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ABSTRACT
A selective review is presented of the state-of-the-art of metallic

laminates and fiber-reinforced metals called herein meta]]it matrix ]ahinates_
(MMLs) for convenience. Design and analysis procedures that are used for, and
typical structural components that have been made from MMLs are emphasized.
Selected MMLs, constituent materials, typical material properties and
fabrication procedures are briefly described, including hybrids and

superhybrids. Advantages, disadvantages, and special considerations required

 during design, analysis and fabrication of MMLs are examined. Tabular and

graphical data are included to illustrate key aspects of MMLs. Appropriate
references are cited to make the article seif-contained and to provide a
selective bibliography of a rapidly expanding and very promising research and

development field.

INTRODUCTION

There is a natural desire in the technical community to satisfy several
diverse and competing design requirements in a cost-effective manner.
Recently this desire has been affected by the need for energy conservation,
due to energy shortages and increasing energy costs, and the need to deveiop
cost-effective alternatives for critical materials. As a result, material
scientists, structural designers/analysts, and fabricators have joint]y_
conducted extensive research and development to the point where metallic

laminates and fiber-reinforced metals are serious contenders for structural
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applications. In this report these laminates are called metallic matrix
Taminates (MMLs) for convenience. MMLs madé With reinforcing fibers are
relatively expensive at this time (1980) due to the cost of the fibers and
fabrication procedures. However, the cost of MMLs will decrease as the volume
increases. Until now they have been used mainly in aerospace structures.
However, they will find more extensive use as energy efficiency and other
design considerations, including scarcity of critical materials, override thé
material cost considerations. |

| A large body of information has been generated about MMLs over the last
fifteen years. Significant developments of MMLs are reported in the
Proceedings of the Society for the Advancement of Materials and Processing
Engineering (SAMPE) as well as othef technical publications. These
proceedings include papers which are presented at the two SAMPE annual
meetings in spring and fall. Three recently compiled bibliographies with
abstracts (refs. 1, 2, and 3) cover technical articles and government reports
that have been published since about31965. Kreider (ref. 4) provides an
extensive review of MMLS covering developments up to 1972. Boroh—fiber-
reinforced aluminum (boron/aluminum composites) and graphite-fiber-reinforced
aluminum (graphite/aluminum composites) are reviewed in reference 5. The
present article is a selective review of the state of the art of MMLs. The
embhésis.of the review is on design/analysis procedures and structural
components that have been made from MM.s.

Specificaily, the article includes diséussion of (1) selected MMLs and
definitions, (2) constituent materials, metals and fibers, for MMLs, (3)
typical mechanical, thermal and physical properties of both constituents and
MMLs, (4) fabrication procedures - brief description, (5) design/ana]ysis

procedures, (6) special types of metallic MMLs, (7) special types of
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fiber-reinforced MMLs, and (8) hybrids and superhybrids. The discussion is
complemented with suitable tabular and graphical data, photographs of
structural components that have been made, and appropriate reférences. The
majority of the references cited deal with key aspects of reinforced MMLs and

therefore, serve as a bibliography as well.

SELECTED LAMINATES AND DEFINITIONS

The types of MMLs that will be reviewed herein 1nc]ude those made from
fiber-reinforced metals, superhybrids and those made from 1ayéfs,of differént
meta]s. Fiber-reinforced metals consist of unidirectional fiber composité
(UFC) laminates, as depicted schematically in figure l(a), and angleplied

laminates (APL), figure 1(b). In both UFC and APL laminates, metallic foils

may be used between plies to enhance certain mechanical properties as will be.

- discussed later. Superhybrid composites (SHC) consist of outer metallic

foils, boron/aluminum plies (B/Al), graphite-fiber/resin (UFC) inner or core
plies, and adhesive film between these as shown in the photomicrograph in.
figure 1(c). Metallic 1ahinates consist usua]]y of alternate ]ayers from
different metals as depicted schematically in figure 1(d). The various

procedures that are used to fabricate these laminates will be described

later. The combinations of materials that are used to make these laminates

are described below.

The basic unit used to study, design and fabricate UFC 1aminates is the
single Tlayer (ply, monélayer; lamina) which consists of stiff, strong fibers
embedded in a metal matrix. The fibers and the matrix are generally called
the constituent materials, or constituents, of the laminate (composite) in the
ﬁomposites community litefaturé. Various constituents that have been used to

make UFC are summarized alphabetically under the heading fiber reinforced
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metal 1amihates (first two columns in table 1). As can be seen in this table
a large number of constituent materials are used for both fibersvand
matrices. The materials for fibers range from alumina to whisker. Those for
matrices range from aluminum to superalloy. The constituents used thus far
for SHC have been those summarized under superhybrids in table 1. The
constituents that have been used for metallic laminates are summarized in the :
last two columns of table 1. An extensive list of constituent combinations
for metallic lTaminates is tabulated in Kfeider (ref. 4, page 40), and a list
of constituent combiﬁations for metallic laminates made by explosive bonding
is also tabulated (ref. 4, page 4Y).

Mechanical and physical properties of constituent fiber reinforcements for
MMLs are summarized in table 2. Part of the data in this table is from Rubin
(ref. 6). That for the whiskers is from McCreight, et al. (ref. 7).
Cokresponding properties for metal matrices and metallic constituents for MMLs"A

are summarized in table 3.

FABRICATION PROCEDURES — BRIEF DESCRIPTION

Metal matrix laminates (MMLs) are generally fabricated using diffusion
bonding,>r011-bonding, coextrusion, explbsive bonding and brazing.

