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1. INTRODUCTION: . ..
The objectives of this research were 1) to

devise techniques of producing composite materials

Of noa-metallic fibers and metals 2) to tes¢ such
composite materials with the view of evaluating the
factors that affect their strength. Those objeéctves
have been achieved. )

11. TECHNIQUES OF PRODUCING FIBER-METAL COMPOSITES:

Many techniques of producing non-metallic fiber-

metii compesites were investigated. Initial attempts
to infiltrate uncoated fiberé witn copper or copper
alloys proved that a lack of wetting of the fibers
inhibited matél flow. Subsequently, satisfactory
compacts were made using a vacuum casting technique
and aluminum coated corning E-glass fibres. The
‘Ceehnique finally achieved, which ig eminently
satisfactory, involves the infiltra;iopApf;pgg;gg
fibers by molten metals that cannot penetrate the
fiber coating. The necessity of having a coating on
.che fiber that rrevents attack by the molten metal but
lwhich promotes wetting of the fibers by the 20lten metal

was shown by the results of tests to be described later.

Two coatings are especlally usefui, namely nickel and
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molybdenum., Both these metals do not tend to
attack silica or more refractory oxides. Hence;é
they are compatible with most non-metallic fibers
including glass-fibers. The metals can be deposited

on the fibers from the gas phase by thermal

decomposition of the metal carbonyls. These meétals

" have high suriace energies, hence, they are easily

wet by metals having lcewer surface energy. Molybdenum
has the further advantage that its oxide can be

easily removed by heating in vacuum. These coatings
have distinct advantages over costlngs such as
aluminum and lead, which have been ﬁsed in the past,
in that the latter coatings react with the fibers

ana thereby weaken them. This statement will be
supported by evidence presented in a later section.

A, RECOMMENDED TECHNIQUE FOR PRODUCING FIBER-METAL
- COMPACTS.

1. Choose fiber to be coéted
2. Coat fiber according to recommended procedure

3. Pack fiber according to desired fiber
orientation and volume concentration.

4, Infiltrate with desired metal

5. Cool compact to achieve progressive
solidification.

Each of these steps will now be discussed.
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Choice of Fiber:

+

Table 1 lists many, but not all, non-mecallic.
fibers that can be purchased in a form useful for the
production of fiber-metal compacts. Most fibers are
protected by some organic coating which must bte
removed. The most desirable procedure of removing
such coatings is by combustion. The fiber properties
which are useful in determining their choice for a
particular application are also presented in Table 1.
The fiber strengths phown in this table were determined .-
in this investigation on typical uacoated fibetq. The
strength was evaluated by measuring the load to failurg
and the cross-sectional area of fibers supported by
adhesive tapes. The gauge length was 1l;4 inch. Load -
was applied by slowly pouring sand into an envelope
supported by the fiber. The cross-sectional area of
the fracture was measqred using a metallograph to
magnify the fiber diameter. Each value represents
an average of at least five separate measurements:
The range in values is about ~Y°5%. The other
properties (softening temperature, &pecific gravity,
thermal eipansion coefficient) were obtained from the
literature. It should be noted th;t because protective

coatings are used, the fiber itself can be chosen
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without regard to its probable reactivity with the
metal matrix. Thus, it is quite likely that the
relatively.unrefractory material "'Fiberfrax" can be
used to strengthen iron aﬁ elevated temperature

providing it is coated with molybdenum.

-'Coating Procedure:

It is well recognized that glass fibers, éhen
freshly drawn, have strengths in excess of one million
pounds per square inch. These fibers are sensitive to
damage both from abrasion and from atmospheric attack.
Thus, it has been the practise to c.at glass fibers

with either ¢ starchy substance or a resin to protect

them in the course of manufacture of fiber glass-plastic

articles. If the fibers, so protected, are to be
incorporated into metallic materials, then these organic
coatings must be rempved from the fibers. However, when
this is donc¢ the fibers are resensitized with regard to
damage in handling and exposure to air. |

To avoid the above difficulties, a process was
developed that consisted of removal of the organic
coating by combustion and subsequent coating with nickel
by the thermal decomposition of nickel carbonyl. This

entire process can be accomplished without handling or

‘exposure to air. According to this procedure, the

fibers should first be heated either in vacuum or flowving
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inert gas in order to eliminate adsorbed water vapor
and as much oxygen as possible. Coating should be
carried out to prodice a uniform deposit to a
desired thickness. The minimun thickness is in one
particular case determined by the need to have coating
" remain on the fiber without dissolution into the
infiltrating metal in the event the coating is soluble
-ir. the molten metal but not in the solid metal. The
coating may be carried out "in situ" on packed fibers
Or on loose fibers that will be subsequently packed.

