
Space offers a unique challenge for material 
scientists because of the extreme environ­
ment. For example, Space Station Freedom, 
during its 30-year life, will undergo ap­
proximately 175,000 thermal cycles from 
+ 250 to - 250° F as the structure moves 
in and out of the Earth's shadow. Re-entry 
vehicles for Earth and Mars missions, travel­
ling at speeds as high as 17,000 mph, may 
encounter temperatures that exceed 
3,000° F. In addition, the emergence of 
Strategic Defense Initiative (SDI) systems 
has created an unprecedented demand for 
space structures with critical dimensional 
stability for extremely high pointing 
accuracies. 

Materials for space applications must 
be light to reduce launch costs, which can 
range from US $6,000 to US $ I 3,000 per 
lb. A high stiffness-to-density ratio 1s needed 
to raise the fundamental frequency of 
manoeuvrable structures and minimise 
active and passive controls. High material 
damping is also required to control vibra­
tions caused by manoeuvring or onboard 
disturbances. A low or near-zero coefficient 
of thermal expansion (CTE), combined 
with high thermal co ductiv1ty, provides 
resistance to thermal deformation dunng 
repeated the mal cycles. Long-term stability 
when exposed to atomic oxygen (1n LEO), 
and ultraviolet and charged particles (in 
GEO) 1s critically important. For certain 
systems, the capability to survive laser and 
nuclear particle beams is a key element for 
a successful mission. Aher reviewing such 
material property requirements, some 
scientists facetiously claim their quest 1s to 
rind the one material that can satisfy all 
these needs - 'unobta1n1um'. In reality, 
no one material can be optimum for all ap­
plications. The goal ,s to develop vanous 
materials. each optimal for its specific use. 

The Martin Marietta Astronautics 
Group has several continuing research 
and development tasks dir cted toward 
advanced, engineered materials: 

► Adv need compo ,tes for light. 
stiff, highly damped. and d1mens1onally 
stable structures; 

► High-temperature materials for 
re-entry vehicles: 

► Shape memory alloys (SMA). 
wh,ch are adaptive composites for 'smart' 
structures: 

► Light alloys for propellant tanks; 
► Surface modincations, including 

diamond nlms. for tribolog1cal (fnct1on­
res1stant) and protectJve coatings. 

Martin Mar ietta 
is well advanced in 
engineered materials 
for space applications. 

Graphite/Mg is being considered for several SDI 
applications. Mortin Marietta bui~ this representative 
space structure from the material (below}. Attachment 
fittings were also mode of graphite/Mg. 

It is expected that in future spacecraft. 
all these technologies will be needed. 

Graphite/epoxy composites have 
been the key ingredients in hght space 
structures for decades. New long-life and 
stringent survivab1lrty requirements for 
advanced space systems highlight some 
problems associated with graphite/epoxy 
composites. Most thermoset composites 
are hygroscopic; moisture absorption and 
subsequent desorption can degrade them. 
Outgassing in space vacuum can also con­
taminate optical systems and restrict their 
performance. Microcracking caused by 
thermal cycles can be a crrtical problem. In 
addition, thermoset composites are difficult 
to mass produce and repair. 

During the past IO years, thermo­
plastic matrix composites have received 
significant attention as replacements for 
conventional thermoset composrtes. The 
major difference between these matenals is 
their chemical composrtions. Thermoplast ics 
consist of repeating, long-cha,n molecules 
(monomers) with a rixed chemical structure 
(inert or nonreactJve); thermoset materials 
are composed of complex molecules that 
cure by reaction ( crosshnk1ng and bonding) 
in the presence of a catalyst. This funda­
mental difference allows thermoplastic 
composites to be fabricated by a rapid 
heat-melt-solidify cycle as compared with 
he ohen lengthy heat-reaction-cure cycle 

for thermoset composites. As a result. 
thermoplastic composites exhibit an inhe­
rent capability to be rapidly processed and 
offer significant increases 1n production and 
decreases in manufacturing costs. In addition. 
because thermoplastics do not chemically 
react and set. they can be reprocessed by 
simply applying heat and pressure. 