Several other fabrication methods are é]so used, depending on the type of
constituent'meta] used in the laminate. These methods include: vacuum
infiltration casting, high energy forming, flow moliding, plasma spraying, hot -
pressing, continuous infiltration, powder metallurgy methods for discontinuous
fiber composites, exp]osiVe welding and superplastic forming (Kreider (ref. 4)
and Renton (ref. 5)). | | |

In diffusion bonding, ﬁhe filaments or the interleaf layers (plies) are

hot pressed between layers of the matrix materié]. For example, for aluminum
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matrix laminates, the pressures usﬁa]ly.range up to 20,000 psi and the
temperature up to 2200° F. In rollebonoing, the layers in the metal/metal
laminates are bonded by mill roi]ing under specified temperatures and
p}essures. In the case of fiber—reinforced méta]s, first, the ply (monolayer)
is formed by diffusion bonding, or one of the other methods, and second, the
laminate of the specified number of plies is made by ro]i—bonding or -
hot-pressing. In coextrusion, the constituents are assembled in a bil]et‘and :
are extruded through a given die at specified temperatures and pressures.
depending on the constituents used. The primary bonding mechanism in the .
coextrustion process is diffusion bondingf Coextrusion is particularly suited =
for round and rectangular shaped bar stock. In explosive bonding, the
constituent metal plies are bonded into a ]aminate by fhe high pressure

generated through exp]osive'means. Tne amount of charge used is determined by"

‘the metallurgical bond required between the plies. This method is especially “'.

suitable for fabricating MMLs from metal plies with widely different melting

‘temperatures. In brazing, bonding of the conStituent metal plies into a

laminate is aCcomp]ished by a third metal constituent (brazing foil) which

acts as a wetting liquid-metal pnhase and which has a lower melting temperature -

than either:of the constituent metals. The plies to be bonded are stacked
into a laminate with brazing foils between them. The temperature is then
raised to between the melting temperature of the brazing foils and the
constituent plies, and appropriate pressure is applied. Upon solidification,
the brazing foil bonds the adjacent constituent plies together into a
laminate. The femperature for fabricating boron/aluminum plies is about
1100° F while the pressure is less than 200 psi. |
Superhybrids are fabricated by adhesively bonding titanium or other metaT

outer plies over composite plies such as boron/aluminum plies and
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graphite—fiber/epoxy inner plies (core) and sometimes with a titanium or other -
metal ply at the center (Chamis, et al. (refs. 8 and 9)). The adhesive bond
between the metallic plies and between the metallic and composite plies is

provided by using epoxy adhesive film apbroximate]y 1 mil thick. The bonding

process is accomplished under a specified pressure and temperature normaT]y

used‘for epoxy-matrix composites. For example, this process might be a 3-hour -
cdre at a température of 300° F under a pressure of 100 psi. The same bonding
process (fabrication procedure) is used to fabricate the nongraphitic
superhybrids, the Tiber hybrids (titanium/ber&]]ium) and the adhesiveTy bonded -

metallic-ply ]aminates.

TYPICAL PHYSICAL, THERMAL AND MECHANICAL PROPERTIES

Typical physical and mechanical properties of fibrous MMLs that have been

made are summarized in table 4. The last three entries in this table are

superhybrid compdsites (fig. 1(c)) where the core is made from graphite fiber

(GRAPHITIC) composite, S-glass fiber (S-GLASS) composite, or Kevlar fiber

(KEVLAR) composite. It can be seen in table 4 that MMLs can be'madé with
densities ranging from 0.065 to 0.270 1b/in.3, longitudinal.strengths
ranging from 50 to 200 ksi, and longitudinal mddu]i ranging from 11 to 45
million ]b/in.z. It can also be seen in table 4 that fibrous MMLs have
relatively Tow tfansverse'(T) strengths ranging from about 5 to 75 ksi.
The transverse moduli range frdm 2 millibn ]b/in.2 for the superhybrid

to 30 million 1b/1‘n.2 for the SiC/Ti. The transverse properties for several

fibrous MMLs listed in table 4 are not available. These properties as well as

‘those of metallic laminates (fig. 1(d)), can be predicted approximately by the ,i

methods summarized in the section DESIGN/ANALYSIS PROCEDURES.
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Mechanical, thermal and physical properties are used in se]ecting fibrous
MMLs for possfb]e use in structural components during the preliminary design
phases. These properties are then verified by selective testing and are

subsequently used in the detailed analysis and the final design phases.

DESIGN/ANALYSIS PROCEDURES

Designing structures with metal matrix laminates (MMLs) necessitates use
of MMLs in structures and structural parts in a cost effective way. Design
'requirements for structures may be: maximum strength witn light weight, long
life service with minimum strength degradation, notch or other defect
insensitivity with high stiffness, impact resistance with high stiffness,
damage tolerance with high stiffness, and low manufacturing and maintainance
cost. | |

Because building or fabricating large or complex sfructures frequently is
a single, nonrepetitious operation, there may be no time or money to eva]date
alternative design concepts by trial énd success. Therefore, alternate design
concepts for a specific case are eQa]uated on paper. ‘The fonna] way to
evaluate structural concepts with respect td given design requifements is by
the use of structural analysis. Structural analysis includes a collection of
mathematical models (equatibns). These equations describe the réspohse of thé
structure to the anticipated loads which the structure will have to resist
>safe]y duriﬁg its life time.

A general structural analysis model in equation form_is givén by

Mu+ Cu+Ku=F : (1)

Equation (1) describes the structural response at any'point in the structure
in terms of acceleration (u), ve]ocity‘(ﬁ) and displacement (u) for a given

mechanical and/or thermal load condition (F). The structure's geometric



configuration and material are represented in equation (1) in terms of mass
.(M), damping (C), and stiffness (K). Equation (1) applies to simple and/or
‘compliex structures made from any material. In order to use equation (1) for a
structure or structural part made from a given material, the property.va]des
in M, C, and K for this material must be known.

