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ABSTRACT

A new method to fabricate continuous graphite fiber reinforced aluminum
alloy composites has been developed and the tensile properties of the com-
posites have been investigated. Composites with 601, 201 and 7178 alloy
matrix containing up to 19 volume per cent of Thornel 50 graphite fiber were
studied.

These composites showed lower tensile strength values than the expected
values from the "rule of mixture". A theoretical model is discussed in order
to understand the tensile properties of these composites. In this mechanism,
graphite fibers are thought to be broken continuously one after another at
maximum loading point of ultimate tensile strength during the tensile test.

A further attempt has been made to improve the tensile strength of these

composites, based on the above theoretical work.
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1 INTRODUCTION

I-1. General Background

Over the past 15 years, much research has been carried out in attempts
to realize in practice the greater potential of high performance fiber rein-
forced composites. The fiber reinforcement has been considered for the
strengthening of weak plastic materials, such as resin and some metals. The
incorporation of strong fibers into ductile metal matrices has been shown to
bring remarkable increases in the strengths of these metals by some theor-
etical and experimental work of the early period in the metal matrix composite
history.

An important simple expression for the composite tensile strength and
tensile modulus, so called "rule of mixture", was derived in such work (1)
and it has been quite often used to discuss the tensile properties of various
kinds of fiber composites. In this "rule of mixture", the tensile strength
and tensile modulus of a composite are expressed as the combination or sum-
mation of contributed amounts from fibers and the matrix, to these properties.
These contributions from each component are taken to be proportional to their
volume fraction in the composite. This rule was derived assuming the overall
fracture of fibers at the same time. The detail of this expression is dis-
cussed in a later section, IV-1.

Metal matrix composites are distinguished from the extensively developed
resin matrix composites by virtue of their metallic properties. The main
advantages of metal matrix as compared with resin matrix are summarized as
follows:

a) The strength of metals is greater than resins

b) Metals have higher tensile modulus than resins



c) Metals possess electrical conductivity and the thermal conductivity
of metals is higher than resins
d) Metals possess greater high temperature strength.

3

Commonly used resins possess tensile strength values of 7-15 x 10 p.s.i.

6 p.s.i. The density of resin (1.25

and tensile modulus of 0.4 — 0.7 x 10
gr/cc) s very'1ow compared with metals, so that points a) and b) are not

definite advantages of metals when the composites are used for weight critical
applications. Resin matrix composites are available only for room temperature

use. Therefore, a definite advantage of metal matrix composites for structural

material is their high temperature capacity.

I-2. Previous Work on Fabrication Techniques

Various kinds of fiber composite fabrication techniques have been devel-
oped so far. These fabrication methods can be classified as shown in Table 1.
Most of these methods, except the unidirectional solidification method of
eutectic alloys, are thought to be combinations of two processes, the fiber
alignment process and the consolidation process. In the consolidation process
of these fabrication methods, hot pressing (H.P.) and liquid phase hot pres-
sing (L.P.H.P.) techniques are commonly. adopted in order to prevent fiber
damage. Most of these methods are not used for commercial composite production
because of the cost or because of certain problems in each method as mentioned
in the following pages; however, they are applied to fabricate composite
specimens shown as examples in this table, successfully only for experimental
purposes. The application of the plasma spraying method for SiC coated boron

filament aluminum matrix composites is a representative example of commercial



Tab]e 1. Fabrication Techniques of Metal Composites

Applied Examples

Method of

Method of Fiber
Alignment Matrix ' Fiber Consolidation Reference
Deposition
Chemical Vapor Al Graphite Fib. H.P., L.P.H.P. 2
Deposition Ni,NiCr A1203Sic Whisk. H.P. 3,4
Electro Co- Ni A1203Sic Whisk. C.P., H.P., L.P.H.P. 3,5
Deposition
Electroplating Al Graphite Fib. H.P 6
Al Boron Fil. H.P 7
Ni A1203Sic Whisk. H.P 3,7.8
Electroless Ni Graphite Fib. H.P 9,10
Plating Co Graphite Fib. H.P 10
Plasma Spraying A1(Alloy) Boron Fil.(SiC Coaoted)  H.P 1.5
Ti Boron Fil. H.P 5
Metal Matrix
Unidirectional Sol- Al A13Ni ) 12,13,14
idification of Cb CbaC 15,16
Eutectic Alloy ﬁ? ﬁn]5T1 L solidification };:}g
Co-Cr  (Cr,Co)7C3 20,16
Ni3Al NigTa 21,16
Ni Nb J 22,16
Infiltration A1(Alloy) Graphite Fib. ) 23,24,25
Ag A1203 Whisk. e aea 26,1,3
Al(All0y) A1203 Whisk. [ Solidification of 27.3
Ni{Alloy) Al1203 Whisk. 7,3
Cu W Wire 28,1
Al Boron Fil. ’ 31



coated Whiskers and
Mdatrix Powder in
Magnetic Field

Applied Examples
Method of Fiber Method of
Alignment Matrix Fiber Consolidation Reference
“ Solid State Matrix
. Short
Ea;;g?lon of Powder Al Graphite Fib. 29
Al Si3N4 Whisk. Diffusion Bonding 3
Hastelloy W Wire 7
Alternate Pile up of Al Graphite Fib. L.P.H.P, 30
Metal Foil & Fibers Al Boron Fib. H.P. 7,32
Ti-6A1-4V Boron Fil. H.P. 7
Clad Wire , Ti-6A1-4V Be wire Mechanical Deformation 33
{matrix block with and Diffusion Tonding
holes for wires)
Slurry or Slip of Powder
Matrix
Spinning, Extrusion Ag,Fe,Ni S1'3N4 Whisk. Burn Off Organic 34,3
Drawing of Mixture of Al Alloy Sic whisk. Component and 35,3
Metal Powder, Whisker Cu,Mg Sic whisk. H.P. or L.P.H.P. 36,3
and Carrier Solution
Filtering Slurry and Ni,Cr SiC Whisk. L.P.H.P 38,3
Settling out of Ni- Al Alloy A1203 Whisk. el 37,3



productions (11).