Several fibres, including glass and 
graphite. have been incorporated into 
thermoplastic matrices such as polyeth r­
etherketone (PEEK). polyethenm,de, 
polyether sulfone. and polyphenylene sulnde. 
H igh-strength or high-stiffness graphite 
fibres such as AS4, IM6. and P75 are most 
widely used. When combined w ith rein­
forcing fibres, these materials offer ex­
tremely high strengths and stiffnesses. and 
low densities. For example, AS4/PEEK 
exhibrts a strength of appro 1mately I 00 ksi 
with a density of 0.063 lb/cu in. Compared 
with an equivalent strength, high-perform­
ance steel w ith a density of 0.284 11::ku in, 
it is five times lighter. Compared to an 
aluminium density of 0.10 lb/cu 1n, it is 
1.5 times lighter. ► 
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The chemical composition of thermo­
plastics pro ides improved toughness and 
survivab1lrty in the natural space environ­
ment compared with thermoset matrix 
composites. Even though graphite/thermo­
plastic composites seem to possess tre­
mendous potential for space applications, 
add1t1onal analysis 1s needed to quantify 
outgass1ng and survivability. 

Compared with thermoset compo­
sites, in which the epoxy matrix is simply a 
load-transfer medium between the fibres, 
metal matrices contribute significantly to 
overall composite properties. A s a result, 
metal matrix composites (MMCs) o fer no 
moisture absorption, no out-gassing. high 
specific stiffness combined with near-zero 
CTE. high thermal and electrical conduc­
tivities, higher material damping, and resis­
tance to thermal distortion and rn,crocrac -
1ng. Based on their outstanding properties. 
graphite/Mg composites were selected for 
the Zenith Star space-based laser experi­
ment's metering truss structure. which has 
one of the most stringent pointing and 
dimensional accuracy requirements of any 
spacecraft. 

MMCs possess attractive properties 
for space applications and are near-optimal 
materials. However. the applications have 
been hm1ted thus far because of the difficult 
fabrication processes required. Most fibres. 
such as boron, graphite. and SiC, react with 
the common metal matrices. For example, 
graphite fibre will react w ith the aluminium 
matrix, forming deleterious aluminium 
carbide at the interface. degrading the fibre. 
and embrittling the composite. Therefore, 
a barrier coating must be applied to the 
fibres. 

Furthermore, to create a strong 
interfacial bond, the metal matrix should 
wet the fibres or form beneficial inter -
metallic compounds to provide a strongly 
adherent metallurgical bond, such as in the 
cast graphite/Mg process. To date, develop­
ing d1ffus1on barriers and wettable coa ·ngs 
has been limited to a few fibre and matrix 
systems. Consequently. most of the re ­
search work has focused on BIA I, graph, e/ 
A I , graphite/Mg, graphite/Cu. and SiaT1, 
for which such coatings are available. 

The first successful application of 
continuous fibre-reinforced MMCs (BIA I ) 
was the Space Shuttle orbiter's fuselage 
stiffeners because of this composite's high 
stiffness. Similarly, the Hubble Space Tele­
scope has a graphite/A I structural antenna 
support boom. Graphite/Mg 1s being consi­
dered for several SDI apphcations. A rep­
resentative space structure was fabricated 
by the Martin Marietta Astronautics Group's 
Space Systems Company using graphite/Mg 
tubes and fittings. Graphite fibres such as 
P I 30X, which have a thermal conductJvrty 
approximately four times greater than that 
of copper, have been developed recently 
by Amoco. Composites using these fibres 
with a copper or aluminium matrix can 
offer thermal conductivity that is two times 
greater than that of copper and a weight 
that is appro imately half that of copper. 
These composites are extremely attractive 
for space apphcations such as radia ors. 
heat sinks, and electronics packaging. 

TOWARDS UNOBTAINIUM 

Discontinuous metal matrix composites ore dosed­
cell metallic foom structures in which the ceramic 
microbolloons fonn the interior wall. 