Procedures for using equation (1) for the analysis and/or design of
structures made from composite laminates are extensively discussed by Chamis
(refs. 10 and 11). Herein, we are concerned main]y'with determining the MML
properties for M, C, and K to be used‘in equatién (1). We are also |
concerned with strength and thermal properties which are needed to evaluate
and/or select MMLs for specified desigh requirements. ‘

If the MML behaves like a general orthotropic.so1id (ref. 10, page 8),
then physical, thermal and mechanical propertieé that are needed for |
structural analysis of MMLs (figs. 1(b) and 1(d)) include: density (o), heat
capacity (HC), three thermal heat conductivities (k with subscripts), three |
thermal expansion coefficients (a), thrée normal (Young's) moduli (E), three
shear moduli (G), tnree Poiéson's ratios (v) and nine strengthé (S). Except
for p and Hc’ the other properties are given with respect to three
mutually orthogonal directions thch are taken to coincide with the.planes of ;
elastic symmetry of the MML. These directions are 1, 2, and 3 in figufe 1(a)
and aré referred to as the maferia] axis of the single 1ayér (piy). Oor x, vy,
and z in figures 1(b) and 1(d) and are referred to as structural or load
axis of the laminate (composite). It is customary to use subséripts to denote
the directions along which the properties are gfven. The subscript [ in
combjnafion with subscripts 1, 2, and 3 is used to denote ply material axis

properties, while the subscript ¢ in combination with subscripts X, ¥, and
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z is used to denote cbmposite structural axis properties. For examples,
E;11 -denotes the modulus of elasti;ity (normal modulus) in the l-direction
and Gil? the shear modulus in7the 1-2 plane (fig. 1(a)). The
corresponding moduli along the struétura] axis of the MML (figs. 1(b) and 1(d)

are ECxx and ch These properties are summarized in symbolic form in

vy
table 5 for MMLs with three types 6f symmetry. ‘As previously noted, the
material axis properties ake for the sing1e layer (ply) while the structural
axis properties are for the laminate (composite).

- Theories have been developed, verified and are available for predicting
material axis and/or structural axis properties based on constituent
properties. These theofies are included in the general field of compoﬁite
méchanics (ref. 12). Composite mechanics is subdivided into micromechanics,
macromechanics and laminate theory. Micromechanics_embodies the various
theories which are used to predict material axis properties of unidirectional
fiber composites (plies) using constituent fiber and matrix properties.
Typical results predicted for bofon/a]uminum plies using composite
micromechénics are shown in fiqure 2. Mécromechanics includes transformation
equations which are used to transform material éxis properties fo other axis.
Macromechanics also includes failure theories and failures criteria for plies
subjected to combined stresses. Typicai results predicted for borqn/a]uminum
MMLs using comﬁosite macromechanics are shown in figure 3 for thermal and
elastic pfoperties and in figure 4 for strengths. Laminate theory ehbodies
the equations and procedures which are used to predict the laminate properties
using ply properties. Laminate theory is also used to generate the properties
required to form the M, C, and K matrices (ref. 11, page 231; refs..13 and

14). In addition, laminate theory is used to predict the lamination residual

stresses in the plies. These residual stresses result from the daifference
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between the processing and use temperatures as well as the difference between.
the thermal expansion coefficients of the constituents (refs. 15 and 16).
Typical results predicted for boron/aluminum MMLs using laminate theory are
shown in figure 5 for thermal expansioh coefficients and elastic properties,
and in figure 6 for lamination residual stresses. Lamination residual
stresses (strains) affect significantly the laminate mechanical behavior of
" boron/aluminum MMLs (ref. 16). Different types of heat treatment also affeét'
the mechanical behavior of MMLs, especially the transverse properties (ref. 5,
page 72).

When MMLs are made from isotropic plies (fig. 1(d)), the analysis is
considerably simpler as compared with that used for fiber composite plies.
One such an analysis is described in detail in Chamis and Lark (ref. 17).
Typical results obtained using thi$ analysis are summarized in table 6 for

titanium/beryl1lium (Tiber) hybfid MMLs.
| The thermal and mechanical properties of MMLs as described preVious]y
constitute a minimum of the properties usually required to assess the
suitability of a relatively new materié] at the preliminary design stage.
Several othef important factors need be considered simultaneously with the
thermal and mechahica] properties. Some of these factors are: fatigue
resistance, creep, impact resistance, erosion and corrosion resistance,
service environment effects: notch sensitivity and fracture toughness, damage
tolerance and repairability, fabrication and quality control, reliability and
durability, inspectability and maintainability, design data development costs
and reproducibility, design/analysis experience of the staff and acceptance of
the public agency which sets and administers structural integrity/safety

requirements.
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SPECIAL TYPES OF METAL/METAL LAMINATES

Special types of metal/metal MMLs that have been investigated include
(table 1): (1) different plies of steels such as mild, high-strength and
maraging, (2) a]uminuh/a]uminum, (3) titanium/titanium and titanium/aluminum,' :
(4) tungsten/superalloy and tungsten/tantalum, and (5) titanium/beryl]ium.' |
One important reason for making and investigating»these types of MMLs is their
potential for fracture control and damage tolerance. Fracture control |
characteristics are usually assessed by using a material property called
fracture toughness. . The fracture toughness of a plate—form material, with a
crack-1ike defect, is established by the stress that the material can resist
prior to onset of rapid crack propagation. Fracture toughness is different
for»different materials. It is also different for the same generic material
but with different alloying elements, thicknesses and heat treatments. In
addition fracture toughness depends on temperature. In principle, then, by
interleaving materials with different fracture tothneSses, the fracture
toughness of MMLs can be altered and controlled within certain limits.