The chemical vapor deposition method seems to be the most expensive
process among other methods in this table. This process usually involves the
use of halide gas of the matrix metal, so that there is a limitation on the
variety of applicable matrix metal for this process. The number of fibers in
a bundle which is produced in this process is also limited. In order to obtain
a uniform coating film on fiber surfaces, good penetration of the gas into
the bundles is necessary.

The electro co-deposition, electro plating and electroless plating
methods often form small pores in the metal matrix when rather fine fibers
1ike whiskers of graphite fibers are used. Solution is often trapped in these
pores, so that it is rather difficult to eliminate these pores by the subsequent
consolidation process.

The plasma spraying method can be adopted only for large diameter con-
tinuous fibers 1ike boron fibers (11). Melted metal powder is sprayed contin-
uously on the fibers aligned on a thin tape of the same metal.

The unidirectional solidification method of eutectic alloys has been
extensively studied because of the high potential to produce high temperature
resistance metals for gas turbines etc. (39). Not only the fibrous eutectics,
such as (Cr,Co)7c3 reinforced (Co, Cr) eutectic alloy, N13Ta reinforced N13A1
alloy and NbC reinforced Ni alloy, but also the lamellar eutectics, such as
N13A](76—N13Nb(8) eutectic alloy were reported to possess higher strength and
more creep resistance than the so-called "super alloys" (16). These types of
composites have been expected to be suitable for high temperature applications
because of the thermodynamic stability in the eutectic systems and the small
effect of grain boundaries due to their large columnar structures. This

process has advantages of easy fabrication; however, the alloys are Timited to



the eutectic alloys which can form suitable second phase and the volume
fraction of reinforcements is limited consequently. The infiltration method
is used for composites using small diameter fibers. The matrix metal must
have good wetting property with the fiber in this method. In order to prevent
the degradation of fibers by chemical attack, the proper control of infil-
tration condition is necessary. Graphite fiber aluminum alloy composites

were successfully fabricated by this method (23)(24)(25).

The powder matrix extrusion process tends to damage fibers. The matrix
foil process is suitable for rather large diameter fibers which can be easily
handled and aligned. It seems to be difficult to increase the fiber volume
fraction of composites and control the fiber spacing uniformly by this method,
especially in the case of fine fibers like graphite fibers. Clad wire process
can be used only for ordinary metal wire of high ductility. |

Finally, two methods based on metal powders in an organic solution were
developed to align fine whiskers in a matrix with 1ittle damage to them. In
the first method, the green composites are fabricated into a strand shape by
some mechanical deformation, such as extrusion. The organic components of
the slurry are burned off prior to hot pressing.

In the second method, green composites are fabricated into the shape of
a mat by settling out and filtering the slurry. Prior to the settling process,
whiskers are coated with magnetic metal in order to permit high alignment of
these whiskers by magnetic force during the process. This process seems to
have some difficulties to obtain uniform distribution of fibers through the
total thickness of the mat because of a large difference in the settling
speed of these two materials.

Boron fibers have already been successfully incorporated into metals such



as aluminum, magnesium and titanium. The applications of these composites

are limited to special fields because of their high cost. The main potential
advantage for graphite fiber composites is the much lower fiber cost. As a
matter of fact, large amounts of graphite fibers have been used in resin matrix
composites, such as golf club shafts and turbine blades which must have high
stiffness (Young's modulus) - weight ratio. The future progress of graphite
fiber metal matrix composites greatly depends on the development of reliable
and low cost fabrication techniques.

It is very difficult to fabricate metal matrix composites with graphite
fibers because of the small fiber diameter (6-9u) compared with boron fibers
(100-1254u). The alignment and consolidation processes for such fine fiber
composites have to be carefully designed in order to prevent any mechanical
fiber damage. The chemical attack at the fiber-matrix interface may also give
severe damage to the fine fibers, if the fabrication process involves high
temperature operations. As a matter of fact, nickel, cobalt and steel
dissolve graphite at high temperature and degrade the fibers. Copper is expec-
ted to be a good matrix because of the Tow carbon solubility; however, not
many studies have been done with copper due to its high density relative to
aluminum, and its limited range of high temperature use comapred with nickel
and cobalt.

In recent years, aluminum or aluminum alloys have been thought to be the
most promising matrix for graphite fibers because of the high strength and
stiffness to density ratio. Aluminum is one of the carbide forming elements;
however, the graphite fiber aluminum composites are expected to be used safely
at the practical long time service temperature which is much lower than the

carbide formation temperature (>500°C).



Aluminum carbide formation on the surface of PAN Type II* fibers in
pure aluminum composites produced by powder metallurgical process was first
observed and measured by G. Blankenburgs (29), using a quantitative X-ray
technique. Fig. 1 and 2 show the carbide formation of various temperatures
and various times.

P.W Jackson (40) also studied PAN Type I*fibers coated with aluminum by
chemical vapour deposition. Tests on specimens held at 500°C for one day
exhibited no noticeable loss in room temperature strength of the coated fibers.
On the other hand, the apparent degradation of the coated fibers at higher
temperature than this was recognized as shown in Fig. 3. It was concluded that
the fiber degradation was caused by the chemcial attack of the fiber surface
by aluminum at such high temperature.

Such chemical reaction suggests good wetting between these materials.