Fiber Facking:

The factors that need to be considerad in the
packiug of fibers are described in Appendix I. As
indicated therc, fiber orientation is very,important:
for the production of a ductile compact. It is
desirable to have the fibers oriented at about 45°
to all the principal tensile axis to achieve maximum
ductility. | |
Infiltration:

Infiltration is possible when the surface energy
éf the infiltrant is less than the surface energy of
the coating (oxidized or not as the case may be). The
surface energy of the infiltrant may be lowered by

solute additions.. The surface energy of the coating
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may be raised if it is oxidized by reducing the
surface oxide. Infiltration is generally very
rapid and complete with fiber contents of 5 volume
percent or above. |

Solidification:

Because "castings" are produced by the
infiltration technique it is desirable to have
- Progressive solidification to eliminate microporosity
anc pipe in the final Parts. Standard casting
principles can be applied,

III. FACTORS THAT AFFECT THE STRENGTH OF FIBER-METAL
COMPACTS:

For fibers that are sufficiently long to prevent

fracture around the fibep (along the fiber-metal
interface for example) ard which are similarly'oriented
it has been found experimentally in this iovestigation
that the strength of the compact is the volume
averaged strength of the two c&mponents (Figures 1 and 2).
This result agrees with that found by Weeton et al1 for

tungsten fibers imbedded ip copper. Thus, two important
| factors contxolling the stxength of compacts are the
individual strength of the fiber itself and the volume

percentage of fiber in the compact. The third factor,

which is less important, is the strength of the metal
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itself. Analytically, the relation is:
§ = VvV x 8 4 (l-v) s
£. f £

< m

where S

strength of compact

<
Hh
"

volume fraction of fiber in compact
Sf * strength of fiber itself
Sy = strength of metal icself.

This relation holds for the case where the deviation of

fractional area occupied by fiber along any cross-sectional

area in the specimen frcwu the average is small. Thus, it
holds best for longitudinally oriented fibers and not at

all for transversely oriented fibers where cross-sectional

‘areas exist that do not contain any fiber area at all!
The need to have a uniform distribution of fiber area is

. often not apprecisted and the lack of a uniform distribution

of fibers has been responsible for many premature failures.

To overcome this difficulty all fibers used in this

investigation were as 1bng as the specimens except where
noted,

Fiber Strengths:

As revealed in Table 1 the strengths of fibers‘
vary markedly. Even for a given fiber the strength is
not invariant. Fiber strength is not .only a function
of handling prior and during incorporation into a

composite and atmoesvherie attack hut 4+ fo alen
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affected by possible reaction with the metal which
it contacts. This fact was made evident in this )
research in experiments conducted using aluminum
coated E-glass imbedded in an aluminum matrix by
infiltration.

The strength of the coated fibers prior to
infiltration was found to be about 80,000 psi.

From Figure 2 and equation 1 the strength of the
fiber in the compact was estimated to be about 40,000
psi. Further, the strength of the fiber was probably
reduced from at least the value of iO0,000 psi
measured on as-received uncoated fibers to about
80,000 psi due to the coating operation alone.

The fact that the method of infiltration and
fiber packing did not harm the fiber strength was
shown by, tests in which fibers were coated by
decompositisn of the‘gatbonyl with metalis that do
not ternd to react chemically with the fibers and
ﬁhereafcer subjected to the same fiber packing and
infiltration technique as for E-glass fibera. -In this

case, the strength of the fiber, 'in situ" as calculated
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using equation (1) and measured values of che uncoated
fiber strength were found to be the same uas the -
uncoated fiber. This proof was obtained with a tin
compact containirg 'Fiberfrax" fiﬁers. The fiber
strength in the nascent state was measured to be
200,000 psi. This value ig an average for the third
fracture in sequence in a ome inch gauge length over
ten fibers. The strength of tue tin-fiber composite‘
was measured to be 14,000 psi with an elongation of
4%.' Since the metal has a strength of 2000 psi,
equationll predicts a compact strength of 13,800 psi.
The results of our few tests in this area imply that
protection of fibers at the moment they are produced
with -oatings of inert metals by vapor deposition
(to be called barrinr coatings) may provide fibers
with their as drawn strengths for incorporation into

compacts (the latter strengths may exceed 1,000,000

psi).

™8

Volume Fraction Fibers:

Withov* Jdifficulty it was found possible to
incorporate up to about 207% by volume of fibers into
the compact., This amount was achieved using
longitudinally.ariented fibers. It was apparent,

however, that to achieve greatergbacking density without""
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harming the fibers it would be necessary to place
each fiber into its theoretical position in a Y
perfect packing of cylinders. Further, such perfectly
packed brittle fibers would not be likely to yield
ductile composites. Thus, much of the work was
limited to the volume fractions less than 20%. Within
this range the effect of volume fraction on strength
was found to be as described in equation 1.