For analysis/design purposes, fracture toughness is used to determine the
level of stress that a structural member with a given defect or crack size can
safely support. This level of stress is usually determined using linear
elastic fracture mechanics (LEFM). A basic equation from LEFM for a panel
with a center-through-crack is the following

| K

o= =S F (2
NG )

where o 1is the average or gross stress (stress without the crack), KC is
the material fracture toughness parameter corresponding to the primary loading
conditions and crack propagation directions depicted schematically in

figure 7, a 1is the crack length; and F represents the stress state at the
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crack tip ahd depends on: (i) material, (2) geometry, and (3) loading
condition. Values for KC for different materials are found in reports
‘pub]ished by the Metals and Ceramics Information Center (ref. 18) as well as
in various handbooks dealing with aerospace struétures and pressure vessel
materials and design. The determination of F, on the other hand, generally
requires complicated stress analyses which frequently are performed using
finite element analysis.

The designer can use MMLs to control (preyent or limit) fracture, and
thereby provide improved damage tolerance, in two ways: (1) using plies of
materials with different fracture toughness to divide the fracture driving
stress (crack divider), and (2) using plies with higher fracture toughness to
arrest the fracture driving stress (crack arrest). Both of these are
illustrated schematically in figure 8. In order for either cqncept to work,
the type of bond has to be selected to meet three general criteria: (1)
sufficientiy strong to constrain the laminate to respond structurally (with
respect to displacement, buckling énd frequency) like a homogenous material,
(2) sufficient]y.flexible to permit each ply to fracture independently of its
neighbors, and (3) sufficiently bfitt]e.to fail by local delamination in the
vicinity of the advancing crack front. Goolsby (ref. 19).discusses the
fracture toughness of aluminum/aluminum MMLs fabricatea by diffusion, roll, or‘
explosive bonding while Koch (ref. 20) discusées those made by adhesive
bonding. Photomicrographs depicting arrested cracks in actual samples afe
shown in Mileiko and Anishenkov (ref. 21). Oberson (ref. 22) provides a
concise treatment of fracture analysis for aerospace metals while Miska
(ref. 23) provides a comparabie treatment for fatigue.

The root of a helicopter rotor blade is an example where MMLs are used for.

fracture control. This part of the blade may have crack-like defects because
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of the joint geometry and fabrication}proéedure as well as being subjected to
high cycle fatigue. Wings of military aircraft and helicopter booms are
potential applications for MMLs in order to prbvide damage tolerance for
projectile impact.

In addition to providing fracture control or damage tolerance, MMLs are
also used in épp]ications where the interleaf may be the stronger, stiffer
material while the primary material proviades erosion, corrosion, oxidation or
other service environmental resistance. Examples are tantalum/tungsten MMLs
which are being investigated for possible use in aircraft engine turbine
blades. Tantalum with a suitable coating is used to resist the corrosive
environment of the burning fuel while tungsten is used for strength and

stiffness in order to meet mechanical design requirements.

SPECIAL TYPES OF FIBER-REINFORCED METALS

Boron—fiber/aluminum-matrix (B/A1) MMLs have been made and investigated
more extensively than those of any other fiber-reinforced metal. This type 0f 
laminate combines several of the desirable features of aluminum and, in
addition, provides about a threefold improvement in modulus and about a
sixfold improvement in strength over that of homogeneous aluminum. One
disadvantage is the high cost of the boron fiber. And the major part of this
éosé is the tungsten substrate. In order to reduce the fiber cost, research
has been done and development is underway to use carbon fiber for the
substrate and/or to make larger diaméter boron fibers.

Bpron—fiber/aluminum—matrix MMLs have excellent fatigue, creep, corrosion
and erosion resistance. Galvanic action may affect (degrade) the interfacial
bond depending on the surface coating of the fiber. These MMLs have good

temperature resistance up to about 300° F. They may be used with a relatively
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small property-loss penalty up to 600° F in stiffness-controlled designs such
as dimensional stability, buckling and vjbration frequencies. B/A1 MMLs have
improved fracture toughness compared to the aluminum matrix and are
notch-insensitive. However, depending oh the aluminum alloy and fabrication
procedure, B/A1 MMLs may have about one-hé]f the impact resistance compared to
aluminum. Christian and Adsit (ref. 5, pages 67 to 97) provide an extensive
discussion on various mechanical properties of B/A1 MM.s. The elevated
feﬁperature effects are discussed by Sullivan (réf; 24). Limited data
available (Shramm and Kasen (ref. 25)) indicate that cryogenic temperature:
conditions have negligible effect on the tensile properties of B/A]'MMLS.

Angleplied B/AT MMLs (fig. 1(b)) undergo inelastic deformations at
relatively small load (about 10 to 20 percent of the fracture 1o§d)
(ref. 26). In a cyclic load condition,.these inelastic deformations may
progressively improve or degrade or have no effect on the mechanical |
properties of the laminate (ref. 27); Conventional metal joining_ahd
repairing techniques are used for’B/Al MMLs as well. Significant parameters
affecting joints and joint designs are discussed by Janes (ref. 28).

Boron/aluminum MMLs have been made for a variety of structural components
such as aircraft fuselage skins and stringers, aircraft wing skins, aircraft
wing boxes, aircraft engine fan and compressor blades, propeller shells,
landing gear struts, thrust support stfuctures for the space shuttle, shafts
" for torque transmission, and rocket motor cases. Photographs of some of these |
structures are shown in figures 9 to 12. Miller and Robertson (ref. 5,
Vpages 99 to 157) provide an extehsi?e discussion on the application of B/Al
MMLs for aerospace structures. Because of the high Cost (about $250/1b in

1980 dollars) B/A1 MMLs have not been considered seriously for use outside the
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aerospace industry as yet except in 1im1ted recreation applications such as
tennis raquets and bicycle frames.