The infiltration process was finally applied to Thornel 50 graphite fiber 13%
silicon aluminum alloy composites successfully by R. Pepper, J. Upp, R. Rossi,
and E. Kendall (23) (25). This process has been expected to be a practical
fabrication process because specimens fabricated by this process exhibit much
higher values than any other fabrication process and sometimes even higher
values than the values according to the "rule of mixture". The real reason
for this remarkable strength increase is still unknown.

Although many kinds of high modulus graphite fibers are being produced
by manufacturers, only a few have been used for metal matrix composites. They
can be classified into some categories, of which properties are shown together

with other reinforcing materials in Table 2.

*
(Type II: High strength type; Type I: High modulus type).
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Table 2. Typical Properties of High Modulus Graphite Fibers Compared with

Other Reinforcing Materials.

Ultimate Tensile* Tensile* Density Diameter

Reinforcement Strength x 103p.s.i. modulus x 106p.s.1. 1b/1n.3 U
Graphite Fibers

Rayon-base

Thornel 50 275 — 320 44 — 55 0.06 6.6

Thornel 75 350— 385 70 — 80 0.065 6.0

PAN-base

Type I (High

modulus type) 225 — 275 55 — 60 0.072 7-9.7

Type II (High

strength type) 325 — 375 32-38 0.063 7.6-8.6

Other Reinforcements

Boron filament 400 — 500 55 — 60 0.092 100-150
Beryllium wire 150 — 200 3% —40 0.066 100-250
Tungsten wire 550 — 600 48 —52 0.7 50-100
Aluminum whisker 4000 62 0.14 1-10
Silicon carbide _
whisker 3000 70 0.12 1-10

(* Measured on single fibers).



12

1-3. Previous Work on Strength of Graphite Fiber Aluminum and Alloy

Composites

A study on graphite fiber aluminum composites was reported by A. Morris
(30). Specimens were fabricated from PAN Type II fibers and aluminum foils,
using a liquid phase hot pressing technique. The ultimate tensile strength
values, O » as a function of fiber volume fractions of these composites are
plotted in Fig. 4. The values are highly scattered and considerably lower
than the expected values from the “"rule of mixture".

P. Jackson et al. (2) fabricated PAN Type II fiber aluminum composite
specimens by the chemical vapour deposition process, using Tri-isobutyl alum-
inum. The tensile strengths of these composites are shown in Fig. 5, for
various fabrication conditions, as a function of the fiber volume fraction.

In spite of considerable effort to satisfy the requirements of low porosity,
minimum chemical attack, minimum fiber breakage and uniform fiber distribution,
the tensile strengths of these composites were well below "rule of mixture"
levels. On the other hand, the tensile modulus of these composites were gener-
ally close to the expected values. It was suggested that a further mechanism
was operating in keeping strength levels down.

Pepper et al. (23) (25) fabricated samples by the infiltration technique
as mentioned earlier. After multiple chemical washing, Thornel 50 graphite
fiber bundles were infiltrated in a batch process with 13% silicon aluminum

alloy. The mean tensile strength value of 106 x 103

p.s.i. was obtained with
289 fiber volume fraction and this value was unaffected by 20 thermal cycles
between -193°C and 500°C. As mentioned earlier, this value compares favourably
with that expected from a "rule of mixture" calculation.

In their following studies, pure Al, Al-7Mg, A1-7Zn and A1-13Si alloys

were used to fabricate composites with Thornel 75 graphite fibers. The results
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of this work are shown in Table 3. The tensile strength values are again
lTower than "rule of mixture" values and scattered very much.

Further work on the composites of continuously produced infiltration
composite strand was done by R. Pepper and R. Penty (24), using A1-13Si (A13),
A1-10Mg (220), and A1-1Mg-0.6Si (6061) alloys with Thornel 50 graphite fibers.
The tensile strength values are again lower than the "rule of mixture" values
and still scattered in very wide region as shown in Fig. 6.

These composites fabricated by infiltration process usually possess higher
ultimate tensile strength than the composites by other processes; however, the
distribution of the fibers in the matrix of the infiltrated composites is not
uniform. This non-uniformity seems to originate in the hot pressing die con-
figuration which involves the use of filler metal foils among composite wires
as shown in Fig. 7 (25).

The fiber distribution of these composites must be seen as a bundle

structure.

I-4. Purpose of Present Work

The infiltration technique of aluminum alloys developed by R.T, Pepper
et al. led to remarkable progress in the fabrication of graphite fiber aluminum
composites.

The major advantage of this process includes low fabrication costs, min-
imum fiber damage, and potentially high strength. The achievement of uniform
fiber distribution is difficult, making theoretical modeling awkward.

The strength values actually achieved are scattered in a very wide range
and much lower than the theoretical values calculated according to the "rule

of mixture".



Table 3. Tensile Properties of Various Aluminum-Alloy-Thornel 75 Composites (25)

Strength
Volume Average Number Low High Average Modulus
Matrix Specimen Percent 2 of Value Value 2

Composition Condition Fiber MN/m p.s.i. Samples (psi) (psi)  (GN/m") (psi)
Commercially- As-infiltrated 32 68 99,000 8 65,000 116,000 178 25.7

pure aluminum Pressed 35 65 95,000 7 85,000 104,000 147 21.3
Aluminum-7 w/o As-infiltrated 32 71 103,000 7 59,000 132,000 166 24 .1

zinc Pressed 38 87 126,000 10 102,000 155,000 190 27.5
Aluminum-7 w/o As-infiltrated 31 68 93,000 4 87,000 124,000 195 28.1

magnesium
Aluminum-13 As-infiltrated 22 55 80,000 7 73,000 88,000 165 23.8

w/o silicon

Gl
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The reason for the difference between experimental results and theor-
etical values has not yet been fully understood. A different mechanism from
the "rule of mixture" might be operating on the tensile fracture of these
grabhite fiber aluminum composites. The purpose of the present work is to
investigate the mechanical behaviour of the composites and to make a theor-

etical model which can correlate with this behaviour.
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II EXPERIMENTAL PROCEDURE

I1I-1. Preparation of Composite Specimens

Three kinds of aluminum alloys were chosen as matrices of the composite.
Their nominal compositions are tabulated in Table 4.

