Tt:: ·1.ilu"s 0t .1p11r0xillldtely B.~" 10-f>;K. 

Prutvt~·p~ he"°t sinks, h~.Jt pipt:-s, d.nd 
mi..:r0-..:ucu1t h.,usin9 pa..:k.t<.Jt.'S m.s'1e trom th" 
thr ... e c0111p0neut ..:umpositt> are c"ing evalu.tted tq 
se'ieral ll>d)<'r .lt.'r0sr.1..:e .:0n~ract.:>rs. Fabrication 
pro..: ... sses are L"tn':l dO!vt>lopeJ to lower the .:ost .tnd 
improve mt.'..:ha1li~·"1 pre.pert ies of the llldter ial. A 
55 vol p..r ..:ent th1 ee -..:omponent CQlllPOS l te hdS b"en 
rolled t..i sh""t l.~ 111111 (O.O!lC in) thicK using d 

specially J.,v~lvpeJ rclling procedure, dnd ..:~n be 
close-die forged tv s1m~le sh.tpes. Research is 
c·ont inuing on the A! 'SiC.'Si composite (pdtent 
pending) .ind 0ther MMCs to d .. velop llldteri.tls with 
goOO th<?rmjl c•:.nJu..:tivity dlld fdbricability, l.:>w 
density (light weight), .tnd d 1nw <:TE attract iv~ 
to the .tvi0nic industry. 
!S"e tJbl ... s .1nd didqr.ims on p.iqes 120-122.) 
(Sou .. :e: Ad~e.J Mdter iii ls Pro..:e~~~· 
July l\;89, drti~le written by Al.tn s. c ... 19er 
.tnd Michael Jackson, AJ11dnced Coll'.pvsite Mdteri .. ls 
Corp •• ~reer, SC, USA) 

~!.!_i_t~d Stdt~s_Ai~ .ForL!:!.~~~k~l~ pro·Je m~t.:!.! 

r<_?~~l!!~~ ~i.!.!!!?i.U.~Y 

A pro je..:t be 1119 undt;rwri t ten b:; the l!n ltt.'d 
St.Jt~s Air ~0rce hds set aut to prove thdt 
m~t~l mdtriA com~osite3 d:~ $Uitable tvr mds~ 
produ1'.t ion dnd Cdn be uscJ to constru..:t 11arts ut 
dtrcr.ift stru..:tures, 111..:luJ1ng Jreas WhO!.« st1ttn~ss 

dud h~dt re~ist,HH-"t"' dle C[ it h:.sl. 

L'u r r c n t 1 'I,, .1 l r •:rd t l t>u i L .J1: r ; : v l ;· md i u 1 ~· ·JB 

t 1t~n:um .u1J ,,tner metals thdt c<111 withstanj tht! 
r 19ours •Jt hi<;1h speeds and temper-ttures for 111<°'.il 

1 • r i t 1 c.: d 1 p..t r t s. v t d 11 ..t i r L. r .st t ' ~ cl~ s i '] n . 

W11.h $]0m1il1"" 11. tunJin<J trom the Air ~'..H< "• 

L·>'"kh.:l"'J Aefl)nctut i.:,11 ~ysterr.j Co. s.Jad its e=r1<J1nce-r~ 

'"" .ip!Jlying exl:>t ir19 m,rnuLs•:1urtn<J te•:hnolO·JY tu 
d•!S l<JO ctn<t ruust ru1:l tuur <Jt~r.er 1c: vttrt lL"dl 

~Lthil1:zer:; '·'°'""'"" L1 h1\jh perf,;rm.snr:e Jet fi<Jhl1:r:1 
u:;in•J met.ii 111atr sx cumpus1tcs. 

M.tr1t:ttd, c ... t•.i!it:-d l.<J<.:kheed lclid 1t bel 1e·1e:; 
! 11., 1:umpo:; it es •:ont d 1 n the <.jua lit i .,5 nved.,d i 11 

"i ro:rdft ..:onst 1 U•:t ion .ill<I th<tt th" ~·ro~v..:t • :i 
findings will leJd tu wi.J ... r u:1e uf the mdtvr1.il 
<111 type~ ot dircr.1rt. 

,r 



'th~ thtJ~: _! tl.t: -..r: .... ic.4' t-: .;!.JI~._· :: .._. 

.J~m..>r::str.J.t~ t~c- pr .... J 1 -~ :.. r. rc...1.1:.:.'-"s .... ..._.[ the- rn.!:._.: •. t. 

.u:,J t.'St.sLIL:>h .s J.H.s t.l>.; L ~-'II··:~:~:. 1·:,·,!~·ctl 

M~t.Jl m...ttt t: .. ~· .. :!tp ..... :,.':.1t.::.· .·,·t.l :.;.~ . .- .t ~·: .•.. :.i~[t".LJ':.~~ 

t~U•t ... :r.. .. ·t:.-:J :t-!':.t:t .... tl, ~,:. ... ·h ,.!_, t 1: :~. u: ... ti·hlt.c . : 

:>i!.ii.:01• '"'·..1:t.iJt:. w:.t?"'. s .... 1:t•t> t·rt•'-" .: !:,_i.!1::\.j IT-tt'!:"'r:.t ... 

... r; cn..itti . ..:. !-· .. :.: tL~~ t·:\~·;.:.-:, t'u.· tllC'!r~!,:..·:.:: ... 1 

m ... H.t:: t..1 .. 1$ .5:.:i,··~·u 1..:.ttt.z..J~ .uo-i t!.f:' m...t~: : .. 1:::. 

di~C!l;ll:~utr., .. tl':.t":. ... :li.~h .._it~C't !f·t.:: .. ti.::;, ::t•L .. :L .t:i t :.t ... 1:::,0.r:, 

d..i.s.._· ._ •. Hi !.:;;.- J:i~·!. 

er· ,J._ .. IT' .. ::-r.:.;:. r tt in..; ~ho:." :.. .• tt tt.: :.-:.-, ,l! ~ti 1 l:::;;-..J 
~~ist :.n~ ~J.:;ut.t_·o:..;[ U . ..J ;;r.~-:.L .J~ ~-· ;.:: ....... :. ... ._·it:' 

lt't!'tal-&..!tr iA .. ·,)m[:-·site:;. L ..... ·k.~:t"~ ... i :::..t1.i 1t h. .p ... -s t ..... 

,.)t!St:?t t-1.:trt l..111)" t!\ti:?' htqflt"[ _.,:it ...__,t thf:' .rtdt~: 1..ti ·.:-,. 

~1 n·.·t.'nt ivn.11 r. ... ttt-r ld~:>. 

_-h;.:~ mc:t .. 11 rr ... 1t: i.-. .._·._.rt.t-:·-·~.t~:> ._·.._.:;~ 

s1g:i1!1..:.1r•!t·, lf'.Ur~ t .... -. pro.Jui:-: th .. t:. th..:-ic Ll':itH ir.~t..ti 

~vunte:rp .. trts. it l::» ~st uruteJ tt;...1t tJr ices ..__·vJi...1 
st.lbi~ izt? ..lt ..ib ... :h ... t ! 1·;'<' t im~s erk.He th~n mt't.lls it 
.tir,~r.tft mJ.k~r:.1 embrd1.:e th~ t~'"'·hn.0!.o~;-. 

Th~ LoilJ Jra• t.J m~!.il·rr . ..s(t 1.1' is th.it Lt 

pert0rms ~s ~ell ~s t1t~1?1~um. bl,t ts f3r light~I ~ 

crit1'-·3l r~·•rdrt::'~e.~t :n t0rl...)rr...:.w's. ..:tir'"'-r..lft. 

-:'w'-.., ...it tn~ St..Jt.il. i~t::'CS t.:n.Jcir ,·~·nstr1.h .. -t ion b; 
Lo'-=khee! .. i use- •h 1 sw.rr r ~inf vr .... -ed mdt r i:.:: ,_-umpcs it e 
skir. p.!n,;ls. wh.:<.: v.:c; shon s111..:on .. :arbid,; tit.="'" 
dC~ St,re!.:td thrJl.lqhVUt the m..str iA in ;,i t •. -u1d,)m p..!.t!.e[n. 

Th~ 0t~~t t~0 st~~1liz~rs r~l'i ~r1 ~o:itti~u~~s 

!1bre-reinfo<~"j s~Ln pan"ls. In the secnnJ 
grouping. :0ng s:rands ~f s1lic0n ..:arb1dt.' titor.;s are 
arrang.:J ~1.je-l•i" siJ,; in th., alumi11i~m mdtri><. 

: •• all t0ur s:.ab1lizers, th.: skins ar., r .. ster.,;d 
to ~.:icnn ..:arLide f1t,re. dluminium spd•S and 
silicon Cdrb1de whisker 3lum1~1ium rits. 

Frvm the , "'· s~t, !..L .... :l<n~ed: engin~C"t:i h.ive 
..:1ppr1.)..l..._"ht:!'J tht:- ~r1.:-,jc1..:t .lS d re.;ul..tt pr,l..._t.1.;t i )11 

o~er.3t i(JO, tvl lowinq st.~n\i.'.!rd mdr1t;td'-"ttH 1:h.J 

prn..:e.1ur~s carH.i using mustl"j st~trh.1drd t..1bri1..:..staJ1~ 

t?'-IU?pment. the .:0mp.;t.ny s,;1id. 

:Hit.• J.evi.1t.1• n •r1 lht:' pr-.:H ... "t-$:.i. l~ th1.· u;;~ u: .H1 

1e>r..isive W.lte1 jct cutter n.._,t ·.Jt:'n~r.ll :,· tuuro1..i un 
ro0:-.a .. -il[1:rctft ~ic,j.;,,_·t i.H. l iu~..i. 

\;t-nerat •nq ol'>,lhi!1 lh::i. vt w.1t~i ~re:,;~ure p.:r 
s<jUJrt: :.ni...b, tht::- de•;i•:t:' us~s ,t thir"! $.lrc.tm of w.ttc-l 
cunttt 1n1 nq ~)\.1wd~ r t-,1 q.t r net. wh i .·h d1_·t ~ .:ts .Jn 

4bc dS i ve t.; .. :ut .: l t.'.1r. 11 l hr uU•Jr. th .. matt.'< i .s l. 

IJ:>ithJ th,~ w.ttt:r Jet fl'l'!th·:;J in:.aeJd (_,! ..s :n·.rt: 
~orn .. .:nt :LOOJl i't•J•:t!°:i$ SdV~c! Jt l~d:it 500 mJI: HuUtS in 

trim.-ninq sK1n ~a:•~ls and t~l>s. (Suur1.~t?: ~~·~!..·2~ 

~~t1_L~i<e!, t. s.,rt ... mher 19ti'J; l~8') ~-..- .. :hild 
Publ ic:at ions) 

r..v.:o ',! __ !:.i?e:L· id 1~m~t:~~~id1 ;.;_ .~! ~~.!.~~!~ l!:~!!~L -~~' 
Y~~.L!''.O'~ Q!~!;lQll£St ~£ta 1 _'!!_.~t_~ i. ~ !'.'!~'!'!!! ~~- -~!!"; -.!~!; 
~~t __ !~~~.!_!!!!L~.!...},9QQ" f 

Ave" hJ:;. ...:umLi.nt=-d si 111· >h •. ·.1rl>id~ ..trod t 1t • .u.1um 

ctlum1u1ed, ct c.:oml.llnrltiur~ ct t1t~1u1um ctnd .tLumin1um. 
in d ,;hem11:dl vttpour de(>V~•t ivn pro•:es5. The 
o.oo~•· d1dmeter silicon c.srb1J~ f•bre~ dre 
fdbr ic;.·~-1ted, wovvn 1ntv " m.Jt, cHhl th..,.n ScH1<iwi1:ht.·'1 
betw.,.,n lay1.rs uf t ltclnium f,-,i I Li h.,t isvst.111.: 
'-'ress1ny. A.Vl#v":i ')dtented tvt.:hnuluc,r; l:i tncpen:;i·1t!, 
b.1t aerosp..11..:e orf 1cL-tl.:.; scty th..-rc i~ ,, o.JdOd l"httn(·c 
11w.;0's mdteridl will he c::hr~eu t0r th" Ndti·'>n,il 
Aero:.pch .. 'C Plllne. Tht! 11::.iAI'', HdVY dfh1 N1'S/\ Jll w.1nl 

the pl.u1e to t ly H.i.-h 2!> orbitdl ly <J11d 

l l 4 

:.·: .... ·..._ ~.t... .. v :nt--n t:. th<t: r:1 .. ;~ .. 1~:r.0s~1ht.-tt-. At tt~-·:>t' 

r.tlt::i. t'-•.l\{-t.•t.it,;r ... ·:> ttt- t·~{·t:··:.t:,i t,, [._•.1,_·t: ~ .~0J"" F 

.tl.._:i...; t!lt" ~a:;,.t- .... 1..;~ .J.:..i::-1.~· !-" ..tt th~ r! .... ·!>~-
tS··l•: t": A.~-.·t:·'.t!. ~<t·~.t: t4.t:io.t.·~. itt ~-'I ~:q;') 

· t:. 1 :~t.1 :T!..Jl~t Lt.1. l.:i 

l't, ... i...:i:it.·i :1. m~t.Jl :r ... tt! lA ~_..._,w.it:.t !VrLn. Th~ ..:._·)n~ ... •:,.L:t.• 

i:""-H•~!~t ..._.! tf:'.t::t t•r,1t~1..-~ i.0!: .t'!-tlt~::t !)l.JL"h ..:_rhilt i .... 1:1:5 .\S 

-~..JI. !:t"..1':.. _·u~ .. i, .Ul•i ..__·.._-;t::.:):;i....;n in .lllJ' c._:.mt-.ir:.tti .... n. 
....;:t;h~:., ! !~.:t"•1 ~"_ . .,..._tt"r ~..irt i. .... lt:-:..i n .. t·.·t.> r·Ju:;..J~.J :-r.: 
~ .. uti.._·lt"S irr.t·t"dJt>.J in tt:t.· rr:~it~".t IT...ttrix ~mp..irtl:l .. J 
!l'k.H~.':11..'i.1.....'lJ'i· ?r .... : .. 1~ .. :t :.s "i3!d t.; n.t·1~ ! ~\.·~ t 1mt:-:> t~1....-

w~ .. -tr IC-$i:.t.ir:._·~ ...t:1.1 s•:.: till'l~s l·•Wt.·: :ili·i~t1...J·•~.tr 

rttci th~:1 ~~i~r ~0mr~rdtiv~ ~1t~r1..t!s. {Alic~ 

·r~..:hnul •. ..\'.JJ. Inter 1:..tt i .... H:..!l ru,·.' lb9 •estt"r' r!i')h·•.t".t'. 
·..-.::;t N1a··k, NY :u'l'l4. USA) 1s~'Utct.': M.:khlllto' 
r',;:i~. 2G July i'i:l'tl -----

. . . . . 

A hiqhii abc~sion resist~nt ne~ cl3ss ~t 
t!'.;tal-m.Hri• comi:;:;site (HH,:j, witn ..:.:ntrol!ablt.' 
s:p~~1t1c tt:"s1st1v1ty r..tn':}r.n·J trutT. ..:vndu.:tiv~ tu 
di~lectri~. has Deen i~venteJ ty Hot1e:t ~ond, ~~:~r 

sc1ent1st (:•t Mac\;al.lud, Ira..:., dnd a prvt~ss.:.H •J:: 

m~t d 11 ;.1r ·.;;r at Thit? ... h-.hns Hv{Jk i i.s Uni Vti!!r sit··;. These 
aovel mat.:rials c0mp.:·s,;.j ._t a m,;tal-macrix 
r.:1ntorc .. d wit~. t 1:i,;lj.- disr.:r~,;d t l)" a:.h p.ut i _·1,;idte 

(s11bmi..:ro:i s•::" t.: l'> i:n'o) are reterred to by th .. ir 
litV~nt1"'.'>r dS 1:.;..:mt;0site ash m11?t..1l vr LAH. Aith0u..;h 
tht:o !nit1~i wurk h.3s t~~..-. with Jlum.iuium,. z.in1:, .:tu.: 
their dlloys, vt~u~r mec:tls SJLh dS copper. r;ickt:l, 
irvn, ,tn,1 tr~~r dlloj;s are dlsv bt!ing inve:iti~..tt~.i. 

The pr.c>c.:ss, wnL..:h pro·1u·~.,s fui ly der:;e HML's 
c:ont<sin!r.9 f:,,,.. ') pt.'r c.:nt lv 3<l ;.:~r cent b;· '"""Jla 
t t}y ttsh p..trt i ... :ul.it~, ls b~l i~\.·c.1 ..ippl ic~r1:e t., .i 

ldr~e numtier of m~t~l rea:rix mJt~ri3ls. 

r·!J dSh is l."lr•J~iJ ,·.._-,cr-.p,°JSe-J •;t i:.J. t·HJ p~r •:C:1ot 

s1 ~"-·a (::i10L I. ,·4 .• ll i''-'' <:e:>t .Jlumin.~ (Al 2o 3• 
ct111..! 1..:a. 20 {'>~r ct.-nl terr i1· uAi•ie c1-·e 2 'Jj). 

1'r 1tess·.Jr h.Jnd •.:ts rhi...t iv,t.tt:,i t'--' dt.>V'elvp tt:est: 
undsa.a:i MM:'s be1·,H1Sc: •Jt ':.ht:i l(>W cnst .1nd ~tt.un,1.tn··~ 

1::,f th is w.ist ~ pr..-,du.:t . ~ -,, ~ t n.1n 80 ~Jer ... :t>nt • ... t t hie 
bO tr.illion tc.ns .i j!~.lr rt..IO'Jl."j trom l:OJl t_.urr.in..J 
po..,.~r pl.int sm.,kt."st.11."i<!.i rt;'...Jaires d1spos.-tl. 

Tht.> ht."""" ,_.,_,rr.1::.,;,,,1t.:s h.t'lt! interest in~ pt-_1pt!'rt i.. .. ·:::. 

:n,.luding hi<.Jh lv~HJnrH?:i:;, dt...rasicn res.1Stdn1:~, .ul-1 
dS m~ritiOnl.'d rlll·J·Je, t.:octrull~d S(>t!Clfi•; res1st1v1t·,-. 
The pruflerty l·hJn•Je.•s ~n " 27 (>t.•r ·-·~nt ..tluminiurr. ~~in.: 

d 11 ~y t hd t r t:S u l t t t >.>m r e i n tu r c~m~n t w i l h t l y J ~ h 
in~lude: an irh ... lt."d:it.· 1n .spe .. :1fi·· 1t::sistiJ~t·1 th.tl 
is virtuJlli 110~.tr J~d 111cr~dses fiv~folj .ts 
the r ly .!Sh c'Ontcnt Ii.SC lt:S f C0"1 0 per c:er.t l" 

2~ !''-'< cent ( t ''·'"' 8 I''· """ lo 41> I·"' •_'"1); ,, 
10 per cent d~1:rt.?.,:;._. in d~nsir;· over tht? s.trnt" 
t.:l)fl< • .'t!ntrdtluns; d di..~t....bliny of uuter f1lH~ tt!ii:.1lt:' 
stren~th up t1.,1 l~ ·pt:r 1:t-ut ,J.trt icl.ldte cr)n1.·~nt1<lt iun 
(4-point ben.i t.:st) fr.:>m J'J,000 p:;i (2b? HPa) l(• 
lli,000 psi ('>ltl H£'.1); ,, m.uk .... I 1n<:t<'.t:><' '"th.: 
rn<>dulJ,:; (lf t!'l,1sl 1«1ty .1l:,(1 1.1~ to l~ iJer ,;ent 
l)drt1c.:ul.1t~ 1..~(.1nt:entr.it1·)n tiom CJ .. 2 A 106 ":>1 

(ll.80G HPd) t<, '>.'> • l0 1
' l•Sl I 17,9'>0 HPa); ilf,d ,1 

,1ecr~,1Je in tr 1.;t 1 ·,n i..ii1-.1r (,t h8 pl.'r cent (as 
mc,15u1~,t t.y wcu;ht 1 ... ~~, .tftt!r 1)nc h~)ur dt.JL.i:ti.J1. \,.. 

qr~y <..:dSl iri.A\) ft,,m AO m'J .st 0 (>t!f c~nt tu 24 :T"lq ,1t 

2~ p~r ..:t!nl. t··Jmp~11.1ti.~ Vdlla~s hd"Je l>t!cn fr.1t.u1d with 
i:,1ther tly ,tsh r""1nfl:.r1·e,1 MMr·~. Tw,) dS yet 
une:<plctined ~lnnm.tlou~ ~t!'c1't!i n"~ th(tt ,tt>OVt: l'> per 

t.:ent pclrti•.:u•11!t: 1.,,1d1n,J ·,,>th tL~! outer fit>re tcn:;,tlc 

:1tr11•1<Jth and ti' . ., ,..~,<lulus <.f vld:>t1c1ty <lvcred:;e. 



l-"lj· .J:lh !t.·~~1t .... r,:c .. ! MM-·:.. .tt•.: t ... ·a:~a.il,lt.> t.·,· 

1..: .. ,11·.·~:1ti. 0 u..ii. m~t.ti. r .. ,r1?.l1: .. 1 mt_·th._,,t:; :,,. h .1: ... i''"'·:,:.i11.-.J 

.u1d r\ lliu...,. f.\,tt tt_ .. ·.1•1:i~ th~r· .u~ ht-J?1•·,· .1t.r.1~:·..-t". 

rr1.i...·hin1o'l is ... ttrr1 ... ·utt. s_. tht· i•..t[t:) h1·:t..· ~. tt-

·-Jf1..·uuJ. tl1.:·•t. .. ./r-t •. t '.·.at lt.·t: , t ~h t~a ... ·:::i .U••1 ,?tm'--•11-_ 1.·::... 

.J.[t! pu:-;i:dblc ... t1hi tht: i: . ....-t::d.,r bt>ll~'."t":.. t~·-•~ tht:J 
m..tl~t i.Jl lch..i:i Lt:>tdt tu u~.tt ~l~t sh..ir~ t.tl·t t ... ·.1t 1 a. 

Cumti..tt~1..! with m .. 1:,t MML":;, wl~t»h .!t~ '-JUi.tt.• 

._·,lst ljt, l'AM !~ d r~!.tl lVt.•lJ.' iut.•ii:J1":"11~ivr l·~·m(l·•:illt.·. 

It!i (~utc1~l i..i! ..t:ppt ii.:.tt ic.u:i ..ti'-"• t...._.t wr:A,tm(ilt..·. 

luw ~v::il .J1~s th...-tt L·0ulJ lJ~ m .. 1 .. 1~ .._.ith tht* A.i. :.: .• 
dll._),. m..t:tt ix, whiL·h Lc>t".1U:St..~ uf it::. ..i.Lr.1s:•:t-

4u . ..tl lt i~s wvul...J: h..t\tc i•JW we.u; ..t lJ•J,11i L·:.11\.~ :.:.h•·t: 

m..tlt:r i.J:l •_hJ:t 1:·,ulJ l•t:.> rr .. t-.Jc with .t mur~ th~·111 • ..sl lJ' 
~ ... n\Ju .... :t iv~ t..''u .-111, )i' m..s t t ix; ..i.n .. t h 1 •Jt'! 'em(,t..· r .it .1 rt: 
S~d.l:i, c ... LJ- 1,_,r \_lle:,~J. cuqiuc::a, th .. tt t..:uu.l ... i Lt.." m.1~h 

uslutj ... m .. ttr ix •1th .. t hi,Jht..""r mit.·itln·J 1~·1ut :iu.·h .t~ 

ctn ... t..." l>...tS".;."\_I ... tl ll"r'- (li\_>l0e1 t b. t-'•1lhi, St .• ,-h~~: 

Scicnl i=>t .trtd liv.J.t.1 !:h .. tirm.tu, H.u· .. --tl.tu.I, 

l1u .. :ut{>vt.tt~d. P.U_ Hvx J.11, Wt:~tmiHst~r. Hl· .:.l!~i. 

USAJ ( Sc.>llrt.:~: M.1~_!_.!!l_~_ ..tu~ !'!.:..::'..:.-~?~ ~!_i~ t-!~·1:·__1_~ !. • 
Auyust !•HU) . . . 

Lo(.'.'~he~J At:"tun.tut 11·..si S·;::.t~:n:;;' l~t:"•d~Jt..1 u111l 

will :itdrt ~~~~l!\.!?!._i_~!_'..I 1~!.'.1~ ~~I-~~ 1~!_-~~!J ~~~~~ ~"--t~ 
~ mt!l-!~~.!!!:!~.!.~ ..:0mpu:iitt:.> ~~~~!~~ iu H.u i~tt .. t, G.:\, 
TISA. The unit s..tid the t.1i l bvA.t.·:;,, w1 l ~ Lt: 
Ltl;r 1...-.Jt.,J tr0m th<' ldr'}"St m<:t.tl m.1tr 1;. ..:·>m(.J~s•t<' 

sh~~ts mdd~ in th~ Unite'1 St.stt:."::i- Silit.:,;u 
Cdthi1:1c .llurr.iuium :;;heets, t> .. 1.-h l)_f}•J" tha.·k .u1·i 

mt::-JS~niI:g 70 A ~2t1• t, h.~; . .-t:' bt!t:"ll tdhlil..."dt~d tL'r ~h~ 

d~moi.strat ion (Jf..:)JC•:t L~ing tuhJc.J Lj' Wr i']ht 
Aer•Jn..tuticdl LctW1dlUry•:;. Ar;!11..Judutll:dl ~\'St~ms. 

Division USAl• ~'li<jht uyndmics LdWtdtv<y (ihlyt .. rn, 
011). The tdiib<);;;>s will b<> mo111.te<i on ·~trong" r, .. .-1, 

welJeJ steel trdmes thdt would simul.stc " fusel.sqe 
fittin<J. Four v"rti.:.sl Ltils will bt> t.sbri•:dt.,,I, 
two hdv i r.g skins of s i l 11 ... ·on t.:drL i1..1t" wh i :;ktr:. mi At..",j 
with dluminium with :ilJ.:Hs m.:tde ut ~i1i.·,j11 1.:a,t.>111i.' 
tit,lt:!' miMt::!d with alumiuium, .u1.1 thr .iUu:r two will 

hdVe :.k ius ..ln\_1 ~p.:tt s m.J.Jt"" · .. nth :.> i l 11:1)B ,· .. trhldt" t itll t~ 
m1xt!i.1 wtlh .:t!unainiu:n. A ... 1·.,;,tn··~·J 10 

.. Jmp<J:)lte M4trr i .. tl!.> 

(Greet, SC) SUlJpl ied t ht:!' s 111.·1H\ cdrbi,it_~ 

whiskt?r -dluminium m.ltcr t.Jl, dlld A.vi·.:, S5Je,·1.slty 
M..-tl~r iillS Division (L,>Wt..•11, HA) tht.• :;i l i1·1)1\ ,_.drt,1.tl.• 

t ibre dluminium. (Suur··~: ~-~~~!...~!!~~~ 
JU Nuv~ml;cr l~B/) 

. . . 
M~t.tl ~!...!.!~.~0~<.':!.!l!! ~~~!~~~ l:.i ··um11•!t lll1J With 

-Jf.t,,hitt: lt:"infort:t.."d l"lXJAlC:..i .1~ the ohjV.tr11·cd m.ttt."f 1..il 

of choic:~ tor struc·turdl US•··; 111 tut ltt~ ~;p.1·:~ 

pldtto:ms. Hctdl ·m.1tr1x L'-'"''''':..itt;a.S. hdVt:" w~Lyht 
ddVdnt • .uJeS v~rsus l:U!itom.try n1ct .. tl:i ,snd mdy lJ~rtoa:m 

dt 7001' vt>rsus hdlf thdl tor •J«tphllt> cp0~1cs. 
Mt!tdl -mdtt IM tut11n<J dl!i1> 1· 1.1ul1t t,r lrHJ .shout impro'Jt:>•I 
electricdl '"11h1 tht.·rm.tl t'on.tu, t 1vit1· Vt!CSU!.io (jl.-l[~hitt!' 

t>poxies dUJ rep.,rtcdly m.1y b..-tt«< tt:sist tilt< sp.1•:" 
~nviroument m.tkinq it .tci~qu.H~ for l·_rHJ miS$tuns. 
Bo~ing, l.oc.:kht!cd Jud H.-trtin Md1ictt.1'J A:.;tr<JndUt11::; 
Cr0up (lJ~nver, Co, IJ!iA) dte t:)a;ttminin<J lhe 

•:om1J<JSttes. (!.iour. •!: ~!~~J~~~~, ~ .Junt" 1 1)R?) 

• • • • • 

<.'~r.1m11 t 1l11c 1r whi~kcr 1~1nto1...:e•I 

metdl mJtri:.. ,·nnip<>~•t~:;;; (MM,~s) Jre ..sttrd1:t1ve 
melter ials for .Hlf.1>"'10t iVt? c.H1<1 ,u:t<1Spdt:e appl iC.:Jt l•U'~ 
due to th11ir ld•Jh !ilt<•nqth to wei<Jht r,1ti0. 
Howt:rvur, current technique:J us~d to mdke 17crdmi;· 
fil>r., re1ntorccm .. nt pref•Hm:; pt•>du•:c mJt3 
chdrd•:leri:i:ed t>y l<•W dfmsity, density <Jfddlcnl:J 

II'> 

within the lr..Jt, .1uJ ~·l.J:z:..lt : .. Jt i1:u.t..1t tvn ,,[ tit.it:~. 

·rht::. lt:..t i:j ?., 1 .. _.11 u.1.it.Jrm • ..tnl:i> .... •t r.._,~,'-· MM," 
t•I :tl~ft ;t._•$ .I :il1.,J11lt 1..._·t1.t l•.tl [ lt:[ t.' L0 t·mJn~J:1 l 1i. ;;,_ •• _ 

.. r M,.,,·'.::l-. 

Thi~ t·...tf t let m.1·,· t t.· t.·: l:!.ll:..Jt"'·.J •1tn t~1c 

.1c.;~·1 .... ,.rt.e.1t '-Jt ... t ~·f· 1.'t._•:)$ r t t.1 lt.'" l lvfl l'!b,_·ut.J11"j 

'"#h, rt ,_·e: ... t:r.t...._· t d'rt..~.i ,JI "wLl".1'11\t:I :> ~nt•_, ,·.._·m~.lt:i :.:.L.ti·•· 

tt>lnt._ f•'tr.1-.:nt {·ft:! ..... rrns. Hi.Jh .t:..E:t.:1'':. t~tt iv : ll·lt:_ ._.r 

-~11::.;..~,'::i (tr _,,r, _:i:i t .. ii 'J:il .ttt::' mlA.t*·i with 
tt: ... ·r&ni..,(il.t=:>t l l·~:i·ft_·I:;:, ,,;.~ !Jl~[r.~.·t.1&.t~ l·J t"IOSl.It..• 

•·l•'•l'~t"tt" ..,t.•tt111.f .1!1.J dt.iit>l~i·;tl ··[ ::.~~-=-

tt..•li.t•_Jf,.:t:i~t!ftlS ti: th'-.* 1-t ,-~~J, ·it-'.'c>!• ~'C'-1 l'f 
·~t:•"hUl•." .. ti • 0

t:[.1n:1,·:> i..11, ... tt.•r lt::... ::i.· .• At :.uit.t. ~·~A. 

l'1t.:"t ltl•J> ·.!II tit: t.1Lt L• .. t':..~· t :11t" ~I:•·: ::i.fl.tt:t* ~b.1t 

··.111 l•t: iI1l~' t • .._ii~ mvul..1t.·1, .J:lli ~~..i·;t_· ,-t_,.mplr:..._.1-,- r..i1:,k.!; 

tll•1t: ,_,rtt.."Ht..tt1dH ..tl .1fu1,~s :r JI:-, l') t.} 
,ii.J ,.t"I ._·t::lt. M .. u[ ... !J1. J l~ ,1 .. :.t_· .tt i,,._, i·r~:,;:,:lft"S., ~ 

RHh"h l.tlj~·I :;,,h .. !l•C'.:> th.th ::~·['1'-ILli" .Ji'::>• 1 l.tlt.•.i Wlti1 

lll}t"·-li11r. m••Ui·li11.J .lit- lJ•-•::i.:>1t.le. 1ht:"' i1•ct.tl lh .. s~r ~;,.. 

.:h ~'t: I1.t1.1.j,;,·~J !._,i- :.i•J:lt:c~~- \.-..1.,l l:&·f vt ._.tht.•t 
prt:::.Sllrt: ••C \' .. s .... ·uum .t:s~i";ite .. i lt..•·-·hui·1.1c5. HH1"::i. 1_·.1n 

h,·l\."t' t:h~ 5.UTit" ,·uffi(dt"A <::.ht(lt'° .tS t•~t: rref,•tlT', L·[ tht.• 

,.re:. !m .:..tn t....- .. r .. c•I t-1 :.it_-lc.:t i·;t_•l·,· rt"":11:.._,,,·t" .1 

,,..trti 1 'l..i.•tr ,1[~.i .Jt tht::" p.Ht. ~,.,._t'S$ ... · ... :r.p..1tlL•llll'j 

h.1S Lrt:!i ~h!'it1.dDl r .1t ~-··1 tu! ~ 1 l 1•:Jll ,_· .. u hi.le .111.1 

~lll<. . .'t.lfl 1.itr:1.1t..~ Whl:jk~r~. Sitll (It_[ .. :nt:mtc..tl:i., 
l-1 i·1·mcr:i .;, .• ,~p. t.;r.1t,;i.,j ~lfi·Jdva1) 1:t:r.t1::1._· t tt,r.:-s, dlh.i 

L·h··t·IJ.:-11 • .J.[t··.•H tit,Ie:.... t'.1t~nts h.tve t...•ct!'ll tilt:.J tvr 
the t-JCut . .'.::is .u~.! rb~ E·rct•_,rrr.:,. (S·JU.r1...·~: ~-_!vd1h~·J 

M...:~~~~~.-:!_~~ ~ ~!'_,,·~·~~~~' ::it"11t~·1!1!•~[ 1-)U'l) 

~'..!_!_t>,)~~ ~!~~~-~!~J. ~~·~ ~~~-~!.'~..!!~~~ £~~:!!~~~ HM,:s !--=.~~ 
~!~~':.!• .. n.!!~ ~I:~~'~:!.~!~!~~: 

At u,..:;i C1,,,lml"':::.ite Spc._"l; lllt>!i sev~r.;tl typt'$ dt 
HH1's drt" ~111h~·t devclc)pment tor t!lt.~.:troni•.: 

.JP~·l lc.:tt h~a>. Iri 1Hde1 cit ii •• .:re-dslJHJ cc)st lht-)o' Jtt" 

I•WAL .i::o, ..i Sll lL·,·Jr: c".1It;1j~ (:.;1:_") pdlti\.:1~1.:tt~ 

r~1ntor1:~(1 .tlum1u1um; 1:h.,1,1)~.j ,·,t1bor1 fibr~ 

re1nt,)I1~t.·d .1lum1n1um; .'1ti.! .t .·,int 1nuous r,,w, t hl1Jh 

m..;dulu!;, ldl('h ti.:J:.;,_..iJ ._·.irl11111 t 1l::~ in dlum1n1um .,r 
m .. hJrit:sium. ·rt11:i l.s:;t ,·,1mp0~it.· iJc p.trti1...·.;.l.1rly 
.;t11v .. ~nt.-t1Je•HJ:;,, t)e•-·~suse it~ ,-,~t:tri. ieut 1;[ thtrr1 .. tl 

t-AlJJUSl•1ll (!~TE) .";tH t.~ t.tllore.t t1,,,' m.Jt1.:h th•J:::.t" \lt 
t>vth pr lnt~d w111n1J h.:.trd~ tn.l •:t:r..smiL· doe:v1~·c~ su1_·h 
.1~ ttlumin..s 1:h1p 1:..sr1 icl!:>. 