Graphiteffiber/a]uminum—matrix (Gr/A1) MMLs are now being investigated
mainly for B/A1 MML replacement because of their low-cost potential (about 5
to 10 percent of B/Al MMLs). In addition, Gr/A1 MMLs have excellent thermal
dimensional stability. They may be suitable for use as superconductors
because of their excellent thermal conductivity and good mechanical property
retention at cryogenic temperatures. Gr/A1 MMLs may also be suitable for
friction-wear applications because of the inherent lubricating properties of
the graphite fibers. However, Gr/Al MMLs are much more susceptible to
galvanic action than are B/A1 MMLs. Special surface treatment of the ffbers
is required to minimize this galvanic action. Gr/A1 MMLs that have been made
to date exhibit "rule-of-mixtures" properties along the fiber direction
(table 4). However, the transverse properties are relatively poor.
Alternatives such as heat-treating and metal-foil interleaving are used to
improve the transverse properties. These alternatives are selected with
considerable caut1on since they tend to degrade the longitudinal properties.
Gr/A1 MMLs have good fracture toughness and damage tolerance. They also have
excellent mechanical and thermal fatigue resistance. Their corrosion and
erosion resistance is comparablie to that of B/Al. Pfeifer (ref. 5, pages 159 .
to 255) provides an extensive discussion and a good review of several
important apsects of Gr/A1 MMLs up to 1976.

Borsic-fiber/titanium—matrixvand Borsic—fiber/aluminum-matrix MMLs have
been investigated primarily for possible use in aircraft turbine engine fan
blades. Borsic/titanium MMLs have about twice the stiffness and about_80
~ percent of the density of titanium (ref. 4, pages 269 to 318 and ref. 29).

The combination of these two properties is generally sufficient to eliminate
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the midspan shrouds which are presently used to meet vibration and flutter
design requirements.

Tungsten-fiber/superalloy (TF/SA) MMLs have been jnvestigated for their
potential ﬁse-in aircraft turbine blades. The excellent mechanical property
retention of the tungsten fibers at high temperatures (about 2000° F) is the
key featﬁre for investigating this type of laminate. However, TF/SA have two a
major disadvantages: (1) high density and (2) low cycle therha] fatigue
degradation due to thermal expansion mismatch of the constituents. The high
density disadvantage may be circumvented to some extent by appropriate
structural design configurations, such as nollow blades. On the other hand,
the low cycle thermal fatigue degradation can only be minjmized by
meta]]urgicé] considerations. Most of the research to date for TF/SA MMLs was
conducted at laboratory level, Signorelli (ref. 30 and ref. 4, pages 229 to
267). Limited research has been initiated recently to make turbine blades
from these laminates (refs. 31 and 32).

Whisker-reinforced metals and ceramic laminates also have been
investigated for possible use in internal combustion engines and other high
temperature applications. Disadvantages for these MMLs include the high cost
of the whiskers and the probiems associated with whi sker matrik reaction which

leads to poor interfacial bonding. Additionally, whisker-reinforced ceramic

MMLs have poor fracture toughness and poor impact resistance characteristics.

~ These poor characteristics may be improved by designing the laminate to

operate in preferential compression.

Some of the other fiber-reinforced MMLs listed in table 4 have been
investigated for specific applications. For example,
graphite-fiber/magnesium-matrix MMLs were investigated for space antennas

because of their desirable thermal distortion and low density properties,
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" while graphite-fiber/lead-matrix MMLs were 1nvestigated}f0r use in batteries

where weight is an important design consideration. Some other MMLs listed in
table 4 were investigated for metallurgical consideratibns at the fiber/matrix
interface (borsic/aluminum, silicon carbide/aluminum). Still others have been

or are being investigated at tne laboratory level for scientific interest.

HYBRIDS

A general concensus definition for ‘hybria composite' may be summarized as.
follows: "A hybrid composite is that composite which combines two or more
different types of fibers in the same matrix, or one fiber type in two
different matfices or combinations of these (ref. 33, pages 1337 to 1339).
Superhybrids (fig. 1(c)) are a generic class of composites which combine
appropriate properties of fiber/metal-matrix composites, fiber/resin-matr%x
composites and/or metallic plies in a predetermined manner in order to meet
competing and diverse design requirements (refs. 8 and 9). Tiber hybrids have
been used by the author and his collegues as an acronym for titanium/beryl1ium
adhesively bonded metallic laminates (ref. 17).

Boron-fiber-reinforced 1100,72024, 5052, or 6061 aluminum alloys have been
investigated for use in fan blades for aircraft turbine engines. Different
diameter boron fibers (8 and 5.6 mil) may be included in the same hybrid. The
high impact resistance of the 8-mil-diameter boron fiber in the 1100 aluminum
alloy matrix (fig. 13) 1is éombined with the nigh transverse tensile and shear
properties of the 8- or 5.6—mi]—diameter boron fiber in either 2024, 5052, or

6061 aluminum alloy matrix. Fan blades made from some of these hybrids and

- subjected to a small bird (3 oz starling) impact are shown in figure 14. The

advantages anu disadvantages of these types of hybrids are described by
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McDanels and Signorelli (ref. 34) while their use fof fan blades is described ﬁ
by Brantly and Stabrylla (ref. 35), |

SUpeEhybrids have been developed primarily for use in fan blades for
aircraft turbine engines: This type of superhybrid génera]]y has (l)
longitudinal strength and stiffness comparable to advanced fiber composites,
(2) transverse flexural strength comparable to titanium, (3) impact resistgncé'
comparable to aluminum, (4) transverse and énear stiffness comparable to
aluminum, and (5) density comparable to glass-fiber/resin composites
(ref. 8). In addition, superhybrids are notch-insensitive and are not
degraded by thermal fatigue (ref. 9). Impact resistance data for
superhybrids, other fiber composites, and some metals are summarized in
table 7. The high-velocity impact resistance of superhybrid wedge-type
cantilever specimens relative to other composites and titanium is shown in
figure 15 (ref. 36). Large fan blades mgde by bonding a superhybrid shell
over a titanium spar (either.]eading—edge or center) are shown in figure 16
(ref. 37)..