The composites were fabricated by a unique method which was designed to
obtain statistically or macroscopically homogeneous fiber distribution in the
matrix. The statistical homogeneity of fiber distribution is necessary for
the present work on fiber strengtheniﬁg mechanism. The overall fabrication
process in this method is outlined in Fig. 8.

Blended powders of each alloy composition were prepared from under 500
“mesh powders of aluminum, silicon, magnesium,and copper shown in Fig. 9. These
blended powders were mixed well together with denatured a]éoho] tp make a
powder suspended thih E]ip.

Thornel 50 graphite yarns were washed in boiling distilled water for
about two hours to diéso]ve the P.V.A. coating film applied by the manufactdrer
in order to reinforce:the yarns and avoid their degradation during hand]ing;.
After the fibers were'dried and untwisted, they were bundled and the top of-
the bundles were glued with epoxy resin. The number of fibers in each bundle
was varied from 76,060 to 228,000 dependfng on the fiber volume fractions which
~were desired in the final product. The number of fibers in one bundle is
Timited by_geometric;i factors related to the diameter of the outer glass
tube. Too many fibers prevent their free movement and adequate separation
during the subsequen£ powder penetration. On the other hand, some bundles
were prepared from original twisted yarhs without untwisting them in order to

obtain bundle structufe fiber distributions in the matrices.



Table 4. The Nominal Composition of Matrix Alloys

Alloy Heat Treatment Mg o Si9, Cu % In % Al %
601 T4 (Solution Treatment) at. 1.11 at. 0.58 at. 0.11 ) at. 98.20
: wt. 1.00 wt. 0.60 wt. 0.25 wt. 98.15
201 . T6 {Age Hardened) - at. 0.46 at. 0.79. at. 1.92 _ at. 96.84
wt. 0.40 ~wt. 0.80 wt. 4.40 wt. 94.40
7178 76 (Age Hardened) at. 3.15 ) .at. 0.80 “at. 2.95 at. 93.00
wt. 2.70 wt. 2.00 wt. 6.80 .wt, 88.50
Density of Each Element, ¥/cc 1.74 2.32 8.96 7.14 2.70
Table 5. Properties of Thornel 50 Graphite Fiber
Tensile Strength* p.s.i. 275 — 320 x 10°
Tensile Modulus* p.s.i. 44— 55 x 10°
Density 9/¢. 1.66
Elongation at Break % 0.6
Equivalent Diameter u 6.6
No. of Fibers/ply 720
2

Plies/Yarn

(* Measured on Single Fibers)

6l
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The fiber bundles were interpenetrated with the blended powder slips
using a device designed specially for this purpose. This device is schematically
shown in Fig. 10. The outer glass tube (A) is filled with the slip after a
fiber bundle (B) is connected to a rod (C) with a spring (D) and inserted into
a glass sheath (E) which moves up gradually from the bottom of the bundle to
the top with vertical vibration during the operation. A drive and vibrator
assembly at the top of the unit‘causes vertical vibration of both the connecting
rod and the glass sheath. |

The powder starts to interpenetrate into the bundle and settle among the 
fibers opened by these vibrational movements of the rod and the sheath tube.

The slow upward movement of the sheath tube .makes more complete interpenetration
of the powder partic]eg among the fibers possible. After sedimentation of

the powder particles proceeds, additional charge of slip is poured into the

glass tube three .or fod? times.

Green composites which were produced by this operation are pushed out from
the outer glass tube. 'These green composites contain more powder at the
boundary of the original plies than at the inside, because, even if the p]ies:
are untwisted, they st{1i have a tendency to twist back and keep the original
twisted form slightly. vTo'remove the extra powder particles from these areas,
the green composites are_transferred to a;vibrating.boat containing a small
amount of alcohol (seeffﬁg. 11). The distribution of fibers among the powders‘
becomes more uniform by this separation treatment. This process is repeated _.
a few times, turning thé specimens upside down until the amount of f]owed out .
powder becomes very 11t£1e.

The green composites are then transferred on to a flat plate to be pressé&
into a rectaﬁgu1ar secfibn. Alcohol was half evaporated and Camphene was -

infiltrated into the green at around 50°C in order to reinforce the green com-—
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posite; (however, this process is not necessary if half dried green com-

posites are handled very carefully in the following processes because such com-
posites have enough strength for handling as long as they are wet). The<xxnposﬁes
were cut into short lengths to fit the hot pressing die shown in Fig. 12, and
pieces which contained defects were abandoned. A1l of the numerical values

of factors in this fabricating process are tabulated in Table 6.

These pieces of green composites were then hot pressed in following
process. The organic constituent was gradually evaporated under low pressure
at around 150°C in the die which was set in a hot pressing chamber. The degree
of degassing was checked by a thermal gauge. After this degassing treatment,
pressure was applied stepwise at the rate of 25 psi/min. at the temperatures
shown in Table 7, in Hydrogen gas atmosphere until the maximum pressure 600
psi.was obtained. The contents of the die were kept at these temperatures
under the pressﬁre of 600 psi for one hour. During this period, partial
melting of the powder occurs forming a liquid phase which easily infiltrates
among fibers. Unreinforced alloy blanks were also fabricated in this hot
pressing'process from blended powders. These blank specimens were used to
obtain a basis for fiber strengthening effect.