DISCONTfNUOUS-REINFORCE0 MMC 
The effk1ency of reinforcement 1n a 

composite is reduced as the aspect ratio 
(length to diameter) if the reinforcement is 
reduced. However. d1spers1on of particu­
lates or whiskers 1n metal matrices can 
significantly increase spedfic stiffness and 
reduce the CTE. For example. a 20 per 
cent volume fraction of S1C particles in a 
2124 A I matrix can increase the compos1 e 
modulus to approximately 19.9 Msi (com­
pared with 10 Ms, for the matnx)without 
s1gn1ficantly changing overall density. To 
date the most common d1scont1nuous 
reinforcements for space apphcations have 
been S1C, A I 203, TtC. TiB2. B4C in A I . Mg, 
Ti . Cu, and intermetalhc. matrices. 

Most d1scont1nuous MMCs are fabri­
cated using powder metallurgy processing 
and thus are not cost-effective. Recent 
developments at Duralcan, in the casting 
technology of S1C in an A I matrix, have 
reduced costs to a reasonable pnce of US 
$2 to US $5 per lb. One example of an 
application for S1GA I is a prec1s1on gimbal 
for an optical system that requires a rigid, 
light material wrth low CTE. and good wear 
resistance. 

Scientists at the Martin Manetta 
Laboratories ,n Baltimore, Maryland, have 
developed a new exothermic dispersion 
(XO) process based on th principles of 
combustion synthesis to fabricate discon­
tinuous-reinforced composites. Self-prop­
agating. high-temperature synthesis (SHS), 
or combustion synthesis, was developed by 
Soviet scientists in the early 1970s to fabri­
cate interrnetallic and ceramic compounds 
such as nickel aluminides and TiB2. Basically. 
the process uses the heat generated 
(exothermic) when the constituents react. 
The XD process expands upon the original 
SHS concept to form composites with 
unique mechanical properties. 

SHS is an inexpensive process to 
form intermetalhcs and ceramics. However . 
there are several problems associated with 
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it. such as oxide contam1nat1on. porosity, 
and agglomeration. As a result, the final XO 
product has similar problems. Systema ic 
research is being conducted at the AMAX 
Research Center in collaboration with the 
Martin Manetta Laboratories to resolve 
some of these issues. The team has been 
successful in reducing oxide content to 
lower levels during fabrication of XO TiA I . 

Reinforcements other than TiB2 are 
being examined for aluminium matrices, 
and have been used to overcome problems 
associated w ith the poor dispersion of TiB2 
1n aluminium. 

In another recent development. 
discontinuous MMCs have also been pro­
duced by incorporating ceramic m1crobal­
loons tnto a metallic matrix. Ceramic micro­
balloons are low-density, hollow spheres of 
alumina. silica. zircorna. or carbon. These 
matenals have inherently high compressive 
strength and low CTE. Discontinuous MMCs 
have been fabricated by a vacuum casting 
process, and exhibit low density, high com­
pressive strength, high compressive strain 
to failure, and good damping characteristics. 
The compressive strengths of these com­
posites can be modified by using micro-bal­
loons of different wall th1ckness-to-d1ameter 
ratios, and heat-t reating the matrix to the 
T 6 condition. 

Similar to syntactJC orgarnc foam, a 
discontinuous MMC 1s dosed-cell metall ic 
foam in which the ceramic m1croballoons 
form the 1n enor wall of the cell. The Martin 
Manetta A stronau 1cs Group is developing 
methods to fabricate these composites with 
tailored matenal properties by using an 
optimum combination of ceramic m1crobal­
loons and metallic matrices. For example. 
fine carbon m1croballoons have been pre­
ferentially incorporated at the inner surface 
of an aluminium alloy by the centrifugal 
casting process to produce self-lubricating 
composites. W ith high spectfic compressive 
strength. high damage tolerance. and good 
damping, these composites are also candi­
dates for structural platforms, cones, sub­
marine hulls, impact-resistant shields, and 
energy-absorbing systems for aerospace 
and marine applications. 



HIGH-TEMPERATURE MATERIALS 
Aerospace products sue as re-ent y 

vehicles, high-performance missiles. and 
hypersonic aircraft could 1·equ1re light mate­
rials capable of operating in the I ,800 to 
4,000° F temperature range. Candidate 
matenals for such applications are carbon­
carbon (C-C) composites, ceramics, inter­
metalhcs, and 1ntermetalhc composites. 