Tt1~ md JOI .JdV.tHtJ•Jt!':i i"[ •:drtJ•JJI t llJrt:' HMC:i .-tre 

1 t1ttt the1 r <"Tt:·~ 1·,1n be ,·,Jnt r·d led .:tud mJt1.:he11 ti; 

thu!h." ot ccrdmi1· dt!vii:t:!i; their hc<1t dJSSl(Jdti()O 

··..sn be i.Jir~1·tiu11..Jlly cc ... ritr· llit••t •··1 t.>l..iCt!tfll.•nl of tht.." 
t itJre ldycr~; hcdt sink~ .. tic l 1·Jht~r a.11.-t more 
efti,·.ent u~.tu conv~nt.0.1.:11 •1l1t:."s; they otter 

!lot r u1.· r u r <1 l ~ l 1 t t ~u i JHJ .1l1 Hl\J w 1th ht!.1 t d ls s i pd t i, 111; 

anJ h~,::tu::;;t- (Jf thci.- l1)w dc11~·t1 ttF•1r spl"1:ifll 
th .... rmdl Ct111°1uc·t iv1ty i:l mu,·ti hlljh\.!l th~•n .-slumi111um 
dud ,·qi,l•'-''· S(>~•·itic"lly, tht- .·.irt,,_;n tihr~ mt•t.tl 
-.:ompo:,;itt..• :.>y~tt""' h.t:; J dt:ll~lt'/ ur ...... 
0. 085 I b 111. 

1 ( •. 4 <J • ..:m 1 ) 111 H•J .w1l <:,s. 

0.098 II>. in. 3 (2.·/ g ":m 1 ) 111 Al: .s hi<Jh t:l.1st 1.: 
mudulu~ (~'.l m!.oi, J60 <a1 ~1 t•Jt U•'i~"idl r~1nfor...:cmc11t; 

dnd 2~ to 10 msi, 11·1 10 io-, c;l'J tor 0°190° 
1...•r0:.ts··,Jly t1Lre 011c.:iltdt ion); .111d •2ero• '~Tl'.:' .1u tJB 

d1·hic 11ed tJy vf:ry hlCJh fibre v·,luir~ lo1.1diuqs. ur 
plcu1dr i:;ol rU(Ji•- r~Tft! 1"rtr1 be .t··hit.•vcd t hrotirJh 
L'fOS!i lJl y j fl•J d(>,)f OdL°ht!!i, 

Wht."ll.' lht! d'-'( . .d 11;,H 1vr1 l!i nut d:t dt!mdudao<J, tt\t! 

lowt!r coJt $1(' pdrt it:·ul..ttt: re1utor1:1td (25, 40, •>f 

'>'> V•Jl per cent) hi com1J.,slle:1 ,,ff<>r !>pec1ti..· 
~trcnql h c\1uivJlf:.•nt tc.°J t it"nium; d modulu:; of 16 to 
2l msi (110 l<> 1~2 GP,q; !Jilor.sl;le low CTlts 
mJt1:hin<J thu:H.' rJt Stt?el, t1t!lylliuin, dOd tildnium; 
lh.,tmdl •:ondu•:t iv1t·~ t'•1111v,11.,nt to diuminium; dn<l 



~vv .... i .il.t..l::.>..._·:. :-~::i!~t..to:.._·t>. Th~ :n0.Juiu::;. .._,f th~ 

i11termt:~1~t~ ~= i~~J ~h0r~~J ~rJ~t1it~ t~iiir~:-~ed 
rn~~..t: ,-cmpvsit«..• 1.::i ~.l- 10 =n:ii (t<f GP.J}. •!th d :._··r~ 

1...·~·JS«..· tu th.J~ .:..~ t!t.11:.i.l:m t0c .i -1') v..:::l i~er: .._·t:at 
~~ .... •Fr~J ..._·.i.rt'.~;. ~ ~t':t: tE- lU~) t .... w in JL .• m:n.;. .. Ht, (t.-.:~l) 

.it h.\~t th~ .. h.·;..::;it'j ,,t tlt..i::~:..:n. L't:"J~lvtJ:nCt.t.Jl 
qJ.::1;~:titit?s ._.f tht::.ie .._·'-;mp .. sites .. Ht- .lV.Jil.lt.1lt: f..~·t 
t:o\'.ilU.Jt i..._.:1. (DWA ·:....,:n1_.,)~lt~ ~p~..._·i.t:t1t::>:.>, Itu ... ·., 

2lll~ S~p~r;,,r St., ;:hats~0:th, CA 91Ji~ ~i~l, JSA) 

(SV..!IC.:t": 