These hot pressedicomposite or blank specimens were then machined to thé':
shape of tensile testfépecimens and heat treated to acquire different mechanical
properties. The temperature and time for each alloy are also tabulated in TabJé
7. Steel stocks were attached to these heat treated specimens with Eaétman
Kodak 910 in order to protect the specimens from the grips bf the tensile

test machine, as shown in Fig. 13.



Table 6.
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Numerical Values of Controlling Factors in Interpenetration Process

Weight of Blended Powders in Slip for one charge
Volume of Alcohol in Slip for one charge

Number of Plies in a Bundle

Moving Speed of Sheath

Frequency and Amplitude of Bundles Vertical Vibration
Frequency and Amplitude of Sheath

Diameter of Sheath

Diameter of Qutside Glass Tube

30 gr

400 cc

100 — 300

About 6 inch/hr
60 c/s. 0.2 inch
60 c/s. 0.05 inch
9mm  x 7 mm

Tdmm x 12 mm

Table 7. Hot Press and Heat Treatment

60174 20176 7178T6
Hot Pressing Temperature and Time 600°C, 1 hr 5500C, 1 hr 5500C,'1 hr
Pressure Releasing Temperature 500°C 450°¢ 450°C

Solution Treatment Temperature and

0 Lo
Time 520°C,30 min

Ageing Temperature and Time

505°C,30 min

160°C, 18 hr

470°¢,15 min

125°C, 28 hr




27

1I-2. Tensile Testing

Tensile testsat room temperature were carried out with an Instron
testing machine at the cross head speed of 0.02 inch/min, using self
tightening grips. The tensile strength was determined for these specimens.
Due to the very small elongation of the composite specimens (under 1%), it
proved to be very difficult to establish the e]ohgation at failure.

More accurate stress strain curves‘and longitudinal elastic modulus
of several typical specimens were obtained using strain gauge on specimen

surfaces.

1I1-3. Microscopic Observations

After the fracture surfaces were ground and polished, photographs were
taken at a magnification of 114 fimes. The area covered by these pictures
is around 1/7 of the original area on the specimen. The volume fraction
of fibers in each composite was calculated using the numbers of the fibers
counted in these pictures and a nominal va]ue”for fiber diameter (6.6u).

Fracture surfaces and polished 1qngitudina1 sections were observed
with a scanning electron microscope.

The surface of a 201-T6 composite specimen was polished prior to
tensile testing and the deformation mode just before failure was observed

by optical microscopy.
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I1I-4. Micro Probe Analysis

The matrix composition of all specimens was analysed by means of
micro probe analysis. Two counts at each of four points were carried out
in the sections previously used to count the number of fibers. Regions
of the matrix which had been 1iquid during the hot pressing were avoided
in order to obtain representative values.

The tensile test data from specimens which showed too much deviation
of composition from average values were excluded in order to improve the
reliability of the data.

The big scatter of composition among specimens is due to the large
density difference of each of the elements. This was expected since blended
powders were used in the interpenetration process instead of alloy powders.

The densities of these elements are tabulated in Table 4.
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TI1  EXPERIMENTAL RESULTS

III-1. Fiber Volume Fraction

The volume fraction of graphite fibers in each specimen was calcu-
lated using pictures as shown in Fig. 14. Fig. 15 shows the bundle structure
of the 7178 T6 alloy composite which was prepared from original twisted
yarns (1.5 turns/inch).

The fiber volume fraction of each specimen is tabulated together with
the number of plies which were used to prepare each specimen in Table 8.
The average fiber volume fraction is shdwn plotted against the number of

plies per bundle in Fig. 16.

II1-2. Micro Probe Analysis of the Specimens

The matrix chemical composition of each specimen was analysed by
micro probe measurement and calculated using the "Magic" program. Wide
scattering of aha1ysed composition was found as anticipated earlier.

In order to aVéid uncertainties arising from variations of matrix com-
. position, limits wéke established (see Table 9) for allowable compositions.

A1l specimens Tisted in Table 8 lie wifhin these established Timits.

III-3. Tensile Stress Strain Curves

Most of the stress strain curves were obtained directly from the
Instron recorder. A limited number of stress strain curves was obtained by

measuring the strain with strain gauges attached to the specimen surfaces.
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Fig.15. Cross Section of a Bundle Structure Composite, 7178 T6, #39,
10.0% Vf, X 62.
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Table 8. Tensile Test Data of Specimens

) : Ultimate Strain Gauge
Specimen Number Fibre Volume Composition,atomic% Tensile Strength Measurement

. . . 3 . -~
No. Alloy of Plies Fraction, Vf Mg% Si% Cu% Zn% cEx]O p.sf1. éfai1,02, E.

1 60174 0 0 0.9 0.59 0.07 33.8

2 60174 0 0 1.04 0.50 0.09 29.9

3 601T4 0 0 0.78 0.49 0.06 32.1 3

4 60174 0 0 0.87 0.51 0.10 32.8 G~ 18x107ps i
5 601T4 100 4.3 0.89 0.58 0.09 29.0 ‘

6 601T4 100 7.8 0.65 0.47 0.09 33.3

7 601T4 150 6.5 1.00 0.47 0.12 3.4

8 60174 150 6.7 0.82 0.61 0.1 31.6

9 60174 200 8.5 0.94 0.58 0.10 33.6

10 601T4 200 7.8 0.79 9.50 0.07 34.0

11" 601T4 200 7.8 0.74 0.53 0.10 34.1

12 601T4 200 9.5 0.90 0.59 0.07 35.5

13 601T4 250 7.8 "0.62 0.54 0.07 - 32.2 € = .