Fibex Lergch:

It was determined that for shcrt “iters there
was little strengthening - on the order of what would
be expected from a dispersed hardened phase of the same
size and shapezas the fibers. Thus, there is little
doubt that fiber strengthening is due to the fact that
long fibers carry load in the composite. The behavior
described by eéua:ion (1) can be interpretéd in the
following way. As load is applied to the composite and
the stress in the metal reaches the flow stress, load
is transferred to the fibers. The load carried by the
metal at any moment éqvals the product of its flow stress
and cross-sectional area. The load carried by the fibers
increases until the fracture strength is reached. At
this point the fraction of the load carried Ly the

fibers equals . Ve x Seo
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and the fraction carvied by the metal equals
(1-v¢) Sm
St +5m

In this case the stress sm should equal the flow stress
of the metal, whereas as indicated in equation (1) this
stress appears to be the "strength' of the metall The
data are too few however to clarify this point. This
analysis suggests that it may be worthwhile to
investigate this point in future research. That is, it
is predicted that Sj should be tﬁe flow or yield stress
at ve:7 small strains.

- IV. FACTORS THAT AFFECT THE DUCTILITY OF FIBER-METAL COMPACTS:

when the fibers are oriented parallel to the
principal stress axis'and the mechanism of strength is as
described in equation (1), then no ductility would be
expected when the fibers fracture in a brittle manncr.
This result was obtained. All longitudinally oriented
fibers yielded brittle fractures. -

In the hope that some elongation could be obtained by
allowing fiber rotation prior to fracture and shear strain
parallel to the fibers in the metal between the fibers,
compacts were made with fibers oriented at abcut 45° to
the tensiie ax;s. Preliminary experiments with such

specimens indicated that it was possible to achieve at
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le;st 5% elongation without materially decreasing
the tensile strength of the compact. Strangely,
the yield strength {0.2%4) of the compact appeared
to be much higher than for the metal itself. A
typical result is shown in Tal'le 2 for a tin
matrix containing 6% by volume of fibers having.Che
uncoated strength of 200,000 psi. The work
accomplished with this variable is just sufficient
to indicate that a more complete study of this area
is justified. ~
SUMMARY OF RESULTS:

1. Aluminum‘coated E-glass fibers have much
lower strength than the prior uncoat:d state.

2. Aluminum coated E-glass fibers are further
reduced in strength upon being infilterxed by molten
aluminum to produce aluminum-fiber composites.

3. The strength of longitudinally oriented

fiber composites obeys the equation

So = Vg x S 4 (1-Vg) Sy

where V; = volume fraction of fibers
Sg = strength of fibers
S = strength of metal (believed to be
-flow or yield strength, but data not

good enough to distinguish)
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4. Short fibers do not contribute strength
beyond that expected for equivalent dispersed -
particle hardening.

5. Vapor coating fibers with unreactive metals
(barrier coatings) provides protection from attack
during the process of compact manufacture. The
strength of barrier coated fibers "in situ" in

- compacts equals the strength in the uncoated stage
] pior to treatment.

6. The ductility of compacts in which the fibers
are oriented at about 45° to the tensile axis is about
5% and the strength of such compacts is about the same

“as the longitudinally oriented fiber compacts., The
yield strength (0ﬂ2%) is much higher than that for

the unreinforced metal.

APPENDIX I

ENHANCING DUCTILITY OF FIBER-METAL COMPOSITES:

In the course of making non-metallic fiber-metal |
composites it was discovered that the ductility of the
composite produced by this methed was a function of
-the orientation of‘thq_fibers relative to the principal
stress axes. Ductility is a measure of the plasti £low
that occurs in: the specimen on being stressed to feilure.

In a tensile test it is measured by either the elongation
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to fracture or the reduction in area at the fracture
section. It was discovered that when the fibers were
oriented parallel to a principal stress direction the
elongation to fracture and the reduction in area was
nil -- that is, the specimens were brittle. However,
when the major fraction of the fibers were oriented
at an appreciable angle to the principal stress axes
(on the order of as°) than the specimen elongated by
a sufficient amount prior to fracture to be able to
pass many design specifications for minimum non-zero
ductility. Further, the strength of such composites
were almost as high as the strength of the parallel
oriented fiber composites. This fesult, which was
entirely unsuspected, markedly increases the
applicability of the fiber-megiL composites and
removes the main disadvantage to the application of
these composites as structural parts.