SC'plC'"1DC'< 
~~~! ;.tt~ __ .. uiJ_!::~~-~~~~ kt"~, 
l ')~?) • 

• • • • t 

Nip(ft)n Cd:rl·ull 1s th~ !dtt-::it pl.:tj·er in s i l il.->li 

...:..!rt:idt: t ibre-re:int01: .... -~J rtljt~r i..tis. Sit..:' i.:t:rJ.mt'-·:5 

d re ba: sed on l it hi ulT'. ... ..... A i de di um i u .. 1- s i l i 1: .J m.i t r ix , .Hh.:i 

cont..lin ~0.per t.:er:t Si~.,reint.Jrcir1q fibres. F"tal..·t.._a~ 

touqhne:;s IS 2'> MP.-i-m1 ·' dt lOOClc'<•. Potent 1.>: 
ust:s Jre in sp.:H .. ·ecrdft, .:tirL~rdtt, .:iud dulumvbi:.t:s. 
SiC-reintorced ~eldls contain ~O ~er c.,ut tibres - ·J 
~O per c~rlt alumir1ium, arid hd~~ d te11sil~ stren~~h 
of 12.J kg mm"). Tt.e compan:,· h.ls dtSO dt::>V~lvp~d an 

a111minium-coattd SiC ...-irC' that can be usej to :11akt.
prerorms. Pot~ntial uses are in ac-rospace and 
automobile .,ngine fdn blades dr:J pdrts, dnd golf ""J 
basebdll equipment. (Nippon <:"artNn Co., Ltd., 
2-t\-l. Hdtchobori, ,_.h:Jo-ku, Tokyo IO~. Jd[,ar:) 
(Sour..:": Hiqh-Te~·n MateridiS Ale£!, August 1987; 
please take also note of the article "Multi-r'ilament 
Continuous Sic Fibre 'N!CALON' Reinfurced Al11mi11ium 

Compvs•te wires", presented dt the 20th 
International SAMPE Technical Conferenc.,, 
27-29 Septemter 1988, on paq"' 92) 

* * * * • 

Squeeze m..Juld ;;hisker dnd_short -fibre preforms 

A nt:w, ec.)nomi1;dl prucess t0 injection mould 
ceramic-;;hiskers and short fibres into pref0rms 
could be one of the latest succC'sS stories. That is 
because the lack of cheap preforms has held back 
further use of m.,tal-mdtri• •:omposites (MMCs) even 
as p.trticulate·reinforced MMCs mdke mdrket inroads. 
And the developer, Te..:hnical .:eramics Labor3tor ies 
(TCL). ;;ants joint ventures .tnd applications 

c'evelopment. 

Th~ TCI. i.-: ~\..·ess ecunom1c .. 1! l'i prudui:~s 1.:•)mple;.. 
sh.:tpes from such desirable reintorcements a$ silic.-::•r• 
carbirle rn<i silicon nitri<i.: ;;hiskers. I<:'I's Saffil 
.siumina f ibrt<s, dnJ chopped c,trl:-011 t ibre. You Cdn 
mdke the preforms into meldl-m.itrix ccMposites by 
squee;ze cast ir:; dnd other pr.,:;sure and vacuum 
processes, or use them lo reinforce sections uf 
monolithic metal structures. 

Injection moulding hi~h d~pect ral1u 
(length:diamQtPr) whiskers is 110 smdll trick, 
since the ~igh aspect r3tio of the whiskers usudlly 

su~1presSt:':i 111jt:~tability .. 
01.ifvrm, .:t<:J':fl·Jmt:"t..tt~ fte~ 

.tn..i whisk~rs whv:ic ..l:ip~..:t 

t·~ llJO:l. 

"it:"t TC't. h..ts pt ·.hl"..!~t:>.! 
l-<C'f-.,rin>: fr0m fit,r.,~ 

t.J;llv r.J.:tqc::i t:0:-:. ~J:. 

Tl_:'L Jue:> ::.,t S.1',f h. '- it ~.J:l...1-.jt:::; lv ::. J'-"'_·•
•hiskt!t"S, th·.:..·.Jljh lt \:L~.:=> 0.J.t: in~ tht?' mvu~J:t . .; 
~to~~ss. Fi1;>t, th~ l..tLvt.tt~:¥ m1~~s whis~~:s ~: 
fibt~s •ith surt..i .... ·t.lr.ts t•.J .liJ. wt-t -c;;t a::J 
th~rmopl..-t::itl~ Lir1Jt:"rS. crt L'.JJ: ~ilsv .idJ .... ~~1..s:r.~ 
m~t.tl t~t.tti\...·ui.:ttt.-:i tu th~ mixtur:t:- ..in-.1 s:.ili tn.J•:·"· !tr. 

th~ r.inJum LH tt:ntat iva vt tht? ! iLtes .. ) Att~r 

tnl..·Uldi11°'1, the v!"'-J~-ini~ phd:::i~ i::i ;._,-..;.rt.t:J vt:. 

The r~:;:.iit in...; pr~tvtn'.s ..__·.u, bt' mJ•le iu J:.z· 

Shdt-•e, dre jS Sth-Jl~lj ... Li Lh.J:tk, ~H~·j ?t;'.''1,L.:it~ ~:1._ 

spe·.:i.ll h.;.tudl in~. 7he prL.K..·~ss l~ts z·v-.; :r-... tt<~ L.u le;:! 
l-'··trts ~t iow~r pci::-ssutes th,1:: ,·,)1tuth .. ·:•l'j ...1'.i.Svl....'."~.tt~·.! 
•ith inje~t ion m.._.ulJinq o! pl .. 1st i._·:;i. 

C0m~a r ~ t h.t t t oJ t i l t e :- i n-i 1:t: t ..1tr;: c ! ;, t_ :- e;· ~ ~ •·: r z • 
...he way conv~ntivt>dl c.~ie-1ami1_· whisker t:tr.:t,Jtm.3 .:::t." 

m.J.Je .. fillet in.J Ltt!.Jt~s vri-:1.teJ, 11...w de:.:;;.lt'.r· ! lLrt.· 

mJtS t~~t cont~itl wide varidticn~ in d~~is:~i tt:~~ 
cann<.:.1t uniforml:i reinforce Jnythir19. If jit.u w .. 1;.t t·.' 

rr1.ake d compleA pt~fvrm, "j0U have to p:~SS tht' IT•JtS 
together dnd m .. 11..:t.inc ar. eAp~nsive, lat..vur ir:tt:";.-s i•;t::" 

proc~ss .. 

TCL, which has filC'd ford pdtent, has •.. e~Jy 
pr.Jdu\o.'.ed sume imp:::essi·Je pr~tc,rms with ~ne f.Cv•:ess, 
such as a 6-in-didmeter ..:ur•:ed, he•ag0r.al m:rr.-,r 
b~~nk only 0.2~0 in thick. 

T~chnical Cerd~ics believes it ..:ac ~ak" p~rts 
several feet long d11d wide and unly i11 .. :ht:S tLi.:i< _ 
You can also use the preforms to make 'Japour 
ir.filtrated cer .. mic compvsites. Tho, iat.orat.,ry •s 
no;; looking for ~artn.,rs to c0mm.,rc1•! iz., the 
technology. (':'C'ChPical 1'eram:•:S Laborator ;es, rr .. : .• 
P.O. Bo;: 38'), Alphdrettd, GA lu20l. USF.) (Suurc": 

~igh-Tecti M-Jleri-'l.s Al~. July 1969) 

* • • • • 

Bdtttdl" ""'""-'' ial Instilutt< 1s negc·tidllr>,j with 
several t irms lo f•irther develop its evapordt 1v" 
pattern cdst ing (EPC) pro•:ess for metdl -matr 1:< 

compositC'S (HMC). Battelle's (Columbus, OH) metdls 
process in~ sec: ion sai<i the nt<eJ tor I i1ht;;e1ghl 
p.irts and tur a ne;; casting cdp-Jbi i 1t1 thdt woul•i 
allow low-co::;t 1,ro1:tssing ot 1:~rtdin c<.mtx>s1:.es .ii~ 

the impetus fo· trying to be-Jin such a proqrci:r.mc. 
A~ ddvantage 0t using tht< Err process for MMrs is 
thJt the p-Jrt iculdtes Cdn b" moulded 1nt0 the t•.,.,ir., 
pro·;1d1119 " medn$ tu rr • .,..:h.snic.>l 11 l-l.sce them 111 th., 
proper distr 1bur iun in the mould cdv1ty. p,,:;~1t,i" 

uses ot MMCs using the proc~ss would mai~ly b" 
engine ,,drts inclu<iin9connect1nq rvd5, di::;~: Lr~skL· 

rotors, pistons dnd .:.,,1 inder blocks, (S·;u,.;c: 

MeldllJNt<WS, 25 M.iy 1987) 

• * • • • 
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~iqure 3. Thermal expc:rnsion of PlOO Gr;2024 .. 1 
as-fabricated and after post proc~ssing 
and 1000 cycles between! 2S0°F (121°C) 
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Figure 4. Thermal coefficient oc expansion 
(TCE) of electronic grade SiCp/Ai. 
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Codficw.t ul 
}oung"s FcmWon"s Bull 1~1 llwra.t 
moJulin Ulio modulus conductivil7 "...- ~ily 

Gf'.a uo• GP.a uo• W/mK (BTU/ft 10·•11e (IO •1•n &lea' (lb/in.') 
~i) ~i) 1ar·n 

M.alria Alloys 
oOc>l Al (Toi 70J (10 2) OJ4 1S 2 (109) 171 {99) 2J 4 (UO) 2 cus (0.097) 
.Zl~-1 .\l!h) 7.:!J (10 51 0 J.a 777 (Ill) 152 lsal 2JO (12 iii 175 10 0901 
ZKooAMg .... ( oSl 0.29 JS 9 ( 5.2) 117 (08) 26.0 (iU) UJ (0.000) 

Rnnf~s 

C.arbidn 

s.c. .aoo (Sa) 0.20 121 (ll) l2 (11.S) J.4 (19) J.11 (0 I lo) 
S.C.(<Adl) 400 (SI) 0.20 121 (J?) 110 ( .. ) J.4 (U) J.21 (0 ll6) 
a.c HI (6S) 0.21 255 (J7) J9 {ll..5) J..S (1_9) 2 S2 (0.091) 

Nitrides 
AIN .HS 1501 0 2S ua (JJ) 1:,,0 (a7) JJ (I a) l.2o (0 I la) 
S1oN. !07 (JO) 0 27 151 (11) 28 (16) IS (01) l 11 (0 llS) 

Oxi*s 

/J,O, J79 (SS) 0.2S 2SS (37) JO (17) 70 (J.9) l.91 (0 IU) 
SiO, Uu-1 q~rld 7J.I (I0.6) O.l'i' 366 (S.J) ••• (0.1) <I (<o.6) 2.66 (0096) 
Li01 · /J,O, · 4S.O: 67.6 (91) 0.19 366 (SJ) l.J (0.1) <1 (<o.6) l_JI (0 086) 
LiO, /J.O, · as.o, o9.o no.01 0.18 JS.9 (5.2) l.J (0.1) <l (<o.6) ~.39 (0.086) 
/J,. T.O, JO.J (U) 0.20 16.6 (H) 2-0 (1_2) 1.0 (0.6) J.61 (O.lll) 

Olhen 

51 II! .a (lo JI 042 2JS (J.I) 100 (Sal J.0 (1.7) 2 JJ (OOH) 
C fiber IPIOOl 1ll 090 (1001 400 (2Jll -1 s (-0 I) 2 II (0079) 
C fiber IPIOO) (T) JO (16 7) 2.11 (0079) 

ll - - - - ---- ---- ---

I,, oo>o I •l-ioum-•llo7 -ria 

-RUM 

10 
-·-Ker..,. 
-Turwr 

• SaC 

• AIN .. Si 

' 
1.5 • 

="' ;- r 
:2 ;-• 0 

~ -• • 
10 

J 

o._~~~~~~~.._~~~~~~~-~~~~~~~~ ..... ~~~~~~~ ..... ~~~~~~~-o 
o JO to iO IO 100 

Hi9h reinfor..:otm•wl lo4din•J:; ,.,., re,11ilred in .slu1111nium m4triic comp<>slttts to .s.:hiev" lc.w v.tl11w5 .:,! .;r,.,rt i.·i .. 11t 
of ther1114l exp4n5io.1 1CTI!). The me.ssures CTE V4lues tor 6061 4luminium .ol loy re1nr.-,,c.,J with ".or! 1cuL1te 
AlN or silicon shown here .sppe4r .o .sgree f.sirly well with the Kerner m.tthtim4tk41 1110<1 ... 1. while the rTt:s t .... r 
COtllposites reinforced with partkuL1te SiC are cl.-1ser to the Turnwr vr•dio:t ions; in""""''t v•lues usvd 1n 
the c.slcul.Hions or clitrerences in m•tri•/relnfor•-vlht!1ot l:Jonding m.ty t ... '"'''°ns11>1.,. fur this d1ffvre1o.:v. 
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R~inforc~mftlt 

SiC 
B.C 
AIN 
Si 
Al,TiO, 
tiOi · Al:01 · 8Si0: 

M•trix •lloy 
6061 ZK60A 

.1luminum 

14.5 
14.5 
15.5 
15.5 
17.8 
18.'J 

16.5 
16.5 

'.1C"n•t• .,.,.,. f•• O I• r so•c r" 01K ..t MMC s ro"l•1mng JO vul 1- rrinfon:rmenl. 

zoo uo 

M>ltl 4"1 ..... aa..--•li.Jy -..tria 
105 

"' 
., 

E 
15'J 

., ........ 90 j &"' ., ........... .. 
-;.. .,_ ...... A 

~ ll-S 75 
~ .. ' " .,. . , • 

e ......... - .0 

i '· .. Si<:., • 75 - ., 
.r. ... 

54) JO 

0 10 10 JO tel so 60 

adaloR~ ....... 

,,.,..--------------...90 

wL-_._ _ _._ _ __.,_......,...__._ _ _.JO 

0 w ~ JO tel ~ 60 

Tht mt1uwr1J thtrm11I c11nJwctir1itits of 11l11min11m
m11lrir .-11mp11.itts rtinforitJ with p11rticwl11tt SiC 11rt 

m.Hlt.!ly h1ihtr th.in th11St of comp11sitts rtinforetJ w1tli 
S1( wh1slrr •. but btl11w thost 11( corr:p11sitt> rtinforuJ with 
p11rt11wlt1lt AIN_ 

Protolypt components 
made from 
tht thrtt- componml compositt 
art bting tvalualtJ. 

Joi --- - -· -·--

D..eo>A ~-.U., -<I• 
-aOM 
-·-ltnsww -T-e SiC 

• a.c 

10 

IS 

IJ 

• 
• 
J 

o,L-~~~~~~~"--~~--'"--~~--'---~~--' 0 
0 tel .. IO 

M11g111sium · m1llri:r comp.JSltts slioro simil.r rtsalts lo 
11luminum·m11tri:r 'omposittS. t:rctpl tli.il Nllt p11rtiC11llllt 
SiC 11nJ p11rtio1l11lt B.C rtinforcnntnt; in ZIC60A 
m11gn1siwm 11lloy gi11t mr11.wrnl CT& much cl~r lo tl1t 
Ktrntr m.,Jtl tlt11n tho>t prtJ11t1J by tht T i.rntr flloJtl. 

UI 

•• 

l'.: 
' 0 .. 



SXA A 611-10: 
eOo l /-&OAIN,' 
AIJS1C,JSi' 

Density 
glcm 1 (lb/ in.') 

2.89 
!.92 

(0 105) 
(0 lOol 
(0 102) 

Coefficient of 
thermal up•nsion1 

10-•1K (IO •t•F) 

10.8 
135 
8.7 

(1:>0) 

(7.8) 
(-1 8) 

Therm•l Conductivity 
W/mK (BTU/fthr 0 f) 

128 
137 
120 

(74) 
(79) 

(70) 

':\rtr•t• '".1 ... '"' s s IJ •:15"( 'c~ ... -· .... l .\f.\fl- :..111' ,.,,, ... i..,, ~·t · '""'"""""' .,,,.,,.,.,., .1.1.,.. ... n1 l-J ... ,.,,,,, \f.,,., ... 1, (.,,, 'E.J,.,.,.....,.1 A.f.\fC ;,,.,r, 
,..,,,..1..1, AlN ,,,..,..,,,_,.,_ •f.i,,,,mnJ•l A.fM( ••'" ,..,,,..1..1, )r( •"" )r '""'-"'--'· """" """"' 

70 

i. 
" 0 .. 
to 

G 

2 

10 

0 

s.c . ·· .. ·· 
... ·•· 

~-----~-,···· 

20 IO .c> IO 

a.c 
SiC 

Si 

100 

110 

.. 
IJO 

.. 
u 

150 

70 

M11;t fow-up11nsr1m rtinforetrntnls incrt11~ lht 
Y 011ng ·s inoJ11l11s 11{ 11l11min11rn-rnafri;r composiltS 111 a 
similar r11lt from 0 to 40 ool o/o loa'ing; llu n:etplion is 
sili&on. which has 11 m11cl. lowtr tfftd- Tiu mt11:-.11rt1l 
011l11ts 11/ Y 1111ng"s rnoJ11l11s for lht SiC rtinforetil MMC. 
.:Jgrtt with lht oal11ts prt.licttil hy tl1t Haslrin "'"" 
Slrtrilman moiltl. 



Me...:11:1!l Jlt!'\.·~l·)1..m~;1t~ i:t .·.::.uni.._· 111.Jt.:r1.tl:> h.s'\tt:" 

l~.J to d (41?1lt?Wc-.i i1;.lft'Ctr!'St ln t lhr:~ r:~111t,:,1:"-·~1.f 

m..ttt:ri.1ls. ~sr~.._·1..i.lly met.tl -1L.Jtrix CCAlpo.JSit~s. ,·: ... ·,· 
AJ.v..11h .. ·~J fll.ttt""rL1ls UI(, L.J ..... ·k~J tt;· Ct..ty El~ .... ·tr'->Cll·:;. 

v..1s rvr~i l:t l'ltte tu cit·lvit tht:> pr'-•p~rtt.:-!ao vt th1:::. 
ne..r m .. ttt:"t t..1.t. Thlt!' ._·0111p.1n;· vpt,:-r •. tt~s unJ~r ~ 

1 ic~tasiu';f ~qr~-=-tnent trom th~ Mu1lstry '-... r t~cte:u ..... -~ .u •. i 
us .. s th .. 1•.•t .. r;t,.-,I Ll<jUtd Prt.':.:>ur .. Fvr•tU•J (Ll'f,'J 

pr-A·..:-s:s • ..t nc-·• tr,:huiqut!' dt:"·1-...l0~.J rvr lfl...t.k ia..J 
c.:~n~nts f1:,Jdl t .i.tJr~ r.:-1ntvr'-·t:>J ~t.tls 

Cv~r,·1 .. tl .. 11•1·l 1.·..tt l· 111~ ,,r llk:'l.tl lll..1.t r 1:. 

\,;'\l!llpV:iites pr~~t:"nt ty .J:t the tt?..ts1b1l lty d~e" .. 11.str.st'".1 
St.J:~t! in~lud~ ... -.· . .:ipc1n~nts t.:..r tht!' ..t:Uto:>mol iYt:" 
inJust ry. su'""·h dS p1sl1..>ns. '-· ... ura~·'-·t inq ru..Js, Lr..1kt!' 

c..tl it1t!'rs • .!rh.i wht:!'~ls; .:ts w11:l l JS ~.ts c.·1·1 ira.J~rs. 
111.11 ine ptvp .. l lers •. Hm.;.ir pl.it"• lead b.tttery pl.st..-:. 
bi..:y ..... ·lt: trdlft~s. rvt.vti~ ..arms. tr.tin ov~rhe.t•J 
.,1.,,:u t..: l,o.ll'tvqr.tphs anJ sp .. ..:1.sl i::eJ to., ls. 

M.sny other pvssibil1t1.:s ..... pre~en~ly b"in'} 
expl.ac;t dnd althvuqh -tdl ..:vmpvsite .:vtnp<:.iu:nts 
h.tv~ ti.e rei-'utd:tlon vt L~UhJ ~~i-.~:~si\r·~. "-·r-.1;· 
t. .. 1 i.,,...,s that its uni<.1u" pr0..:..-ss h.ss si-jr.t 1c·.s11t l'i 
rt<du..:eJ proJu..:t .:vs ts. Th.: ,-0&1,o.si:y st t .st"'J'i dvt:S 
not invvlve volume pr""11ktivn uf cvmpvsite 
..:ompvnents, but rath .. r th" 0tt .. , 1nq ..,f sub 11.:.,1..:0: 
in order t.:> e;;plvlt ful 11· tho: t. .. , . .,f tts th.st thi~ 

rt<D•.Hkdble 111Jter I.ti vi 11 Lrtn'l t_; en-Jineer in~. 

C«•~··s Ll'~· "'"t.sl 1DJtri;; ,-'-""l--=·sit .. s h.ive dlre.ady 
found dpplications within the 1111l1tary. deruspa..:e 
dn~ cutap~tition rd~in9 indu~tri~s. Of p..arti~ul~r 

n.;;L" is d tou: mvdul .. t.::.rpejv hul 1 currently t..:inq 
pr.>:iut:t<•.L Cr a·; believes thdt It ~oulJ be extrelllt<l'f 
di fr i.:ult. it n.;,t impvssible. t,) pro-iu.:e this t,'I "'"/ 
vt h"r met h ... d. 

Tt.c LPF '-'r:v•;t::;.s is ..t le-. haa.l~J.~ t1...·t th~ 

~''"'"J~L·t 1 • .,n ot ..:er.oir.i..: t 1t.1e :~ir.rvr~e.t sn.:=t.Jl 

~vtl\~.....,,;Ut!hlS ir~ r.ct Shd(J~ ut h~.Jl' htH Sh.;;al-'~• Wllh 

cALel lttnt .Jilllt:!'nsivn.il tul~c~n•:t:::. .-tnJ ex...:t:"t iora.sl 
mc-ch..tni..:.t.l pr~'->ert itt!t. V.ar 1-,u=-- t;·11t!j ... t ,.-~r.tmh· 

fibres. such .:tlS siliLvn 1.:.-itld .. t~. Jluirun,t, tx,1v1 •• 11 •• t 
c..trlA.tn l_"dn ti.: us-=-J with rnet~Li :.a•i.t .. ·h .. t:; .:1lumi111utr1, 
m~'J·•es1u:n, le..sJ. Zirh.: vr ~· .. i-'l't::: .Jl l .... ;·~. 

, ..... rusit•/ \:,0!l. s~l i.j1r l'--"..lt lV!l. s~.._·...._u1Jly it f11tt9L1"Jllt"'~ .ll( 

trvm lh .. Jt.: ,·.svtty o111J v~·l.st1I" t.ind~rs frva lh., 
pr~r"·r•:>. C>l 1•1n.tt iu.; &.."\.•nt.1.mu1.t.t ion by rtts1.J..i~tl 

q.tSt:'::i .tn·i \lAli..i..1t10n c.lt th~ .,lt~n a.!'t.tl .. t·:u...atlf i:. 
lllC'..t!lS f..t:::a ..t:i.J ._· ... ~ .. l~t~ anr1ltr.at1on. 

The pr.,:;;:;;u1..- '"~uu.-1 In th" LPt' prv..·ess ts 
.._·\_•nsid.:-r..1blt l•>W~r th..1t1 th..st u$c-d in a:tern.lt ?•.if! 

pr...x.-~ss~s su··h ..s::.. S"-tUtt.:-~c tv:10111q .snJ .:liffus1vn 
bi.._,nJinq. with .t '""·US~-lth ... 1.t r:t.·d\t•"t ion in thte- risk "r 

r il>te d.1-..'l"· Th .. tvl lvwinq t 1Lre tvUlS .. r .. Wla-J 
::;u..:.:-essful :, us..-,J to pru.Ju~-,. -l.sl c09p0site 
...._-vm,por.ent J: 

$111 ... · ...... n ... ·.s:l>lJ~ l.:l·•th; 

A1:111.J..,JG1 .ti u• 1 n.J; 

.J.nd 

Slt..Cl wire. 

The Cr"y Ll'r pr0..:ess .;~n ~e us"J to pr.:>duce 
c~lex sh4pes which v3ry in size froa a fvw 
..:enti .... tres up lo 2" l.') >< 1.'l •- It is essenlidlli' 
4 sinqle b4tch pr0.: .. ss th.st pr.:>Ju.:es 4 net shai,.eJ 
r~infor.:ed c..:impcuent. with tuleran..:es in the r"':Jlvn 
.:;t t: 0. 2 P*<r «va.l. As pr.:..iu.:t i-:>n t im.:s 4re 
relatively sh0rt dnJ die .;.;st s low t0r voh.!me 
...-.. utput, ... ;u•P':.r.~r:t ...:o:itS .sr~ l•>wer th .. Hl fvr uth.:-r 

~A lSt th'-j phlll,,.."cS:l.c!':S. 

The dj"Jdat.J.•Jit:S ._.r i-'l'·>·J\;,·;r•·I .t net Sh4pe .tr~ 

~~v10us. out it furth~r m~ ... ·h111ini is ~~cessd:y ~r 
desir.it.lt!' ::his • .. sn t.c:- o:t.1:l··Jrh(1l 1;,,.h~j Lt ..:0nvt!'nt ivn.tl 
maii..:hinir.q: usu~lJ tlln'JStt:n. ,_·.trt.1dc- tvvl~ vr ~lcctr~ 

di s..:h.sr':j .. m....:h: n i "'l · 

A.llt:lri.Jtt·;t::l''i• rh ... r1 tC"irof·>l'·:~-J ..sr~.JS c.:1n L.: 

~-!.~!~ ~!~!~~~ d-.:.;i'lnt:J ti.tu d ~'Afli>.Hl~Ot s...., th..St uHli' tne m.;altlX 

.a! loy it:.>t:l t 1s sut_,)ei.:t. t\.> ft\J...._·hiu1n•J. 

r·or lht: 1-'''-'..;t:!."'i, ,J ,tit: l:i 01 ... 111uf .. 1 "tJ(~··· wh1.:h 

t;.)Ol'1l05 d ~.l'.."ll'J' lU lht: Sh.1(J\." of th~ ,·.,m,1·.•l1Clit:. 
l't:llUireJ .. The rt:J.nt.,rc11+·J f it.it.·s art: a1.1,t~ iutu .1 

l.Ht:f ... Hir •• Who:.it.c"" sh.ti;C' .. u1•J f1Lrt.." Ji:'-! 1:t1(~r1 w1l1 
enhc:Uh..:c! lhc ..,~., r .... rm . .u •• ·c=- ,,t tht: ··ump .. >ncnt. Sch:•:t 1·~·._. 

lu~dl ft="lnfvlf...~l'l·t:••t l:i Jl::iv dV.11l.1t.1~ 1t l~IUlit"•J. 

Th~ pref,)rm m.t'i l.1t" .1 ~·.,mt,in.1ti._,n of v.1r1.~u:. t;·s·~ ... 
f1Lrws css lt:"•tuis ... t. 1..,r .s simple! liCf: m.J~lthri sh.s''"-" .,t 
rdnd'"'"' ~h·"'rt titre.-. 

iii d~j1.;1,1.i11J .• 1J1it.•t .• 1;11, r lt. rt: .... 11t" .111.111w;.s '·• 

d1:1·vminu-J.st~ dlt:.J:;. ......,~ hL·Jh :ttlt=";.,:,,. -"hit.·U •:vnt HuJ .. u ... 

t1l>r~s ..sre us.t:·t • .J t,rcd.·:>I'fl i:.;. 1>r-...... f .......... 1 t)·,· w•u.J~~·-1 

t 1t>lt:$ d:i- ~i1t·Jlt" t .. w~. t 1 l.1m.:ut:. •.>I \lf\l/t:ll f.tLr I· 

&nl•J thv pr~dett:rmuuf.t st;J(it:. f>•!.•",iat 1nu· 1 us t 1t.rit.·· 

uf 11"·..Stt.!Ct.11;,; ::tu•:h .1:.. .alHmt11.1 art.• t.t:l•l lH"' ~ref .. 1m 

tJ'/ J ~&>L•mi'-· l1ii..t ... ·r. 

A!t-=-r th~ 51returm h.t. •·ct:I• s~~····t.··t :o U1•: h~ .• ,,.' 
dlt!'. the c.·..svltl IS vVi.11;u11tt:.t ..tn.t . .,,,t.·n the ,.,,1 .. l1t 1 n 
vf ther m.:tdl. d1&> ,,,,,s p;e1t ''"· l:., .-.,rrt.•.:t. the a.-df~1. 
fTl~t,tl IS t •f• .... iht•1 fht: ,ji,. t .. H1filt1.1t..- thtr 
fit.res dn•i t._.1.1tl·; flit thtt. 1·nt·;- Th" .,.,,,.;,..,11 .. 1• 

s•rve:. s,ev11r.1l "''"'.1'.Jscs. t"ir:;tl·; 1l SecJ.1:.;.:.tt:.. lta.!' 
m•lt. rerlk,vU11..j d1~y \h:.Sl.•lve .. 1 •JJ;.,, whLh \:o•lld l...dUSt!' 

l ~ I 

AlthdU·Jh mct..1l dl..1tr 1:. l omp ... ~ites h..s·.:e ::;·..:. t.1r 

t .. ~c-h ~'"'nt 111cj td .:1!>(.11 L•.".st i•JIO~ within th~ cU:CuSl-.t ... ·~. 
milit.srt J:i,t ·~· .. lr-(r:ttllv10 .:Jr n .• 1fKt."lS, .j~si~r. 

c:11,Jillt:t."t. in .... tt.t:r 1:1vtl .uH! 1.·•.1rT"1'\.,,·1~1.s~ Jtr..a ... ;...:-. .. it·1 
t.>.: d•.sre •.1[ tr:t! ,.s •. t-.r.u1tJ·Jt"!:t Ju·S ~ ... tc:•t &dl \Jf th~.-e 

m .. 1ter ~..tl .... t·. r 111:...t.111•.c. th~ tt:'r:s.llt!' st1~n·Jth, 
11..'.Jl'l'il;I ~:i.i t Vr :'.#tr ..... :.,Jt h .1:..t t ~HS 1 l t!' m..,du L us ut J 

reuif·Jl•:cJ ..al,,m;ui.am ... ·.1n-...,.,u ..... -.t .Slt!' twu l·.; ~uur • .. 1mt:..

·Jfc.slcr th.1a tt,J:.t.C' vt .II: u1.rt:'IUt 1:•.·eJ .tlUm~n.um 
..tlLoJ. (JU ... Wt:'lljht f,,., Wt."hjht t1..1:..is~ 

1.".,;1:il Jit:r • .s.- .Jll•Jtt~r:r t:AJm,,le, .1 r.s .... ·1n.., ~.11 

tr .1Vtd I ir1°; J'. J2•i lf.m h ( ..'1.1J mpl"'d. On br.1~ il.'J• 
f I l··t l•A1 'Jt."loe"S d(~:i J 1_•1JOS I it:f• 1 l~ .trnV\ifl\. <..f hf.:.tl 

whl•.'t. Ln._·rc.t"lt:S the tt:'mpt:1.1tur~ ..... f 0rJin..sry ltdk~ 
··.ti i5,C"r:t .1r.1n •. 1t 1.;.111·1, 1'..1u:.,111•J th~m tv ::;.uff.:r ,1 

m~trkt!1I l·-~:io ,,f ;..t itfn&>;.,~. A ._.Jl l(itH m.s.1w flvlft t iLlt: 
rcin:'"'''.;~j Jl.1miuiu1n ,.uul.I ;ar,,., :10 lv:i-S ut :.t1tt1~t:-:.:. 

,,r stren1Jth uuj~' lhc:.e 1··,,1.titi1.•1s ttn.J i's 1,, ... it.:"r 
th~rmJl 'un·*''' r ~·.nt1· woul·S r"" t111 •• he,st t rdr.src-r t·. 
the h·;Jrti..l· .. il. 

111 p· .. ~'t"•t:' .;''"'5"-':..itt::.- whi' h Jr..- rt:&•.!•.111...t!'•I 
un1.t•idllJ1, tti" t"ns1lor !>lltt•••Jftl 1s Jo1111ndtc•I 1.,, th., 



stren9th ot thc tibres. 
fibre reinforced -.tats. 

This is also the cJse in 
Sv when axiJl te~silc 

stren9th at a re:Jtively low teapcratur~ is the 
&.lj~r design consideraticn. then a polym..-r c.-pcs•tc 
-~ p1ovide the li9htest. cheJpest optivu. 

Trans·~erse strcng_t!! 

The tr.tnsverse stre119th. hvwever. is '7"'""'r.tll;· .. 
function of the m.ltrix prcperties. In the CJse vt J 
9<X>d resin it vill be of the ordcr ~f ~O MPJ but fvr 
a fibre reinforced -.tat it vill bc auch higher, 
around 170 Mp4. If, for example, a transverse 
stren9th of lSO MPa is required in o1 resin systee. 
then a 0:90• l.i.yup of fibres mus: be used. whi;;::~ 

substantially redu.:es the overall coeposite 
properties and increases cost. In -..tal-a.itrix 
composites however. a simple unidirecticnJl l••·up 
would suffice. 

Stren9th in cvepression is related tv t.oth fibre 
and a.itrix prope1ties and to the relationship vhich 
exists between the twv. Carbon epoAy fvr e&ample. 
has a rela~ive!y povr compressive stren9th (approxi
aately 1200 MPa) COlllp<lred vith fibre reinforced 
metals. This is due to the lov stren9th of the 
aatrix which allow~ buckling of the fibres. and the 
low stren9th in compression of the carbon fibres. 
The strength of fibre reinforced -..tals is also a 
function of the ab<.lve criteria. When the hi9h 
strength of the aatriA is combined vith a fibre that 
is resistant to buckling. and then processed by the 
LPF technique which ensures stronq interfaci4l 
bonding, the resultant compressive strength is 
extremely high (1000 to ~000 MPa). 

But perhaps the single lk.ISt impurtant property 
usej in the design of structures is stiffness. The 
modulus in the fibre direction for a 9ood carbon 
epoxy uniaxial composite is comparable with that of 
steel (around 200 GPa). However. in the transverse 
direction it is extre-ly low(. round 7 t:;Pa). This 
... ans tllat the material is hi9h.y orthotropic. This 
aspe.:t has in the past led to design difficulties 
and to the develo~nt of coaiplex weaves to overcome 
the lack of off-axis stiffness. The actual design 
is therefore a comproaise, where the ver~ high axidl 
stiffness cannot be readily re.sl1z..J. 

The mvdulus of a coa!JOsite is a !unction oi the 
modulus of the fibre, the a>odulus uf the inatrix .tnd 
to a lesser extent the strength ut ~he fibr~ llldt<ix 
interface bond. In the case of a carbon epoxy 
composite 'or •·><ample, the lllUdulu:. of the resin IS 
r~lat1vely low (.sround l GPa) .tnJ the transverse 
inodulus of the fibre is low. Whilst the m.ttrix bond 
11:.1~· be good, th@ overall ir.odalus is held dovr. by the 
first two characteristic~. 

Cunversely, boro:-1,-.slum1111<:m h.ss a relatively 
hi;'1 lllOd.:lus, because both the 111.stri« and fibre 
transverse lllOduli are high. The tr.snsverse alodulus 
for this system is ,Hour.d :Jll GPd. The c.ut.on. 
aluminium system is howeve~ .sn exception. having .t 
low transverse modulus be.;ause carbon f 1bres lack 
transverse stiffness. Although the mvdulus of tho! 
mdtrix is relatively hi9h. the overall trarsverse 
ftlOdulus is low. at lO to 40 GPa. 

1'1t;re re;n1orc:ed met.s;s are also characterized 
by having hi•Jher shear lllOdul i th•n resin cOlftposites. 
by .s ta•:tor of .tpproxim.ttely 10. The cOCllLination of 
high axial o1nd transverse moduli 1114rans that the very 
hi9h unidirection.tl properties of a inetal composite 
can be :ealizeJ in practice. 

f.stigue is often a design criterion of great 
'"'l><•rla11.:e. Metal compvs1tes gener•l ly h.tve highvr 
tat i91•e I i1111ts th"n COftlparahle isotropic metals. 

IH 

The hi9h 1atique resistance is relat..d to the 
presence of the fibres which act as Griffiths c1Jck 
stvppers. As a cr•ck propa9Jtes throu9h the aatri• 
and appru.sches a fibce, the stress will be reliev"J 
b1 the hvle in which the f'bre sits. prvviJcd th~rc 
is not a brittle Interface LvnJ. The crack will 
have tu re-initi.He on the ,>p~site side of the 
tiLrr t.-=-fvre- prvp.1q.ltivn t.:.tn -...-untinu~ .. A si•il.sr 
s1tuJtion exists tur resin·bJsed cuonpvsites, 
.slthou9h poor utt·axi~ properties limit the full 
f.ttigue pector-..nce to Ct<rtain directions only. 

The fracture tvughness of a met.ti. which is a 
-asurce of the ...:irk required to extend a cr.sck. can 
be increased by using fibre :~inforce~nt. A crack 
t:yin9 to cut throu9h a bundle of fibres in a """tal 
a.itrix vill tend to turn alon9 the f;bre axis rathcr 
than continue 111 the transverse dire..:tion. The 
fracture touqh11ess is dependent upon the vvlumo? 
fraction of fibres. the fibre orientJtion anJ 
dia-ter. 

For a uniaxi.slly reinforced boron aluminium 
cocposite vi th a SO per cent volu- tract ion of 
fibres. the fracture tou9hness will be about 
82 HPa ·fm c~ared with -19 MPa vm for the 
unreinco:ced alloy. Any fibre orientation other 
than uniaxial reJuces the fracture toughness. ~s 

there will be fever fibres in the load direction. 

vne ot the most outst.sndin9 characteristics 01 
fibre reinforced metals is the retention of their 
p:operties at elev~ted te~eratures, as illustrated 
on the graph on ~qe 129. Ceramics are also k~own 
to ha•e very low coet~icients of thermal expansion. 
For -tal c~sites. assuming a good tit.re matrix 
bond, the resultant coefficient is a function of the 
fibre and matrix coe1~L:ie1;ts, relative stiffness. 
fit.re.a.stria bvndin9 and voluae fraction. The 
coefficient ~f thermal e~pansion vill differ 
accvrdin9 to fibre directivn. Fur •"•"';>le. in a 
silicon car Lide/ alu•in iu• COdll>OS i te, the .~uet tic ient 
of thermal ~xp~nsion is r. " 10-6 : 0

.;: \n the 
longitudinal direct ion, and 17 x lO-":·c in th., 
transv .. rse direction. 

Carbon aluminium is a special c.tse, since the 
fibre coeflicient of ei;pans1011 is negdtive in the 
longitudinal direction. This means that it is 
possible to produce a -..ter1al vith a zero 
coefficient of expansion in the fibre di!ection. 
Alu11.i•1a has been used in chvpped random form to 
prudu..:e an isotropic ..:oefficient of lS x 10 °: 0

..: 

at a volu- fraction of 24 per cent. Carbon could 
also be usP.i to produce a material with an isotrC>"ic 
coefl i~- 1ent of dppro• im.ttel y 6 x 10-6 :°C. 

The l1iction and we.tr propt'rties ot metctl 
coin1~,sit.,s vary according to fibre type, but a· 
generally g.-.od. Aluminium containing boron 
silicon .·.ort'L.Je as rein:0r.:in9 fit.res will "rJJu~·e 

characteristics similar to that of the reinforcing 
ceramic. 
(This ani.·•" was first published in Enqineer!..!!g 
Hagaz ine, Londc n, ll0vea1be r 198 7) 

• • • • • 

Recornt cot11plet ion o( a Navy lllanufactur in<J 
ttrchn<,logy project at Corde•~ jLorton, I/A, USA) 
11r01111ses 111 .. ss produc•. ion of thin 10.0001 0.0008 in), 
pl i"nt. metal "'"tr ix ·composite IHMC') ta1>es by v .. pour 
depositi(,n te,·hniques. The tap•s, metal based and 
reinforced with 9raphite or ceramic:s fibres, a<e 
intended to serve dS precursors in component 

• 



f•bri..:.ati.>n. as do prepre9s for the well established 
or9anic-aatrix composite components. 

Alth.;;u9h the pr09ra- is tocus".i on pr.>d.,~·t ivi. 
of graphite-fibre-reinto&ce.i-aluainiua tape. the 
versatilit\' of the process h.u been exploited to 
also produce graphite:aagnesiua, 9raphite:copper and 
sili..;on carbide/tit.1niua tape. These tapes c.in be 
wound on mandrels. or cut into plies and pl.iced on 
dies for sh•pe buildup. and then consolidated aud 
diffusion bonded by heat .ind pressure. 

In the c-.>nt inu-.>us p1v..: .. ss •t the pil.>t pl.int, 
tow comprised typkally of thousands of fibres is 
dr•vn froa •creel and the fibr .. s spread into• 
monol•yer. The fibres •re then pl•sa.i-cle.ined by 
ar9on·glov dischar9e, coated with metal by aa9netr.>11 
sputterin9 and the t•pe thu::. toroed wound en a 
takeup reel. 

The ei9ht-ch.smber VacuU&"..:v .. tin~ syste&a on thoe 
pro.:ess-develoi-nt liue, vhi..:h c.tn produce t•pe lu 
2.5 in wide in lengths to 5000 tt • ..:•n be configured 
to deposit as iaany •s six different s~uenli•l 
coatings on the fibres in • single pass. These 
coatings c•n be used to compound the .. tr ix or serve 
•s eutectic bondin9 •gents, diffusion barriers, 
coapl•int l•yers or oxidation-resistant l•yers. 

Besides the process-development line, two 
production lines can prudu..:e tapes to 6 in wide in 
lengths to 5000 tt. Production rates for 
graphite/alu&ai111u11, grdphite!copper and 
gr•phite/aagnesiu• are •bout 0.5 ft/ain. 

These are inudular lines and they can be 
confi9uced with a sin9le hi9h-r•te co .. ting iaodule 
or, to increase throughput or produce aultilayer 
coatings, ad.iition.il coat:n9 modules. Coating 
processes include plasaa-enhanced che11ical vapour 
deposition. rf and de "'49netron sputtering, 
convention .. 1 <1nd reactive ion plating, and therlll<ll 
"v•por•tion. • Systea design is intended lo 
facilitate convertinq the lines to new MMC 
production as user requirements change. 

Also exhibited at the e11d"ot-project 
demonstration at Cordec were f•..:ilities for 
consolidatin9 thin-sheet MMCs by hot pressin9, 
pultrusion and strip dr•wing. S.aaple products 
included p•nels of the graphite-reinforce~ metals 
noted earlier, sea111less thin-w.ill 9r.iphite/114011-.:s1J11 
tubes having .i ~ero coefficient ot ther .. 1 
eicpans ion. Ne~tel ( aluain•-bor ia""S i 1 ica )-fibre
reinforced tit.iniua alu•inide:s., .i11d graphite/ 
colu11Liua-nitride'1;opper superconducting tctpe. 
(Source: Ameri1...i11 M.ichinist, Au<just 1989) 

••••• 
Ei..tremd_i'._"hiyh densities in -lal-"llkllriic 

CO!llpOSite (MMC) preforas .ire ctchieved by .i pro.:ess 
developed by Technicctl Cera•ics Lctbor•tories. 
Process works equally well with cerct•ic-aatrix 
composites. The new technique gives •n economicctl 
vay to 111ctke complex-sh•ped preforas tor reinforcing 
aet.il llldtrix .ind ceraaic aatrix composites. This 
will put MMCs into a 11uch bett..r c~rclal position 
thctn they havt! ueen. Using the technology, 
densities of .it le.isl 7~ per cent vol are being 
achieved; iu 011e instance, den;ity hit 87 per c .. nt. 

The compdny hdS developed • WdY to 
injection-mould short cer~•ic or nMtt.il fibres •nd 
whiskers into complex shaped preforas. Mcttrix is 
introduced by a pressur• or vacuu11 assisted proc .. ss 
such as squeeze r•sting. Near"net-shape cerctmic· 
.. tr ix co-posites can be aade by che11ical v•pour 

infiltration of the prefor•. Process can also be 
used t~ selectively reinforce a particular section 
of .i p.irt. To aake part, shaped prefora of ceraaic 
fibres is placed in aould and aolten metal is 
introduced. Ceraaic fibre preforms are 114de by 
filterin9 a slurry or ceramic fibres to for• a a.at. 
(Technical Cera•ics Lctbor.itories, Inc •• P.O. Box 38~. 

Al~aretta, GA 10201, USA) (Extr.icted troa Inside 
~-LQ• S July 19891 ---

• • • • • 

Infiltr.1tion pro.:ess produces pure-free HMCs 

A patented process for producing pore-fr"e 
-tal-.. trix coapusite (MMC) coaponents h.is been 
developed by Lanxide Corp .• Newark, Del., USA. The 
Pria.tx pressureless infiltration technique uses no 
pressure or v.icuum apparatus, facilit•ting 
production of lctr9e, complex net or near-net-shctpe 
MMC cos.ponents. 

High reintvrc.,_nt lo.adings dnd • .,juforceiaent 
9eometries ranqing from p•rticles to continuous 
fibres •re possible with the pco.:ess, which uses 
either sh•~ loose aasse:o; or bonded preforms of 
cera•ic reinforcin9 materials such as alu•ina 
(Al 201 ) and silicon carbide. lnitia~ experienc" 
h•s been with •n .iluainiua-alloy matrix a.ilerial 
that cont.iins la3gnesiu• to enhance vetting of the 
reintorcing phase. 

The first coaimercictl product resulting trom the 
process is NX-5101. an Al,Al 2o 3 composite. 
Additionctl aluainiu11-~trix Alteri.ils are expected 
to be available soon. (Source: Adv•nced M.iter ~•ls 
• Processes, July 1989) 

••••• 

Low cost .iluaina fibre for 11etal and p<>lvaier 
CO!llpOsites 

A new, fine di.ineter (.;a. l pa), se111i-conti11uous 
.iiu111ir1a fibre. c.ill~d Safia.iii, with high strenglh 
and 111Vdulus, which is price.! .it only $50/lb 
($llO/k9), is under development at lCl. With th., 
present pri.:e of fibres with comp<1r.ible propert1"s 
such .is :Hcdlon. Fiber FP. •nd Suaitomo's Aluain• 
around $200 to $100/lb ($440 to $660/kg), the 
.iv.iildLi~ity of S.if iaax should aake lt possiblt! to 
produce cheaper alu11iniua •nd actgnesiu• alloy netal
aatrix conoposites (MMCs). 

The polycrystctlline fibre composed of 95 per 
..:~nt <1lumin.i .ind S per cent silic• is •vailab'~ in .i 
low density (LO) .ind • standard densit~ (SD) 9rctde. 
The LD gr•d" hcts d density of 2.0 g/cm , d t .. nsile 
modulus of 200 CP.i (29 asi), a te1.sile strenqth of 
2000 MP.i (290 ksi), and a iaaximum use teaper.iture ~t 
900°C (1652"F). The so grade h•s .i density of 
l.l g/cal, d tensile modulus of 100 CP.i (43 111si), 
a tensile stren<Jlh or 2000 Ml'I. (290 ksi), .ind d 
actxiaua use temperature of 160o•c (2912°F). Bec.iuse 
of its low density, the LO grade has good specifi..: 
properties, as cdn be seen in figure 1, which 
compares the specific stren9th and modulus of 
Safi••• alumin.i fibres with those of other 
continuous, inor9•nic fibres. 

Similctr to !Cl's S.iff il fibres, they have 
vxcellent resist.inc• to molten 119nt alloys. The 
stiffness properties of light alloy MMCs compctre 
f•vourably with titanium and steel, and because of 
the low MMC density, the <1ei·Jht of fabricated 
cot11ponents could be reduced by •s much as SO per 
cent. Anticipoted initial •pplic.itions are for 
enqine support frames in aircraft and for gearbox, 



... ·vmpress0r, and fu.,! PU"'E' p.Hts. And b.,._·.i:.is" 0t th"' 
fibre's low diele..:tri..: ..:oi:st.wt .rnd 9->0J w.,~t.ibility 
dnd .iJh,..ren..:e to elJ<.l"'Y r.,si11, S.1ti;a.ix tit·r"' 
reintor..:eJ pvlya:ecs could be us.,ful dS ele ... ·tr0ni,· 
a.tt~r id ts. lCI .J:lsv envisivns tuture dp~! i~d.t ivns 
in c~rami..: l.•vtr..pvsites. Lr~v~lvpm.t?•;t.J.l qu.:1:?t it i~:> ut 
the fibres dre nuw a,·ail .. ble. ( r-:-r Cho<mi..:.tl .J:IJ 

Pvl~mers Croup, P.O. box ll. Th"' Hedth, Rui:..:,·:r1, 
Cheshire, WA7 -l!JF, !IK I (Suur._·.,: ~,t!~~.!::!L:i :!!'~ 
Processing ReiJVr~. O..:t0ber 19871 

. . . . . 
Alanx_Pt~l.l-.:~~-1s_g_~_t~J~_:!....E~~ :!_.t~Q ~~ ~ 
..:erami..::l!letdl ..:omp.?sites pilul_ pLrnt in Newark. Dt-:. 

The plaut wi li auk ... p.:ns aaJ s~·steos pu:td•1o.:ed 
with new type vi ..:er.imic·metdl co~'Osites tor 
industrial us"s ~hPre resist.in~e to wear is viral. 
The lhdterials feature hiqh stre~gth, toughness, ~e .. , 
resistance, less brittleness • .ind na Jensifi..:aticn 
shrinkaq.,. A part or syste~ mdde with the llldter1.i1s 
can be enq•n.,ered to .,s..:cc~.tte the needs 0f a 
certain wear-sensiti•e use vi.i p<ckinq the fitting 
..:oaposite. Parts p~oduced with the ""'"' compvsito<s 
are 111ade a< net or near-net shdp.-;s 1:i.l a prcpr tt<LHi' 
technoloqy involvin9 the ox idat i..:n or molten metal. 
Al.tn:.: is jvintly owned b~; Al·.·an Aluminum .ind 
Lanxide. (Sour..:e: Cerami~ SB, January 1)891 

. . . . . 
Aluminium m.itrix CQlllPOSit"'s are expect.-;d to 

supply better perfor111ance and efficiency in a 
broader variety of uses as prices fall. A maj0r1ti; 
of aluminium composites ofter such benefits as iiqht 
veiqht, 9ood thermal conductivity, high she~r 
strenqth, 9ood abrasion resistance. hiqh temperature 
capacity. non-flammability, minimal attack ~y such 
organic fluids as fuels and so;vents. and capacity 
to be created and treated t.;· customary techniques 
using present equipment. Consistently high quality 
products are POV ottered in large amounts, with 
llldjor i:ianufactur1<rs expandin9 output and pled9ir.9 
lover ?rices. (Source: Material Eng., January 19d9) 

• • • • • 

~-new method to _Eroduce _hiqh-guai ityL 
close-tolerance near-net-shape parts from 
fibre-reinforced aluminium 111atrix CQ!llPOSites was 
unveiled at the Univer~ity of Delaware's Centre to: 
Composite Mdterials (Newdrk, DE). The ci<nt:.-; hds 
successfully applied c°""'°castin9, a slurry process. 
mixed vith squee~e castin9 to produce shapes from dn 
aluminium-copper alloy reinforced with short dlumin.t 
fibres. The centre said advantaqes include the 
possibility of producin9 aluminium matriA compo~ites 
vith u~ to 60 per cent reinforceiaent. ccmposites 
vith lass fibre ddmaqe vs other methods, and lower 
cost vs m.1ny other 111ethods. The process also keep:; 
the thixotropic properties of the base aluminiu~. 
(Source: MetalvNew!, 26 O.:tober 1987) 

••••• 

Metal composites take~ 

What do you get when you combine the light 
veiqht of aluminium with the strenqth and stiffness 
of titanium? If you're Lockheed Ceorqia, probatly 
an aluminium metal-matrix composite (MMC). It works 
the same vay as ca i nforced orqan ic cOlll~· lS i ttts: add 
a str~n9, stif~ fibre to a softer matrix to boost 
properties. ln this c~sa. Lockheed is experimentin9 
vlth tvo different types of silicon carbid~ (SiC) 
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~~r~•i~ stiff~ners. Th~ rirst is ~u11tir1J0US 
O.OSi in Jiam SiC fibres. which are applied tu 
0.001 <>.OJ.:! in·thi ... ·k Al bU:il dl!0;·. then ..: ...... e:.,J wilt: 
pldsm.t sv .. :,·ed 6.:!61. M:.iltiple st:..,.,ts .:.!' ..:vn:p..;si~o: 

•H" then ·.·ut. 1.11•1 C•ut, .:and .lutc..:l.l\'"d tv pt•hlu ... ·e 
finished pdrts. Th~ fib:es ·"" l!l.l..le b;• Av ... ·u 

Sp~':i.tltt H..llt:.t i..lts Ui\•is'--.:1. Th~ se'-·c.nJ rei:1tt1f·-·rer 
is sia-1le t.:ryst.tl StL' whisk,.rs (tl.S-1r.icr0n·.JiJm, 
20 .;o mi,.:rvr.s tvr?yi). mad~ tr•:Jeft rit.:lt? hulls .. T·.~1 .trt-6 
blendeJ (up tu 2':> l.'•:·l per c·.,nt) with Al p<..wder .ind 
hut L"f..-.nllJ..l'-tc.t intv ·-·i•lin'1ri~.t1 lill~ts that t.:.u; t~ 
a....JJt:?> int•.> she~ts, l-11..lt~s, t!Xtrusi0!li, v: f0r~in"'.J:5 . 
The whisk.,rs were .J.,•:.,lop..d r,y Arc:._· Chemi._· .. 1 AJv_.,,._·,;J 
Mdte:r: i~ls c....... tc-.:-kh~eJ '.Ii'- l fdt.r l..:~t~ ~<h.·h MM>:" tr.tv 
two vert iL·.11 fins with ~~U-i1. sp..tn anJ 4U- ia ~h·-•!..:! 

.. s p.sr• ._,r the A<iv.u1c.,J T.ict i-:.sl Fiqht"r progr.s!llC .... 
(Source: ;..,rv:>p.1<" Am.,r ic·a. September 1'}8b} 

. . . . . 
Dur..t~ Atumin~u3l Cv:tLpV:i:t~s :Jrv..itJ.l:11t ... ! .:!~~-J..~-

i .. mq, 7-ir.-di.s ~tal·m..trix ._-0mposit" {Ml!CJ .!'._ill"~ 

usin9 Jire..:t-chill (OC) casting. The matoH!-'l w.ls J 

6061 aluminium reinforc.,J with !O per ..:ent silicon 
carbide grinding medid. The direct-ch~!l C.istin·~ 

technique employs .s sh0rt. water-cooled m"tal 
mould. Molten met.tl is po~red into the top o! th" 
lllOuld .1nd the inqut is low.,r.,d by a hyJ<.,suli..: .. lly 
oper.Hed platfvrm as it is cast. A1..:an Al..imir.tum 
(C<tmbridge. MAJ. Dur.ti's parent. built .. 
2':> mil lb· yr .:er.tmic-reintor.:ed .iluminium pl.int. 
Dur .. 1 ~an prcr.iuce extrusion bi! let. :;,llin.:J s!.ibs 
and fo.)und<i' pig at its S.,sn Diego. CA. pl.snt. Alc.tn 
will initially emphasize MMC e:<trusi.:ir. billet .. w-i 
foundr'i pig. but, will prwu..:e MML rot~inoJ sl .. t.s fc.r 
she~t and plate. (Source: Met.slwNews, 
14 March 1988) 

* ..... 

Nt!'W rese.ir..:n E::L:t.nned fvr tnelJl ·met.11 CO&(.>OS ~ tcs 

A 7':>0.0UO pounds sterlin9 thre~-year 
investigation of processes suit.ible for cOIDlllerd'*l 
volum.; production of fibre· reinforced ~luminium and 
m.tqnesiu• all0ys is bein9 launched by the BNF Metals 
Technology Centre • 

Existin9 production prc..:esse.s tor these 
materials are discontinuous and labour intensive. 
BNF hopes to develop simplified se•i-continuous. and 
possibly fully continuous, manufacturing techniques 
for sheet, strip and siaple sections. It is now 
seeking support for the project frOlll industry ~nd 
hopes to sh .. re the costs between 20 or so 
llldnufacture=s. Five types ot compdny are likely to 
benet it from this work. BNF bel ie11es: 

Manufdcturers vorkin9 in light alloys who 
see fibre reinforcement as a natural or 
desirable e;cten.sic.n of their product ra119e; 

Companies working in heavier aiaterials sue~. 
as fttrrous and cc.pper allovs who cannot 
iqnore liqht dlloy co~posites as potential 
St'rious rivals; 

fibre m..kers who wish to incre .. se the demand 
for their products; 

COlllpdnies planning t~ enter the metal metal 
composites field either as manufacturers or 
usttrs; and 

Y.xisting users of these materials vho are 
seeking improvements in material qu~lity, 

• 
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t~i!~1 :.u h.l.~ .2 !· •t.·: :.!.1.; l•. tht.· •"c!.-l .ltt.·.l .:;..•_ 

!..t:'-:Je ..t:r~-ar.!:.: .. ,.~ uA!.•lc$ ! ;..;.;,.1 :,: tr~-:.: -~-tt"--: ~ i~. 

P ... ·:t.•cj!ti tc~...tl~ • ..! :.._J t.;·.Ji .. ttt.:.1 r '•···l:...t f- .• :rt: I -•• ~.it•::. 

..st~ '1l:i..: fvlUlJ -·itr•u~ th-=- t..:-_t· 1t.ilt.-: •. ,: :t~, ... ::. 
-.ciJ l ....... •tv:i.it;· !:a ·--..:l~~t:·.i t.;· :t.e ~:otlt:'tL.:~ !ijJC....,_h.: .• ::. 

!°ht:' p ~ di.~! (• lt.-l0 1:s~d :r.~.-l-t~ :'!'" .... :. ( i .... ···~;q ... :_; ilt:.;;i. .J ... ~· ~-· 

th..: t:.;·dr.:ltic:> ·'"''' tht..· 1..A1.J~:.i !1..J; •. j ... ;, t~-t:." ..:~r!.a-·it:::; ,t 
lht." !iorft.J:l i t1Jt t i.::t.":.. U:it..'"·J !Ii ~.,._,.·c::i:.. !i .... J t~;c: 

mdter lc1~.. Svl ~.t :1t .. H~ dt:"lJSS lll•J ~th .. :-...1:1 h.s· ... ~ t·'='t:''• 

1.1~1:J t0 -.,:-\;l :.:,t' t:·j;..:•..:.\jcn in alumu.1\Ja. ~.1::t:d 

111..ilc:-r i.sl~ d.11.J c:-nhl~.•.:t: tht: WclJ.1L1i ll)' witt-: :tt:..S 

i-Jv[Q:;i.~t·;. ili..:.rk h .. -t:> t-..:t:r. .J,):.~ •~th • .ua Ji;.;rr.t1!iu1r. :;:.; •• 

!r-!.q:it::"S itan • "--i--'(it::: .ii 1 .. ,- tt: it W..1~ .Jc:ljJ~:st:.J tu ..s ·;,jt:u.;m 

..ll 8~u~·. Whh_·t. l:. l~t:'.t[ ··'-·lUt lVI• ht:."..tl llt;"-1{ iuy lvt 

tht: .ili..:. 1 • (S-.ui.-t:: ~~~-_:~~__!_~~~==· ~L !1~H.._-h :908) 

• • • t • 

Ht::at:.il'--°t~ .:il l>tt:At!'l Ui.ivc:-r:..1t;· :st.vW=» th.Jt l~it.: 

use ut l [) t !t....t~ drt:hitt:ctur.: Pl..ltk~Jl 1• im"1l-._v.:s. 
ttatvJq:h th".::" tr..i(..·kn1:1"SS S' rtt-r:':Jth cui,1 ·J~.irr1..i<ijr: tVlt:!"tdh•"t::> 

ir f iL1~ :~~::tv~··.:j cvmp'--.:;i:t=<s. Mt,;Sl i~p..rt-snt ~l' 

its 1.&St:!" td i,r.\a~tc::i tdi l\,;r~ ,ju~ lv del.tn .. in~t :. •. !.; 

pr.·Llt:-tr. '-'ith '-"'f.vt-r;ti.:.n~l ~._,m'-"..1:iitc:;. ln~ t·11·~:, •Jt 

fiL1es pr~c~~s~J $U~~~~~fuli~ li~l0 ) ~ fi~re 

tHt:to1r.1:» iu•:luiJt:" J::umin.~-i. !i-1 ! i. ... ...:..a L'..ttl.,~.Jc:, &--ltL·~. !~~· 

l,,.:tst: qrdk1hitt:. ~ ... well .-ls •.ht:" m...1::t:" ::.:.:.· .. ·t"1:t h:r..sl 

glilss d.1h.i drd:r,1J t ihrit:s.. Th\<?' matr ~A (f •• ttt::'l i..sls c.u: 
l~e tt.~r~:st-t •r tt~etltk-,,,;..t:>llt: (·•-'l'tiT . .:-?:i, .• ;.: . .-;-.; • 

..:ea::.:uni..::i, or '"·drt,..,.,. A\'.lll..sl,it: J [J tiLtc 
dI...:hllll:'...:lutt!:>. c: •. u·h with 1.J1ttc::r~·~.l :itru._:.u1.1l 

t".a.ght!"s.in9 1;a1i•Stii l •l u:~, 1r..._ 1udt: rr.ult iwdrp ,."'it:''· 
tal>r :.._·s, AJ2 str~·..::tutll:'~, malt l:t.A.dl -w~1r(; ku1t 
:>lru.;turrs ft:( ,_:.-Jmplt::.. ,·ur\l.ttur~~, ctrhi i [J t•r.:ldt:"·l 

st ructur~::; tor th~ .iir~:...:t t.Jrmc1t i''" ut ~ ..... 11.i 
n~dl at:"l shd~C~. Sim.,lc, J:id ,·,.;nl(Jit:;.; :,h.11·~:, s~•,·t. ct:.i. 

t·lot-.1mJ, tSir tuil::a, dOi htt ~tiftcri ... r_, .. :.sri h..- ti.rme.L 

l'h.•t41l m:ttri:a .._·dff•J-X>:..:tc:,, .t.i;L to,tVt..' L~·._..r. 

tOU':Jht:n~.J with J -lJ tit, It:" dl•:hil~t.·turt.-. t"ur c,_,rn,.i._., 

1n d <hop w.:;.,Jhl irr•1>.h-·t lt:Sl ,_-,)ff·(• .. 1C ll••J th~ lit:"h.tvt.,l;: 
,,r d J O t,rdict f-"i• Al 1.1 1·.1mp"sitt: ( 1 I iJ*='' ··t·nl t •l,rt.· 

1;ulu11~ fcdo.l ~uu) w1tli" unid1Ct:t .. :t "'1~.11 1·0:1.l'"''::dtc 

( J'l ~'t!'I t.:t:r;l t iLrt: •;"lu1ne t r.1.;t i11u), th.: t:<lll."l1J'i 

nt:~dt.-d l1,,.1 in1t 1<1lc •- ra•:~:,. "· the j r, bt..tl•i 1~ .'tlhnlt 

four t 1m~=- dS <Jtt:ctl tts i11 the .1rd.1lr!!! 1 't 1.:,a.tl 

COlllJ.k>!iit~, .uHt" mu1·h sm.1llcr .1.1n,.11J~ r"ttt:"., w,1,.; 

r:l~.tte.1. The j-[J t,rrtl~tc<l •'<>mposites dlso .trie .1t>lt: 

to dh~ort, Rtott: ~nl•r'JJ', ,tn.J :sh.uJl•t lt• mor~ 1m1}.tc\ 

resi:a.tdnt .it hirJhtH t •tJr~ h•.-sd101JJ. (5~·uri:t.•: 

~1Y.:!'!.'_::~1 ~~~~!.~!~ !' ~!'~'-·~-!~~~~· AJ•' 11 1·t1 J) 

• e t I I 

A "'-'w 1.t.""1·huiq1u .. • th.tl m.t ... 1n11.t•·~ th·} pt.•rr.,rmt11• •. 
uf r • l>r tt!i a 1. ,, mt.·t d 1 m.tt 1 1"' • ··1rr.p1 .~ 1 t ... h,1 o; t,•·~n 

dvve1ope'1 ctt th~ ·r.,.·,,,t,1 r·cot rctl Jh.•:;• .. •.u.·h .ind 

I I I 

... _:.t .:.:~ ... •::l. ! ~l·?\.•S .t!~ t•J::l.::l.t!•j thl·-~'lh :t S~~t t 'i 
, ... ~.J ... :. ·• ~-:~t:t."'r :ii~: ... :1 \.Jr~ ii~ (S:;') wt:.~sit.:::i .: 

: ::.'-· t·1::.; 

-•d~-1•"\.· _.t It'-;!:,~ ... ;'-·:.~- ~:;::1 -!:::it,\.":~~·! j~ • .._r._: t!.·_· 

t:.tr~.: t.~.t:r•· .. :.'.:l: ::?' .. ? • .; .! 11.:i·:..r:..t tl:..·rtt:-. 

""'. - 't. : • !; :· ~ : :. ..! .t ! ~ . ; :. ' : :lo 1 : i. ' 

tr..s:.'.)' .. -~::;\." ::t:t.: .. rr::s .at~ :.1.."tt.·.!:.:t. ... ! ..__·_·'1'-t--ttt:-i w:.th 

.._..__a·:e:.' :,_, . ..:_ : i.l :,.,- tir::.:.t._.:._-~.i •:.._rr.~·- s1.t~S- ":?a.· 

t.·-·-t.:.:.1 .. ~' •· ._ !~ ~-t.· . .1.:::.. t. L~.: t! .. 1:. -~~a :.1.~ !t?~ ,_',t:i.'=. :.: ., 

{l _. t.·:,:.. r_t:c tUt~· (-tt.·:._rr.-. i.:i ,·.._a.(.t·-·tt.:-J l•z t.!a: ?.t(. 