14  601T4 250 9.3 0.97 0.36 0.15 38.6 { foil~ 0-50%
15 601T4 250 11.3 0.79 0.60 0.10 39.0 Ec =135x0"psi
16 60174 250 12.8 0.53 0.65 0.07 42.4

17 60174 250 14.5 0.78 0.52 0.07 45.1

18 60174 250 14.5 0.63 0.47 0.04 46.5

19 601T4 300 9.5 0.76 0.48 0.07 36.8

20 601T4 300 17.0 0.81 0.38 0.06 45.8 _

21 20176 0 0 0.45 0.44 1.24 58.5 Op=49x107ps1i .
22 20176 0 0 0.41 0.40 1.33 62.5 o =47x103psi
23 20176 0 0 0.58 0.49 1.22 60.5 06

24 20176 130 6.4 0.47 0.69 1.12 64.7

25 20176 150 8.2 0.63 0.66 1.15 69.5

26 20176 150 7.4 0.34 0.60 1.39 66.9

27 201T6 250 8.6 0.40 0.37 1.08 66.8

28 201T6 250 10.0 0.45 0.53 1.04 70.1 €oil= 0.63%
29 201T6 250 12.1 0.28 0.42 1.38 68.8 E. =1534050s;
30 201T6 250 14,1 0.42 0.36 0.85 66.4 ¢ psi
31 201T6 250 17.0 0.50 0.55 1.26 63.2

32 717876 0 0 1.06 0.77  2.19 70.4 %6=56x103os1'
33 717876 0 0 2.79 0.45 2.62 78.2 Ope=56x10°ps 1
34 7178T6 0 0 1.49 0.86 3.39 72.0 Ooe&=56x103ps i
35 717816 0 -0 1.06 0.77 3.81 77.5  Ope=56x103psi
36 7178T6 250 9.6 2.31 0.39 2.14 68.5 .
37 717876 250 12.8 2.62 0.53 2.22 78.1

38 717876 250 13.8 2.38 0.40 2.35 75.7

39 717876 250B* 10.0 1.31 0.88 3.53 83.6

40 7178T6 250B* 12.7 1.08 1.00 3.63 83.8

41 717876 250B* 16.4 1.47 1.00 3.69 88.6

42 717876 250B* 19.0 2.16 0.44 3.74 88.6-

(*B: Bundle Structure)
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Table 9. Allowable Limits of the Matrix Composition

Alloy Mg, at % Si, at % Cu, at % Zn, at %
601 0.50-1.05  0.40-Q,60 0.04—-0.14 -
201 0.20-0.60 0.30-0.70 j.OO-—1.4O
7178 2.80-1.00 - 0.35—1.00 2.10-3.90

The measured strain of composite specimens was always small ( 0.06%).
The Young's modulus of composite specimens derived from these stress strain
curves are shown in Table 8. - These values are in good agreement with the
calculated values according to "rule of mixture".

Some of these stress strain curves are shown in Fig. 17, 18, and 19.
The»stress strain curve of 7178 T6 composite was not obtained because of
the shorfage of spécimens due to the difficulty of controlling a]]oy Com-

position.

IIT-4. Ultimate Tensile Strength

The variations in ultimate tensiie strength, O of each alloy com-
posites with fiber volume fraction, Vf, are shown in Fig. 20, 21, and 22.
The ultimate tensile strength of unreinforced, blank, specimens, Oruts®
and the strength of the alloy at the breaking strain of the fibers, Oh*’
are also plotted in these figures as the points corresponding to zero
fiber volume fraction.

The ultimate tensile strength of non-uniform, bundle structure, 7178

T6 alloy composites is also shown in Fig. 22 to be compared with uniformly
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distributed composites. The ultimate tensile strength of each composite
calculated according to "rule of mixture" 15 also exhibited in these
figures as a dot-dash line.

In all cases, the experimental values are lower than the "rule of
mixture" level, The discrepancy between the experimental and the "rule of
mixture" values becomes more evident as the fiber volume fraction 1nckeases.
This tendency is more prominent in 20176 composites than 601T4 composites.

The tensile strength of the bundle structure 7178 T6 composites is
higher than the uniform composites as shown in Fig. 22. This result suggests
that some other mechanism, which is different from the "rule of mixture",
is operating to keep the strength of bundle structure composites higher than
the uniform ones.

Other curves éa]cu]ated according to a model which will be discussed

later are also shown in these figures,.

III-5. Fracture E]ongation

An aftempt was made to obtain the fracture elongation of specimens by
medsuring the distance between gauge marks on fractured specimen; however,
the results were unreliable because of the difficulty in measuring very .
small elongations and also because of the frequent failure at specimen
shoulders outside of the marks. vFina]]y, the measurement by this method
was abandoned. Only a few data about the elongation of these composite

specimens are available from the strain gauge test data as shown in Table 8.
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I[II-6. Microscope Observations of Tested Specimens

Fractographic observations were made using a scanning electron micro-
scope. The plastic deformation of the matrix at the fracture surface is
prominent. A small amount of fiber pull out was usually observed. Small
voids, which are characteristic of plastic failure, were observed somewhere
on the ridges of the matrix as shown in Fig. 23 and Fig. 24.

The fiber failure zone which appeared on the polished 201T6 composite
specimen surface was observed using optical and scanning electron microscopy,
after straining close to the fracture point. The typical appearance of the
zone surface is shown in Fig. 25. Within the zone, fibers were broken into
small fragments as shown in the scanning electron micrograph at low magnifi-
cation (x200), Fig. 26. The slip lines are observed at a higher magnification
(x 1000) in the grains between fibers as shown in Fig. 27.