The 1rst C-C composite was disco 
vered acodentally by the Vought Aircraft 
Company 1n 1958 when an o rganic matrix 
compos e was inadvertently pyrolrsed into 
charred composi tes. The resulting ma enal 
exhibited several beneficial structural char­
acteristics. There are now seve al methods 
or fabricating C- C composites. Basically. a 

carbonfibre preform 1s impregnated with 
carbonaceous matnx and pyrohsed at tem­
peratures of I .500 to 2,700° r several times 
o produce a densrfred str cure, which rs 

subseque t ly carbo rsed ( 1,800 to 2.700° F) 
and graph1t1sed (2,700 to 5,000° F) to pro­
duce a high-performance C-C composite. 

he predominant feature of C-C 
composites is their ability to retain room­
temperature strength (80 s1) at tempera­
tures up to 3.700° F. T hey possess good 
tensile and compressive strength. low creep 
rate at high temperatures, high thermal 
conduct1V1ty. and a e capable of res1st1ng 
hermal shocks from - 250 to + 3.000° F. 

Because of their excellent high-temp 
erature properties. C -C composrtes have 
been used for rocket nozzles o withstand 
high-temperature erosion and abrasion 
w ithout being 1nonerated. Other applica­
tions include Space Shuttle nose cones and 
leading edges, brakes for aircraft and high­
performance cars, thermal radiators. and 
survivable space structures. 

One ma1or problem associated with 
C--C composites 1s poor oxidation resis­
tance at temperatures above 850° F. Thus, 
C-C composites require protective coa -
1ngs, typically ceramic, such as S10, and S1C. 
These coatings generally perform well up 
to 2.800° F. Research 1s conllnu1ng to in­
crease his temperature capability wrth 
mult1lay r coatmgs to prevent d1ffus1on of 
carbon and oxygen through these layers. 

TOWARDS UNOBTAINIUM 

The fracture toughness of Weldolile is increased by 
the secondary crocking, porollel lo the crock front, 
effectively relieving the through-thickness constraint. 

INTERMETALLIC COMPOUNDS 
lntermetall1c compounds, w 1 h ·their 

e cellent high-temperature mechanic.al 
properties ard low density as compared 
with conventional alloys, are the combina­
tion of two or ore metals that form wrth 
an ordered crystal structure. Interest 1n 
these matenals has increased in recent 
years because conventional metallic alloys 
do not eta1n their mechanical properties 
a temperatures above 1,200° F. 

Recent research 1n 1ntermetalhc 
compounds has focused on developing 
alum1nides for high-temperature structural 
applicat ions. These compounds, composed 
of aluminium and another metal such as 
iron, nickel, or titanium, combine low density 
with good high-temperature strength and 
stiffness. 

An 1ntermetall1c system based on 
beryllium-conta1n1ng compounds has also 
received increased attention. These com­
pounds are unique because they retain 
strength and stJffness to almost their melt­
ing temperature, which can be as high as 
3,560° F. Furthermore, unlike the 
alum1nides. beryllides are extremely o 1da­
t1on resistant. Most of the w ork on these 
compounds has focused o beryllium-rich 
b ryfhdes such as NbBe 1 , , Nb2Be 17, T18 1 3, 

and T12Be 17. 

The problem w ith most intermetallic. 
compounds 1s that th ir room-temperature 
damage tole ance 1s low because o f their 
sens1t1vity to contamination. Oxides. car­
bides, and other c.ontamination can severely 
hm1t duct1lrty and decrease fracture tough­
ness. Recent advances 1n processing have 
improved the consistency of the materials 
and their assooated properties. 

Comple crystal structures also limit 
the low -temperatu ·e damage tolerance o 
hese compounds. In the case of the 

aluminides, ductility can be improved by 
alloying w ith elements that improve the 
ab1hty of d1slocat1ons to move through the 
la ce or hm1t the effect of brittle g a1n 

boundaries. In the case of he berylhdes, 
which offer a limited number of shp systems 
even at high temper tu res, alloying additions 
may not b effective 1n 1mprov1ng duct1l1ty. 
An alternative approach to 1mprovIng the 
damage tolerance o these compounds 1s to 
form them into m1crolam1nated structures 
w ,th several micron-sized layers. Each 
interface acts to absorb the energy of a 
propagating crack, thereby 1ncreasIng the 
st ructure's damage tolerance. This technique 
has been successfu lly used to increase the 
toughness of high-strength steels and 
ceramics such as alumina. 