~~ ... -..: __.f tL~ :T!: ... llt'• rr·t:\.1!. 7~:.:. :'.t:::t.;l~:... ~:. 

t :.~ .c._- t : ~t re .._·_.r~t.i ... ~s. •h: ·: r .. 1·;t:" Lt"~:. t ...... 1 .. 1 t· 

i: .. ::K~Lz ...!c•I\.0 .?.:>r t!:c ::ii.:-::-t~"1t!~ ,__[ [1t:1ir: red.~ r~-~-

:1".•t.t! r.·1·::.,. .: -~i· ::~:~ . .-:: (!-';.ip.1'.".>,. Tt.t..'" (.:c:;;;t..·:1··"· ,: t!.it: 
~-..ir~~: .. !.:tt..·:; :, t·- .. - :!Lt~ :i-.t:.:.t:" 

~-: : .... t : _-.._..I.: 

.t t ~ ,_. r :r .• .: l .1 : 

!r ...... r.: ::_, ·1cl·:Lt"•H:.1 t.:, t.t.'t"" n-.t:~..s~. A t .... rtt.·..::t 
-2ti·.-.u~:..1 ; ... - .. ~ t!.~ t:i·Lr i.: : lt..tit:' l r..__ .• :c$::io 15 tr..J:t 

1: i(..·"";:i. ::;......,r:.1t_: •. ~.:. r'.l ·.J= th'-=' i'"f;M":i t lLt~ ·1,;._1l".Jlft\.." 

! t .lL"t 1 v;; .. 

T"'i•JtJ !r~e..it ·hct!> ;.1. • .... ~ '--•i ~·t..:!. l .. ~1- W~th !JbE 

L..i·..-c: .~p'"'• te 1 ~!.t..•: t rr.._,,_-t;:,:. ... _ :.!!£' ~ ._- . .Jr:~ .rH ...... ~-S 

i:1-~l--j..l::! ... - .:i: '!'• _. J r :!..:- .. _~, T;·r.:H1r •. _. :: ~t.:.· witt-. iw·IC"~' 

~ ... : ..... ur_:.;1:..; ;t:":.;. ... :.t:.... Fl-j".Jrt::.:. sL .... ,..:i tt:~- ic-+;.-·"'·r:.:-.\.!':.':. 

;,a tt1~ cr:~-.-h...a1.:,_-Jl ~lrt::o9th ·Jt ~'-J~e~;.:ir: ...:.s~l pU'."t: 
J ... u:n1;,:, .. tf" ..iu.t .J:~:?.i:llJttt .:li :..~·r (A~ 1 ':11:::- ._·ea~ '-~u t 

m..stri.a ~-·un,t,.,.:i&:c_., !'ci1:t... .. r ·c:-1 'Wlf~ t.·,t:r;.,1 71:..ai.; ... 

t iLr~~ .... ·t:td:.tlt..·i :..·1 trt:..sl 1ng t.hr f 1Lcts •i.th $~ 1 ~ 

•hi~kt.cs ...,1 I'S !,;a(" 1-u..1.rtil.:l~!I (<'J.i Jillf·). r·L: 

~A..srnpl~, lht."" lvlhji.tu.Jiu~i !lt:Al.Hdl SttC-IHJ"lh ut ..1:: 

\.:i.dllQj'eJ ..s~uaan•..;m EllJlr lA t..'•Jll.&·VSllt:' re1nfuri...·c.J ·.,;ttt. 

71 i.-~r ~t=11t T;·rdxu.v t 1trt:!'. ~-~ c.,.:Jod (72.~ ksi }, 

.n~reas~s tu:.~ ~~d (217.~ ksi) wh~n th~ Sd~~ 
It.~att i:ii.: is rt:ant.. .. .i•..:t:.i with v:dy ~U per ...:t:nl t-1,-t·.c i~t 

'!'·.-rar.nv t1l•tt:" ,_..._.r.t.J.ii~ia·J.; 1-t-: ct!'nt ~.:trti•:u!.it.~:). 

.n.:~d it:;, t1..sas·.;·~r~ir: ~tr~n~tt-. dvut:~s fr.Jm J.l~ ~F-..1 

t~l .. '! ft:.i) l·- \-__ j GI-~ (-lJ_') k5~t- llbE l.S. l!:.l~rc~!.cl 

~·~ •·~rk ~h-J with l">tc:nt 1.il v:.JttS \."'' dp(.•l ~...:J:l :.'->:~ 

r~.il~ir~Plc:-l•l::i !· ... : tt.it";t ... h.:•:t:"l,,p:rlt:nt.si h·1t.r ~J T·,r.1-.r .. _, 

t1t".1rcs ar .. 1 h·;Lr i.! tu.rt: Ct"l!1t1.r1..:t:J :n~tdl rratr~.; 

1·..._,tr.(;,_,~i.fit:"S. (1i'r.:u:11.._. i':lt rt:' ~;ru:~l·• :JfH•.: !r.,__Justrlit:":.> 

i.f J .• l ·)76 ~ I':. ~<;1i~r-. i. liLc · l ~ ·;. 'i i•n.t·Jlh"h i 
l'I~ft:._t:...r.:, -/'l'J, .J.11'"''·- HM1" U>:l:;t,,n. TvJvi..t 

l:~1ot1..Jl P.t:-!ic.SCl..f: i. (,.t.."Vt:l .• pn:.t-1.:, I . ..tl·Jtdt·JI it:'S,. lht .. -"·• 

oil i, y._Jk0rt1i~h1, N.-s-j.-1k;.itt!'·•:t'.•, A1..:hi qum, A1 .. ~t 

~ret~i;ture, -180 ! ! • J.s·J..111) (So:Jr~t:": ~~~-~.!-!!~ .t:i-1 
Pt·_!~t;~?~~~!J ~~t-_;I_~, ~)··.'>bc-r 1987) 

i'I"·!~~!-.~~~! ~~~·J-"~~l'.J I!_~~·.-~!~ h,1:; t1t"t:::1 HSt.",J fc, '1'.,tk•: 
m~t.:tl~m.ttriA 1·1;ffi~JC>:iit~ 1ic~t<•rm~ t ... y ir.)~·..:t;n,J ..:•:t.tm11 .. : 
, .• ttt~..:lt:-:> rl'-jht into th~ ..1t.;tr.i2c-J R1.1lriA. O:.(Hit:·,· 

Mct.tls au•1 ti~l!t finiv.:r:;it·; (tht: Ut.•lht"rl tnds) h,,._.._. 
J··.int!-,- ~Alr~Jit-,1 !.l·r·•Y ,Jt. .. l. .. >$ll~J ,tlumir.1\ur. 

:.a~l1•.'•.1n·••.1(Jl''-'r <tll,11 tJ1llt:ls. 

"ft,c l>lllt:l:.i Cd!t·J [.S'Jr.1Ur..StJl)' VS d 1_·11•:t 0 1T" •• t1;· 

lflq·>l m~tdllur.J; ~11luy .tr1•1 d ~ltnildr powdt!t l'tot."l'1l 

di 1.,y. The U:>(Ht•( m .. tho<i hdS been studied .st tlh· 

t~.1v1·~ Ii.tv\d T1·1l·Jf fi~:>e.1r1:h 1'ent~:- (AnriJpuli-:., M[,), 
with tl1c y(j,sl Lt:ln•J to m.1kc '1ip~ (iCt:forms from .in 

tr~ .. ul(; r;J~ :111 Mt·l L,t:.a~ mdl~r ldl.. Mdr.ntts,m,1nu {Jcmd•J 
TJ!:A (P1tt:..Lur•J,. 5·A) r~1··1rt!,; th.st the mt!th•.>d H••W 11..s~ 

ttl~ l
0 .lj .. l1 ity l)t I '1fl( llJll•,\i"il'i rft,lkllPJ ol5 f1ill~r1 

·1'•·•~1ty ~tr'I· .11. 0 1 11:.1tt• tq. t11 48" w1rlt: c1n.-I nt:~'l:i t 

l1-=.- un1teJ wtttl m .. _.1t1n1J .111«1 !1ri1~h r<•~liug .:cJil1H1J 
fc11:ilH It.• .. t., ht·"Jl11 ,,u~1,ot 1n 1·1Jmmt:1··L1l dmount:>. 
c;;.,,ir,·t': '!~·~,olwU···,., .. 12 ;; .. ,,t.,mt, .. r l')8!1) 
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!_Q_-t.tl 1n.1tr~_~sit .. ~~v .. tvt_ p~;_'2_1m:;: 
Rese4rcher •t University of Oel3w3r .. ·s Centr .. for 
Coaposite M3t .. rials ~s wurkin~ ,,n l·U w...iv .. n 
reinforceeents th.tt c4n be wvv"u into pr .. t01ms with 
c~lex shap .. s. The met.tl m.itr ii; cuaip.-0sites (MMCs) 
are aa.ade to near-net shape, .ind th .. r .. 3r" '"' 
delamin3tion pl.tn.:s. 

Polycryst.tlline .tlumin.t .ire br.ii.J.,J ""d wov~n 
(FP fibre) into p1eforms, th"u v.tcuum-intilt1ate.1 
with aluainium-lithiu& alloy (Al-1.~Li). As fibr.: 
volume ir•crease-1, so did mechanL:al pr,,p.,rt i"s. 
An experi-ntal 37 vol per cent alumin.i-1einfor.: .. d 
Al-Li checked in with ldl MPa te!!sile stren~th, 
97 CPa You~'fs modulus, 0.26 tailure strain, 
32.l MPa.m•· 2 fracture tou9hness. You will 
find that properti .. s are not verr different from 
those Ob5erv .. d for <:onventional C~uniaxial 
composites. 

Problem.s researcher is working to solve in..:lu·Je 
the dallldge ..:aus~ to fibres during braiding and 
weaving (especia.ly at ~rossover points) dnd 
infiltration as fibre content increases. Pr.x:ess 
has potential for automation. (University of 
Delaware, Centre tor Composite Material~. Newark, 
DE 19716, USA) (Source: Inside R • D, 
12 November l9d6) 

HMCs can never oe tvv thin 

The Navdl Research L.tboratory has d .. veloved a 
way to m.ike thinner, IDOre consistent metal-autrix 
composites (HMl:s) by spreading reinforcing fibres 
more evenly across the laminate. It is done with a 
pneu!D4tic induction fibre spreader, which draws 
graphite f i~res through a chamber where air is 
pumped out of nozzles on either side of the fibr·?s. 
This creates a venturi effect that spreads the 

tit.res, whic·h are coll .. cted on a take-up spvvl and 
int .. rlt'.tve-1 with aluminium foil. The fil>re-foil 
t-'r" is then ion pl.iteJ by physk.il ·•.tpvur 
d~pv~ it ion tv tvr:rn ..t pr~i.:ur svr sheet th.it ..:.in 
be consvl i.J.tt.,,J with ,.,ther she.,t:; into a ar.ult i l.>y.,r 
MMC she~t. The =>i'$tem prvJ •. i.. .. ~~s :ih~t:ts J\ .. wn t._"' 
O. l B'tlll thi...:k • ..:..ut:- tit th ..s:;, thi'--~k J$ <.)th~r mt!thv.J:.;. 

i111prol.'es r"intorc<?ment -:.Jn$istenC\'• .ind strei:<Jlht:as 
finish"d MMCs. It h.t:> be"n lt<Sted u11 

9rap~ite-r.,111forct<.1 aluminium. (Svurce: 
Aerosp.tcc" Amerl~· Jdn ... uy l9d9) 

• • • * • 

Do nut S.!f' met.>l 111.ltrb: -:ompvsites (MMC.>) .H., 

too hard to use. Thanks t·::l .s new t"chnolv'Ji' 
develol>".J by Alloy Te<:hnvluqy Internal iondl, '.i'-'" -:.ii. 
spray on titanium·.:arbide-reir.forced MMCs. A 
typical co.itin9 miqht contain up to 40 per .:ent TiC 
in a ni..:kel-..:hrome matrix. These new MMC coatin<Js 
.sre s'ippery and have five times the wear resistdti..:t: 
of tunqsten c.trbide and .>i• ti-s that of "Stell it.,• 
cobalt-based cuatinqs used in similar applications, 
.iCCording to tests run .st Dre~el University. 
But their true utility is to prevenl substr.ste 
degrddation under a combination of hostile 
conditions, su..:h .as we.-u:. h~dt, cvld, dnJ ...:orrvsi.)n. 
The key to this combination of e~cellent wear 
properties and low fri..:tion cu-efficients is the 
rounded edqes vt the T iC part i•:les. which slid" ov .. r 
other material!.'. Th" coatings. trademarked 
ResisTi..;, are ma.Je bl rn..:0rp.')[ating the roundeJ TiC 
particles into met .. ls usin9 GTE Sylvania"s 
plasllld-melt, rapid solidificati0n system. The 
composite powders are then fed into a thermdl sprdy 
system, which dep;;>sits them on the substrdte. 
(Source: ~e.:vspd<.:.,_Amt:ri_.:a, June 1989) ..... 
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Figure 1. Specific tensile properties of ::.ome 
invr9anic fibres) 

Figure 2. Stren9th of hybrid tyranno fibre 
reintorced metal matrix composites 
llldde by squeeze castin9) 
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12. 

A new qenerJtion of discontinuously reintorc .. J 
m~t.il -Dldtrix ~vmposites. fabri~..l~ed via J 

propr ietaq· cast i rog pro.:ess re! .. r: e·1 to .ls iu./M 
tet..:hnvlu':JY• is unJ.:-r develcpment at M.irt in M.lt i.:ttJ 
Lawratories. ;,;ith this te~·h:ulog;·. rr.any Jifferent 
cercimic reinfu1cements (c.y •• '!'1B~1 TiN, Tti.:, 
NbB2 , T i~S i 3 ) with morpholoq ies r ~nq inq f mm 
partL:ulates and platelets t.:. hiqh aspect rat 10 
whiskers can lie louned in situ 1n the mo:it vf .l •ide 
range of alloys (e.q., TiAl, NiAl, NbAl, Cu, Al) 
during the casting process. The resulting 
metal -ma tr i" composites havo.> imp<oved pruper t 1es .rnJ 
can be cast, forged, and extruded. They canals~• be 
converted to po.,d.,r using rapid :.;.:il id it i..:.it ion 
technoloq~· t0r f.lbr !cat in<,1 near net sh.lpes via 
~-0wder metallurqy processes. The ability to make 
ne.ir-net shapes of xo™ titanium aiuminide (TiAlJ 
intermetallic comp•)Sites is p.lrt icu<arly 
advant.iqeous be.:ause they .ire .;;,;t remel y h.ird ;rnd 
thus difficult to mn.:hine. 

Most of tht! work that has be"n d.:.n" to oat" 1:; 

on the development of two-phast!d ga1M1a lamellar 
titanium-aluminides reinforced with titanium 
diboride (TiB2 ) particles. Analysis of th" 
~icrostructure and phases of a cast ingot shows that 
it consists of equiaxed grains of TiAl with lam.,llat! 
of Ti 3A! and TiAl. The equialied TiB:1 particles 
are found both inside the grains .ind Jt the qr.tin 
boundaries. 

Table l shows some of lhe improved properties 
.tt room and elevated temperdture:. of a Ti-4S 
atom per cent Al alloy reinforced with 7.S per c.,nt 
TiB 2 • It has been found that heat treatment does 
not markedly affect the microstructure of the 
as-cast alloy. However, when thermomechanically 
processed (e.g., by hot eAtrusiun), the matriA 
morphology is transformed frvm lamellar to equ1..><ej 
without any breakup of th~ TiB~. The compvsite 
with this microstructure has better creep resistance 
than the unreinforced alloy, and as also shown in 
table 1, its rovm temperature elongation is also 
increased. l11itial results of creep rate 
measurements at 760°C and a load of 69 MPa sh0w 
steady state cr.,ep rates of 2 A 10- 7 sec- 1 

compared with 9 • 10- 7 sec-I tor the 
unreinforced alloy. Other properties of this 
composite are its fracture toughness, 
12-14 MPa m112 , coefficient of thermal eApansion, 
1.0 x 10-~/•c at 20°C increasing to 
1.7 x 10- 51°c at 800°C; and density, 
3.99 g/cm3, which ~kes it a lighter weight 
mate1ial than such high temp.,rature dlloys as 
lnconel 1>01. 

The kartin Ma•iettd 1esea1che1s are al~o 
investigating xu™ processinq ?f other 
inte1metallic alloys as well .ss of Cu and Al 
alloys. In alloy systems such as Cu and Al, xocM 
technology is expected to markedly improv" 
superplasticity because the in situ formed 
particulates act to stabili2e the alloy's tine grd111 
si2e. Figure l shows the improvement in the tensile 
strength of an xo™ 6061 Al alloy reinforced with 
10 vol per cent T1B 2 compared with the 
unreinforced alloy. Because ot its thermal 
conductivity and superplast i r; it y .n is .• 1,\ter i ... 1 
could prove advantageous tor automot iv•.· vn9ines. 

The production of the litanium aluminide 
master alloy has been licensed to AMAX, which is 
selling the material to other Martin Marietta 
licensees (e.g., Howmet tor investment castin9s), 

I JO 

t\'lf m..inut.3.~tur in~ ~h:...:- •: •. u i..:.~s ._,rvt.1.J. ... ·t ~. 

M~ t l i n M..s r i et t ~ i :: d l :h .. • 1 '' ':. t r ~ ~ ~ t" J 1 l'. w ._ : " J. ~. ·1 ._ • t. ~~ 
utht!r 1.:urr.p..in~~s t ...... fut tn.t:t th~ jt,-·;t!~ ..... t--:t.c::t !.!oc~it.· 

e:.-:p~rimt:nt..il m3t~r L1~:a. {llif..trt11 ..... i: i.t:tt.J 

LJbvr.itorio.>s. !~)0 S. ~0:.ir;.; Rv.i,!, E'.1.~:ITd•:, 

HD 2l227. l!:iAl (S .. "•ttt1o..~: ~~!:~ ~...:!!_~ .::!!:.~_L_!.:_r -~.!..:~=-~~j 
H~!~· Ap< ii <'189) 

Met.::i-rr.:att!A "-·vm"'•.,...:::i.i.lt:S w:t!'": ir:._·r~..1:St"'d 

stiftness dnJ sttt:ru.;th, ni~hcr s~t·.::_·t:!' t~IT't--·~L1t.;:cs. 

anj ...:cnt10lle,j th~r::r • ..s1 t:Ap..s lSi....1: • ..tr~ 1 .. vw .t'.:~il..il.Jl..: 

With al •. 1111.~UiUm ut mJ"11~~Slt...r. :T:Jt[ .:.._t:$ .. irr.I'-' ... -:Jt".t p..~~-

ftldle"t ials are r~~r.t ..... !L·eJ. •ith dis .... ·vni: i , • ._.._):;~ ... .-er~:-.;..-

ph3ses. ndme11 p~1t1....:lts, ~h1sk~rs. 0: sn0rt 
fibr:es. Th~i· arc: .lV.til..1Lii: ~n tr1~ t.·,r:-:1 ._f L1i:t:!.:,.. 

extrus1 ..... ns .ilto..i !vr~irH;s frvir. tt~~ Fr:~r~....:n t..:uir.t-·..i:1~·· 

Pe~hiney. The rr.vst immt-j1..ltt"" irr.ptu\.tmeI~t d•_-t:i.t:·:.!L .. t: 

is in el.istic mvJulus with v.illlo:S .,( IGO t:O GF.i 
(l~.500· 17,40U ksi) easily attainJt:e with Si~ 
p.irt1cles in aluminium_ Alth0u.;h 0Lt .. 1ned wit~ " 
slight irn . .:reas~ in deusit1·, the spe...:ifi~ stitft.t:.5~ 

of these mater i.iL> suq;.isses thJt ...,t stet<! ..iaJ 
titanium. I~ the case of SiC whisker re1nt0rLo:J 
elltrusioi:s, yield strength and tensile strenqtn ,,re 
greatly irr.prOVed over thOSe vf the Ur:ro.>in!vrL·t!J 
matrix. Figure 2 shows high •;1.,ld str.:11gths at 
difft:rent temper.itures t.:ir 6061 aluminium all·-"i 1o1t:• 
2S per cent by volu~e sic .,hiskers. Hign L.,~.~s ~r 

mechanical properties have alsv been oi.,t.uneJ w;th .t 

7075 aluminium-matri~. 

Cdstinq technolo~y i~ ~iso v~c~ attt~~tl~c • ~ 

metal-matrix comp0sites. C.stinq cfters the 
advantages of direct tabr1cat1on technvlvg~. 
near-11.,t-shape technology, C.ipdbility fvr m<tk: ... 1 
c.:>mplel< sh"pes, capab! l ity for "si1.g lucai 
reinforcements, ar.d c.tpal>il1ty f.;r usir-.g :n;A.,J 
reinforcements and hybrids. A cdsting all···y w:t!. 
20 per cent by volume SiC whiskers can prov:ie .s 
200"C (392"FI ultimat" tensile strength, wh:c.:h is 
200 per cent thdt of the unrei11fur~·ed a!luy. ,;1 
300'C (572°F), th" COm(.>OSite t .. nsilt! strell•ltt' IS 

300 per cvut of the strength ::lf the ur.r.,inforc.:.,J 
product. Th" use ot 11o;ar-nt:t-:;h.ti.-e castir.gs wiui 
hi<Jh loadings (up to 60 per cent I vt d.~':vnt '"'''''"' 
reinforcement dlsu appears promising due 
parti.:ulacly to their red.,...:eJ thermal e;1pa11s1,_,,._ 
Nedr-net ·shape techr.ology is likely to be 
competitive where machining costs are ·:r It i._·,,1. Tt . ., 
use of •:ont 111•wus t ibre prP.torms is als<> 11nde1 
investigation using uoidice.:tional tapes, ~...,v.,n 

produ•..:ls, and f i lamt:nl wvu11d systems fo1 
metal-matrix o..:umpusites. (C.;,,gi.dur Pech1ney, !<!' ~i. 

Vore(J~e, France) (!inur1.:1:: H.:~~!..l::!.!.!..~d~~~.:!!I••! 
lh?pori;_, Sept.,:1111.,, 1968) . . . . . 

Hats off to Dur"· Aluminium l.'omposit.,s, wh1.:t1 
will be first to ma:<e .;c•IMllHCldl 4u.111t it ies vf 
silicon ,;arbide i-a1ticulJte re111tc,r<:ed alumin111m 
metal-mdt<ix composites (MMC"). !Ju1<sl will build" 
2'H milliowlb plant to producv e•trus1on oill .. t ""'' 
foundry pig, and, dventually, rvliing sldb3 t01 

sheet and plate. 

The first appli.:.itic,ns will pr<,IJJt,ly hy 
superstif! tennis rci.~kdtS .iud t;icycle trdrr .... tut,.,s. 
Hut the true tar9vt is auto applications: 
connect Ing rods, piston pins. valve guides, "'''k"r 
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.1!. ~ .. tt t._•!. t.•: ••. :.~ ~·.. ... _; .1:.1 'z·: lf:\.i~r ~-t...hi_. 

-··· :"'.·t t-· t~:1 tt.n:c ·;.lle.;;rt." ... ·t:t~ t~ 1:.\tl '·" 
I•._ ·t·t •: ! !ti•,::,. 

~···= t! • ., ~ t~·;l.lt.: ! ·.ii•t·."~ :t:::: (: ... ·; i't _,_"';":i.:) l:,, 

11.-! .t.<.e:i.!t :t' t.._·. t.:>•',,n. :-:.~t':.i _.r _ .. _-.tlt.• lwh1 •. :h o.s 

.. ~:;· -. ...... :1:: $· :1'i:~. l' L: .·1 .···l'it;n~-:1,J:) 

... _ . .._ ~.: . . , "·•~ t?h.: ,.tt'.\.:'t t'1Tt.· .:t [it._,_·t:..,;s. M,·tt-.::t 
·(..': ~.. :) t·-,~·: t'-.: .: r_, tt.t> t -t t st1 ·rt, 
•.t~'-: ..__. :-:.-. i!:,,;.~J. ~.,11J~~~t_4J, J11J re;>m • ..,,~J l'i ! 

~'I!~ t,.:l,."; r.t~~- .. :m .1t th~ :h ttvl!~ <...:f' t.ht: :T,HJl,j. 

-.,st t.::-i :::i ~ t:::i.: ~~l\.'U.•}~! t\._ i•q~:v·:t. .... 1rdi1~ ~izc .1;.J .:ii:.: 
!["..~ ·u. ttc.· Ji.:r:t·.t1:. ~~.! "--:11: l.~ th~ m~ttl"lA. 

:1't.: ~t:: . • :: l'.,J ~M.':.. \ L.~ ~·~: ,-._•nt ;;;~.._· tl~td. At J 

1:t. t··~ •..:1.".. ~_ • .) ~•. it.:ir . ...:t:.~r:: :.J.t:tr"et. !~~--cc ... ·er:t 
.... ~-t:.·; _·t:::t :it L_H.:Jt.•[, ~i:!lJ .U• .._.tdt:t JI m1~r1.itvJ._:i 

···t.:.s:: r~s • .,;~..sr:•_ tfl.l1~ ~u:.~::.t_=...:t.~·i ..Ilu.-:-,1n1u~.

:O·.·'..~t:~ rt>:, .,.:~ ... : .. u. •:01~tt._•1 1..~: .... ~= t:tc:m .. 1.l eAt> .. l:ns1._:.n 

._· t.:t! ... i-::.!.. ~:..·_1,: ti ;~:.Hni?.1·1.r1 ._",.:;::~p\._)si~e-> ("....·rt·· 
t• '~~ :'·~· .. '-·~ !-.· -~ r~.:-_·i::, S 1:; f'.t.:.; .. , ·.·A 921::.1. L~·;..1 

t:: .. :.·e; :i'.1~~-'!~::·~i ~~:!;,.~.~-!is__{·~~-~ Apr~; !~03) 
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7~h· ~L.:: ·:u: I!~.-:t :.t 1 ltt:" 1. r S:.H11J1::.Js ~d,1 

:t..• ·!~i.Jlvi} 1.1'•!3.) l::i i1i· ... :1t1;•-J ~..irt1..:ipJti":n tr..::.m 

:"i•;;trj· .. 1·:.1.=t:i:-.i.1, .l~hi G__,~:t::!mcr.t ~:1 Ll r-=se.tr'"·r: 
t--!-";:.i:--r~ L·.J :_3:.~t..-t. c~ iti _'.""-:i art-..s:$ limiting 
::. ~ .. ~~r: .;..l. :.J.:. .. c! ....:f 1r.ct.1- .i"•i :utt..:rm~t.ll lii..: m...!tC iA 

__ .r.t--~-tt'~. ~~ ~.1:t.i1:u!cH ir:tt.~re~t: pr.:>.:c.::as1n1..1 
i:t::· "·"·"~·-·..:5 t_, ~! s.;r~ a ..;• ... hJj 1:;~ ~rf..3~e t•etw.:cn 
~·-~·:~ !;,u ...;'j ~ .L:-cs drh.:. ..ilUi!1l1:..ium .il~oy !Tadt rices; 
t:;~.;:- ·:.:T.r:1t .. 1:i Jt.:..;~.!d~tti,·1:1; hi-Jh specj pru~essinq; 
:u:.J t:l~t..t!d ._·t.t.mlLd: te::~huiqucs tor the: 1:rodut.:tivu 
.:~ tit i;.u.!:;, ~lu.:ni.1ij~ m .. 1tr i;:, :raterials. 
( ~ : . s. t ·; ~ .i s . 1. ..! :; hm'' re , N rs r , Bi d ~ . 2: 4 B 1,; ti , 

,;.Ji~_hc1st,;.1.::q, MD .::oa9·), :.JS>.) 

(S .. ~ tdbl~ ~n pa~~ 133.) 
(.i ~.;r'-·t:: ~1':~~~~~ _!i~;-~!..~.!.? ~- ~!~)~~-~·~~, 
Frbr.U''f ,')(J9) 
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r.:~.:.:.~11 Aiumin1..;n. (S.Hi l..IJ.r.; ; .•• 1:;,.) h .. 1.:. lr1L:0Jl•·:~_-.i 

:_)~!·_!~·~~G -~~-~~~!l~~~-~T·~!E.!. ~~~-~!_~. ~~(.)~l~~ i~~-~· d 
L

0 1.!!'".--tmic pd rt i·:le-reinfurc~.j al~1miriil .. m ITi •. it ... ~r i.tal ~ Tr.e 
MMC, which c31, tJe L.iSt, CAtlUJt:d, f<.r1.1~-i ::!r.! r~;.~l-=-d, 

n~~ .. x~ellunt strength, stiffness ~nd we~r 
tt!31StJ1,1:~ allho1~gh it is d'.:. l i-jht d.nd 
·.·c,rr\~..ii•Jll re$iStdr1t .-1.; dl~1m1u1ur.-,. Th~ MM1.~ w;s 
int.odu1.:cJ tvr d lot 1.)t commt:; .. :i.J~ ,1nj it~d~:slt l.1i 

u:>~!> in·:ludinq: eu-;int! {>Hts. fH.JC.Jl,:dn is [1rcuJ~.1 . .'t!·i 

.., 1 .:t d 11 t..•conom i L.J 1 Cd!:.i l i nq m~t h(.1•1 in wh i 1_·t~ 
iru.:Apt!n~1v~ iugot-graJ..- dl1.1mii.1~1m .lh·i c,>m.'n~r·.:1..tl Ly 
0tte1~d cerJmic pdrticles dre united. Durdl's 
[JOt~ntt .... t mt?'tt10d ~ntdi is .1 Spt:!•-idl pret re.~t!lit•nt th.tt 
el :111indl•!~i un ... h!5ire.J ch~mic..:~tl 1e.H:t iuri5. Thie 
~retr~dtrn~11t m1n1m12~s diSSt>l~~J ~Js~s ..sr•J 
im1mriti"s dlld dllows d unitorm Jistrit:.ut1u11 ul 
ct:rdmir; lJ:lCt icles tv be att'1in-=-d. This is a md j(,r 
t.1•-tcH ln ;,cquir in') dur.1ble n.ech.tni<;dl teJtures. 
Llurctl ~s do AlL:dfl Aluminium sut..:iidi.1r1·. (~.)tJf'...'.t~: 

'~~~!!:!~9· May 1989) 

. . . . . 
Metttl ·r.1.ilt iA L'r)mp,1~1te~ bd~t!·J _.n ..i!um1n1um .:tnd 

aluminium l tthium ctll<Jys rei11f·.H"ed with f.i•.· 
p.Ht iclJ)dtt"S hJVI.' tJeen Sll•"Ct'S5t1Jl ly pr<;<llJCed bJI 
Al.:<111 lnter11ation<1l ll31n'J th" <>s1,rey svrily 
dt"(JO!l 1 t ton 11ro.:ess. An ddv~nr "J" ot sprJy 
<'l"posit iun f(,r productr.rJ 1;ump·,~1te mat"r ials over 

l l I 

m ... H~ '"- ... H1v~:it lVlljl pvwdt!'r c~..:hniqucs is th.:tt no 

~iKi?1g 0t p0wders is required. ~ ~0Stly dnJ 
l~l:H:r~?.t ly J.u:9~u·us ste11. h~n-~~ th~ pr0duc:. is 
:~l~ti~~l¥ :~s~ e~~~11st~~. 

vtt·t>": .t..i··.u.t.t.--Jt•._·,1s p:\._··r.._.i.rt it:.i= vt th~stl' 

.tluin1a1um to .. tse\i. Sit..' p.Jt::.i..:ui.ttt> .·vmp-:.sit~s .-ire tht-1r 
li._.r.t Wt:i-jt~r_ ( l ..... ,.. ~~1;.::iit;·), hi~h :S!Jt::ific sttt:1!-Jlh 

jtlJ Sl-'Cl-if: i~ rr.,_n.!uiu::; ( ~t iffI1..!'~S t•.; Wll?'ight r..lt iv)~ 
.. 11~J hLJh 1-1t.:-.:tt r~s~st.Jt1.:t', plu::> tht::"tl th..:un.J.l 
cxp..s:.:.;i"):t '-·..:-~tti•:ients c .. Hl ~-~ t~til·Jtt!J to m.Jt.....:h 
oth~r 1r.t:t.1ls LL iur d t-·..-t.rt ~1..·11i..l: pr•.:·d;Jt.:t ap~: i..:...:.t iJ1: 
Li:· \."..t!j'i;.l.J tt-.e '.'0llUnt: t..l~[ L.,,~nt vt Sic if! th~ 
..1lt:1r.tniu;r. rn.ttr IA. Tht- ...:1..:ln~..ta1· is t..trget iuy- lticis~ 

cornp0sites .Jt d bulk i:.ypc.· m~u"<.~t suc:h ..1S .:H.:.t1..•1r.vt1v.e 
(.e-.g .• L.H cdrn h.M..!.:i. 1--i:>t•.:--11::, t..·1:-nne•:t iuq rvd..,;) wt1~rt:!' 

lowt?t ._ .. :st 11 ley 1._·ou~J l": 1...se ... ~ .ls tf'.e l>a:i~ rnct.:1l • 
Tb€· i11ct~n-:e1~ts :i1 strt:11":Jt~1 dtr: ;;L·t .;t!i l..lt':ft w1th 
hi~th:•: ::it!'t:a~th JllVJ'; Slh:t": ..t.3 At-Li (60?0) dS the; 
.Jrt: with ~ .. 1•er str~ngt:1 ctll·Jys • 

11. : ht.• .iJ..l~t~tt ic~. Jf the 0.::1p:er· pro .... -es~ 
...1~\."t.:i.:_•E .. :~J t.:1· Alc .. u;, tLt.." :t:i11f .. -..r _·in1.J particles .ltt: 

ir.~_-c;ryQrd~eJ ir.tu t~ie m.Jtr:A .tllc·i .JS an inte-:1r..sl 
~~;t ;f the ffictdl spra~i11~ ~-r~c~ss i~ su~h d w.1y dS 
t·:J 1->r0duc·e d unif~·r:r. dis~r ibur i0a thrc.•U'clh>Jc.t th"' 
fir~1sht:J rn.ttt:!'ri3l. rh~ .:1s-s~r~yed inqots ac~ 
~yli~Jr:~dlly sh3p~d t0 mir~imi~e mdchinin~ in 
pr0du'-1ng e•Lrusion billets. The composit~s aie 
t~ddiiy ~or~dble 3nj c~11 be fabricdl~d, 
e.g .. ~~ttud~d, ro:l~d, ji~ ~dst ~sing cor1ve11t10nal 
t..:...0l.i1~..;. H..::>Wl'\'t!'r. -sor.:e acccunt rieejs to tie ta.kt-not 
thi.: .. t hiqht:r ..tbtdsive:1~ss !n rr . ..-:ict.irairHJ, whi.--h 
re.;uir"'s c·arbiJt> tipped to:ils fot rough machi1't:•g 
..ind diam~:.nd-: if·p~J !.Or ~u;ishinq. Alc.3r.'-> 
::;prdi' i.!~;K>;iitt:d MHCs are stil! de\.·elopmt:Pital. 
However, sno<1ll qu.intities are available to sel.:cte:J 
cust~~trs tor ~Vd.U3tiori. \Al~ari I11terndtior1dl 
Li mi te.i, l:!ant.u1 y Laber at;:,r i..:s, B.inbury, 
O;.rnn o;n,; 7SP, Llt-) (Sc~r-:e: Materials and 
~~-~!.!.~~ ke?.-~f.~, (>~t:..Jot,er 1~57) 

a I • t * 

~..lqu~3iun1 l"'.12t3~ ll·..ltriA c,)mpo~ite (~MC) 

'-=11.trJ:.:1or1s .Jft: dVdi l..;ble trum The [.1·JW Che:nic.:11 '-"·, 
M1,Jl.11.j, Mien.,. !fSA. Th~ C1.."'1'1p..int·'s t--roprietar;· 
t~i...:hniqat: is scti.j to be the ,A\li <..'')mtnercia:l ~ci..h..'.'t!~>:i 

fc1r l'rv\.io..,·lr~~ c.1st rr .. tg:~c-s~um M~Cs. Oth~r p.tud·..:1.:t !1)n 
pr,i..:.esses 1ely c,n pu'old"r ITce~al~ur.Jy (PM) tecr,niq~es. 

':'he re~ntur.·r-!.J h1dtcr lJ~$ h..sve ')!edt~r s':rer.·;ch, 
rr10,1ulus (jt Ed..1sti1.:ity, .;Jr:d we.::Sr [C-;;ist.lr.ce thdn 
11:1rei1.t 1:irl t!~1 ffidl.jnt!Slurn. T() d.1tc, ~-)• has [JC•.h~'J·:ed 

MMI~!_. with si~i~:..';n CdrtJidt: .u:.1 .il,J:'!!l~.d rt!int·urc~rr.t.-nts 

iro ..t Vd:-ier:.1.1 vf d~luy m.-tt!'ic~:.>. (S ... :L::•.:...·~: !'.....:11.·.1:1::cd 
~~t-~!_!~h.__!!__?02!:.:.~~~S, f,iJC i: : ~~')) 

M~~~J.-~~~-.!-=~~ 1 :~:1-!-. 1~_:J!J..!.~..!!-t._l_~-i'~1:- cer.t 

'i'~'..n .. ~! .. :l!. _r =' t ~ 

'rl".e 11\tttdl rTi.:\t.t !;.: ,;ur..posites (MMC:) rr.drket i~ 

~urrently S20 million, n"ariy dll of 'olhicn is 
resedrch bdsed. Although alumin1um-mdtrix 
cnmp0sites wili continue to dorntndte in market shdre 
throu9h the yeM 2G•JO, growth ... i 11 be t .. d by co['l'"r 
·IJl::I IT'd<jll.,SlUm MMCs dt JIHllJdl rdte:1 or IT'..:>re thdoo 
.~o pet .:ent. 

[f the Ndt 1on·1l AtH'>sp.we Plilne prngramme 
continues to product ion, i 'ltermeta I l i,;: MMC:; 
(particularly titani~m dlumtnides reinlorced by 
Cdrbon or titanium diboride) will apvroach the 
market position c,f al.1minium ffidtr1x mdterials 



b\o" 2000. D~t~a1..."t:1' will .._-.;,)n:sum.'-"' tn.\.>:i.l vf the MMl":: 
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r~1...·ent report by Busin~ss ,-,,_~nul\uu1,:..it !._,us [rh_ ••• t 
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Jdp...an"s K\.)be ,:jt~~l Ltd .• IS rh.•\iitl' U~lll":f ..t 

powd"r lft"Lt! lurgi•:al prv..:.-s:> rc.r tnl l :;._ . .li" 
production ot silicon-carbid., whi:;kct r"int0rc"d 
aluminium. Thl" ..;,,__1mp~1!~· c.:tn 11r.;..Ju,·c: 6 li. 10.~- in i.Oll'-J 
(l~O nvn x J~O nur.) bill ... t:i 0t th" c~·lftP•J:iLto: m.it.,ridl. 

• • .. * • 

Continuous sil1~011 cJrbid~ str~nds dre a 
l.-adin9 candidate tor r.-intorcemer:ts L:>r ir.et.il 
m.lttix composjtes ~HHCs), but they Cdn cost more 
thar: $300.'lb. An inn0v.itive new process could .:ut 
costs by "t ledst one and possibl•) two orders of 
magnitude. to pt'rhaps $2·$25'lb, and still achieve 
nigh mcx'ei.us dnd 500,000-psi tensile strenqth. 
~he new process starts with cheap pitch and a 
comm.·r.:ially dVailable ~ource of silicon, SUt.,;h as 
metal, silicon oxide, si•:con dioxide, or silicon 
polymers. The silicon is mii..,d into the pit<.:h dt 
high temperatures, dnd the mixtuie is then spun 
into fiLies ot tht' dt"sired length. When the fibres 
a[e vacuum ~i11t~1ed, the silicon r~a~ts with cdrbon 
in tile pit<.:h to form dense SiC with d didm,Het 
ot 7 to 100 mictons. This avoids the expensive 
processes (chemical vapour deposition) and ra\o' 
materials (organosilicon p1ecursors us .. d in 
pyrolysis) used in conventional techfu>lugy. 
Researchers have already learned to control the 
cospinning of pitch and silicon, but have n0t yet 
decid"d on their silicon source ior sourc .. s). 
Low cost Sic reinforcements c0uld mvve HHCs out of 
e;;utic rnilitJry dPi)li<..·dtidn~ dhd into more 
widespr.,ad us" in commerci,11 ili«:r.ift. (Sourct:: 

.... !,'~<,>~!;;!'.-"~ Am~r ic~, October 1 ~Sri) 

* • * * I 

~!_!~; __ .!!~~ ~~~~ -mJ~.~ i~ ·~~~fill~-~~~~~ rr~~~~~ ls 
predicted at $450 millioa ir. 1998, v:; $37 million :11 
1988, according tc, ~·1 inc. MMC at.iJ io:Jti011 by the 
a"rospac" sector is !>lt:di·:ted .>t S >3t; mill i·m in 
J998, dlthr;Ul_Jll tt:i:..;. dt:~)eud:, c.,dl .:11L·h tJrVjt!'ClS ctS t.ht 
Ndti011dl At:IJS!.Jdl."" l'ldr1e dlld SlJ!. MMC USt: by 
automaker:; is prc-<.11c:ted dt $100 n'ill1011• ir, 1~90. 
Autos accountc-d tor 76 per cent c,r 74S,000 lb of MM< . .' 
in !988, whilt! dCIC,,~(Jc1i:e dt:cc.unt~d f1Jr 18 IJer cent. 

(SuUI• t!: i;'.!O.!.:,IIT~ .!!.!~• A(,l:l 1')8•J) 

.. • • t • 

The m.irket rr,1 m"tdl m.1lri• •:umpu5ites is still 
in its iritdncy, l>ut ._,,,JdU·-·cr;,, .Jlt! pour.iny resourc~s 

inlo research ai.d new c:.i1•<1•:it:1 111 ord .. 1 to rr.eet a11 
an l i •: i pd t ed buom . 

The market for the met<1l I ibrc r:ompusites wll l 
increase 70 ~·er <.:c-r1t ,1n11ual ly fr,, I t.c nexl few 
yetiCS, growiriq from .. JtJ'.JUl ~,)~ JTtillit.111 iii l 1JU/ to 
$475 mill ion in 19'it, .ir;.;,-,cdin') lo lh" ~·1ecdvnid 
Gruup In•:.' a c1 .. velda'1 market rescdr.->. firm. 

Th~ dUtomul ive st:-qm~nt Wl 11 111·L't1u11t fur the 

gredtest demdnd, the ~·reedrmld rt'p<•I r said. Aut•.• 

l j I. 

ith.iU$try d~lllL.tn-.i t1...'t l!lc-t.-ti m..ltr ix '--"Vtft.f:r_:•s!tt-S t.s 

n~'!'i!o.Jtl,)1~ lod.ty but v1ll hit .il"JUt $.£ ... ·~ lf'·~Lit..r. 

l·y !H2. 

Pl..tyi::.i:~ .. ·1~ the !'Io,..·•fi.~··t .... oJ: ~i,iit." ;,·-'-·:. .... ·h: ~'-·'·'! 

.!11..i ...:htrr.lt:..!l i .... tu=str·?, -jl.Jnts. !)1.h.·h .1$ A.1•_·..t:'. 

Alu~in1i.m. c._1r:p., Al~ !t:.i .:>:~;: .• ~ •• u.._· .... !?•·! 

t::: .. I. Ju~'-)!:~ '-it: Nt;~l .. !S ~ •_"-.· ... ..t::i w~ll .1::: ~:r...i!; 

st.u~ u., vectur~s. lik.t? ._-.t.1t.._~r.i.J c_'"un:;._.l. Lttt"d 
Te..:hu._.l-.•tj!' :n~·-· ..tnd nwr.. (" :rnr,,__sitt:- SpcL·l.tit .:.t"~ !: ... .- . 

.:)~·.i~!Jl ._· ... ..cqJ·_1:;i.:.~ ~.t!i.t .. ,.._·!lJ.l~tS .;i~Cc-'-··l •·i:t, 
t-~r ~~\.·k-H iJ' s t,rt:J i 1 • .'t i ...... r.s \f?' i. i. t: vt her:.. .1:. S.l·~H t:~d. 
clJim:nq tLt: (-•rt..:ti..._·:. l-Jns ._-~ .. t ~lt~er t •. ..-:. hiq!~ .__.! ~· 

lJW. 

In .J:,j .. 11t i ...... n lu t ht: ..!Jt· -<Tkt l-..·ri..· Se•:f!~c:.t. '!.?~':: 

.let,.)::ip~ce iwlustc;· -.s \.•;.;pc·.-i:.t'J t'-.: be a &tlj1 ;• 

r·unsur.tt.~t. Huwev~r. th~ lt"~~gth;· testing tt:<tU!t~rr~·t•t~ 

me.:u1 the m.Jrk~t wi:l Le S.)IT.~ 'z"t:..1tS d.?· .. ·t1ur.i~~g. 

l-"rt!'t:Jv1aid ~::it.!T'.<!~t:J '-J~·.J•l~: ~nth~ .:st:r·.~~..:.'-t: 

segment fr0a. $i'> m:!li<:n '" <·)6." t" $9'> rr.1:1,._.:. 
by 1992 Llr. .... i to ~:210 mil1~0n t>;· 2CGC. 

,;1..._·.ih'S Dut..il Alumir.i~n: Cortpvsitt~ ,_·,_-..:r .• ~:, 

increasinlj :-dpJ.:..-it:,· at il:i S..:tn Die90 t-'i~ol pi..u.t 
whil" t>uilding a 25·rr.illion-pvund 0i;er.it1~n 11. 
Jonquiero:,, Qu.,beo.:. A third pi.ant 111 tl'H: 
lin1t~d Stdtes is 111HJ"!t c-.~hS idecdt ~ur •. 

DUtdl is tatl.jc-t 1uq a brvdd tdr.ge uf r..J: k~t.> ~ 

from sp.}rtiu~ '·1'-'·.Ai$ to mi::;si!c.s. 

Fvr eAJmiJl~. th~ ~ump~ny h.is (Jtodu~t:·1 ..s •a~t l 
r ira for a high p.:rfvrmauc:_, mountain bike. Tn.? rim 
will be p10Ju.;ed t,y a Fren.:h parts i:anufdcturt:r d1;,l 
marketed through Specialize() Eic:,•c!t Comp~·nents, 
Horg~n Hid, Ca!1torni.1. 

On lht! dUL~n.vti\.·e si .. ie, L11.Jr..-1l r~ 1-·~r1tlz· • . .J..j~ .i 

l.:.:lr·erag1ne tJlStvn, whi1:h is ~JI-l~t~d f(Jr tht: 
a~tvmotiv~ aftttm~t~ .. t. 

/dsu Ufl the! Jt::-Jt:l1 .. ~n.t:nl Sldit: .Ht: d~tC~( ...... i....·c: 

\."OmlJ1_:iuc:r:l::.. At on Air Shvw in Ln(Jlar~ .. i. Uut.;il 

di~pldyed 1 c·um1,.,sit" ~l"'"'j brdke dlld " hy.j1d:1l 1•: 
m.tr.ifold, 1 .. ,r_h of whio:h Wtrc .!.:signed f.,r hghl··' 

iets. 

TyplLdll"j, !J1~~J.i. L"UITipV:;itt:;;) U5l: :il! l·.:'Jii ,_·c;:11L1d1..: 
ptlrt it::llldtt: tur tt:!'int0rcL'm4:!'nt. How11.•·;er, tbt" 1...'';ri.,h11!',' 

rect=nt ly l>e<.J.tn c1ddi.1g al.1miniJm oA ide r.:ilh~r ~r .. i:: 
:;ili.:on to the matrix. 

Aluminit..0m vAhic !:::i ifi•.Jlt! r~.1.iil;· ttv..sildblt: ..s:1d 

1-Jrumis~s to b~ le:::,s t.·..;!.it.!'J1~!·.1e thdn sil.c1)11 t-dlt,idt:. 

The (..1erfvrmdnL"t:' ct.:.pei:ts 11re qlti•e similar. 

UWA Com(•c:..ite ::1>•.: .. 1..ill ic~ pr1.1.Ju1;t:s :Ul 

c;:1lu1t11n1um rndtflA 1:~)m(JCJ~Jlt! it c~ll:; [>WAL 2(., :·i.t,cr 
Alu1Tan1um. Es:;.t:J. 1_i~tlly .Jn ~1um1n1um C<Jrnp•_1Sll~. r._,.;, 
buJS ..slumiu1un1 p• .. W1icr t rom A.l1;dr1, miAt:S it witn 
reintorct:mcnt JJ.!tli1.ul..:ile .Ji•d manufLt...:turcs l.Jillt:t 
.:SUd \1lh...:1 produ.;t5. Li~t! Dttr..:tl, DWA tc ie!:. tu 1 ~Ut.· 
ll(• bi l l"t •'.ll'..il•>rr.t:rs Vt Jcvt:l<,piflg prvtulyµc 
CUJTo(J(JUt::Jll~ dr1d tt.:..sL.·h i:11J tdl>r icdtoi s huw t<.. 'ioiutl<. with 
l he 11'.d l t' I i d l , 

1'ht: ~t.u t t.oi; • '-JO!iutn',' t ..sLr i1...·ctt.e:..; rJ var ict y .,,r 
JH01JuLts, SlJf:h d~ dlll11mot1 11t: rJUd dtC•.iSIJiH.:e 

compunent;.;;. Si:tt:~ ldO'.JC from ;;mJlJ riny:a tr.J 
40 f<>Ut lolti.J tut,c5 wb1,_h .. ~re ri~sique,-J t(>r /,mer i.;,1 ~ 

Cup rd1.:~r 5tdc r. dud St r iS..1t:S. The tuh~s WtHe ..:ul 
d•.>Wn to tndkc two Jj fo<Jl spdt.; for the c·dtdmdrdn. 
Tht! u:;~ (Jf dluminium L"(>mt,osit~ mattHidl SdV~1I 1.1tH,11l 

100 p<>UOd!i per :;pdC; t.o~PVf!I, the S(>dl'.i Wt!'&~ fl!Jl 
us.,d fo1 th" d•_tlldi irt,·e. 

• 



• 

Ur:J~t Jc'•C'lvt>~oe"••l IS .1u ~1~ .... ltvn1 .... · 'll..l,J\:' .,jf 

111.lt"r >41 tu tr iJ_,., th" q.ip let"'"'"" ""f.illlic· p.uts .111J 
mott.sl structur.,s. 

Th" v:il:; .:v""' . .,,c·i.sl ll"'"' 11; prvJu..:t 10n b~- DWA 
1$ o:Ul lU~tli~l ·.JUld..tnt.:e t..:'V8tpVUC'lltS fvt ai.ssiles. 
Thot -t.it .:~site r"pl.1.:es ber;·111u• in th.lt 
4iJl-l1..:.tti0n be.:.tu:;" vt its 1i-.rn toi<i..:ity. 

The Suppl io<:rs ot Adli .. :a..:ed <-"_,mpvsitot M.st"r i.sls 
Assv..:i.st i.Jn wil i b.:q11• to "pcv .s..:t ivel1" recruit 
-t.sl-111..ttrix <.:Olll(.Xlsite •:vmp.s•i"s n"xt Y".ir • .t 
spokes111..tn s.t•d-

The .sss0..:1.st1on is thre" ye.irs old .tnd so f.sr 
its -jor thrust h.ts 1:1,;.,n tvw.srds polymcr 111.ltr ix 
comp.tnies. H0wev,..r. ""'t.tl-a.Hri>< cumpvsites .tr" in 
the group's by·l.sws .ts .t t.trqeted -.iteri .. 1 suit ·s 
ti- to re.t.:h ,,ut, the spokeslll.tn s.ii.J. (E&tr,>·:•.,d 
frulll """"r i..:.111 Mt:~,!!_M.srke!., lC Nuveaaber 19P;;J . . . . . 
=~~~:.:i!!~~£_~•··~~~ ~u~ tr0tn m.:t,ll \.."1. r..imit: 

<::~:!.!!.~ 

Cer.t111i..: ·t 1tJt., reintor .. ,·J met.tl 111..t~ r ix 
..:omposit.,s (MMC) .tre '.lOtent i.t: ir..tter :.tis for 
appl i..:.st ions requi r ir.~ qoo.! .H re.,~th .tt high 
t"ll!peratures, govd structu•dl r igidit~· ""' 
d i-ns ion.ti st.tbi lit y, l :qht we •ght. and good 
fabri..:ability. The re.t.0n 1114ny MMCs have the 
structur.ll c.tp.tL: lit~· to withst.rni high t.:111p<_r.ttu1"s 
is C....:.tuse of th" inco,pvr.ttion ot c..:er.:1111ic fibres. 
Cost how.,'iet. re111ains .s bdrt ier to adopt :nq th.,se 
.:ump.:.sit.,o lur nun ..:ritic.tl .ipplic4t;-;.1s. Most MMC 
cOlllponents dre m .. d., by powdo:c --t.lllurqy precessing, 
r .. quirin9 h~t pressing ;f th., forging preform. Th~ 

near net sh.tp" pcv..:ess c~lled s~ueeze c..:4st1n9, 
however, off.,rs .t techniq1.e to manuf.t..:ture 
cera111ic-t ibre r"infvrced HM..: .;.;)lllponents .tt 
affordable costs. 

The svl 1J1 t io:at lull vt l iquiJ m.,tal un.Jer 
pre~sure - squeeze C•~ting - h"lps .achieve 
defect-free castings with improved metallucgic.tl 
properties. The S<.l"""z" ,·ost ing pro..:ess is simple 
,and eL"os.uml..:"l, tf t ici~ut in its use of rdW 

11\dter i.sl, .lnd hds ""'~·el lent pot.,nt i<ll for .lutvmated 
optHation at h1yn production rates. The process 
yields th" h1gh.,st m.,chanic.tl properties .ttt.tinable 
in a c.tsl pr_,.fo,;t. ln fd•:t, the tensile properties 
of ferrou:> and 11un ferrous squ,..eze cast inqs are 
comp.tr.•Lle lo thus" vt forqings. 

In dddiliu11 tu the densitic.ltion dd1i.,ved, 
squeeze c.tst inq 1•«>duces rel at iv.,ly fine qr dins in 
the C.lsting ~ue tu the intimate contact between th" 
S••l idity111g c.tst 111q ""d the die, which re:;ults 111 a 
te11fuld incr.,dse 111 h""t ·l rdnsfer r.tte over 
perm.tnent-mould ..:ast irig. t'1ne grain size .llso is 
promoted by th" large numb"r of nucl"i formed due to 
the low c.tstinq t"mp.,rature and the elev.tted 
pressure. Some wruught "l loys a I so can b" squeeze 
C.lst, because die filling in squeeze i.:.lstinq does 
not require high me:t fluidity, .tnd pressurized 
solidification with rdpld heat transfer tends to 
minimize the s .. 9r.,gotion typi..:al iri wrought alloy•. 

The el<c.,l lent me·:hdnical l•l<>P"Cl ies, 
micro~tructural rel inement .tnd integrity or 
squeeze·c.tst products .tre used to .ldvantage 1n many 
critic.ti applications. Pdrts made recently include 
aluminium-.tl loy tru..:k huts. barrel head:;, .t11d hubb.-·l 
flanges; brass .tnd bronze bushings; steel missile 
com1,onentJ and difterenti.tl pinion ge .. rs; anct 

I J l 

sevei.s: p.irts -..J., .:.t cast 1r0n. Other p.srts 
include .tlu•iniu• J~s. ductile ir~n aurtar sh.,lls. 
st.,.,l !>..-•el qe.trs, st.tinless steel turbine blaJes. 
superal loy disks, dil.muau• .tutc.._,t ive wheotl:.. .tn.J 
pist..:ns, and qe.tc tl.1:1ks a.t.Je of br.tss .ind br0nze. 
~uee:e cdst a:u~:n•u• vheels ate being ptvduc.,.J 
'-·~rc1al ly. "".J high suenqth aluminiua pistuns 
.tr~ ""pe..:to?d tu be ..:..-r..:i.sl ized soon. 

111 the bas1c s-1ueeze-c.lsti11g process. liquid 
-tdl is -tereJ into .t prehe.tted, lubricated die, 
.s11d furqed wh i ie it svl i.J1 f '"s. The tvr9 i ng 
pressu<e is appl '"d shortly atter the -tal 1:>4<qins 
freezinq •n.J is ..,.int.tined untll the entire c.tsting 
h.ts s.:>l i.Jifl.,d • 

.. u~: 

M,: • • qu.s l it y; 

Tuvl.n9 temper.ttuce; 

T1~.e del•r our inq die ..:losing and pressure 
.sppl i._·4t ion; 

Pct!ssure ... evel; 

l>ressure J~rdlivn. 

Th" dpplied pressure (typic.llly 100 HP<l. 
l~ x tel psi) is high enou~h to suppress gas 
porosity; in extu·- C.lses. st.tnd.lrd degassing 
tr.,at-nts .tre used. 'l'he sh.tpe .tnd section thickness 
ot th" c.lstinq govern the ducdtion of pressu-e 
necessdcy to ensure complete solidification. Times 
beyond the iainimum nece:.s4ry can cause wall crdckinq 
and pun,·h retr.tction difficulty due to ther111.tl 
contractiun of the c.tsting onto the rigid punch. 
The maximum dur.ttivn of pressure generally is .tl.vut 
l sec.111111 ci~ sec ·in) of section thickness. 

Shrink.tge porosity .tlsG is limited by usinq 
minimum melt superheat Jue ing puur ing. This is 
pvss1ble 111 s~ueeze Cdst inq because hi':Jh fluidit,- -
r.,quir inq hiqh pout in9 temperatures - is r.ot 
n.,..:essary to fill the die, the fill mg t.ein9 re4dlly 
achieved by the pressure .lpplied. In heavy c.tsti11q 
s•..:tions, which are parti..:uldrly prone to shcink<l~e 
poro:;ity, the .tpplied pressure squirts liquid vr 
scmii iquic 111etal from hot spots into incipient 
shrinkage pores to prevent the poces from fo1m111q. 
Al 10;-s with wid" fceezinq ranges .sc,·OINllOd.lte this 
fr,cm ot me•t movement very well, resulting in suu11d 
cdsl1ngs with minimum .tpplieJ pressure. 

t"silu1e lo control proce:is v.sri.sbles .:411 "'"'ult 
i11 defects such .ts oxiJe :nclu,.ions, porosity. 
extrusion seqreq.ttion, blistering, underfill, cold 
ldp:i. hot tedring, stickinq, case banding, and 
extrusion bonding. 

Adaption of the sque.,ze Cd5ting process to the 
m.lking of composit"s incorpor.stes a porous cer~mic 
prefvrm (titres of differ.,nt d"nsity), which is helJ 
in the die CdVity ty a fixture. The fibrous preform 
is quickly ctnd tot.slly infiltr.lted by the molten 
metal under pressur" resultin9 in .t sound, fully 
dense fibre reinforc.d p.trt. Pressure levels 
necessary to form sound p.trt3 must be controlled to 
preserve the sh.spe of the preform. Preform 
prehedtin9 .tlso is important t0 .tvo1d tree21n9 of the 
l iq"id on the [>reform surf.lee, which cvuld result in 
incomplete infiltration in the final cc1st composit ... 



~t.t:. 111.llr ix ._·.ldlp0site:s h.1\lc cah<'!n.:cJ st it tues:s 
.:.-p.srN vi th the 111.ltr ix ,_t.sl:s olonc .suJ the~; '"t.t i" 
tensile strenqth .tt elev.tted t..-pct.sturcs. ror 
eit.tcple, aluainiua-.!lloy .:er.sat.: t ibre '"i"to:.:eJ 
compo:sit.t:s i.:•n r@pla.:~ .1 hi'Jh ni,:kt!'l c.tst 1!~:1 

insert in .tn .sluainiua·.tlloy .iio?s"l t:u<-"k pist ... •n. 
Th., piston -iqht nut onl;· i:> •cJu.:eJ t>y ~ t..; lO p"'r 
<:o?n:, but alsc the o!Cjuiv.tl.,nt !J.vnJ stlt<nqth t>..tv""" 
tt>e rctnfvr...-.:.:1 .sr.~.s .tP.i the pist''" allvy i"' :su;"'r i.;r 
to that of the tron-inscrt .,1 .. .,-.ir.ium all.:>y wnd. 
Be.:ause the r.tte ot heat tr.tnsfo?r i:s de.:re.ssoMJ v1t11 
a .:~sit.e insert .:·-JlllPared vlth the iron inse1t. 
the upper pi stun r in9s .:.tn ~ •w.id close: to the 
.:rovn or the .:oaoustion challb<;r .:.tr. be re.iesiqned to 
oper.tte .st a hi·;h"r t .. aperatur.i, thus pro•·id!nq .ta 
e:.qine that has siqnifi::antl1 ir....:re.ssed fi;el e.:on,,.y 
.ti vet l ilS redu..:eJ e:ussions. 

in adJit1vn, ~~r.i.•i~ tibr~ rc-i.at .. H ... ~.:-J 

alu•inium-.illo)' .:-oaposit .. s h.iv.i be"" e1o .. !u~teJ tvt 
c09bustivn bv•ls to e~im1n.tt'I! t~er"'4l t.stique 
cr.t...:Kinq due to hiqh thera.ti ..:y..:lic cua:p:ess1v" 
stresses. pl .. st ic Jet0ra.tt i .. in • .t:l.:! creep. !'r.e 
hot-pressed .:vmpo;,s1t., bvwls shoved .t 100 per cent 
improvement in yiel.i strenqth o'·er the bewls m.tde 
frO'll aluaint.sm·alloy alone. Simil.ir improvements 
w.ire f->und i;o t .. sts .:.-f otho?r .1ium1niaa-.sllv)· 
compc;sites reinforced with t ibres vf two J:tterent 
types - hi~h-.iluain.s (Aliu 1 1 ceramic titres .ind 
Sic whisKoHs. 

B·Jth ~~~:r.in.i .:tn.1 .ilua:.in_l s ii i.• .. :.lt~ 1~in!:0r-.:~Jar1~t 

in alumin•u• A!i01· 'll~ c~s1tes have bo?en tound tv 
J~ubic the ult;mate tensile stre~qth .it ioo·~ ('luO"Fl 
of a squeeze c.ist c001pc.nent. In tests of a c~~didate 

track shoe m..terial, wear resistance of alumin:um 
A•loy 2u11 $queeze c.tst composites re1nt0rced with 
discontimi.:>us f1ores or Al 2o1 and Si0 2 was 
found to be ..:.·.a.pdrat.l"' tc that 0t induct ioa· hardened 
AISl ll4'l .iilor steel. the .:unently used ,,...teria!. 
The test was dr;· Sdnd rubbo:r wh,.el 4bras1on 
IAS·rM Ge>'>. prc..:eJure Bl. In lut>r •·=ated r ir.9 we.ir 
:ests ot car.didate 1114teriais foe aut<><DOtive enqine 
pistons, .ilumini.im Alloy 312 reintorced with 
Al 20 1 Si0 2 tit>res I'> to 7 per ce.1t fibre 
vol~ine) showed a 70 per cent 1111provement in wear 
r~sistdrlce ~ver ~igh 111~kel ~Ast iron, while 
alua1n1um Al!j: 2~2 reintorced with Al 20 3 fibre 
(also '> t.J ! per ,·er:t t ibre volume) showed an 80 per 
c~r.t impr~'J~ment. 

While re11•r.;r.;1n9 with ranJOG1ly oriented 
cerami.; t ·•,res impr.;,ves the wear resistance ot 
aluminium all0; parts, excessive l0<"3lized d.tllldqe 
can result it t 1bres are pulled out ot the mat; ix 
durinq wear c.;nJitions. lntertacial properties r.eed 
to be ..:vntr.>Lled to reduce the abrasiveness ot 
pul leJ·out t ibrt?s. Another •:ause of poor mech<tni.:al 
properties 1s excessive t ibre:lll4tr ix react ion. In 
p.trti<·ular. uon dnd sili<:on present in alumina 
fibres react with an "luminium-matcix to form a 
brittle phas .. during soliditication. Control ot su~h 
impurities reduces this interfacial reaction and 
improves mechanical properties. In all instances. 
however, the fracture surface shows mi~ed brittle 
(fibre) dnd ductile (m.stcix) mo<ies during fra.:ture. 

Mtttal 109raphic: studies of sq11eeze-cdst 
compvn~nts show th.tt other 1ml>Ortant factors for 
good composite properties are fibre composition, 
fibre volume. 111ecnanical properties of fibres with 
resptt~t to llldtrix, and 1nter.tction between the 
fibres and the dlloy matrix. Squeeze cast inq 
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·•atL.•Lles c.sr. Le opt1"1>ZN tl.l cvntivl the 
intctrf.1,·i•l iw~...::.i..:.r. ~tw~cn t1~:~s .sa.J tr.~ m...ttt ~•-

".!ut·-·ft~i~.J:t«:LJ'. t~~ ..J..1t.J: l~:u: ... •t int _•nt.....t:t .:..__;~ ._.,; 

s4u.t~zc- -..:..ast ie.11tt..J! ... :~r .smi..: ~~mpo..:stt~s is ·:~r;· 

!.i•itt!'.J • .and t ....... r~..tlt:t!' '=.he tu:l pvt~nt:.J! ~r 

,·\.~'-·.it~~. ~ '"'--""~'!:w:."'~~rl;>:.·;tt d.tt..t t"-..t:.iC' :.s n~~-f~,!. 

'-l"hti..·t:. L..J~ ... .J rc-\tc-..11 &Jri1· Vth~r _.~,p~ h .. ·.1t iJns wh~:~ tn.c 
US.:- ... •t t'1.~:S~ il.Jt~[ l.tl:i ;.'-~\,;l,1 lot .,1j•i.tnt..1~~''.lS~ 

P:c~f..Jt&l$ tut ~-1:.J.~t!'::C' .._".J$l l..'.'lltlliNSllt!'S ..:,:.r1:i~:it ,_,[ 

....-~r.1mi~ fibres (A!~,..,j .Jn\.t S•~i.J t•_,wr.J !r:.!.\J 

n~•r-n~t sh..t:~S~ '!"aC" lJ~ ..tn·J ..t&.·t.1:t o~ !it.re 11. ~ 

prctor• ts s~te-,:t~ bJS~ ._.u thct n«t-~ fur w"'.J:r 
r~sist..t:r1:~. s~iz~r~ resist..t:n~C'~ ¥i~l~ stre!!q:h. 
tensile stren~th, t .. t19ue ,,::eno;~n. st 1tL:..-ss • 
Ji~r.s10n.1l st..tbll lti"• tn.:. ~l rtt:>:.st.:t.a .... :e. v.1.br..tt 1 .. r • 
..1nd ..t..:0ust. l -..·hdt.:1c.:t~rist1cs ... ·;.:rrvsi.Jn 
tt!SlSt.:Sn-..·t:>., tt:"i th.~ vi-J~[dtl!h:J t?:1·;i:0~r.t ~): thr 

~~r:.i~wi..tr ~~rt. 

Pr:~turi11 '-'c-rC •. ·l:IDJ:r•1..:11: l~ .:..,..t~rm1r.~d l"j 

'--~r .. u:::i.l.._·-t it.ire v..:.,i"~ lP~' '-·~:-a:. .... r :.....:t.t~ p.:1t t 
\.",;.lu~),, ;.:!1~1..:dl cUo.! ph;·si..:.:ti .:~.t:Jl'-·tertsti..._·s .... :: 
the t1br~(sj, t1bre orientat1~~ i:i the preto:m. a:i1 
a.-v~nt 0t binder. These ta..:tors as we!! .is size, 
shape. an.:1 di-nsi0r.al rvler.ince .tffec:t ~ret.:.rir: 

cost and t 1n.li prodi.ct ,-.-,sts. 

In ur~~r tv &~,.~~~~et ~0Sls. ~ret~rms ar~ 
i"'sig:ied to pr.::>vi:1e :he neeJe..i tiertorm.s,,,·e .st th .. 
l'-'west f1bre:.:cn~entrctti .... ns. !-'"or elLc1mpie .. r0r 
h19h·teap..-rati.re t.1ti9ue res1..;ta:lce, cost e:te._·t i·;~ 
fibre >.:>lumes may be as hiqh as 27 per cent: 
h.:•W'ever. vhea ,1nly improve-d "'' r resistan..:t! is 
:equired • .s fib:e vvlume of less than 10 ;:er cer.t :s 
~ener..t!!y used. Preterr~d f i~r~ ari~ntatiGn is nut 
essential for i~pro~ed wear resistance in an 
aluminium part: the t1bres car. either be norr~l or 
parallel tc- the sarfa.:e beinq enhanced. Ceramic 
prefor•s with a variety 0f <.:oa>Po>Siti.::>ns dre 
avai !;.bi.,. 
(See tables. P .. ieS 119 and 1~0.) 
(Source: ~~yan~~~ Mate~~!l!__!_Processe~ inc. Met.ll 
P:oqress ':>.·ea • .trt icle wr Lt ten by Suresh K. l.'er;n .. 
'1nd Johr: L. Dvr.:i•:, I IT fiesear..:h Inst Ltute, 
Chit.:d'JO• l .1.} . . . . . 
!;.!!10v~!._;~~ ~~J..-!_~;.sllarqy technoloqy t~kes the 
~~~!!! 2! !!!!!!!U!actur iaq ~ese highly 
speci.ilized '!'!!.!.~i<t!_! 