“Experimental data generated at Lewis Research Center showed that Tiber
hybrids can be made which have: (1) moduli equal to that of stee], (2) tensile
fracture stresses comparable to the yield strength of titanium, (3) flexural
fracture stresses comparable to the ultimate strength of titanium, and
(4) dénsities comparable to aluminum (ref. 17). The relatively high
stiffnesses of Tiber hybrids and their relatively low densities compared to
conventional metals make them good candidates for compression members in
aircraft and space structures. Buckling stresses for plates and shells from
Tiber hybrids are compared with those from advanced unidirectional composites
and from conventional metals in table 8.  As cén be seen Tiber hybrids have

superior buckling resistance compared to either other advanced composites or
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conventional metals. Another potential use for Tiber hybrids is in
high-tip-speed fan b];dés (fig. 17) for turbojet engines. Finite elemént
analysis results showed that Tiber hybrid fan blades would have higher
frequencies and lower tip distortions compared to those made from graphite
fibef/resin composites (ref. 14). The comparisons for the first five

frequencies for one fan blade design are summarized in table 9.

CONCLUSIONS

This article presents a selective review of the state-of-the-art of
metallic laminates and fiber-reinforced metals, called herein metal matrix
laminates (MMLs). Design/analysis procedures that are used for, and typical
structural components that have been made from MML are emphasized. |
Specifically, the review covers the description of selected MMLs laminates,
constituent materials and material properties, fabrication procedures,
design/ana]ysis procedures, special metallic and fiber-reinforced MMLs,
hybrids and superhybrids, and structural components. The review shows that
(1) the methodology is available to design and analyze structural components
from MMLs, (2) the technology is available to fabricate structural components
from these laminates and (3) a wide range of constituent metals and fibers,
and lamination concepts for MMLs are available to meet diverse and competing
design requirements. Though MMLs have several advantages with respect to
structural design requirements, they also have different properties in
d}fferent directions and have relatively high {nitial (residual) stresses.
Both of these need special attention by the designer/analyst and the

fabricator in designing and fabricating structural parts from MMLs.
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TABLE ‘1. - CONSTITUENT MATERIALS FOR METALLIC MATRIX LAMINATES

Fiber-reinforced metal laminates

Superhybrids

Metal/metal

laminates

Fiber Metal

Metal matrix composite

Resin matrix composite

Fiber

-Matrix

Fiber

Matrix

Metal foil

Primary

Interieaf

Aluminum
Lead
Magnesium
Titanium
Aluminum
Magnesium
Titanium

FP alumina

Beryllium
.Boron

Aluminum
Titanium

Borsic

Aluminum
Columbium
Copper
Lead
Magnesium
Nickel

Tin

Zinc
Superalloy
Aluminum
Superalloy
Titanium
Aluminum
Nickel
Superalloy
Columbium
Superalloy
Aluminum
Superalloy

Graphite

Molybdenum
Silicon carbide
Steel

Tantanlum
Tungsten

Whisker

8oron

Aluminum

Graphite

Kevlar

S-glass

Epoxy
Polyimiae

Epoxy
Epoxy

Titanium

Aluminum
Beryllium
Steel

Titanium

Tungsten

Tungsten

Aluminum
Titanium
Steel

Aluminum
Titanium

Copper
Superalloy

Tantalum




TABLE 2. - TYPICAL PROPERTIES OF CONSTITUTENT FIBER REINFORCEMENTS FOR METALLIC MATRIX LAMINATES (ALONG FIBER)@

Fiber Density, | Melting | Heat | Thermal | Thermal | Tensile |Modulus, Fiber Remarks
1b/in. temper- | capac- | condi- | expan- [ strengtn, msi aiameter,
ature, | ity® | tionC | sion ksi mils
° | coeffi-
cient
Boron on tungsten | 0.090 3810 0.31 22 ¢.8 92b 58 4 to 8 |Monofilament
Borsic .098 3810 .31 22 2.8 450 58 4 to 6 {Monofilament
Boron on carbon .080 3810 .31 22 2.8 500 52 4 to 6 |Monofilament
Graphite
Pan HM .067 6600 17 580 -.6 320 55 .28 10 000 filaments per tow
Pan HTS(T300) .063 : 340 30 .30 3000 filaments per yarn
Rayon(T50) .000 315 57 .24 1440 filaments per 2-ply yarn
Thornel 75(T175) .066 385 76 .21 1440 filaments per 2-ply yarn
Pitch (Type P) .072 200 50 .2:to .4 12000 filaments per yarn
Pitch UHM .074 350 100 .44 2000 filaments per yarn
Silicon carbide, .120 4870 .29 E] 2.4 450 02 4 to 6 |Monofilament
on tungsten .
Silicon carbide’ 110 4870 .29 9 2.4 500 58 4 Monofilament -
on carbon . ) '
Beryllium .067 2340 .45 87 6.4 140 42 5 Monof ilament
FP alumina .143 3700 : 4.6 2¢0 55 .8 210 filaments per yarn
S-glass .090 1540 .17 7.5 2.8 600 12 .35 1000 filaments per strand
E-glass 090 1540 .17 7.5 2.8 400 10 .35 1000 filaments per strand
Mo 1ybdenum ..370 4750 .06 84 2.7 95 47 5 Monof i lament
Steel .280 2550 .11 17 7.4 300 30 5 Monof ilament
Tantalum - .610 5420 .04 32 3.6 220 27 20 Monof ilament
Tungsten .700 6150 .03 97 2.5 400 57 15 Monof ilament
Whisker .
-Ceramic (A1203) .143 3700 .14 14 4,3 6200 65 4 to l
-Metallic (Fe) .280 2800 .11 17 1.4 1900 29 5

dMost information from L. Rubin, 1979.

bBtu/1b/°F. |
CBtu/hr/sq ft/ F/ft.
dyin./in./°F.