The use of 1ntermetalhcs In aero­
structures could be n cessary to overcome 
the ost,le environments that future space 
systems will encounter. Thes compounds 
show pro 1se 1n mee Ing aerospace industry 
needs. 

SHAPE MEMORY ALLOYS 
SMAs undergo a reversible crystalline 

phase transformation that is the basis of the 
'shape emory effect'. {One of the better 
known is Nit1nol, a N 1-T1 intermetallic alloy 
that derives its name from its two elements 
and the agency tha discovered it 1n the 
I 960s - the US Naval Ordnance Laborat­
ory.) The low-temperature phase 1s a 
twinned, martensit1c structure that is capable 
of large strain deformation (in e cess of I 0 
per cent in some alloys) with relatively little 
force ( ~ IO ks1). The high-temperature 
phase is a cubic-based, austenit1c structure 
w ith mechanical behaviour that 1s similar to 
conventional metals. W hen the martens1te 
1s deformed and then heated, the original 
heat-treated shape Is recovered. However, 
if the deformed martensite is constrained 
during heating, high-recovery stresses 
evolve(> I 00 ks1 is possible 1n some alloys). 
A comb1nat1on of the two allows SMAs to 
produce mechanical work with the applica­
tion o heat. 

SMAs also demonstrate the 
'pseudoelastic effect' 1n which martensite 
can be stress-induced in an alloy at high 
temperature that otherwise would be 
austenit1c. This effect allows large, recover• 
able strains to be induced at high levels of 
stress, making SMAs capable of storing 
many more times the strain energy afforded 
by spnng steel. Shape memory nd pseudo­
elastic effects can be better explained by 
understanding that the e istence of each 
phase rn a SMA depends on the com­
bination of free energy available from 
temperature, stress, and strain. 

Experimental mapping of domain 
boundaries. and analytic modelling theory 
have allowed analysis and design o f shape 
memory-based mechanisms and devices. 
This has been particularly beneficial 1n 
designing integrated actuators fo vibration 
and shape control of large space truss 
structures. The hysteretic nature of these 
materials has also been used in passive 
damping applications 1n which mar"tensite 
acts much hke a viscoelastic ma erial. 

Hrstoncalfy, the problem assooated 
w ith proper application of these alloys is 
greater than just their nonhneanty and hyst ­
eresis. Transformational cycling of the alloys 
produces add1t1onal effects of creep, ► 
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fatigue. and material property d1 1ft. -hese 
effects are being studied to prov de the 
basis for effective alloy processing ana 
'training' before application. For example. 
the Martin Manetta Astronautics Group Is 
using isothermal strain cycling of SMA wire 
to stabi lise creep and material property 
dnft before consolidation into composite 
materials. These 'smart' composites must 
show reproducrble response to electncai 
heating through thousands of cycles. Smart 
composites using SMA reinforcement w ires 
can actively attenuate acoustic noise in 
structures by having fundamental control 
over struct ural stiffness. Strain-compliant 
SMA composrtes can also be used as 1nt e 
grated members 1n truss structures, per­
forming passive and act ive roles In v1brat1on 
and shape control. 

fllEBJft 
COMPOSITE FASTENERS 

New all composite fasteners which 
exhibit shear and tensile strengths 
comparable to aluminum. 