Powder m"'t"l Lurgy (PM) technolo91 offers a 
llk:th•><i to rn.snut.i.·ture corr.pleic nedr·net-shaipe p.Hts 
111.tde of conv .. ntivnal and exotic alloys .tnd .tll•)y:; 
that c.11.not ht: pr.>d11.;.,d by conventional met hod:;. dS 
well as m..tal-~.itrix composites (MMCs). However. 
PM m.snut.s ... ·tur 1nq techniques .sre l im1ted in 5,,.;e 
instances by e,·on•>mic.sl and technic.sl factors. Fo: 
eic.smple, pre.st loyeti powders iused ir. convent iun.tl 
iso .. tat i._· press in')) are very eicpensive, and becdJ:u: 
they 9ene1ally .tre spheric.ti, they are not cold 
compdCtdble. To o•·ercome this limitation, th .. se 
pv1o1Jers .tre cvmp.tcted by hot isostatic pre~sing (HIP) 
... eicpens1ve •c,1nnin9• containers. Furthermore, 
these contdiners must be reinc.ved atter hot press1n9, 
.snd a new .:ontainer must be fabricated for each part 
to be 1114nufactured. On the other h.tnd, mechanicdi 
cold pressinq ot blend.d elemental powders is 

• 



• 

; ..... ::SS!t.J!~ .Jl. ! ,-.._....;r:._eo:.:...,:.t: • :·L..t t : .... (,.:!':: !'-"j ~ th~ 

iJ'--~d11t:.t ...:v~..i .... -t .a:~ ;~ ..... t ui.:.f,_·r~ t,,c_:Jw.~~ .._- .... ·~t.t5s1· .. c
tor~~S .ir~ ~ssir:~t:.J;iy un1.i~t~! r~s~it:.~q :&1 

..!:1;s. tr-'~i-- & .. ':.t:. mc-th'-~s J:s ... • ..J:tir: : l:"et'::.c,j ~.1.tt. 