If the fibers are randomly oriented, then it
. was discovered that there is some increase in ductility
'

relative to a parallel oriented fiber composite.

However, the increase was not as large as could be

& syt
“i

obtained when all the fibers are optimally oriented.
That is, it was found thnt if all the fibers are
oriented at the same optimum angle relative to a

principal stress axis, within a :anée of anale ecual
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f&20°, then the ductility is appreciable without
any important loss in strength. It was also féund
‘that if all the fibers are oriented 90° to one
Principal stress axis than there is appreciable
ductility but no important strengthening relative
to the strengthening that can be achieved if the
fibers are all oriented parallel to that stress axis.
That is, the maximum strengthening occurred
with parallel fibers; the maximum ductility with
perpendicular fibers, e
The application of these concepts to the design
"of a composite maferial for a structural application
is as follows. The specifications for the use of a
material in any particular application usually
specify a minimum ductility and a minimum strength.
The principal stresses in the application are generally:
knowg. Knowing the curves showing tensile elongation
as a'funccion of the volume concentration of fibers
orientation and fiber concentration that will satisfy
the minimum specifications. Thus, from these
consiéeratiqns it is apparent that no particular fiber
orientation can be specified which will be applicable
-for all applications. However, it is also apparent
that choice of a.fiber orientation of 45° relative to

all tensile principal e+vess directir=e will usualle
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satisfy most conditions,

It should be noted that all the fibers need
not be oriented in the same direction to satisfy
the ductility condition. 1If only one of the three
principal stresses is in tension, then the fibers
can be qQriented at any direction that is at the
desired angle to the principal stress axis. in
this case if all the fiber di;;étions passed through
one point they would generate a cone with a half angle
- of the said desired angle, and an axis parallel to the
~ principal stress axis. If two principal scresses
are in tension, then the orientation of the fibers
depend upon the properties desired. An anisotropic sheet .
material can be produced by dlféning a portion of the =
fibers along one direction and the remaining‘portion
along a dicection nearly perpendicular to the first,
«Yth of which directions lie'in the plane determined
bylthe-two principal stresses (the plane of the sheet
for sheet material). In this anisotropic material
the ductility of the fiber directions will be nil .
and increase to a maximum in some other direction
between the two fiber directions. However, an
‘isotropic ductile sheet material can be wmade by
having no fiber direction in the plane of the sheet.

As will be described later, this can be achieved by
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the stacking of helically wound cylinders of
fibers, alternate layers having nearly
perpendicular intersecting cylinder axes or
by the weaving of helically wound cylinders of
fibers, or by the stacking of' alternate layers
in which short fibers lie at 45  to the plane
of the sheet of helically wound cylinders of.fibets,
and in which the line of intersection of the plane
that contaios the fibers and is 45° to the sheet
with the plane of the sheet is rotated by 90° on
progressing from one layer tothe next in the
- stacking of layers.

A method of producing the desired fiber
directions in a cylindrical part requiring uniaxial
strength and ductility is to wind the fibers about

_the axis in a avuble helix (a right hand and a left
handed helix), much as the way a spool of thread

fis wound on a core. Inboth cases the helix angle

~is at the desired value. In the latter case, the -
resistapce to shear between alternate helices is
greater ghan in the former case with consequent

loss in ductiiity. However, the ductility in both

of these cases is likely to be low. In one particular
case, for a siqgularly wound helix of continuous

fiber (6% by volume) in a tin matrix, an elongation
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to fracture of 4% was obtained at a tensile
strength of 14,000 psi. a

Another meihod is to use fibers which are longer
than about one centimeter and which are stackéd in
the desired directions by oriented feeding and
stacking of the fibers either along helical surfaces

or conical surfaces oriented at the desired angle

relative to the specimen axis.

REFERENCES:
1. D. L. McDanels, R. W. Jech, and J. W{ Weeton,
- A.S.M. Fall Meeting, 1959.



TABLE I

FIBER PROPERTIES

"

FIBER STRENGTH SOFTENING SPECIFIC COEFFICIENT OF THERMAI,
PSL TEMPERATURE °F GRAVITY  EXPANSION in/in/°F _
Fr—z-glags 690,000  1700%F 2.53 - 2.33 x 1276
Fused Quartz 250,000. '2000°F 2.20 0.31 x 10~
Fiberfrax . 180,000  13240%F 2.73 3.44 x 1076
Kaowool 420,000  3240°F 2.70 3.44 x 10°°
‘Byrex wool 406,000  932%F - 1.67 x 107°
TABLE 2
Tin Tin 4 6% Fibers (ch)
Yield Strength (0.27) 1,300 9,300 |
T?nsile Stxength 2,200 13,600

- Elongation (%) 4530 | 4.0
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