TABLE 3. - TYPICAL PROPERTIES OF METAL MATRICES AND METALLIC CONSTITUENTS FOR METALLIC MATRIX LAMINATES

Metal Density, | Melting | Heat |Thermal | Thermal | Tensile Moaulus, Remarksd
in/in. temper- |capac- | conduc- expan- | strength, msi :
ature, | ityd |tivityd sion ksi
° coeffi-
cientC

Aluminum 0.10 1080 0.23 9Y 13.0 45 10 0061(T6)
Beryllium .07 2340 .45 87 6.4 90 42 Annealed
Columbium ) § 4470 .06 32 3.8 40 15
Copper .32 1980 .09 220 5.8 50 17 Oxygen free hardened
Lead .41 600 .03 19 16.0 3 2 1% Sb
Magnesium .06 1050 .24 44 14.0 40 6 AZ31B-H24
Nickel .32 2620 .11 36 7.4 110 30 Nickel 200 hardened
Steel .28 2660 .11 17 7.4 300 30 Ultra high strength (mod.H-11)
Superalloy .30 2540 .10 11 Y.3 100 31 Inconel X-750
Tantalum .60 5420 .04 32 3.6 60 27 :
Tin .26 450 .05 37 13.0 2 6 Grade
Titanium .16. 3000 .14 4 5.3 170 16 Ti-6A1-4V
Tungsten .70 6170 .03 97 2.5 220 57
Zinc ' .24 730 .10 65 15.2 41 10 Alloy Agada
atu/1b/°F. |
bBtu/hr/sq ft/ F/ft.

Cyin./in./ F.

dMaterials engineering material selector issue.
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TARLE 4. - TYPICAL PHYSICAL AND MECHANICAL PROPERTIES OF METALLIC MATRIX COMPOSITES

Fiber Matrix Reinforce- | Density, Longitudinal Transverse
ment, 1b/in. -
vol % Tensile | Modulus, | Tensile | Modulus,
strength, msi strength, ms i
ksi ksi
G TS50 201 Al 30 0.086 90 24 7 5
G TS50 201 Al 49 —— 103 23 | - S
G GY 70 201 Al 34 .086 95 30 4.5 5
G GY 70 201 Al 30 .088 80 23 10 6
G HM pitch 0061 Al 4} .088 Y0 47 | ===-- _—
G HM pitch AZ31 Mg 38 .0bb 74 FL D — —
B on W, 5.6- | 6061 Al 50 .090 200 34 0 23
mil fiber :

Borsic Ti 45 133 184 32.5 67 27
6 T75 Pb 41 .270 104 24 ——— -—
GT75 Cu 39 .220 142 K1 T S —_—
FP 201 Al 50 .130 170 31 (20) 20
SiC 600l Al 50 .106 215 33 (20) 20
SiC Ti 35 .142 175 38 75 30
SiC whisker Al 20 .10l 50 15 50 15
B4C on B Ti 38 135 215 33 >50 >20
G T 75 Mg 42 .065 65 27 | —---- -—
G HM Pb 35 .280 72 17 | - -—
GT75 A1-7%2 38 .087 126 28 | ----- —
GT75 Zinc 35 191 111 17 | - —_—
GT50 Ni 50 .190 115 3B | - -—
GT75 Ni 50 .193 120 45 5 6
G (3.2 mil) 2024 Al 50 .088 110 20 —— -_—
6 (5.6 mil) 2024 Al 60 .088 160 26 | —---- _—
Superhybrid Graphitic 074 125 i8 32 9
Superhybrid S-glass l .0/8 10/ 11 28 4
Superhybrid Kevlar .065 1oz =12 28 2




TABLE 5. - PHYSICAL, THERMAL AND MECHANICAL PROPERTY SYMBOLS FOR PARTICULAR METALLIC MATRIX LAMINATES?

Property Composite with type of symmetry of ~“lsotropic/axes
Generally orthotropic/axes | Transversely isotropic/axes Ply Composite
Ply Composite Ply Composite
Density (3] oc [ oe py Pc
Heat capacity Het Hee Het Hee He Hee
Thermal heat con- K11 Kexx K11 Kexx K Kexx
ductivity K[ZZ KC)’y K22 Kcyy Kl Kcyy = KCXX
. Kt33 czz K133 = Kpee Kezz ki czz
Thermal expansion alll acxx alll acxx ay acxx
coefficient are2 acyy al2e acyy a acyy = %cxx
. at33 aczz al3s = a2 aczz ay aczz :
E]ast1c.and shear £ Ecxx Ef11 Ecxx Eq Ecxx
moduli Etzz Ecyy El{d EC_y_Y El Ecyy = Ecxx
E133 Eczz £33 = Eqze Eczz Er Eczz
G G 6 G 6 f 6. = Foxx
112 cxy 112 cxy L=2(1T+ “15 cxy ~2(L * “czyi
- Y £y
G G Gy = G Gy = G
123 cyz 123 = 2(1T+ ul£3i cyz 21+ “15 cyz
E; :
613 Gexz 615 = Gr1e Gexz Gt =711+ v) | Texz = chz
Poisson's ratios vii2 vexy vIll vexy vy vexy
via3 veyz viz3 veyz vi vcyz
b vil3 vexz V{13 = vil2 vexz v vexz = Veyz
Strengths Str,c SexxT,C. | Stlir,C ScxxT,C | St1,C ScxxT,C :
Steer,C ScyyT,C Sr2er,C ScyyT,C |Str,C ScyyT,C = ScxxT,C
$1331,C SczzT,C $1331,C = Sgee1,c | SczzT,C |StT,C SczzT,C
Sues ScxyS St12s Scxy Sts ScxyS
S123s Scyz$ S123s cyz Sts Scyz$
S113s Scxz$ S113s = Su1es Scxz S1s ScxzS = ScyzS

T = tension
C = compression
S = shear.

gSubscripts refer to directions shown in fig. 1.