!~:i(·~'-·t t..._• t·J:lt .._· .. -m.t::~.a.:•1 .u ... : Sl~ir:- EJ" '-'-~'.l: l:;ii._: •• 

tr.~ :..."H:l (tr ...... ~ :.~:i..- "-- ..... tl'!ti: . .it.1. ..... : ....... ; .... t.:! -tr.j ~-Jt 

;:i...:st.1:t ~ .• - ~·.cir:~:..l: •• ;) ~rv-:~s:::. l:S .i:--. .attr .. h.:ti·.:~ 
e.:.: ... ·rh_-a:.:.._-J! .t:.J t r.t.._·: : .... ·..sllt: tt1~tr: .... ~J t..J t.lt·.t i~.it~ 
:it.:t.:.!...11"1 .lll._.i- .u • .j t.l.tJ1:.1.am -tllv;· 191i..." {-.trts t~ 

r..e..tr r:c: ,;!'" • .ti'-" -

.._"hti i.~ .1 i·M tir- .. :r..:~:'-l~~c- ..: .. ct·= is1n~ ~...:-i..:i 

1s .... st..1t t•: !·'-=-:>s:.a"J (ClP) '-.f til.:-:i.J~ ~l~n-.rr.t .. 11 
t>'lW~.::s .i.: • .! t~LA:>.1.t.:e ~1-lSt'-~' 11.." m.......uld. :vllvwt:J L-1· 
;;.,t....:-\..U:!l. :::. n:!-.-; :~a-i .su..! hv~ i.s .... sl..tt i'-· i1ft!:S5in~ (HIP) 

w1t!": .. .A;t tr:..- ; .. ..-it."J tJ: .1.Jj:t i .... r~.si ~xrcusi\.·~ t""--'l in~. 
Th~ &ctt . ..:.J .. r~11.::.tt . ...:.:..tt~s ~l~tae:i.t.tl '-·vlJ-..:1..>m1>..t...:t.attl~ 

t it-tn; .• ~ ('"-'•..!~:. •h;.._-h is ..t.v..1!. i.tl-1.t .J.t ..l tel.it iv~~~i 
!~w ~~~t (~J~~J:~j W!th s~hC"ri~~l pt~~ll~ycd pvwder$) 
in [....,.lh :iot.J.n..!.J.: .. i .1: • .j ~•tt.l !v• ..:h:~11.j-=- 'ELCI) 

~r J...i-=-$. !c~ tr..~ ~: ~~e:nt ..1 i P'--'"""·ic-r l• ~end. t ~'-"hniq~~. 

th" t:=~P"' i'rvl,"-'<t t~n .:it ~stt<r·.sllv;· .inJ b.ise 
'-" ~ t:!::.:nl .1 l 1--'-H•h.i~: s 3: ~ b: ~nde.J t v obt.1; n. ..1 Jn 1 f •.)( m 
.listr ib.;t tv:l .:! tt·.e r"'-1.;ir"J ~-h.,mi...:.il ...:va>.,vsit i.;r.. 

Th~ CH Ir· ~:._ :~:;.; lS t.:~~t it i\."t: with t ..... t"}in!oJ ~·t 

~·.ss~ "''] !n m..111 t:lst.in._·.,;;. Oihile torqin'l rcfin"s 
th~ ~1~r0stru~tu1~ vt wrou1ht st~·:k thdt •lre~dy h..t.~ 

.s s:-Jnlfi..:.s"t .stavunt uf v.slue .iJd.,J • .l ne.sr r~t-sh.s1>e 

p.s1t Stdd01r. is t.,.ssit le. T!":'1:.>. ir.....:hir.tn<J ...:o: .s .i10: 
t":tq~ ~u . ...:! the t•tli" t._. fl·.; :~ti..; (th~ t.!t i~ ,Jf :he 
wei'lnt vt dl...lte••.sl purch.ssej t~ m.sKc .s i'.s:ti..:ul.sr 
air~r..1tt 4t!'l~·SIJ.h.:t: ~uGl(-·vne-nt tv tht: wt:hJht cf the 

t inished ..::.;wrq.ior"'"t) usu.tl i~· is ti~h. On tht! vtht!< 
h.sr.d. ~h1le .:.istin~ :iuy be ..::vst ..:~tit1voe for s~ 
p,trt ..::unf iqur.tt ic.:•s. the -..::hanic.sl i:;1°:>pert it!s 
0~ta:ned usuj:l/ "'" inft!rivr t.:> th0se of the ~M 
1.."H!P pruc..-ss. 

1.:0:d .s·.:>SL•l •~- pressHl'J t;·p1..:.tl l;· prvJ.;..:es d 
d..-us it;· i:. t~.c gre"" i:;resh.i;;icd cvmp.i-.:t _;.f 80 tv 
85 a.-~r •:rt.t ut theutrt i •. :..ti. Th~ der.-.ity is unifierm 
l>th.:ttust: :h~ ...st;t.·l L~d hJ· ... trv~t.;tt i....: (Jrcssure is the Sd::nt: 
~ •• 4ll j~,c-~tivr.s. l_·ucr."-'lc:A p.!rts .:u:it.:tining 
ur-~·jt:"r..;yts" r~·.-llt?'r sc t.tl-'~' s. ~Ld 1:1 .... sures dnd mul t 1plt:' 
f i '"q"s ,,_.,, t.e fdt.r ic.steJ. ~·urther1110re. the pro•:ess 
is :i.:•t I imne.1 tu 1,.srts with sir.di I as1>e.-t r.tt ios 
(r .. tiu vf heiqht t•) wiJLI). Th.,1e!ore, tht: prv..::oe:;~ 

.:.sn t;., uscJ tu ...,nut.a•:tur" .,.ut:; su..::h .ss sh<tfts .ir.d 
hvllo"' t..u .tnd t.sp.,red tuL1r.q. 

By ...:ontr.:.l l 1uq th" si;:,. an.1 other spe...:if i•: 
fe.itu1es vf tht! st.srt inq pow.J.,rs Jnd L:r- prop•" l;· 
d~siejninq th~ tddstum~r i•.: ttX.1~ inq, dim~usi1JnS <.'.'dn L~ 

..::lusely ...:ontr~11.,J, therel>y 111c1x1miz1nq th" r.iw 
mc1ttH &cti ut '1 &zat ivn ct.nd mir.im1~1ng f irnsh lhd1:h1n1u~ 
.:osts. This is impvrt.snt e•:ouomi•:ally be..::.suse 
tdw-m..ttttridl t.:0:»ts d•:1;ount fl~r .s tdiJh IJrot-~Htidri ot 
pr0.iuct ion CO$tS, .ind th" sc:r<ip m.1ter 1al 'Jt.'11.,rat ... J 
L;· ft\..t1:h l n l n~ hd s i it t l t=" v ·' l ue' •:omp..t r ~ ... 1 with th~ 
Vdlue 0f the fi~ished p.srt. 

Cold tsvst.1t l•: pres:;111•; .,t .,1.,m.,111.sl t.lend..-<i 
powder produce:; a hi<Jh yield •>f cr.i.:k-fre" 
preforms. Su<:h pretorms .ire ty1--1c.slly den$itied t., 
about 9!1 per cent of theoret 1c:.il density by V.a•:uum 
sinter ing. l'ul l density ( 100 per .:ent I is achievt!d 
by the subsequent hot iso:>t.itic: pr.,ss1n9. Cann1nq 
prior to hot pressin9 is not nec:.,ssary be.:.iuse the 
porosity ot the .ss-sintered pretcrm is .:losed, 
i.e., closed to the outside dtm<-,sphoere. 

The .ibi l ity to achieve l""I'"" ,.,,. th.it m.,et .ind 
often ~~ceed the specific.st ions ot c:.sst and wrouqht 
products have Le"n demonstr<1te.1. This is Vdl id 
whether comparing :;pecifi,·.ttions tor stre119th .111•.1 
ductility or f.stigue resist.ince. f.ttique prvperties 
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0t <.."Hii' pro..:ess .. d EL<:I Ti-6Al 4V •re equiv.ilent tv 
t .: ... ·St< ot wr-:iu~ht .u:mt.llN 91.lt .. r i.sl. Sut:sequent h"'.Jt 
tre.itment v! this all..>y further ieproves fatigue 
res•:St.tncc t,; .l leve~ surpdss:r.9 "rouqht anne.it .. d 
Ti b~l -&\". Theo t.. .. Hii' t~\..·hn!~..;.e l~ now .:1 pr"'1w.~t. :. ..... z~ 
pt..:.·:~s:s wh-=-tc-:.c. :stq:n.1.f i~dnt 11..·vst S.t.\"ii;qs .are 
.1..:h1c-· .. -c-.J 1n •:r it i ... ·.11 11..·~rh:r~ts. 

M..tt~: ?.~tl:s it:nqin4tcrs. hJ· .. ·inq re-11..·...J~nize..i th.J.!. 

~ .. nu!ithi..: .J.!Lv;·s h.!-...e inr.~rt:-nt pcrfourun-.:e 
l1•1t.st•0ns • .ire s".s:chin9 far approa...:hes to dc~t.'lup 
111.!ter 1.tls in.!.,pt.'nJ,;nt ot equi l ib1 iulll vr ~....,tast.i~!., 

str u~·tur cs. One .Ji'P' u.i...:h l"'d to the doeveloP"'o!nt ..>t 
""'-."s, whe1._. .i -t .. l vr allo:; is .;a.t;ined wit1> .i 
uon .,-1;.1 l it.r ,._m Jis...,rs..ct pn.ss..- qener.ill.y, Lut r.vt 
Jl~.:;·s. nc.r~-~t..sllic.. Sintere'1 c~er.ted c•rbid~s 
woe<e s.::- .:;c the oe.i1liest .sr.d IDVSt suc...:essful -~·s, 
'-·""1;:sist ll'hJ vt tu:•lijst~n c,;41:bidc-. 0: otht!'r i..:otbi..tc 
p.s1ti.:les, dispoe1sej in .i du...:tiic ""'t.il llld~ri •• 

C vnt i uv.s I l ;· ! n~·r.:.ss i 11~ dlJter t.l ls - per f vrll:.l:i.:., 
r~·~irc-nts in the aerospace ind..istry led to th., 
d"velopmcr.t vf fit.re 1eintor..::..d metJlS 1t;·pk.il l;. 
.in .iluminium·a~loy m.ttrii.:), in whi...:h properties .ore 
hi'lhl;· dir.,...:tior.al (non·uni!vrm). F.ibric.ition ot 
the:><! ..:-.'lllpOSitoes is quit" ..::vmpi.e>< and el<po<nsi •"• dnd 
tibr.,·rein!or..:ed "-"":" dre ex...:lude.J fc.;a 
...:ons1der.itior. in .... r.;· pr.i...:ti...:.ii c.:.mponent 
c0nfi9ur.iti0ns dut! to their qeom<etric.il anJ vr ..::ost 
-.:vhStr..sints. 

Tht< CHIP t.,...:h1.:qu" is the t..lsis on wt:i..:~. 

L;·i..air.et Te..::hn..,logf Ir..: •• d.,v.,lvll"d a p1vpr ict.srr 
prv..: ... ss t.:> .T..1nuf.s..:turc .s noev f.smily of tit.snium 
-.....:1.:> .tnd micro·..::.:.aiposite 111.1tcrials t0 ne.sr-n"t 
sh.lpe p.irts. 

Cv~r...:;.sll;· knuwn .is CermeTi (tne sub_ie..::t .,;! 
JS .. nJ fv•eiqn p.it.,nts .sssiqned to Dynamet). th., r.ev 
111c1ter i.tls .ire pro..:esseJ essent i.1ll1 in tt.e s""'" 
llldnner .is munolithi..:: .slloys, ex.:ei't t~.it a 
suh:;t.sr:ri.sl .llllOunt of tuaniu!ll·...:.irbide p.trti..::l .. s ts 
LlenJ.,d "'ith the elem.,nt,t! met.ii powJc1s used tv 
lll.lke i,;p the Oldtrn .sllv1. 

Cenr.eTi mctter id ls h.tVt!' l>e~n ch..:tr.i..:ter izt:-d with 
ro:sr . .,.:t to p.srti•:le size, composition, CHIP prvo..:<'SS 
VcSI ittL-lt!'5. arid m~..:h .. u•i·;..tl 1Jroperl1~s.. Prutut;·1-1e 
pdlts mad" thus t.i1 include dvm..·j ro.:kiet cases. 
misst le t ir.s, .iuJ .tircr.aft engine .:omponent pretorir.:;. 

The stiffness (lounq's modulus) ot CermeTi-10 
1Ti-i>Al -~v aiatlill with 10 per .:ent TiC) 
mi..:ro-composite "'"t"r iJl is dr.im.it k.sl ly imp1oved 
11urr. rvOll\ temperJtur" to ~!10°C (l.200°F). In 
aJJ it i01.. the roum- temp.,, .st ur" yield .snd tensile 
strength$ .sre ret.iuwd tc the upper tiemper.iture • 
[Ju.ct 11 ity is imp.sir.,.-!, l>ut re.sson.ible ductility ts 
ret.i111.,d lt" Jh•·11t th., temper.iture ran~e; the 
du..::t ii it 1.es of tht: ,;0mposite .snd vf the lllOnol ith1c 
tit.rnium .all•>/ d0 not differ s1gnitic.intly .it 6~0°o: 

(l,200°F). 

Creep .ind stress· rup•.ure test results from 
Ct!rmeTi-1!1 (Ti·6AI ·4V with l!I per cent TiC) .ind 
torged m.strix·.tlloy specimens show that CermP.Ti 
m.steri.tls typi.:.slly have .sn order ot m.ignitude 
incre.ise in time to rupture comp.sred with the 
unreintor•:ed titanium alloy at temperatures to !140°c: 
(l,000°F)-

Over.ill, C111rmeT1 com"'~1tes prov•de higher 
modulus .tnd better high t111mp.,r.sture pvrtormanr.111 
th.in 111<>nol 1thic t ttanium al lc'i'S without comprom1s1n9 
the weight a<lv.tntdlqe ot titanium. For ex.imp:e, 
the modulus impr.;vemenl in CermeT1 10 is ab<-.ut 
l!I p111r cent at room tem1>er.sture, .snd this .sdvantdge 



is .. int.tinN to i>'!IO"C (L~ou•t·1- Thot strotnqth .tnJ 
80Julus l•v•ls in-.·r•.tsot b;· .tn .lJJit 1->".tl 10 p.tr ..:otnt 
ln Cer-Ti .?O. 

The iaprovement in h1qh to!lftl,..,l.ltu:" str..-r:.;th 
and st1ftnotss ir...:reases the usot te"'P"r.lture limit Jt 
Ti-ciAl-o&V b;- appto,,;illdtotly 11u•._· 11oo•F1. In 
addition. thot cuap.;.sitot allv). evotn vith 11ait"d 
tooa·t.-petatute du<.:tility ( l per ..:ent) h.ts .t 
satisfactory lev"l of ftactur" touqhness. Th" 
value of ~l~ for Cer.eTi-10 (estim.iteJ fr<Jlll 
C-point bend testing of not<.:ho!d test b.trs) is 
about 28 MPa·-1 2 (.:?b k;;i·111.l 2 1. vhich is 
ca-patable to the widely used .teros~ce aluainiua 
alloy 2014-Ti>. 

Fati9u" prop.,rties ot the c09p0site .tre 
compatable to HIPN monolithic Ti-i>Al-CV alloy 
castings. In .tdJition. the prop.trties can be 
tailoted to .eet specific .tpplic.ttions by increasing 
or decreasing th" Iotvel of reinforcement. 

As with .....,nvl ith1._- .tl loys. Cer11eTi pretoras ._,. .. 
subsequently w extruded ·>r forged. rresh.tpes 
containing up tu 20 per cent TiC have been 
successfully e4truJ .. d. and CermeT1 forging blo.:ks 
weighing up to $.$ kg (12 lb) have demonstrated g<.>Vd 
forging characteristics. 

Continuing 111aterials development is aimed at 
selecting alternative reinforcing particles. 
selecting other met.tl matrices including al1..11inium. 
and optiaizing properties by changing processing 
variables. 

The technology incorporated to manufacture 
CermeTi particulate-reinforced titaniu• alloy 
products can be exten~~d to other matrices. other 
reinforcements, and other classes of high
perforaance .. terials such as titaniua·aluainide 
int3rtnetallic compounds. 

Another feature of these new m.1terials along 
with improved bulk properties is their ability to be 
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diftus1vn t ... )lldN to a munol ithi·· alloy of the sa
c~sitiun. be<.:.tuse the ai..:ro.::\}lllf"'~Site a.ttrix alloy 
ts thot ..:ontinu..,1.::s ph.iS""- This .!pproa..:h yielJs .t 
cVG1111iUn ll.ltrix •i~ru·~~ru~ompvsite stru~tur~ 
.:!esiq1<.!tN ,..,.J.._._ 

The .._-,. 1.: &ater i.tl ·.:!esiqi: _.p.,roa..:h utters an 
.lJJi:i..:tn.!l d~-nsion in fi.exibility. Not on~!..__. .. 
111.ltri,,; .tnJ reinfor..:inq p.trti..:ies be selected. ~ut 
dl:so tne rotsultinq aicro<.:Ulll(JVSites ::.an be bvnded 
to ,,.._,n.:.ltthi..: dllo1s ind Vdri,..ty of Wdys. A 
more sophist k.atN awl icdt ion uf the CM 3..: 
aateri.il·J,;si<1n dpproact: lot.sds to mult1ldyer 
•icro--..cr.x:ompvsites. Materi.lls h.avinq up to 
ei9ht alternating aicro-ln.!crv..:.,.,,posite l.!yers have 
been tdbri<.:.lt""'1. 

Typical .tpplic~tions tor these dudl-pro,,erty 
(hardness, du.:tilit!• fra~ture toughness. and 
modulus) lldcrocomposites include: 

\oledr pdrts. su..:h .lS ge.lts. t>t.arings .snd 
shafts having an abrasion-resistance 
surface layer and a tou9h. lo.td-bearin-J 
body; 

Erusion-corrosion resistant tubin~ tor 
che•icdl St![Vi~e; 

Creep t.ltt~ue-resistant engine COGlpOno<nts 
for elevated-temperature sotrvice. 

Specific.illy. i.:M 1..: can Le used for any 
structural cocnp..ment vhere the properties of the 
aacro;;omposite would be beneficial. but where the 
c09ponent also w~uld benefit frua having a du..:tile 
monolithic alloy cladding or containc.ent 
construction. 
(See dia9ra-s an.:I table on pages 140 and l.U.: 
(Source: Advanced Materi.tls • Pro.:esses, July 1~89. 
Article written by S. Abkovitz and P. ~eihrauch. 
~ynal!M!t Technolugy lnc. Burlington. Mass.) ..... 
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Md11l-m11triz composites rruirUt wdut1 

Year 

1911-JOOO, • MMC type lnl lMl JOOO uca .. 1 

Aluminum 12.0 27.4 61.4 H.6'6 

M.tgnesium * 1.0 tU 11.1 .. 

Tit•nium 1.0 2.0 10.0 ll.2116 

Copper .w ,.3 ~1 2'·"' 

lntermd•llic 
w#NASpl 1.6 s.s 33.7 21.,.. 
w#oNASP 1.6 s.s 16.l 21.3'6 

In Situ t.6 :tt U.J :i.s .. 
Other 0.4 2.6 s.o 23 ..... 

Totus 

CommercUI l.1 11.9 3'.l 22.296 

Defense 
w#NASP 16.9 42.0 128.3 18.4116 
wloNASP 16.9 42.0 110.9 17.0.. 

All 
w#NASP 20.0 53.9 162.6 19.1 .. 
w/oNASP 20.q· ~~-' 1'5.J 11.a. 

' •• m .... "".a. .. i A •. ...,.., ,,..,. ,.,, • ,,,._, ...._...., 5-u:~C 

(Source: Adv•nced M•terials and Processes. Febru•ry 1989) 

· D8 



• 

• 

l"'.tt r ix 

Aluminium 
M.tqnesiua 
LeaJ 
Copper 

Aiuminiu• 
Hdqut:siam 
Tit.:111ium 

Al uoi 11 i•1111 
Tit.tniua 

Alum1niu"' 
Le.td 
M.tqi:esium 

Aluminium 
'l'itaniu., 
Superalloy 1 

Supe<alloy 

t"ibre 

Gr.iphite 

Bvrou 

Borsk 

S i 1 i <.:vn .: .i r l> 1 cle 

MulybJenu111 

Cob.tit bas ... 

Potenti.tl .tpplic.ttions 

S.:1tel lit ... 4nJ hel kopt._.r structures 
Sp.:1ce .:1nJ s.ttellite structures 
Storaqe b.tttery plates 
Electric.ti c.:int.:1cts anJ be.trinq;; 

CQftlpressor blades and structural ;;upports 
Antenn.:t st r uc..~tur.:s 
Jet enqine f.tn blades 

Jet-enqine fan bl.:1des 
Hiqh-temperature structures .:1nJ f.:1n blades 

Sup.er conduct or restrain ts in fusion p-:>wer reactors 
Storage battery platEs 
Helicopter tr.tnsmission structures 

Hiqh-temp ... r.tture structures 
High-temperature structures 
High-temperature engine components 

nigh-temper.tture engine component3 

Hiqh-temperature engine components 

Ettect of fabric.tr.ion pro..:ess on properties 

-- - - - - -·- ---------

Te!l!>ile YidJ 
L1bri.ation .,1renglh, '>lrenglh, 

,\llo)· pron,.,-; Ml'a (JI.. IO'p'>il Ml'a 1x1o•p.,i' 

JSo Io jl11m111um SljUt:t:ze t-.1sling 309 (·U.81 265 (38.5) 
l't:rm.mt."nl molJ 262 08.0l 180 (27.0) 
S.mJ (·Jsting 172 ,25 0) 138 (20.0) 

t•\lt• I Ii .ii u Ill Iii' 1111 ~lflll'l'/l' I ,l'>lillh 2~2 f-IL\l 208 138.8) 

h1r~mh 2o2 08.0) 2-11 (3~.0) 

(()A 377 h>rging br.iss S4ueezt: rasling 379 (55.0) 193 (28.0} 
Extrusion 379 (55.0) 145 (21.0) 

(. I),\ t•!-l .1l111111n11m bru111t· Squt·1·1l.' l.lSling 783 (113 5) 365 (53.0) 
f oq;inK 703 (102.0) 345 (50.0l 

Cl),\ '125 lt>.u.leJ tin bronze Squeeze castin~ 382 (55.4) 245 (35.6) 
Sand casting 306 (44.4) 182 (26.4) 

I yp1· JS7 ~1.1inlt·~!> .,1t·t:l 1 
S4uet.".ll.' c.1stinK 614 (89.0) 303 (44 0) 
S.ind ra!>linK 400 (58.0) 241 (35 0) 
Extru~ion 621 (90.0) 241 (35.0) 

Type 321 st.1inless steel
1 Squeeze casting 1063 (154.2) 889 (129.0) 

Forging 1071 (156.2) 783 (113.6) 
-· -- - -----------

'""'It'"'•'·' 'Ii •. ..,, ,,.,..,,,.,1 

(Source: ~~v~~ced Mattriala t Processes inc. Hetdl Progress Hay/88) 
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Ceraaic fibres available as preforas1 

Com~ition. 

volume~ 

S.altil 95Al,0,-5Si(), Ch~mical lnJustrirs LtJ. (UKI 
Kaowool 17C 8IAl,O,-l9Si01 B.ibcocl &. Wilcox 
~owool 3000 65Al,0,-35Si01 &ibcuclc. at Wilcox 
Kaowool 2o00 SOAl,0,-SOSiO, Bab.:od. St Wik"" 
K.iuwu••I cblrnJ~ ol Salli! anJ K.aowool lil>er..1 
Fiberm.a" T.?.Al,0,-27Si0, St.anJarJ 011 EnKinttrn.I J\l.1trn.1l,, Cu. 
Fiberlr.1" 50Al,0,-50Si0, StanJ..rJ Oil Enti:inttrn.I Matrrwls Co. 
FP;Fiben 99Al,O, Ou Pont Cu. 

F~ cirramic pnforms 

DunxrltSiC 
Durocel1SiN1 

Durocel.'80. 

99.9/J·SiC 
Not available 
Not aHilabk 

Energy Rew.irch .ind Gener.ition Inc. 
Energy Re5e.uch .ind Gener.ition In::. 
Energy Rese.irch and ~~r.ition Inc 

(Source: t.dv~n~ed. Materials ' Processes inc. Metal Pr09ress May/88) 

.CHlr• TU.ElCI. llJO"I, 11 >. 
[] nur • BUS. ri ( I. 100-.. 1.ll. 

Dour. ELC"l llO rrml '"°"" r .1>. 
I.ZOO [!] cmr. ''" n 10 .. ,~ ... 1 "" 4~ T.T>. 

~~Ir• •intrr .. .s ... T.T>. . ... 
" -: 
g 
E 
"' ~ .. . 
" 400 

10' 10' 10' uf 
Cycl .. -to-failurr. N, 

Continual imjl•OPrmrnl of pou>Jtr quality linclu1lint 
ulralou• d1/oriJrJ anJ promsing lt<hnology has lrJ lo thr 
capability of produ<ing htani11m-alloy PM parts haPing 
faligur pror"'"~ comparaMr lo wrought mcdtrial. 

(Source: Advanced Materials ' Pr0Cesses, July 1~89) 
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M•leri•I 

CermeTi-10 
(Ti-6Al-4V with 10% TiO 

Ti-oAl-4V 

. ... 
0 

. 
" ~ 
1 
E .. . . 
~ 
·-e .. 
c ,.. 

::::i 

?O 

'" 

-~ 

······~ 
·•··· ..... 

···~ . . ·-....... ·· .. .. 
li-.-Al-4'11 ····-. • 

···~ 

·· ............ ._ 
·· .... 

I I 
I 

··· .... .. 
l!._~ ....... ~~~~ ....... ~~._~~~---.1~ ,, 4<'1() ..00 ~00 l.<1\lll l.!<1\l 

r -rn•turr. l 

7 1,, 1mr•1•r1mrnt '" lrr,'\lr trmrr•11f11rr <l•rnxtlr an.I 
>lrffn.-<~ •'f l1t.1ni11m -malrit mic•l'•••mr••<ilr< amount< f,• 
arr•••trm.11.-ly " 111r·c rnhan. tmtnl "' tlu II<( 

l1mrr•alurr limit ,1( 1'1 f' 1\1 4 ~'- l lrt (rrmt 11 I tl p1•inl-< 
rrp•.-«nl th rt.- lt~t <amrlr< u•ith n<arl111Jrntr.al m1•1lulu< 
rrifu,... · 

Test lemper•lure, Ultim•le hmsile Yield 5olrength, 
strength. X 101 psi X 101 psi or 

- ----·-- --4 
70 116-117 115-116 

800 is-77 . 68-69 
1,000 65-67 59-61 
1,200 44-47 38-40 

800 73-75 55-58 
1,000 63·65 51-52 
1,200 44-45 30-33 

Str•in
to

failure,% 

1.12-1.14 
1.6J:i:s0 
2.15-2.66 

2.90 

11.1-12.I 
7.6-9.4 
3.9-4.5 

( ,,,, ""' .,,,.. '"''"" '"" i. ..... ,,ft,,,,.,,,.,,"" ( ,,,,.,r;. Is /Ti ot\1-4 v ''"'" Is~ T 1( I c ..... ,... ..... ". ''"'" ,,.,,.,,,,"' '"' '"'" "'"'"% .11., lt•k"'"'"""'"''" 
,,,, .. ,,,.,,, ,,,.,,_ ... ,..,. ,., c,,,,.,r, ,,..,,,,.1 •. '""""' u ~·*' If .... ,,.,,...u '"'"""' '" ,, .. , ,. '"""" """'""" ., ,,,,.,..,,,.,,n "' t• 1 .ooo• f . 
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1). RCllllll' l'UBLlCATUlllS 

tB<-'vks .u:J .trti .. -1.,s) 

ASTM. PhiiJJ~lpht~. PA. USA, h~~ ~~J~ ~~~il.tbl~ 

Test in-1_ T~-.:bL_!.~!_ H .. t.t!_ H.t~! ix_Cvlltj!-.>Sil,_~_:! 
(STP 9c>o&), e,.L Di (;i0·•.tnni .tnd l\Jsit • .:ont.1ining 
28 p,..er-revi"'•"'d p.tpet:> .:v\'oHing m.tt .. ri.tl syst.,ms 
f r~m th~ ~vnt inu...>us s i l iL'vn L'..tt bvn ti t..tniu.m S'iSt~m 
to th,.. p.trti.:ulate reintotced .tluminium s~stem. 
Mdter i.tl fvtms in..:luded range from pr ..... ·.tst bl..,..·i. tv 
braided pi.,.:,;s. Publ!sh"d in s ... pt..-mLer 196d. tr • ., 
collect i.>n (.a72 pp) focus ... s vn the ne"d to obtain 
dccur.tte ..tnd rel i.tble t ... st d..tta. Cur 1,..nt testing 
-thvdologies ar" cef ined .tnJ d .. s.:r ibed. in,·ludin-J 
ele~·ated temptrature tests, dyndmic mvdulus te:>ts. 
..:veffi...:i~nt of e:x:p..ln.:i10n t~:>ts, .;tnd cvmprtssivn .ind 
buckling tests. The book is int.,nJ .. d tor comp<)sites 
r;;:.>,;..lrchers and designers. aerospdce en-Jiaetrs •. 1nd 
mater1dls s.:ie11tists. 

Cvmpusites H.tnut ... :tur i!.13. an internat 1v11Jl 
quarterly journal from Batterwurt~ Scientific LtJ .• 
Guildf.:>rd. Surrey, United Kingdc·m. is a sister 
j.:>urnal t.:> Composites. Scheduled t.n publication in 
e..lrly i990, the journal will feature peer-reviewed 
papers vr. advan..:es ln the design, processing. 
f.tbric.nion, a11d p1oducti0n c.f re:sin-m.nrix, m"t.tl 
111Jtrix, ceramic·ffidtrix, and <.eramic compcsit .. ~ 
wi 11 dlso include n .. ws, book reviews, conferen•:e 
reports, a literature survey. and patent abstract 
sections. Readership is expected to come world-wide 
from engineers and scientists in materials develop
ment; suppliers in the automvtive, aerospace, 
llldr ine, cvnsumer. anJ m.tnutactur ing industries; 
end-user organizations; and government and academic 
research establishments. . . . . . 

The following t.:.ur articles were published in 
Mat~.!...!als ~r;ience dlld Techn~. Only abstracts 
have been u~ed here. 

Mi~rostru~tUI..11 JSS~ssment ut ~nt~r.tt..:t1un :zone in 
~it.tnium .Jlumi:"!_dc Tic metal-m.ttrix co~te 

lly D.G. l<caitzer anj H.H. Lor.,tto 

Sampl"s ut Ti 24Al-11Nb.·T1C compusit"• wer., ht.tt 
treated at t .. mp .. r•tures between l,OOD .Jnd l,200•c tor 
several hours .tnd th., extent ot tne red.:tion zone 
betwe"n the T1 24Al l lNb mdtl ix .i11d th" Ti1- part i.;u
liette wa~ aSSt:!S~~~I using upt i1:..ll, :io•:..tnninq electron, 
dnd .sn.tlJ'lic,d t1i.t.nsmiss1011 ele1_·tr(J1t tnu:tus..:opy. It 
has been shown that th"'" is 31: 1ntt.>LKl 10n zone 
s.urrour.diny eac·h T11' p.Ht i..-1., caus,;.j by the diffJ:;1,•r; 
of C trom tne TIC into the matrix and diffusion 0f Nb 
into the TiC. Tn., ext .. nt of th.,se interactions 
incredses with 1nc1eJs~ •_)( time ...tnJ in\.:tedse vf 
temperature. The phases furm.,J Jurin~ heat rreatmunt 
were shown to be Ti j(1'1Nb)C and (Tillb)C. The 
si9nifican._·., ot thes., ubst'rv.1t iv11s is brio.>tly 
discussed in t.,rm5 of recent work in which it has 
been :;howu thdt th~r~ is nv l.!~tcctdbie t:h.u19e in tht! 
matrix in similarly tre.tted Ti 6Al 4V Ti .. · •:om1->0i;it.,s. 

MeL!hdnicdl_£rQ!!~~t'i. ~-~1- l!!.·!~~·J~.!.~:; t.)i m~~l ~~~-!-~~ 
compvsitv'! 