The interior structure of this specimen was examined by further polishing
and etching. A fiber failure region around a specimen shoulder is shown as
a marked area in Fig. 28. In this figure, the successive propagation of fiber
failure from the right hand side to the left hand side seems to be 1nterkupted
at a fiber»free (or low fiber density) region. Etched grain boundaries,
and broken and s1ight1y tilted fibers were also observed as shown in Fig.éé.

Fractured fibers can be seen at a considerably longer distance from the
fracture surface in the low V. composite (Fig. 30a) than in the high V.
composite (Fig., 30b). This same tendency is also observed in the case of.
201T6 composites of different Vf values, 6.4% and 17% as shown 1in Fig.}31
(a) and (b).

The broken fragments located closer to the fracture surface have

generally shorter lengths than the fragments located at a larger distance



Fig.23. Fractured Surface of 601T4 Composite, #17, 14.5% Vf,
x 1000.

Fig.24. Fractured Surface of 20176 Composite, #29, 12.1% Vf,
x 1000.
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Fig.25. Fiber Failure Zone near Specimen Shoulder Polished Surface

of a 20176 Composite Specimen, x 32.

Fig.26. Scanning Electron Micrograph Fig.27. Scanning Electron Micrograph of
of Fiber Failure Zone Surface Showing Zone Surface Showing Slip Lines, x 1000.
Broken Fibers, x 200.



Fiber Free Region =«=——_Fiber Failure Zone

Fig.28. Micrograph Indicating Propagation of
the Fiber Failure prior to Failure of the

Specimen, Longitudinal Section, x 32.

Fig.29. Longitudinal Section around the Zone
Showing Matrix Grains, and Broken Tilted

Fibers, NaOH Solution Etch, x 180.
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Fractur Surface

(b)

Fig.30. Longitudinal Sections of Fractured 601T4 Specimens, Showing the
Difference in the Distribution of the Fracture Points in(a)Low Vf (8.5%),
#9, and(b)High Ve (14.5%), #17, Composites, Small Circles Showing Fractured
Fibers, x 100.
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(b)
Fig.31. Longitudinal Sections of Fractured 201T6 Specimens Showing the Difference

in the Distribution of the Fractured Points in a Low Ve (6.4%), #24, and(b)High

Vf (17%), #29, Composites, Small Circles Showing Fractured Fibers, x 100.
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from the fracture surface, as shown in these pictures.

Scanning electron micrographs at Tow magnification (x50) were used
to quantify the fiber failure zone thickness. The quantitative measure-
ments were made of the distance, Bf, from the fracture surface to the
furthest point at which broken fiber fragments could be observed. The
results are given in Table 10. The relation between Bf and the fiber voiume
fraction, Vf, and Young's modulus Ec was examined and this is discussed in
a later section IV-2-iv. Fig. 32 shows the variations of Bf values with

these factors.
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Table 10. Data for Fiber Fracture Zone Characteristics

mein 6 x109psi
Omuts — oh* Ecx10 psi EC )

Aoy FutstQuts ™ VY Ve = Venin (ELVetE Vi) (Ve-Venin) Be inch

60174 0.0446 0.067  0.0224 12.68 25.3 0.17
0.085 0.0404 13.40 8.21 0.06
0.145 0.1004 15.80 1.57 0.02

20176 0.0385 0.086  0.0475 13.44 5.96 0.09
0.10 0.0615 14.00 3.70 0.05
0.17 0.1315 16.80 0.972 0.02

6V
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IV DISCUSSION

IV-1. Rule of Mixture

IV-1-i. Rule of Mixture for Continuous Fiber Reinforced Materials

Since Kelly and Tyson (41) proposed the so called "rule of mixture"
for the strength of composites, it has been quite often used to evaluate
the composite strength. In this rule, the stress on the composite specimen
O is expressed as the summation of stresses which both fibers and the
matrix are supporting at the same amount of strain as shown in Fig. 33.
This relation can be obtained by assuming the same strain in fibers and
the matrix.

o=V O+ VO (1)

Where, O . stress in a composite at a certain strain

: stress in fibers at the same strain

9

. : stress in matrix at the same strain
Ve fiber volume fraction

V_ : matrix volume fraction ( = 1-Vf)

Dividing egn. 1 by a strain, € , which is smaller than the yield
strain of the matrix ey, the rule of mixture for Young's modulus of the

composite, EC is obtained

EC= g/e = Vf O%/G + VmOr}‘/e ‘ (2)
fe.  E = VEHVE g (3)
where, Ef = Young's modulus of fibers
E_ = Young's modulus of the matrix
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If it is assumed that all the fibers fail at the same time when
they reach the failure strain, the failure stress OE can satisfy the
"rule of mixture" condition. Consequently, the strength of the composite,
O.> is given in the following expression as "rule of mixture" for the

composite strength.

= - * :
% = Vs %Futs * Vi (4)

where, Truts tensile strength of fibers

o}; : flow stress of the matrix at the same strain with fiber

fracture.

In the present work, the strength values calculated according to this
equation have been discussed.

When the volume fraction of fibers is less than V fibers are

‘ crit’
thought to be broken successively, i.e. one after another, before the

matrix fails. The maximum strength of such a composite is expressed in the
following equation, because only the matrix is thought to support the load

at the failure point.

% muts (- Vf) (5)

where, Touts ten511e strength of ﬁhe matrix

The critical fiber volume fraction, above which the "rule of mixture"
‘condition is satisfied (if overall fiber fracture occurs), is obtained

from Egn. 4 and 5.