TABLE 6. - COMPARISON OF MEASURED AND PREDICTED PROPERTIES OF TIBER LAMINATES

Property identification

Tiber laminates

I - 40% Ti/58% Be

Il - 55% Ti/36% Be

11T - 63% Ti/31% Be

Roll Transverse Roll Transverse Roll Transverse
direction | direction |direction | direction }direction direction
Modulus, msi
Measured 29.5 30.0 24.0 24.0 25.5 24.5
Predicted 30.0 30.8 23.7 24.0 22.9 23.2
Percent difference 3.7 2.7 -1.2 0 -10.2 -5.1
Poisson's ratio
Measured 0.20 0.25 0.20 0.27 0.26 0.28
Predicted .27 .27 .28 .29 .29 .2y
Percent difference 35.0 8.0 7.7 7.4 11.5 3.6
Fracture stress, ksi
Measured v3.8 67.6 104.9 103.5 114.1 103.9Y
Preaicted (using eq. (3))| 9Y8.2 Y3.2 103.5 100.7 111.2 108.6
Percent difference 4.7 37.9 -1.4 -2.5 -2.5 -4.7
Density, 1b/in.3
Measured 0.103 —_—— 0.117 | ~—=-- 0.123 | —==——-
Predicted .102 ———— Alo | ~—=——- Jdes | —meem-
Percent difference -.9 _— -8 | - 1.0 | —-—=—--
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TABLE 7. ~ THIN-SPECIMEN 120D IMPACT STRENGTHS?

Laminate | Constituents Test 1200 wmpact strength,| Number of
type direction in-1b/in.2 specimens
Low High
I Gr/Ep Longitudinal 325 357 4
Transverse 44 48 2
1 B/AY (auiffusion | Longitudinal 217 28v 2
bonded) Transverse 229 247 2
111 B/A1 (adhesive | Longitudinal 155 216 2
bonded) Transverse 98 159 4
1v Ti, B/Al Longitudinal 247 253 2
Transverse 17y 224 4
v Ti, B/Al, Gr/Ep | Longitudinal 634 720 2
Transverse 180 202 2
Other Materials
HTS/PMR-PID Longitudinal 204 206 2
HTS/PMR-PID Transverse 40 43 2
Glass-fabric/epoxy | —————=——--~- 249 255 3
4-mil-diam. B/6064-A1 Longitudinal 253 2712 2
Aluminum 0.6001 = | cmmmemeeeeo 750 yl4 z
Titanium (6A1-4V) | —emmmmmo—o 2425 2558 2

dSpecimen nominal dimensions: 0.50 in. wide by 0.0b in, thick.
bpMR = polymerization of monomeric reactants; PI = polymide.
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" TABLE 8. - SOME PROPERTIES OF TIBER HYBRIDS FOR POSSIBLE AEROSPACE

~ STRUCTURAL APPLICATIONS

Material Specific buckling stress, ocp/tee
Plate Cylindrical shell
, i 4D Ai
2a e - !
- EREE s EE
—gined o Ping '
Tiber hybrids
70% T1/30% Be 402x103 4160
50% Ti/50% Be 532 6230
" 30% Ti/70% Be 818 9150
Other composites
B/A1 (0.50 FVR) 883x103 5120
B/E (0.50 FVR) 464 1310
T75/E (0.60 FVR) ~238 1180
AS/E (0.60 FVr) ~233 1150
'.Metals
Steel 331x103 2442
Aluminum 307 2263
Titanium 307 2263

TABLE 9. - COMPARISON OF FREQUENCIES OF A HIGH-TIP-SPEED

COMPOSITE BLADE USING VARIOUS CONSTITUENT MATERIALS

Mode Frequencies for composite, Hz
HTS/K60L | HIS/PMR 30% Ti/70% Bed
(40 ,%#20 ,0 ) | (#40 ,220 ,0 )
1 361 400 662
2 939 960 1608
3 1178 1418 2108
4 1485 1658 2333
5 _— 2427 3253
Nominal
density, 0.050 0.055 0.085
1b/1in.
“8Lamina thickness: 5 mil for titanium;

10 mi1 for beryllium,
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mechanics. ‘
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Figure 8. - Metal laminate concepts for fracture control,



Figure 10. - Truss from boron/aluminum metallic matrix
laminates.
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Figure 11, - Skin-stringer shell from boron/aluminum metallic matrix laminates.

Figure 12, - Landing gear assembly from boron/aluminum metallic matrix laminates.
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Figure 13. - Impact resistance of boron/aluminum

unidirectional metallic matrix laminates (8 mil diam,
fiber, 50 percent fiber, 0.5 fiber volume ratio).
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Figure 14. - Boron/aluminum metallic matrix fan blades after small (3 oz.) bird impact.



SPECIMEN A B E
SPECIMEN CONSTRUCTION LEADING EDGE  MIDCHORD PROJECTILE PERCENT ~KINETIC ENERGY/
THICKNESS,  THICKNESS, VELOCITY, SLICE THICKNESS,
in. in. ft/sec ft-1b/in.
A Graphite~epoxy 0,029 0,150 823 S5 81L
B Graphite-glass-epoxy 0.028 0,147 932 50 1048
c Boron-glass-polysulfone-graphite- 0,029 0.161 935 Lo 301
epoxy
D Boron-glass-epoxy 0.030 0.163 88l Lo 69l
E Titanium-boron-Al-graphite- 0.025 0,156 922 50 1192
epoxy superhybrid
F Solid titanium (6AL-LV) 0.0LL 0.153 727 50 L3

Note: Projectile was l-in.-diam. gelatin sphere
Specimens A through E oriented at 30° incidence angle, specimen at 19° incidence angle

Figure 15. - Relative high-velocity impact assessment of superhybrids.

Figure 16. - Turbojet engine fan blades made with superhybrid-shell/titanium spar.



Figure 17. - High-tip-speed composite fan blade.
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