By B. k1)~La1:1<:, T.A.fo';. c;~,, :cy dlh.i l •. N. M1·1.'drln~·1 

Test ~rucedurcs f0r ~clecteJ prop.,rt/ 
me,uuremer.ts on mdtal mat r i• ,·omiJOsit" (HM<:) 
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m..ttc": i..ils ..tlc." t:-A.Jmit.~\.L Th~ mC"\..'.'h-t11i1..:..tl prvt-iC"I: t l~S 

-..--..H1s1Jcr~ .. ..t .• uc- d.Ss0 ..... ·i.;ttc-'~ with t~n::;ilt:?, ..:um(.>r:~ss1;.·~, 

l:JC"ll.J. !:!1.p..i ... :t. tl:.1'. .. :tuc~ t ... ..lu~Jhu.:ss, !..t.t iyuor,, ~uhj hi"1h 
temp~r:atur:~ t~st iuq~ A tir i~f r:~Vit:!w 15 ..il::h• ••11 ... ·lu.Jc-.J 
0t math.,:r • .>t ic".>l rn.. .. iels JesigneJ t.:. 1->to>Ji.:t th., 
m~ .... ·h.Ullt.:dl tJrup~r ties ">t HMC's t ::vm .;t kn\.,.~~dC'J':J~ vt th~ 

i,;tupe1tit!s of the c0nstitut!nts .tnd th ... ir g._.0m .. tr;'. 

t-•..tt i~u~ p~rturm.;t111:~ ~.:!~umin_t_!_~_i11torL'~j m~t.:tl

m..itr i~~~~=! 

by N.J. HutJ 

The "-'•-•tr. t.,mper.lture r .. t tyue pet f0rm3n,-., uf 
t•.J S..ttfil r~1nfvrL~d mC"l.Jl mat: i;. ..:vmpusites 

~dnufactu:ed by sque .. zt! torminq is ass .. ssed. For 
the ~t,;.mpcs~t~ with di\ LM ll m...1triA, intc0du,~·t10n vf 
S..tftil Jut?s n....>t result in Jn ihl..·rcJ;St!" in the 
ultimdte tens11._. stren:ith, ""J tht! f'1tigue 
pertorm..tn.;-: i!i iuf-:r iot tv the unrt:!'intvrc~J dliv:i· 
By -:vntrast, the .:0rr.i,;osite with ,, 0062 type rr.dtr ix 
exhit.c~s a markedly sup ... rior uitim.He te,1sile 
strength and stiffn.,ss L°<,mpdred with the 
unre1nforceJ ._.quiv.tlent and thi,; is ·:oupieJ "'ith "n 
improved over.sil fatigue pertorm.t11o.;.,. 

By D. o .. w Huynes. P.G. Quin.:ey and P.L. Upadhyay 

During the develc..pment of new processing routes 
tor Nb}Sn supercond~ctor, factors influencing the 
workability of t;m-ph.tse metallic: composites havoi
been investigated. The ease with which such 
composites can be tabri..:ated depends strongly on the 
relative hardness of the phases. Ptoduction of .l 

regular uni tvrm filamentary structure is promott<d b/ 
low hardness rat los in th" initial composite . 

• •••• 

Cerami.:.·metal c0mposit .. s are Sdid t0 utter we.lr 
resistilnce in a variet~· vt unttJJe applicatiotos. Th" 
brochure expla111s tormulat1on teatutes, typical 
pertorman,·e qudl it ies. sJggesteJ .>ppl icat ions. and 
handlin-,1 .:onsi·letati;1r.:;. ALtnx Pcu·J11-:ts ! •. P •• 
lOl Lake Dr., New .. rk, DE 19102, ~SA. . . . . . 

A burt::'~Su nt Miut:'S t~~k tort..'~ on ddVdflC·:.i 

m.ster tdls (IJ:;A) w:: I publish a report - !:!cw 
Mater!-• h 2•.::..:~~~:t.: ... -"'.h_:!l..!t:n<J"S dnd .. .Ql&_or tun •l~ 
thdt will 111 .. ·0Jrp0.H.>te opini0ns, viewpoints and 
pvl icies vt e•p.,rts .111<1 cumpdre the United Stdtes 
position in new mat.,rtdls with that ot uth"r 
countries. 

The rtpvrt w1l1 b., dit tt!rent t rom .u1y ,,r her 
report in thdt it will f,).:us not unly on polymers 
and c"rami..:s but als0 will lake " look dt new ~lluy:; 

and '!'_~l!!l_ ~~!!'~~h.!:':! .>11d whdt the met a Is industry i" 
doia9 t,) compete in the .1<ivdn°:e'1 materials t iel.L 

Tht::' ~tujy will l>c liivi.Jcd into two vulumt.?:.i, vr1c: 
1u.:1u,1in:,J m.trket forecasts, a :summary ot current 
9ov.,r11ment p<)l i..:y, research .ind t11ndi119 ar.d .tn 
overview ot the significance of new materials in 
terms ot national se.:urity .11h1 international 
competitiveness. 



A seL"'Vnd S~L-t ivn will L-uv~r new deVt!'l~l~~ats iu 
te .. :hnvlogy, in,;lu.iing probl.,ms still tu l>" soivt:d 
.tnd potent i.sl uses tor advan..:e•1 mat"' i.ils. 

M~ml>~rs vt th~ n~w m...lt~r ldl:; tJ.sk t •. H'-·~ llh:lu.J~ 

le.tding poli..:y-makers and res<>archt>rs tr0m 
throu':lhout th<> Bureau in the Dep.H t....,11t vf Interior, 
in._·tudinq ~Aper:ts from it$ uin~ r~s~..trL·h 1...:cntres in 
Ore':Jvll, Ne•1.id.1, Hissour i, lit.th, Al.tb.tma, Hinn0>sotd 
and Id.thv. 

• * * •• 

Ed. A. I(. Dhiuqr.i and S.G. F1sh!l'-U1, 
H"t.tllurgic.tl So..:i.,ty, AIME, l98b, o_ A. llvoks 
(Aust.) Pty. Ltd. 

The Lo0k is J ~-011.,..:tion ut 11 p.tpers p1es0>nto:,I 
.tt .i symposium ht<ld at New Orie.tlls, Lvuisi.tn.i, USA, 
in H.tich 1986. The publi..:.stiun is divido:d int0 tour 
se·-·t ions: MechJuL . ..:...tl beh.iviour, ChdrJ1:t~1: izctt ion, 
Re.t•:t ions, <':id Gr.tphite·AI 'Hg, .tnd ..:ont.1ins a mii.;turc 
of pJpers de.ii ing in high •esu!ut ion electron 
microscopy, .in.ilysis, mechani~·.tl propert ics, novel 
exper imtrnt.tl techniques and reviews. 

. . . . . 
R~~~~!!~ ~tress_ ~!!._d~~l~.!!_1 _ l!_f~t!~:! ~~~ rTU!:~!.-!~!~ 
select ion :_ _ __E!oceedinys of --~SH ~~onte_!en~ 

Edited l>y Willi.;.m ll. Y"unq. Met.tis P.t1k: ASH, 
198/. 209pp. c>:W.l 81 07lo8b ISllN 0-87170 304-! 

Contents: He.tsuremenl m .. thuds. Thermal 
pro..:esses herlt tre.ttment, c.ise h.trdening. Th,..rm..il 
processes - t:asting, welding, met.ti matri:. 
composites, cerdmics. Therm.tl pro..:esses - surfdce 
films, coatings. H.,~·h.tnicdl processes: shot 
P""ning, g11t l>l.tsting. Mech.tnic.tl proi.:.,sses: 
llldchininy, gt ir.ding, tvrminq. 

* • • • • 

This volume •~ the fourth ind s"ries uf 
tt!<.:tuiici>l t...u._k:. th.tt drtl intend"d to provide an 
understandiuy vf th" 1ir.ti.:ti.;al capabilities dnd 
lin.itations ot 11ltrdh.t1d tool llldteridls, includiny 
both di.tmond ""d ..:uhic bolvn nitride. L'vvering 
101 (Jdyes, this vulume cont.tins s.,ven .trti•:l"s hy d 
!Jdntd of int.,rndl iundl ctuthors and is edittid by 
Chris ~drrett. Th" subject mdlters <.:uver"d .ire 
synthtitic di,1mund .ts dosimett.>rs in biologic.ti 
environment:.· polyc1yst.tlline di.tmond drill tits in 
minih<J d(1pl io:..sl ions; friction and w".tr of met .. ls 
sl idiny 011 SYNlJITl-: dt low speeJs; thtl p1e•li•:t ivn .,t 
diamund Wt:dt in the Sdwin•J ot !Hun~; tcctnsmission 
"le•:t1un mic1,,:;,:,.pe study of SYNlJAX.l comp.treJ with 
SYNlJl'rt: dnd AMllOHIT~:; the hydrophohlL'ity uf <li.tmoml 
SU[ldL'~S, dod tuol Wf!rtr in the turninq of ylJS:i 

f ibic- reinto1c:c<I (lldstio:. 

1Jlt1.1hdld M<1te1 idlS Appl i•-JI ion Te•.'ho">IO•JY 
Vol UR\t!' 4 f I om De li~c I$ I udu st r 1 J l I) i Jmund (J l 'Ii Si on 
(i'ty.) l.t<I., 1'h.t1te1:., Sunninyhill, As•:.,t, 
Berks. SI.~ ?l'X, ll111te<I l<ln•J<lom. Tel.: (O')')U) 214'>1" 
Tele~: 84ijB71, Y<t•: (Og')O) ~8188. 

. . . . . 
()~!~ hl]~~t_h~(_l U}11~2V~! l<~r·~ f,,, ~IL·V!•l•!l'm~~1~.: Th,•l 

is the title of d new puhl i<:Jt inn b1 in•Jln<J l•><Jether 
br i9ht nt.'w ide.ss I rom .trc>und the W•JI Id <lesi'}ned tc, 
edse the I 1 ves of pe<•1>I e i 11 develop i n<J C<>unt r i e:;. 
They include su<'t1 invention:i d:l rl loot operdted 
tredclle pump from H.tnglctdesh (th.,re .tre now '>0,UOU 

I 4 J 

in oper.tt ion); ro..:k cr4ckinq devices (with the 
ctqqreq.tte to be used for road-buildin9); and 
wind jriven ice m..ichines. 

The i1u1uv..it 11. .. -ns \.;"<.,'\m~ ftom 4J t...·ountr i~s, winn~rs 
ot .ln lnterndt ion.ti Inventors Awards competition 
held in Sweden. 

Winn1nq invt!'nl ion:> •~r~ '-"'hu~en for their 
dhil itr "to pro1c >te economic .ind so..:ial developm.,nt 
in the third world". All have practical 
a( rt ic.tt ions .tnd many .tre al r ectdy in use • 

One Hundttid Innov.ttions for Dtivelopment, 
publishtid by Intermedi.tte Technolugy, Hyson House, 
R4ilway Terr.tee, Hugby CVll JHT, United llingdom. 

* •••• 

By Ktin E..isterling 

Aimt<d dt d ':Jt<llt>r.lI 1ti.lde1ship includinq schuvl 
le.tvers, stud.,nts .tnd underqr.tduat"s of dll 
s~· ient i I ic an•J engineering di sci pl ines, .ts Wt! 11 dS 
individu.tls requiring upd.ttes on .tdv.tnced materials, 
this l>ouk btigins with dn intruduct ion to the 
fund,1111.,nt.tls of materials scitin•:e and inve:;t ig.ttt!S 
su ... :h new m..itt<r idls dS dluminium lithium .tlloys .tnd 
fibre,poly""'r comp..,sites for .ti1craft frames .tnd 
skins, roll"d structur.il be.tms made by toughtined 
cv1h_·r~te, new enq:ine~r itHJ pulymt!rs thdt llld'f soon 
dtspl.tni! met.ils, .tdvanced ceramics that p!umise to 
revolutiunize the machine tovl, electrit..al .tnd 
auto111<.1l>i le engine industries, fibre opt icctl 
materi.tls networks which will shortly span the 
wur ld, new generdtions of tr'lnSistor and a new 
:ouper...-.:mduct i nq cer .tmic with ctppl icat ions in 
<.:umputiny, medic.tl scanners .tnd levitating tr.tins. 

A cumprehensive gloss.try of words and terms 
used in materi.tls science is dlso included, thereby 
111C1kin9 its content accesisble to non-speci.tlists of 
the subj.,ct. 

Contents: 

P.trt l r'und.tmentd ls: 
versus chdOS in the world ot 
and cellular materi.tls; Why 
t.1e.tks .tnd 111bber stretch.,:;; 
~·u1the1 ,.,,.dinq. 

Introduction; Ord"r 
materictls; Composite 
""'tal bends, glass 
Mdterials s"lectiun; 

P.trl 2 
I. iqhtwe i •Jht 
m.tteri.sls; 

Applic.tti,,rs: St1u..:tural m.tterirll"'; 
materials; We.tr .tnd heat resistinq 
Optic.ti materidls; Electronic .tnd 

llvok 4loi, !SllN 0 ?Ol4b2 40 J. 

r'ur tt1.,r J.,t ,1 i Is dVd i ldl>l e f rum Helen Tur k<l<><J.:n, 
Ma1kelin~ Se1vic"s Offictil, Th., Institut" of Hti!dl~, 

1 r:.11 lto11 House Ter r.to:e, I.o)ndon SWI Y 508. 
Tel.: 01 81') 4071, Tele~: 8814813, 
F.t•: 01 81') 228'). 

t • • • • 

H.it.,ii<1I:; in llK 111ct11:;t:y dV<ill<tbl" frum 
Mt•1tL.1scer1t·, The DI rt!•:tur Hdr kt:t i11<J Cent re, Rowen 