MP.tm 
ELF LUBRICATING 
OMPOSITES 

Till! unique composite material has a 
coefficient of . 04 to .08, and low 
creep when exposed to 30,000 psi 
loads at SOO°F. 
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TOWARDS UNOBTAINIUM 

Scientists at Martin Manetta 
Labor ato• ,es have In enrcd ar ultrahigh­
strength A I Cu-L1 alloy calleo Weldahte 
049. A relatively h,gh copper- to l1th1um 
ratio compared wi th other A I L, alloys 
promotes prec1p1tat1on of the TI (A I 2CuL1) 
phase. In add1t1on. nucleation aids s·c1ch as 
silver and magnesium arc added to obtain 
uni orm and fine d1spers1on of the 
strengthening phase. Consequen ly, an 
unprecedented yield strength of I 00 ks1 can 
be achieved for both the T 6 and T8 tem­
pers. wrth good fracture toughness for a 92 
ks, yield strength. W eldahte has comparable 
weldabil1ty to other A I -Cu alloys and offers 
higher mechanical properties that can be 
exploited 1n cryogenic tanks. 

Diamond and diamond-l ike carbon 
(D LC) coatings have generated considerable 

GIAllllM ™ 
COMPOSITE 
GANG CHANNEL 
These gang channels are made from 
glass or carbon fibers. Passes MIL­
N•25027 minimum torque out and 

ush out tests. 

11mr 
COMPOSITE RIVETS 

These all composite rivets 
can be upset and instaRed 

in less than 15 seconds. 

interest 1n such diverse applications as 
t nbolog1cal materials. rrncroelec ronrcs. 
atomic o ygen protection, laser- and nuc­
lear-hardened surfaces, abras1on-res1s ant 
lens and dor e materials, and more con 
sumer-oriented applrcat1ons such as 
w ristwatch crystal surfaces (nonscratch), 
w1ndsh1eld surfaces (nonp1tting), and magne­
tte disc coatings (long life). 

These applications take advantage of 
the desirable properties of diamond (such 
as the highest hardness of any known mate­
naf, low coefficient of friction, very high 
hermal conductivity, high dielectric strength, 

and t ransparency 1n the ultraviolet, v1s1ble, 
and infra-red regions). Unfortunately, the 
most com only used depos1t1on methods, 
plasma-assisted or plasma-enhanced chemi­
cal vapour deposit ion (PECVD), generate 
high substrate temperatures (normally 
I .500 to I ,800° F, but ,n some cases as low 
as 850° F), and many of the poten ial sub ­
strates cannot even survive these tempera­
ture excursions, much less ma1nta1n their 
properties. 

At the Martin Manetta Astronautics 
Group, direct 10n beam deposi 10n has 
been used to deposit amorphous carbon 
and DLC onto molybdenum, zinc selernde, 
440C steel, and an aluminised plastic at 
room emperature. Several forms of carbon 
have been deposited onto these materials. 
Qualitatively, DLC with morphous carbon 
have been produced using CH4 + ions and 
showed a visually transparent surface similar 
to the reported phys1Cal charactenstJCs of 
diamond. Similarly. carbon-plus from a CO 
sourc produced a clear. electrically 1nsula­
t1ng, amorphous carbon and m1crocystalhne 
graphite 1lm. Thus, 1 1s possible o produce 
amorphous carbon-plus graphite structures 
as wel l as graphite w ith diamond or DLC 
structures for tribolog1cal applications such 
as bearings and gears. 

Applying DLC to 440( steel surfaces 
reduces the coeffioent of friction (µ..) by 60 
per cent. The low µ, value of 0. I I at the 
highest load is very close to the values 
confirming the solid lubricating nature of 
DLC. In add1t1on. the wear surfaces- exhi­
bited very little damage compared to the 
untreated steels. 

Films cont.a,rnng DLC are expected 
to exh1b1t even greater tribological per­
formance. As the 10n beam technique is 
advanced, the apphcat1ons for these 
tailor made surfaces w ill rapidly grow. 

Space provides a definite challenge 
and a unique opportunity for material 
scientists. To mee this challenge. new 
engineered materials are being investigated 
continuously_ However , a co-operative 
effort involving different engineering discip­
lines such as structural design, dynamics, 
thermal analysis, and fabrication w ill be 
needed not only to produce truly en­
gineered materials, but also to effectively 
use them on systems. ■ 

Editor's note 
Mohan Misra ,s manager of matena/s 

and structures at Mart,n Manetta '.s Space 
Systems Company. This article first ap­
peared ,n the Astronautics Gr oup journal 
Volume I , 1990. 