l11du:;1 r •di t::ll<1te, H.tr<Juecl c~·e ?t:l'. Unitt:t1 l<in<Jt1um. 
T .. ,.: 04lJ Ril811. 

~~~~! !.!.!!;! i~~l!tt~ i1~ ~!-~ .!'.~~~·~ !.!~~-!l~0l~!~ (e<I. 
Y.. I/. S.tyre .tnd P. Vdr1<liver) h<1S been 1•11bl ish.,.t l>y 
the H..it.,ridls H.,s.,.ir..:h Society (HHS), Pittsbur9h, 
I'll, U511. The Look ( 121 pp.) contains the 



prvc~t"Jing:> vt .in MkS :>pvu:>,_'ti::.J .:;;·ml-·v;;1um h~l ... i lu 
April 1988 iu H~nv. N\', USA. Its j"} .. a1:ti .... ·l.:s 
.ld,11ess tvpics r.tn,iin-J tr0rn ':J<'v·.·h·!mi-:.ti 
cn.lr.l-..:-l~I iz..it ivn uf 25:JU yt" .. H •.Jl.J m .. ttblt: :;;.._·:.ilpturt: 

to th~ svlJ:~rirhJ ..:;t "1...Jld in tht! tuurth tt11llt."1.i.tiium 

B.C. 'fh~ bvvk i::; Ji·liJt.>-d iu~v (Ht.·~~ut.tt i ... •ns ... :1: 
thrtt?~ "r~..ts v:: r.e:Je •. Hi..:h: :;tru •• :tur .. ti. .u ... 1 
t.:ompusit iunal ..t.u.J:l;•s-=-s -...'r .ln-...·ient m.Het Lds, .. U!-...-it:1.t 
materials t~'-""hn1.. .... l0qy • .JTh .. i prv..:esse:i u! Jett."t 1.._)r .. H l·_•H 

.lnd c0nserv..lt i..:1n. :..;1th mvrt: th.1:11 20U phvt ... H1r .. iphs, 
illustr.itivns, ch.tits, .lrld t.lbleo;, this p·.il>li~·.lt ivn 
retle~t:; the qr0wir1.J s~ier1titi~ ir1t~rest ir1 
dev~lupm~nts, prv.·t.>..;s t~-...-hnuluqi~:;, ...t:1.J 

t.:hara~teri4:.ltiu11 mt'!thud~ tor. .ui..._·i~r~t rn..i •:..'t i.tl::i. . . . 
The N..tt i0u..1l Tie .... ·hni1.-.tl Iutvrm.tl ivu St:tvi-...·e 

(NTIS) h.ts publish.,.J th.: l'lol upJ.•tt> ,)f its tr"" 
32-p.tqt! ~·.ttdlvqut> Jt:scr 1bin,i :;p,"·i.11 i;.:t:J t,;drnic.1l 
inforrr..it ivn produ~·ts anJ s"rvic.:s dVaiLil>l" 011ly 
from NTIS. 

NTIS diss.-m11ut"s th.: r.-sults of llnit.,J Stdt<'·> 
Gover11ment-sp0ns,>1.,J R~D .l•:tiviti"s .\s rep01teJ IJ)' 

350 ft:d.-ral .l<J<'ncies .rnd b)' w~« !J ;;:J., sour,·es. 
includinq J.tp.in .ind ... .-st;,111 Eurv!J"· All s..:ientitic 
and tt:chnicdl t ield:.. .:sre cvvete..i. Ol 1-.Jin.il 
inf•jrm .. ttion dV..til..tblti": 

Tcchn i ~.:.1 l Rb.D r t:l>ur t..; 

Contt:-ren-.:e ptic:sent .. 1t i .... 11~ ..tn .. i prv'"·~c-dirhJ~ 

Governmt:!'nt pate::nt!:i (li,~·eusin".J uppvrturlitie::>) 
Mdlllldls, guides .in,1 hdndt><>vks 
Subset ipt ions tu put li~·.n ions t10m DOE .>nJ 
other qover11m~nt ~~~nci~s 

Compute1 s0ftwdre anJ d.tLt ti l<'S 
Ttdnslations 
E"~dt!tdl infurm..tt ivn piu·:e::>::iinq ::>ldnJ..irJ~ 

1~·rps1 

hppl it::d en~ineer ing ~.aLhiio-:s 

Spt:cidl bil>lio':J<.iphie~ 

r-;nvi10nmentdl impact ~t..itt:mt.·nt~. 

NTlS (HuviJt::s intutm..-:tl iui1 i11 .1vzcn~ ut ';r int 

~\nd mi...:r~>tuim piu~iui:ts, in1-lt1ditHJ 2rl ditr~r~nt 

wet>kly 11ewslett<"IS (bull"! ins). Tht: n.-wsl<'tt.-ts 
sunun.ir iz~ r?~W 1e1Jur. ts receive.I iu ~.:11·h ot 2h ~ubjt..•1:l 

'1Teds. NT!S J.Jtd l>dS<' i:. dV.tildl>lt: un !in" thI•.HhJh 
sevt:'rdl ccmm~r\...·1 .. -!l Vt:'ndors. 

FOI d til!t: <.',ILil<><Jlle, .1·~k f,,, PH 821 ·n.1:, NTJS 
Products itnd Servic~s c,.at~itc .. l_J, NTIS, ::>pi iuyt ield, 
VA 22161, IJ:;A, 

. . . . . 
M .. ttt."r i.11 :.;pt>t_·i.tl_t!_~ 

Volume Btt ll dt."Vott:':s ln p.t1Jc:> t•Jo 1.:uv~t.:HJt.• ot 
h1qh tempt:r.1t11I" mJteri.ds such ,1s m<1chind~'1t: 

cerJmic~, ~pu~ie~, ddh~sives, hiyh-temperdture 
tdpt:!'s, cerJmi1: ,·loths, Jw.t cundu1:tive mJtt'ridls. 

llr ief dP.:;;.;r i1->t •or.s dte qiv"n tor oth.,r f'Io,1ucts, 
Slh.:h dS t..:t!'Idmi 1_· hOdr<J, 1 icjuid cerdm~c tudm, 

hi<Jh d.,nsity L'd5t.ible ,tluminJ, heat sink C(•mvuund. 
sdf.,ty products, .tnd CJdsket formin<J •:ompounds. 
Cotronics l'<,cp., 3319 Shore i'<1rkw,1y, lliooklyn, 
NY 1123'>, ll::>A. . .. .. .. . 

A <'ire1~tory lu lndi.t's t~chuol()1Jy drt!rl~, 

incluc:lin<J feet i l 1:zers and chemir:.ils, 01 I .rn<l 'l""• 

IH 

..su .... t eu~r.qy inJustrit"s i:i ._·Jnt..11ne..i UL .. t :S(-1t!~·1.il 

!udtJ Hii.Jh ·rt."~h is~u~ uf ~~~i~ ~·~·[ ;~---~:-~ 1-.i~~'-'-"~:-... 
Tl:n~=?- lntt.•l!o..h.•d .. ts d re:; ... >ur1·~ t'-'r t irr..s sc~k i1!'-J l-...• 

pr-..:mvte t~1...·hn._:.1v.r; t t.Ul:itt..~r Lt.·tWt:t.~:1 !;: 11.t .. 1t.1·! t!tt.· 

llnilt.."j St.l.lt~:;;. i! ..._· .. ut.t~us L·;.!:.,l::t..·_,~J ..._·,:.t.t.·t:> 

{!L.tmt.!'$, ..l~iJrcs:>i:::i, IJh,•:a:. lt..·lc ..... 11. i t..1.-. ri .... !'t·t.-I.,; 

hundtcJ:; vt !itm:i in !nJ1..t,, .. 1 t~S•·i,,l!··t..· •J\•i.h .. · •. 11 • .i 
.Jth~r . .:L.tt.l vu ru.ii .. 1'$ tt..·.·t.r .. ·~·,·ri .t:t..·i •. i'nt..• ~· ... ·~:.·t.· 

i:i ..1\.'dil..tlli: tr1..'n1 Ind...> Am.._~r1.:u1 liu.:_,tr:-..:-::..; 'rlr!'t::i • 

P .. O. 61..):.\ 3.Jlh-1, ~-~ltl:.J-jllt $t .. tt i,.u, ~'11.t~hiL·JluIO, 

D.C. ~O~JJ, USA. 

. . . 
c:.tit~...i Ly J~tt-· .. 1u~s L'~ E:lv:;s~1, i..;uJ' l-:. :t.•ti;;:i. u .... ! 

Pi~llt: I.iSSJC. rff: El:it:Vi<':, l~ld/. ~·1~ (J;.. 
(H .. ttcr i..tls Scit.•Iu_·~ M ... 11hJ~r.t1-1h:i.; \'0! • .i1) 

620.1 'l TA~Ol. J d' '10'>') 1$£\N u ~~~ ~~d;IJ d 

A~r .... 111.;tul i.t...:.Jl .1V'(Jl 1•-·Jt :.Jns. Iii·.·crs: ~ i~·J 
.J(-.l~licdtivns. '1.\ih~~iv~s. N.JV..tl ..J(;~·ll.1:~tiun:.:.. 

H..ttt>ri..115 .. "tuJ StJ.:t....:~. Lomti\isilt:S Lt:h.Jvi.._)1,;r. 
Therm ... ,pla~t ics .un_l c~r .Jm1,_·:;. 

Fvtuth .-JitiJn. s. I'. PJIKt:I, f:-:d1tv1 iu chi.,t. 
H~~~rdW Hill B00K 1:w., lt ~- 19tt1 St., Ne~ i0r~, 
rlY 10"'.~, USA, 1•)89, 2,137 pp.,$•):,. 

Althullljh H1.)t stt i•.:tly lt'l..1l~ .... 1 lo R':d:te1 l.:Jis 
:;cit:nce dnd ~rh:Jint=er 1ru.J, thi:> v0lume: rdte:> r..C""nt ••)r. 
svlto:ly tor its ~AhdUSt iv ..... dl.!i-Jfo..,."-·h tu J~f iui1hJ the 
ldngud,Je uf s1:iern.·t!' dnd t~L·hn,.:,1'-·q;,·. Th~ i.""tt:osl 
€-dit ion in..:luJes Jet in it ions r.>f lOU, 100 terms. d11 

ini:re..tst!' uf 7,600 f1,,,m th.:- thir,i t=JitiuH. LI!.t in·..J:.. 
die dividt:J dm-)nq 102 :;.,._ .. 1.1t.- disciplin.,,:;, 
in..:ludinq ':rystallo\JtJ(>h'j, ...:e::siqn entr.j1nec-riny., 
elec:tr\)ni'-·~, en-lin~er iny, 1ndust rial engi11e~r iI.•J, 
n'.;1t~ri.:1ls, m~talluryy, miBet...il<._hJJ', mini:i'J 
~nl.jiht."t:'[ iu~, solid St.ilt" (.Jhys1cs dhJ !i(Jt::Cl!u:,,, .. ·.,;,·1. 

Th~ d~tinitiuns, writt~i1 ln l.:trL.JUdYt:' ... 1~s1,JUt:d l" tt! 
und~.rstanddl.Jl~ to the nuu S(a;-,.:1.:tl 1st, d!t:!' 1:ht::!Lkt: ... I 
f,)t .h·,·ur.h·y, 1_·ldr ity .inJ l.:<.•mpl~tent:"!>S ti·,· 
28 ,·\•ll:illltinq editor:;;. The V1.)l1:mc- c:ont.Jin:s m•Jit.· 
th.111 J,000 (Jhutuf.:ir~t(_)h~, ,.lrJwin.J~ ."Ind t.1bles •• t~ ... \.': t 

dS dEJ~l·ndi1.:es thdl int:lud~ SI r~n,_Ji isti ...:unv~, ... l\>n:.., 

the pt?r iodi1.: tdble u: the tdcmt!11t:i, ::;\.·ht."m.H •1 
~le1..."tI1...•llil' Sy1t1hOl:.i, llStil1'JS uf '.it'lt'Otlfi •. : ,111>1 

tec.:hn icd l c_)rgJn i Zdt ions, ttud mot ht.."m.tt ic·d l ~ 1 s, 
syml>vls dlld n.:•t.it i0n:;. 

. .. . . . 
~~~H!~;!~~ f:t.~-(~ :.! .. '::'!~~ .~n~!L"! i ~: ~1J·~ .. !'~~..J 

~~~~Jl::; is ,tu dlT.bitiou~ pr.>]ci:t tc, l'r·>v1c-f..: .... :_,,,.,,, 

tti"1·hnol0<JY C\.JffiJ.Mnit!':.t insi·Jht int•• .J,15,.sr1's 1Jr\.w111<; 

mdter i,tls te1:tu11Jlugy lJJSt.• o:11ui <>(J{J<.1rtunit i~:; tPr 
strdte(jl1: dl l ldru:es. It ls p 1.lt,l lshcJ hy 
KRI ln!t:In<1t1vndl, d smdll"r (40 1.•rott::;:;1,,n.•ls) 
JdpJn~:;e version vt SRI lnttrrn..st~on.tl. (The t"W·• 
compdlni€'·.> drC dffili,lted dt1<1 KHC's 1ntC.?Indt1,,111l 
.tdvi:-;ury 1:oun._·i l chJltm~n is l'hdl !~s Anders•>u, tht:." 

focmeI pies1d.,nt of SHI.) It h<ts dlre.iJy cum1,lt:lc.I 
cep(>rts on C<•ndu•:t ive p<>lyme1s, pvlymt:r al l'•Y <111.t 
blends, dnd ~hutvresi!>ts. t'11t,·re '"'''"rts w111 f,,,.w; 
on mt?tdlS ctnd .11 loy~, fJ.1l l 1um .tr::,t:uidv 111nd ntht.•r 

ctdvan•.:ed semi1:nr11luctors, t."<trb1>n f 1bie rt•1nt .. Jr,·1-.•cl 
pldsti1:s, licjuid 1:ry:it.-tls. 1·t:r.tmi. ,~<Jmp•_):i1lt..':.J, u • .t 
structure ,·~rctmi,_·9. (Tdk.1K,, ICtw'1k,1mi, l>ir"j_t<Jr, 
l<~I llSA, 1'>0 W. ~.lllld l.'l.tr<t :.;t .. Sdn .J.,:;e, CA 1J'il 11, 
llSA) . . . . . 



, 

• 

l1i.tU!lll.tl l• .... ::1 Vil t, lUlJ l.tt..J\'[.tt ..... :[ le-:, l:::i t,,Jl':~1: 111 

th~ ~2?~ ~~'J"~ 1:JiI~~~\·I:£ l.![ ·~~::t i~t~ !--,t~'-_'~-:ll~l i~. 
""ht\...."h is uviJ .. n·.t1l .. tl'lt:. t..\_)v~r i11\; -It.JU mort.:" 
l.:tb1...H.HU! i~::; th.HI th~ l'JtH~ ~Jit idu. it t_',Jllt..tin~ 

l.1l.Jvt .. tt...>r'i n .. unL"S, (AhJIH! 111...rn·bt:l:.i, lt>-::.tiu'-J 

\.".:i~.il>iliti~s .. t.nd Kt-··,· 1..:vz.t .. h:t:;;. Th~ J11~ ... :t ...... ,:,y l:i 

indt:'xc-.._i t\i .... tl .•. t...~ .... t.rch by l..._)c,t.tiuu, l..lbur.:tt0ty 

Ud01t!'. f it! l .. L• .. t t t' st i U'-J, m..i t ~ r i ..:t ls d r pr vdu ...... · ts. 
Cvpit>:::> m .. 1y bt> ~·Llt1_·b .... tse .. i t t· .. )t.n A~~TM l:u-stum~r St>rvi1...·~ .. : 
(Arnet i ...... ·dH SuLlc..>ty fur To::::>t :n\j ..iuJ H...lt~t i .... t.l:::>. 
19lo H.tc<' $tteet, H:i l.l<ielphi.1, PA 19l(ll, USA). 

• • • a * 

llh~~!-~~~~~-::! ~-::_ J2~"!~ .. ~ -~'=°Ii~~_Ll_V......!!1___ .. ..J::!! \.H,."t~~!~l~~ -~!.._ -~~~~ 
sc~2•!:1 ~~11~ !..:!~~..?_ • _m~~u~held __ J..!...l~!'f'-'w.t)u!..~! 
!~. !...!?. ~'01.'!.~h·• i~~z 

Edited bJ: H ... v ... u1 0'...'~rstt.tt"ten .:tnd \ ... h 1.....'.J. [ .. tt t i. 
Bv:stvn, USA.: Kluwer hcddemi._·, l9tJe. 
Enetg'/ L•<'l.'el0pmt:11t 'rhitJ Pro9<.<mmt:; 

HI pp. (Sol.tr 
'/vi. J) 

ci~l. JI' 2H TK2'Jtll d.' · 16102 ISBN 90 ·27 I 

PhutuV(ilt~1il...· lJ'-•'•t::"r y:t..'ner....il i,_,n R~[• i:.r~"Jr~uruhc. 

A-$i s0!.ir cells prepated by the glow disch.11~e 
te!,,.."hnilJUt:?'. Ev .... 1l1iat iou l>t EJ!\.Jffil:iing dlt~rn..tt h..-~ A S1 
deposition method~. H1qh efficiency cryst.llline 
silici......n thiu film sular c~lls. Thin t1lm si:.)L·t.r 
ct-lls 0..:1se~i on II VI and t~rndry chdl~l>t-·1·1 ite 
s~mi1.....·vnduct01 Oidteri.:tls. 111-V ,_·ump0u11d 
s~rniL·t)ndu1.:t0rs tor use in thin ·t ilm cells vr in 
m,)nul itn11~ mtJlt ilayer ct..'lls. 

• t • .I: t 

It is goud t» see th.it the !n::it iU!~ __ c)f ~~?. 

recently orgdnized .i m.ijor conference on the role of 
new mater i.ils in the renew.1ble energ~· t ield. f'or 
~;.; .. tm(Jlt- in rel.Jtior1 to windturbiot:s, sc-lar puwer dnJ 
t:d.il b.Ht.HJt:S. i;.,tdils ut the "Md!ct'E.!~3-. i~ Mu<,.!_"'.£'! 
~r~_E...9_1'._ ~.L~!~~~·· c0nter~n~e. h~ld dt the Uni'1ersity 
of Bristol on 2 l- 2'..l SeptemtJer l 1)t:19 t.:.111 111:. d,.-,ubt b~ 

obtained trom the Institute c~ Met.sis, l •:drltc·n 
Hvus~ Tt.·rr.:-a\_·~, Lvud·Jn Sl'li'i 'll;B, '.lnit~d i-:ingJum. . .. . . . 
~~l~!!.. tH1t!.~~:t .. :!l.1£!...l~~·~!_l~!~.? t,J ~:!..!.. ... L..!..!_!~_j!!1_..E~l·1r 
!:._dd !.~~~lI~ . ....!..!.!!!:.::~ _ _:___ .. 1!!1J:_•t,:t:d l!l!:J.:! 

1-:Jil~·J by T. 1:. Stt.!tim~r:.;, h0stou, USA: Kluw~r 

A<'.t•.lemi•:, l'J88. lB'> pp. (5"1.H 1-.:u•:,r.JY Devcloprr,ent 
Thi r J Plu']r.ltrUl•"; 'lul. 4) 69J'. /ti ·rH/41 j tltl-1. /~') 
ISbN 'J0-2JJ·2/l~ ~ 

T·......:~:! ~~!::..!.1.:!..!.:!... .. !12..!.. ~.!~..:J~~- ~!!t:~·! .. !!!:!~~!! ... !..~-~'.J~ 
[~!~!L't'~~1-~- ~f .....! (~~ ! ... £.'!l..L~ ~~..!!~ 

1-:d it C·1 hy J. A. :.;w.u t 1.,., 1,.,11d1. Md .. b !',JI k: 

A,;M, 19tll. l3/ ['[" ,,/(J.l Tllltl~ &/ ,:J,J'lle 
I SllN 0 8 l I I u d I ~ 

Trendr; 111 hl•Jh spct.;'d mJch1n1n']· r't_•rmt..-ls, 1.'tJN, 
di.tmvnd:;. 1:~.,tt lh'J' ion lffi(Jl-..l11t.tt iun. C~r,smics. 

T(>(Jl m:,uitur in:J . 

~1..1l 1J '.Jt~1tc 1.1tt:t0Ct!'Ji:·.it l'J•..! Jdt.:~:....ur-.· ~•t..'11·;1.1: .,;, 

ttJ11:...du1.'t!f..;, ,,u,d trJn .. ;m1ltt!IJ in '->•:vcr.-11 mu·lcl:; di~ 
thl! :·H1t.>ju1:t (Jt thi:.; uiqht IJJfJt: rc'Jl~w. rHs1·us~ion 

summttr iZt!~ pv.;:,, it; le aµ5Jl ic,....at i•..11•:..i f•...>C v.-ir )<1us 

pr•1ducts. 
e,oc·h m0d.,l 

Qt111:k r~tcrerit·e J~lt..'i:t ion '- h~ir t '.; :.huw 
,u1d pru•1ide U:J,£.•ful dJlct or1 lJ~H~rdt ir1q 

11'> 

t~Jtut~s. ~r~ssutt!' tdr1~es. p~ct0tmJnce 

.._·hdtdcter ist ii .. "'SA output:>. t:"lt!'c-tr ic.:tl ;.;ur111~L·t ivu:::>, 
jllJ up~r..1tinq \...."UnJitiuns~ l'ut..iW..tJ' .... trdwinq :shvws 
·,,·it..tl 1.."·Jnsttlh:ti ..... 11 f~.ltll[~::t \.'t prc::.>sure s~us .. 1r:; '-'llh 

Lc"::)t t lt stt...1i~ht ; itll:." lJt"tf-_1.tfn .. UH .... "'C' $1-Jt:'t:i!it..:.ttlun:..,. 
f-\JAb""'au i1_''r rn'-.'- • l.9-1 Rivt...•t U.Jk::» P.1rkW..t\o'• S.t!.1. J ..... •::..t:. 
CA 'J~lH, ,rsA. 

• • • * • 

UpJ,1ted h.1m11iu0k i•1c·LuJ.,s inturmat ion 011 

svi.id ::>trtt~ pr~ssur~ s~u:>-. .. 1r:l ~•n~i dt..:1._·~lero.n~t~r;:;_ 

The 1~0-pdqe reference yuid., reviews custom design 
<lpti0ns dnd ,J.,vutes IOU p.i9es to sp.,citic 
dppl i1...·ctt iou dc:-t.t.ils. Pr~ssur.t:" sensors. transmitters. 
and trdnsdul...'.~rs tut pres:;ur~ CJI•t;Jt!S tcom 0 to 1 p:..ii 
thtough l tu S,UUO psi are l\st"d with <'><teus:v., 
.?ngineer ing d.tt.i. Cir·~uit design b.1sics, 
ptecdlil>tdt<'d bre .. Jl>o.Hds dlld tutly sig11dl-
c011dit io1.ed sensors <1re highl ight<'d. Sensym '"~--. 

12~5 keam .. o·~d A\'e .• SUlit!Y'.'.lle, CA ')~098, USA. 

* * • * • 

Aut0m0!_!ye sensors 

!::1ght·page t.rvchure e:<pl.1ins h·JW automvtiv., 
s~nsors cctn be used to m~asure speed, motion, 
!.urque, and position in braking. suspension, 
p0we1train and steering systems. The c0laur 
bu~l~tin discusses s~nsvr d~si~n and md:lufa~turin~ 
p1uduct cdpdbilities, and recommend.,.j appli...:.1t1cns. 
kesedrch, developm.,nt and custvmer service are 
high;ighted. Spectral i:;1.,ctronics, 
17070 E. Gale Ave., City of Ind~stry, CA 917~5. USA. 

The abilities of pressure sensors to protect 
1nstrum~ntdli0n frum the pro~e.:is lin~ dte e~pl'.)r~d 
in this 1.2-p.igt: brochure.... Discussiun tocust's ur1 

desiyn th.H elim111dtes instrument plaggiuq and 
foul in'ol by :s<Jl.lt i11<1 instrument f rum th" J iae ·'" 1 
givirHJ d ltlO p~r ·:~nt reading. Ac1:ur .. 1te readin~~, 
VdricJus dppl!catiuns .:tnd sens,1r cuustructi1)n ....lrt? 

.teL1iled. ked '.'dlve Co., 700 ll. Bell Ave., 
C'1rnegie, PA bl Uh, IJSA. 

"~~~.!....Y~ ... :....!!!..q_ c .. 1(1.ii' !!...l~~-i>~-)~_~l!_y _Se~~OE :~ .. 
Jevutes 28 pdg•s to the s~bject of how pro~imity 
scnsurs work, se-lei:tion 1...:onsidetations dlld o~erdtiu1, 
L:Hl~es. Minidt1ue sens.Jes, wide tem')~r,1ture rdr1'.}~ 

m<'..>•J.-ls .u,,J ,,,,.,,,i,tlty designs dre presented with 
~.>Atens1vt: pertorm1nc~ ddtd. 'iNirinq diaqrdms, 
mountinrJ opt1on5, ,_·jr,;uitry, :.;~n~;1tivity adjust~1~nt, 

tt:1mi n<>l·J'JY dnd .... llmt;-11~ L_,ri::; ,d Ge\ are cover~·d. 
fl~chn~r Elcctroui1:5 In·J11str ~e~ In1;,, 
86~1 Autt<1i<> Av>J., llLl'pr<.1 f'dlls, NY 14304, IJ~A. 

. . . . ,, 
Ne'J mJtcrictls dnd ~-·crdmi ;~; fdbr i1:,tf'.: ic)n, 

bt:hdVl'.J\Jt dnd 1;vm,>oslt lun ()f the new mdt~rittl:..., 

r_'fHdlTliC S1Jpl!'rt....:0ndu1;lor ::.illiJt.'tUr(;', dfld th~ 1 ikei ih1.)'•'J 
•..1t t\JUm l~mpcrature ;;.up..:rc:u11duct(1C~, dr~ d-.!dll with 
i11 "lnt11. .... ductiun tv supt!1i.;,,,ad~;,·tivitf'', dV.lil.;1t.Jlc, 

(HJct?d )~ i-'~·,un,1s steel in.J, tr 1Jm l&C, r:dnctdd Hc.~ad, 

Bytlect, Surrl.'y KT14 7.JL, IJ11itE!d Kingd()m. 

• • • • • 



Chem!__:H.!J! ot hi qh t .. mp .. t at ut .. sup .. t conduc:tot s 

~Js. U. L. N .. 1 son, M. $. whit t i ll'Jh.im .u1d 
T. ~·. Geotq... W.!shington: Am .. t ican l"h .. mi._·dl 
S..;.._·iet:,· 1987. pp. xi • .L!':I. lS!JN u B.U~ 1431 X. 

* * • * • 

Chemistry of hiqh-temperaturt.>_~u·Jercondl1<:tors .!..! 

i;:ds. 0. L. Nelson and T. F. G .. otge. Washin-JlOll: 
American Chemical Society l':IBS. pp. xi + 338. 
lSBN 0 8412 1S41 3. 

The recent discovery ot ht'Jh .. r temperature 
sJperconductivity ind number of copper oxid .. 
compounds has made these llldterials the focus ot 
intense resear..:h work by ma.1y scientists around the 
world. The goal of all this effort is a better 
understanding of high-tem;:ietd~Jre supercondu..:tors, 
which will allow the improvement of their properties 
and push this new class of materials into practi<.:al 
commercial applications. 

"Chemistry ot hi<;h teml-'"'"ture superconductors", 
volumes I 3nd II, is based on the results of some ot 
this research. Volume I comprises seven sections 
which discuss the theory of superconductivity, 
materials preparation and characterization, 
structure-property relationships, surfaces and 
interfaces, processing and fabrication, 
applications, and research needs and opportunities. 
Volume II is divided into four sections which report 
on the rapid progress that has been made in the 
followin~ areas of physical chemistry: theory, new 
materials, surfaces and interfaces, and processing. 

Both books provide data of iu·;aluable help to 
ch1:u.1sts, physicists and materials scientists 
workinq in the whole spectrum of superconductivity. 
They make good reading for enlightenment on the ra~e 
which is now on for applications and eAtrapolation 
of the phenomenon to more normal temperatures. 

• • • •• 
Ceraaics 

Wc,rld report _Q!!__advanced ceramics _1WRAC1 is the 
ninth in a series ot intelligence services provided 
by Technical Insi9hts, Inc., Englewood, NJ, USA. 
Published monthly si11ce Novernt.er 1988, WRAC monitors 
major developments world-wide in the advanced 
ceramics industry. The publication tracks and 
analyses technically and commercially significant 
research efforts, patent grants, part ""'ships, and 
licence arrangements. 

• • • • * 

Jvhn P. ·.iachtm.in, Jr., Edit<·•, A..:ademic Pre:;:., 
12SO Sil<th Ave., San Diego, CA 92101, USA, 191}9, 
368 Pl'·, $H. 

This b(>vk, Volume 29 o! 11..:ademi..:'s ~ill~ll!! 
!!!!!l~_!_ials Sden~ .ind Te_<.:hn<~ :;.,rit!s, is a useful 
introduction to the s.:ience and technoloyy ot 
advan..:ed ceramics for engineers who may not be 
el<perts in the field. Coverage b .. gins with a survey 
vf potential c1pplicati0n areas for high-performance 
structural ceramics. Th .. :ole of structural 
ceramics as "enabliny" materials f?: technologies 
such as advan1:ed >•eat engines is discussed. This i!> 
followed by a chapter on designing with structural 
cerami<.:s, i11cluding i11form<1t io11 (Jn key material 
ch;iactcristics and an ei<ample design proLlem. 

141> 

Three chdpt•Hs then co\•er the :nost c~n cl.isses of 
advanced cerc1mics - silicon carbide, silicon nitride 
and s i.!luns •• 111d t r.tnsformat ion toughened 
mat"' ial:. in t.,rms of s,..r·Jvert ies and proces~ in-J 
methu.Js. 1._'h..lpters on L~rami\.· m.atrix composittts ao ... 1 
tribolo~ical propert1 .. s ot c1Jvanced cerami.:s 
com;llete the Lovk. Numerous refere11<~es ate 
pres .. nteJ at tht.> ;,nj or e.iL·h chapter tor thos" 
seeking further re.idtng. . . . . . 

L'ht:-m. System!::i Inc., TJrr~·town, NY .• USA, h....t:> 
issued a report titled "AJvan.-..,~ cerarr.i<.: 
processing technoloq;·". a comprehensive surv.::r vt 
materLHs and process .. s "mpioyeJ in making .idvan•:t:d 
L·eramh:::>. 

Th.f;: re1,0rt is div1dt!d i11to nine se•:t iuias: tdwi 
m.:lt~r1..:'!), size separation, pdrticle sizt r~du..:t1uu 

rrocesses, 91.!nulat ion, t:at..-hinq and mix i11g 
proces:.es, fo1ming pro..:esses, drying, therm .. 1 
densifi..:ation, and hot forminq dnd pressure 
sintering. 

In the report, the ptcc:e;;sing stt!ps arh1 th.eir 
critical variables are discussed in detail. 
Emphasis is pla..:ed on the effect of a powder's 
characteristics on an unstructured microstru..:turt!. 

• * • • • 
Silicone materials 

A new brochure from S1l1cone Products r.iv., 
General Electric Co., Waterford, NY, USA, details 
uses of silicone materials in electrical/electroni..: 
applications. Information on silicone technol0g~· 
for junction and die coatings, moulding compounds 
for pa·~kaging systems, conformal coatir.gs and gel 
en..:apsulants, and high-temperature .idhe.>ives is 
included. 

• •••• 

International Ei.cyclufe.:lid of Cvmposites 

This new s i;; volume ency..:lopaedia will co·;,,r 
all areas of composite materials and relate.j pr,,.:.,ss 
te<.:hnology. 

For more informati0n on this and other \iCH 
titl"s please contdct y0Jr lo..:al Do'.>kseller or 111 
case of difficulty: 

\/CH, P.O. r10 .. ;r: 161, D 6940 Weinheim 
VCH, H,rdst1~sse 10, P.O. boA, CH-4020 Ba~"I 
\/CH, 8 Wellington Court, Cambridge CBl ll!W, UK 

VCH, Suite 909, 2.lO East 23rd Street, New York, 
NY 10010-4606, USA. 

• * • • • 

Advdn•:t:~_t.:(.;mpusitt! ~!~....!!l:!~!!.9 is d re:.our~t: 
<Jll the manufacture of mo•:lds used to form or t>und 
advanced composite parts and assemblies. The 4ll Pl> 
•1olume, by .John J. H1;cen.i, provides detailed 
i11structio11 on how to use ea<.:h kind of mould mdkintJ 
material and e><ecut.: .,,,ch mould making proc.,:.s. 
Procedures for solviug mould and tool design 
prot,lems dre p1es.,11ted. Tdt.>Ula: data ds:;ists i11 1.h., 
des i<J11 vf a<1vanc.,<I c0mp<,s it" parts for SUL"h 
industri~s a~ dirc:rdft, dero~pac~, mdririe, 
trdnsportdt ivu, l~isuit: J1~d ~port. lnfurmdtl•.111 i:; 
<:P""'° on huw tu select a11d use mat1<r ials. 
VJn Nost1dn<1 keinhvld, II~ rifth Ave., New Yvrk, 
NY 10001, USA. 

• • • t t 

' 



• 
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T~1~ ~~ ~!!.. .. ~:~H!'l>.~·:>!~~? lvr pv~tt luuinq dlh.l vthct 
d!Jpl IO:dt ions is th ... fo._·us vf tw.:> ptv-Ju,·t brochuces. 
The first ~uv~ts '-·vmpv:iit~ pt ... >.Ju'-·ti..J1: .:111•,t (-1'.)lym-.:-r 
'-·umllvSit~ mdt-:-r i.Jl L·h .. H.:h.·t~.r. ist ics su ... :h .. ts 
vil>tat lvn J.:1a:.~lll\j.. S~'-.'.'uaJ t.t~A-·hutt:" ~-'(•l.ti1.s h-.•W 

tv d.:hi"''"' lvn-J ttj'J,..ls in .t limit..-.! W<Ctk 
t?-nvirunmt!nt with t.•\..•mp\.~sit~ p1 ... 1sit ioninq t.tbl~:> usi1u-1 
lintt?-..tr J\..· mutors. ·rwv 1Ji~\..·t:o 1.·unstr1.1\..·tiv1: .Jil:>v 1:;. 

f.,.ltUtt.'d. Anvt..h! ,:utp., 110 Os"t Av.,., H.HllJP_.ll<J"'• 
N"i l l 78tl, USA. 

* * * * * 

Th~ f..-tst i:it.·t~..ssin'-J u.st> t)t ..:1.Jm~s1t~s ih th~ 
a~rospJ~~ industry is likt:v t1.' ~ur1tinu~. with 
airc1,-tft manuf..i-.·tur~rs '-·u;. •·· itl·,· 10vkinq ..tl SUl._.h 
t .. chni<Jut.'s dS •:drbon. 91 .. ss 01 dljmid t iLr"' t ildm.,r.t 
w1nd1n9 us ... J with pr"'!J'"'cJS tor -.:.:ty !dr.,itc> stru..:t.1• 
3Uch ..ls tusel.J\j~:i. e.1qtn~ n..-tctd l~:>, tdil C(.•ues "n·1 
windmill l>l.tJ.,s. 

This is unt> 0t th~ ._-u11°:lusluu~ ~mt>rqin~ tr"1T1 .l 

sttJdj C.irri~"j out bJ· IAL L\...1u.::)ultdrtts tor its 
subscribers. Th., 2CQ pd<Jt.' re~1rt, entitleJ "!~~ 
~.!_~t"t_!.2!.__ d"1· .. ·,u1~~d_L-umfXd~l~es _!!: tht." ~~ur0pe .. ui 

aerusp.1 ... :e duJ dt!'f~~~_lndustr ies•, br ir;lj:) tvgl:!'thc.-r 

the views ot over 0ne hundred e"perts in the 
p-,l1me1 supply. [jt;ri<:at1011 dud end-use s.,c-tocs. 
Pot<!ntidl appli,·.n1ons of comp0sites in .to<rosp-1,-e 
,rnd det.,n:tc> die rev1 ... ,.,eJ in do<~..iil, ""'j tho< r.:pvrt 
con~lud~s with d11 optimisti~ ~ppr31~~l 0t the 

market up to 1992. !AL •:011s<:lt.1nts !.td .• 
14 ll..a.:k i nghdm Pd I""" RojJ, LoaJ.:;n Sw l w OQP, 
United Kingdom. 

Advdnced ,-om1->os1te mdte!.!.'.!..!J!• .:. book which .'lims 
t::> fill the n"'ed for d comprehensive te;.<tbook on 
advanced composites. is to be pub! isht>d by the 
Do<sign Council in th,; l'nlterl Kin9,fom. It is edited 
by Leslie Phillips, d leddinq .:onsult .. ut in pol:.·m,;r 
te..:hnolog;·. one ot ur igindl p.ltentees l:it 

high-st renqth •:drbon t i~,r"s prndci.,ed rr.:;m ~:>ly 

• h'.lylonitri!e, d11d" pd.;t ht.'dd of plasti..:s 
technology dt the koydl A1rcr<1rt 1:-:stabl ishmenl, 
Farnborough, !Jnite•I King•ivm. 

The book l :.i .:t l med d t th,.>::;~ 1_·vn1:t: r nt!d with 
f1bti"!'S Ot resin mdtric.:s, prdclisiny erhJineers dnd 
meld! lur91sts who hdVe I itt l<' 0r nc eAper ience ct 
composite md t"' r id I s, d rvi at i ndus: ~ i d 1 isl s d nd 
d<.:ddemics whv h:tv~ .111 interest in the- opportunities 
~resented t..y the~" m .. t.,rldls. It should dlso be 
suildl>le tor stude11ts of engin,;ering .ind material:; 
sci enc~. 

A-;; w~l l ,,~, cont r itn1l l(>HS ft um Leslie Phillips, 
uutl ininq lht.· history, fd~ri,·.itiou methods i;tnd 
"Pl>licJlion:; "f .;.,m,,o:;itto:;, Advanctod Co:npo:;ite 
~.!:!!!.!~ •:ont.11ns ··hdpter.; by expects speciali:i:in•J 
. n: 

Pr<.>pert it:J ,,f tht.?rmu:;ct composites Ltnd d~si<Ju 

oC pultrusions; 

Qu:1.l ity t:vntrol dnd non dt::ilrui:t ive lt:!.ilirirJ; 

[Ju:-.;t(_jn, dn<tly:;is dfld prututype tt•:;it lfHJ; 
and d l su 

A <Jl'J:lSdr/ uf terms dlld ,, biL! lu<JI .1ph/ wi 11 
<\lso be included. Further rietdils en the bC>ok c..in 

141 

t,., 0lJt .r.eJ from lJ\!Sl<Jn C0uncil Books, 28 H.iyna.uk.,t, 
Londvn SWlY CSU, l1•1ited Kin9dom. 

* • • • • 

St!'Vt?lll'f tht~t:' .... -l.'·1m1-NSlt~s IJ .. t(J~C:> ..tr..,. L·vnt..tin~,1 1u 

-~!~-~~~,~~~ -~f_ ~!!~ ~-I!!_~~~ ~u~--i~~_fvr LVC!'~-~i ~~!>- ~ 
T!>.i.!.':! Tc<.:hJ!i<.:!!!_CL·llft.'~"!~~- h...td in s .. ptembt.'l 1988. 
Tht.' l>dpers •:ov"'c pru. .. ·t.'ss in<.J dn..i m.inufdctur i119 
sei.:-ru:e, interndl int~r t.;t1..·~s. rr...tter i.J.ls enqinee-r iuq,. 
imt>.JL't ..snd djauq~ t ..... ·i.~[..trh..·t:. reiufvrit.:em~r:t, strt!s::>~s. 

do<siqn dnd chardc'lt?r izdt ton, durdbil ity dnd non
J~.;tru...:t i•Je test 111q. Sl[Ut:tu.rt: d~siqn ..ind an..tlys1s. 
<1nd fdtigutc> dnJ frdcturc. 714 pp. Otder from 
Tt.".:hnomi..: Publ ishin.,i Co., lru:., ll!il Nev HolldnJ Ave •• 
P.O. B,)X J!il~. L,UICdSttc>r. PA l 7!)04, USA. 

. . . 

H3<Jazintc>·torm.tt publ!.:dtion "Nuvus" 1n~-lu-j.,:; 

se·-·e1dl <1r t iclts ou the fedtures dnd developm.?nts 0r 
pv!ymers. l.~·:'1 i._·dt ion story dtc>tdils polymer us" in 
e"per irnentdl dircrdtt Voydger. Other sect ions focus 
on product .op(..lic<1tions ir. lockt.'rs, bottling, 
bdtteries, tl3n~"'s, and <Jrind<!r pump housings. 
Qudl1ty, chemi.:al resistdnce dnd d,;sign fle~1bil1t; 
..re hi9hlighted. Geon Vinyl Div., B.F. Goodrich, 
&0~ 228011, Cle~eland, OH 44122, USA. 

* • • • • 

1·!!!!1.lne~~~~.!!...!™S in sol id state pol•r·mer 
~seHch 

Ed. L. Zldtkevi..:h. New York: Harco<l Dekker 
1989, pp. i + 318. ISBN 0 8247 8C4!i 0 

• * * • • 

Fifth edition. J. A. frydson. Guildford: 
Bullo<rwcrth Scientific l9S~. pp. i + 839 . 
ISBN 0 408 00121 4 

• • • • * 

Plas~i£ £'.!_l?.!_i<:d!._ions l'lt19, a new cat.iloguo:: 
trom T"'ch1101t.i.: Publ ishin•J Co. In<:., Ldncaster, PA, 
USA, describes 81 books, Journals dnd software 
packd<Jes on va1ious aspects of p!Jstics te.:hnology. 
T•;.pic dreas l isled i11clude di loy:; <tnd blends, 
compos1tes/1eintor.:ed plasti•:s, computer·~aided 

design and mdnut<1ct11ring (CAD.~AH), :oamed pldst!cs, 
interpenet r.it 1ng polymt.'r uetworks, non-destru•.'t ive 
evdluation, pl .. stic films, structure and properties, 
,rnd tnermofurming. 

• • • • • 

A 180 (1dge int rodu•ctory text on plasl ics 
;oining is being marketed by Edison Welding 

Institute. :!~i!•l.'!9 -~!.:!!!! !'.'.'~ _i_n !"..!:OdU£~!9_1} is 
designed to help engineers and managers understand 
scverdl of the mv;t ..:omrnon mcthc,ds f1,,r joinin<.J 
pl ast i ''s and compos i les, including tr ict ion, 
ultrasonic, vibrdtion, hot plate, hot g..is, and 
high frequ1111•:y wel,1inq. Adhesive bonding also is 
dclclressecl. For ordering inforrndtion, contact 
EWl Bookstore, 1100 ~inncar Hrl., Columbus, 
OhiC> 43212, USA. 

• t • • • 



tiu11.,t111 l.;$10 lll-l~ prvliiJ.,,, J,H . .ul.,J ,,.,1.,._·ti...rn 
JJt~ 0n s~v~r~l s•ru~tur~l ~dh~sives suited t,), 
bond1ng with rut.,her. pld:>t i ... ·s. SM•.:. met.tis dlld vth"' 
mat,;r lals. B,mJ str,;ri.Jth .1nJ pert . .Hman.:"e. cur" 
ti-s. teiap.:r.ttur .. s, pr,;pdrdtion dl!d dpplicdtions 
are chdrteJ tvr qui ... ·k ,.,view. Environmentdl 
resistan.:e and Cll4uy spe.:idl appl i·;at ions are 
detdiled. Industrial Adhesives Div., Lo~d Corp .• 
Bv~ 10018, Eri,;. PA 16'.>14, USA. 

EJ. J. T. Lutz. Ji. New Yvrk: Mdr.:el ~kke• 
1989. pp. >ii + '.>23. ISBN 0 11247 7901 0 

• * • * • 

Tele ... ·h.,lh: pulymeis: synth,;sis and dpplk..stiuns 

E. J. c,.1eth.tls. Florid.l: CRC Press !')89. 
pp. i + 401. ISBN 0 11-l9l 6764 6 

•• * • * 

~in.:t'r inq therm..>pl.tst ks 

A 24-pdge guide tu designing with engineering 
thermoplastic llldterials as replacements tor metals 
has been published by Plastics dnd Rubber Div .• 
Mobdy Corp., Pittsburgh. USA. The booklet discusses 
metdls applications with potential for replacement 
by thermoplastics, the differences betw,;en piast1cs 
and metals, selection of thermoplastic materials, 
processing methods, and designing with 
thermopldstics. 

* * • * * 

Styren_!c pclym .. r studies 

"Stabilization of Styrenic Polymers" reviews UV 
and thermal stabi 11 zat ion of impa.:t i..101 yst yrene, 
ABS, polybutadiene, SAN, crystal polystyrene, and 
other materials. Studies on the effects of heat dnd 
UV ex!A>Sure on physical proi.•ert ies, perf,Hmdnce 
after multiple extrusion, discolourdtion dud other 
.tspects are tedtured. Quick •eference listings dr" 
included. Additives Div., Cibd-Gt!igy Corp., 
3 Skyline Ur., Hawthorne, NY 10~32, USA. 

...... 

z. H. SLtchurski, Roydl Austr.tlia" •'hemical 
Institute, Austrdl ian Polymer Scit<n•:e S .. ries, 1988. 

• • • • • 

Polymer i•: mdter i .i Is: __ chem i S.!..!.Y t(Jr the tutu re. 

By Joseph Alper dnd Gordon ! .. Nelson. Pdpt:r. 
110 pages. American Chemicdl Socivty, 
11!'>!'> Sixteenth Street, N.W., Washington, DC 20016, 
USA. 

• • • • • 

Mel•ls 

Y.£.lume_~L-~.!:=l:!.!ning ~!. !:.!!!!!.Metals .!!~dl>oo"® 
provides machinists and engineers with practical 
informdtion on the most recent developments in 
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aw~hiuin~ t~..:hu..JlV'l~-. '--v'lft!I ill"): tr.iJit ivu..tl dr ..... i 
nun-tr dJi t iunal m.,u .. "hi n in':) pr04...-~ss~:s: -..:ut tin~ tv-vt 
11\Jter id ls; .. :utt ing t lui.js; <Jr indinq, honii:-J duJ 
l..-t.ppin9; tnJ'-"hiniuq ut ~~..._·1t i ... · •~tJls dnJ ..1.t l1..)y':>; 

tlt...l'-"hine cvntrvls .tnJ 1r...-oaput~r ..i~/(>l it..."dl l·Hl:> in 
m.t.:hining; ..snJ hi<Jh prv...iu.:t i\•tt~· dl..t.:hinin-J. 
944 pp: uiJ,;r Nv. b022P. Contd.:l: ASK 
lattt:!'r n.:t.t io11al, M~mL~r Cus :vmt!t Serv 1..:e C~nt er .. 
~etdls P.trk, OH 4401), USA. 

* • * • • 

Ten he..1t-re:>1st..tnt .s:lo~ts, seven corrosiou
resist.tnt ty~>,;s, .tud twu ""'.tr·r.,sistdnt allvys in 
bar, sheet, pldte, electiodes. fittings and other 
forms are ti:~ tv.:us ot d four -page brochure. 
Drawings sh0w dvai labi l ity in var ions styles. T.,;a 
describes alloy pt'rforllldnce characteristics and 
0rd"r ing 9u i.Jvl i nt<s. High Per forllldnce Al Joys lrn.:., 
Bv" 40, Tipton, IN 4iill72, USA. . .. . . . 

"Inspect ion st.t11<.l.t1.Js_tvr c.:Ollllllt!rcial gudl it(· 
cdsti~" is a pocket-sized 32-pdge handbook on 
qua •• ty stdnddrds tor pr.,.:isi~n investment 
castings. Aspects su .. :h as linearity, st rdightness. 
hole tolerdnces, cont.:iuis and positioning are 
discussed. Illustrdtions and text also exploit' 
metdllu~gicdl and qu.tlity·control standards, m,;tal 
properties, chemi.:dl ct.anges and other fa.:turs. 
VSX Div., GTE Vdlenite Corp., Bo>< 19~0. Troy. 
Ml 48007, USA. 

•• * •• 

A definitive dssessment of trends in the ffidJOr 
metals. such as Al, Sn, <:u a.id Pb, over the n,;><t 
decdde, is availdble from the lnstitntion ot Minin':I 
and Metallurgy, 44 Portldn.J Place. London WlN -lllk, 
United Kingdom. ..... 

Jrd edit ion. Gvnium Pul>lishin<J Coq>ordt i.rn. 
Room 212, IL-l!'> L°dt.tlyn Stret<t, S.:hen .. ct<tdy, 
NY lll0l-18lb. USA • 

This new eji1ion lists more than 4'.>,000 met.ii:; 
and ..slloys prudu.·ed dround the world, giving ".sch 
country's dcsignoti,,n::; tor "nomino.:1lly e<1u1valent" 
mdteri.sls. 

The key r.,.lt•Ht: ut the reterence is its 
orgdniz.stiun of mJto:rial designJtions in 
alphdnumer i•:dl or<le• rdther thdn by chemic.ti 
composit i1....;11. Erh.:h cuuntry's dli>hdnum~ri-.· 

desi9ndtio11 is followo:d 1''1 th" m<tterial's 
composition, I ist in9 thti [>t!ri:entage of its llJr iuus 
dlloying elements. 

The third edil i•>ll is the work of editvrs 
John G. Gensur" dnd D<t11ivl I •. Potts, both mdt"r i<1ls 
engineers. 

List in9:; contd in mdter ials produced in 
l4 11.ttions, i111.:ludiny the l'eoplt''s Repul>lic ot 
China. Fifty·nine stdnddrds orgdnizations are 
rvpresented, including four intern.ttion.tl soci .. tie:; 
(AECMA, EURONORM, COPANT drld ISO), the United Stdle:; 
f'ederdl Governmvnt, dnd numerous United States 
techrlic.sl standdrds groups. Thirty four mdte· 1dls 
categorie:; are presented. 



~!-'.~~~ Sixth Intern.it ion.!!._.in.J Se.:on.J 
EurOfJe.!n Conference on C~te Materials 

The Iaperi.il C0lle9e of S.:ience .m.J Te.:hn0lv9;· 
in London vas the site of the combined I~CM·\'I'El:CM 2 
conferem:es and exhibit ivn attended b;· .:lose lo 
850 deleqates frOG1 11 countries. The over 2SO p.ipers 
and posters presented indi.:ate the increas1n9 
interest vorldvide in coaposites. Surprisin9ly, 
there vere far more papers on metal-8.ltrix I 36) than 
on ceramic-matrix (6) coaposites. This 111.lY be more 
indicative of an increase in commercial 
competitiveness, ard thus unvillinqness to impart 
too •u.:h information, than of a decrease in interest 
in CMCs. Th~ee MMCs that attra.:ted a qreat deal of 
attention at the e•hibition vere Toyota's squeeze 
cast aluainium-111atrix composite reinforced vith a 
hybrid form of Ube's Tyranno fibre, Alcan's 
cost-effective aluminium reinforced with silicon 
carbide particulates, and Cra;· Advan.:ed Materials· 
pressure infiltrated ceramic fibre reintorced 
aluminium and maqnesium. 

The .:vnferem::e featured pler:ary lectLres 
prece~ing each of the morning and afternoon sessions. 
Their emphasis was largely on polymer-matrix 
composites. Among the le ... :•He topics covered were 
the use of composites in the automotive industry, 
where cost is a factor; the present state of 
development ?f fibre reinforced composites for 
load-bearin9 applications above 150°C; enqineering 
appr~aches to predicting the lifetime >f materials 
and COlllponents; the history, present status and 
future of fibre reinforcements; the non-destructive 
evaluation of continuous fibre reinforced polyaeric
matr ix composites; and the future of advanced 
polymeric composites in aircraft. 

It is to the credit of all those responsible 
that the proceedings edited by F. L. Matthews, 
N. C. R. Buskell and J. M. Hodgkinson of Imperial 
Colle9e and J. Morton of Virginia Polytechnic 
Institute, whi.:h were includeJ in t~e registration 
fee, vere c1vailable at the conference. The Sever.th 
International Conference on Composite M.iterials was 
held in Beijin9, China, on 25-28 August 1989, c1nd 
the Third European Conference on COG1posite Mc1terials 
was held in April 1989 in Bordeaux, France. 

To obtain the ICCM and ECCM p<oceedings: In 
the United States and Canada, th~ Metallucgical 
Society, Book Order Dept., 420 Commonwealth Dr., 
Warrendale, PA 15086. Phone: (412) 776-9000, 
telex: 9103809397. Also Elseviec Applied 
Science Publishers Ltd., Crown House, Linton Road, 
Barking, Essex IGll BJU, United Kingdom. 
Pho:.e: (44) 01-594-7272, telex: 8969~0. 

* •••• 

Metal-matrix comoos1tes: property optimization anrl 
applications. 8-9 November 1989, City Conference 
Centre, London, United Kingdom. Or9anized by The 
Institute of Metals. 

This conference was the second in a ser•es 
which began with the meeting on Structure and 
Property Assessment in London on 23-24 November 1981 . 
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Since that time, the development of aetal
.,.trix composites has accele·~ted considerably. A 
number of coapanies in the United Kingdom and 
vvrld-vidt> are now in, or on the brink of, 
production of metal-aatri• comp.>sites of v .. rious 
m.!trices and reinforcements. 

The conference vas intended to allov an 
opportunity for the iaost up-to-date information 
in this rapidly expanding field to be discussed. 
In viev of the i-inent production of some metal 
matrix coiaposites, it vas hoped that the subjects 
would cover the spectrum frOlll fundamental 
llldtrix-reinforcement interactions to case studies 
vn actual or potential applications. 

The subjects covered focused on the 
optimization of the structure and properties 
of aetal-.,.tri• composites for industrial 
applications. Sessions included: matrix
reinforce-nt interactions; design and property 
optimization; manufacturing and processing; 
and applications/case studies. A vi de variety 
of industrial applications vere included to 
highlight the future potential cf metal matrix 
composites. 

(Conference Department (C922), The Institute of 
Metals, l Carlton House Terrace, London, SWlY 508, 
Tel.: 01-839 4071; telex: 8814813; 
Fax: 01-839 2289) 
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UNlTED NATIONS INDUSTRIAL DEVELOPHENT OIGANlZATlON 
Vienna International Centre, P.O. lox JOO, 

A-1400 Vienna, Austria 

Advances in Materials Technology: Monitor 
Reader Survey 

lbe Advances in Materials Technology: Monitor has now been published since 1983. 
Although its mailing list is continuously updated as new requests for inclusion are 
received and changes of address are aade as soon as notifications of auch changes 
are received, I vould be grateful if readers could reconfit"'ID their interest in 
receiving this newsletter. Kindly, therefore, ansver the questions belov and Qail 
this form to: lhe Editor, Advances in Materials Technology: Monitor, UNIDO 
Technology Progralll!lle at the above address. 

Computer access number of mailing list (see address label): 

Name; 

Position/title; 

Address: 

Do you wish to continue receiving issues of the Advances in Materials Technology: 
Monitor? 

ls the present address as indicated on the address label correct? 

How many issues of this newsletter have you read? 

Optional 

Which section in the Monitor is of particular interest to you? 

Which additional subjects would you suggest be included? 

Would you like to see any sections deleted? 

Kave you access to some/most of the journals from which the information contained 
in the Monitor is drawn? 

Is your copy of the Monitor passed on to friends/colleagues etc.? 

Please make any other coanents or suggestions for improving the quality and 
u1efulnes1 of this newsletter. 

- l~O -

l 
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FOR NE~ SUBSCRI!ERS: 

hq1nal for ADV&llC:::S 111 KATHJALS TlCIOIOtOCl: llKllil10a 

Ir you vovl• like to racelwe laeuee of the ••wsnc:ee ta Materlale Te~hnolo(): 
"on It or i11 tbe t\itun. please complete tha fora ...,low and n-tur11 at tc _ 
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We at.ould appracl8lt lt lf readers could take the u- to tell ua In rhU 
•?•=e vhar they tblDk of the 17th la1ue of Advance• ln Karerlala Tachnolot_y: 
~:r:t~r. C~l• oci the uaefulne11 of the tnforwatton and the vay It h11 bern 
or&•"i:•~ vlll help ua 1n prep1rtn1 future l11ue1 of cbe "onltor. Ve thank you 
for ye_: co-operatSoo an~ look forward to hcarln& froa you. 
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