Veerit = (Ol—n B o-m*)/(o—f " On 'Gm*) : (6)

Furthermore,'the fiber volume fraction has to exceed some value

Vmin to strengthenfthe composite. This value is obtained by substituting

52
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the g, in Egqn. 4 W1thcﬁnuts’

Vmin = (cﬁl"cﬁn*)/(c?uts .‘Cﬁn*) (7)

Fig. 34 shows experimental data which were obtained by Kelly and

Tyson to prove "rule of mixture" for the strength of Cu-W wire composites.

IV-1-ii. Strength of Discontinuous Fiber Reinforced Materials

In the case of discontinuous fibers, the Toad on a composite is thought
to be transferred to the fibers through the matrix. The strength of a dis-
continuous fiber composite becbmes close to the strength of a continuous
fiber composite as the aspect ratio,ﬁ?d , (the ratio of fiber length and
diameter) increases.

There are tﬁree theoretical works which can be distinguished from
each other only by the difference of assumptions about the e]asficity or
the plasticity of the matrix (42, 43). In this section, only Kelly-Tyson's
theory (91) is described which is based on the assumption of elastic fibers
and the plastic matrix, because this assumption is mostly applicable in
the case of metal matrix composites. -

Now considef the case where the matrix is allowed to flow p1astica11y.
When a composite:of discontinuous fibers is ¢ressed in a direction along
the fiber axis, dffferent axial displacements take place in the matrix
and fibers, and a;1arge shear stress occurs at the end of the fibers.

Fig. 35 is a modei of a single discontinuous fiber in the cylindrical
matrix. The ]oéd is transferred from the matrix to the fiber only by tﬁe
shear stress at the interface, 'rrz » neglecting any stress transfer acfoss

the fiber ends whfch have small area. The small increment of the load,
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Fig.35. Showing Notation Used in the Kelly and
Tyson's Theory for the Discontinuous Fiber
“Composites (41).
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~Fig.37. Stress Distribution in the Discontinuous Tungsten Fiber Obtained
by Means of Moiré Technique. Applied Stress on the Composite is Low (a)
and High (b) (44) (47). (x: distance from one end of the fiber, d: diameter)
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dP, due to the stress transfer at the small interface area 27Tr0dz is

given by

dP = Zmro Trzdz (8)

Equation 8 integrates to
P= 2mrzT (9)

For a plastic matrix which does not work-harden, T is constant.
If the interface fails, T is equal to the frictional force per unit area
- which the matrix exerts on the fiber as it slides over the fiber. For
work-hardening matrix, T depends on the strain in the composite and is
thought to be identified with the uitimate shear strength of the matrix.
Eqn. 9 means that the stress in a fiber builds up linearly from both
ends as shown in ng. 36. The stress in the fiber at a distance z from

the end, O,, , is expressed by

Tz = = (10)

substituting for P from Egn. 9,

2TZ

Fyz °

The strain in the fiber cannot exceed the strain of the matrix

so that Oy will build up to the value T e provided the fiber is suffic-
iently long. If thé}stress in the fiber, 0y, builds up to the fracture
stress of the fiber Crfuts’ the fiber is broken. The critical fiber

length, T, for this to take place is given by.

T = T/ T (12)
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T/2 is defined as the transfer length. The value of T depends on T .
If T is constant as in the case of a non-work hardening matrix, T is
also constant.
If a condition of fiber length, ¢ ,>T, is satisfied, the fracture
of the composite océurs when O¢ increases to the ultimate tensile strength
of the fiber,

O%uts‘ The average tensile stress, 6} at this loading point

is expressed as follows
~ N
% ='iT ); I72d2
(1 --) | (13)

An equation which expresses the tensile strength of the discontinous
fiber composites is obtained, treating E§ as the stress in the fibers

in continuous fiber composites. From Eqn. 4 and 13,

T = G Ve (1 -T22) +a* v (14)

c m

It is seen from this equation that the strength of a discontinuous
fiber composite becomes cToSer to the strength of continuous ones if
the fiber length, ¢ , is much greater than the transfer length, T/2.

Miura and Okuno's (44) study on the stress distribution of a two-
dimensional Al1-W wire composite by means of the Moiré technique proved
the appropriateness of the stress distribution in fibers in this model.
Their results are shown in Fig. 37.

T, T,and O; are used as important variables later in the following

-+

discussions. The Equation 14 is used to express the strength of the

fiber failure zone.
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IV-2. Propagative Fiber Failure Model for Graphite Fiber Reinforced

Aluminum Alloy Composites

IV-2-i. Ultimate Tensile Strength of Homogeneously Distributed Specimens

The composite tensile specimens of 601 T4 (solution treated), 201

T6 (age hardened) and 7178 T6 (age hardened) alloys exhibited great dis-

crepancy between experimental strength values and values calculated accor;

ding to "rule of mixture" as shown in Fig. 20, 21, and 22. The experimental

U.T.S. values of 601 T4 and 201 T6 alloy composites against fiber voiume

fractions appear to be on broad curves in spite of great scattering.

The scatter ‘of strength values in these experimental results might be.
due to:

a) misorientation of the fibers with the specimen axis. The fibers might
not be aligned properly during the infiltration-sedimentation process;
especially in the case of low fiber volume fraction composites.

b) non-uniform f}ber distribution in the matrix and the contacts of neigh-
boring fibers which may act as defects.

¢) deviations of matrix chemical composition from average values. The
ultimate teﬁéi]e strength of the matrix is dependent on its chemicé]
composition;; The great density difference of each alloy element might
cause great Aifference of settling speed among the powders of each
element in the infiltration-sedimentation process.

d) error in the ééasurement of fiber volume fractions. The micrographsr
which cover only one-seventh of the total specimen section were used

to count the numbers of fibers, so that error of a few percent is

unavoidab]e.'_
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No quantitative measurements were done to estimate the contributions
to the scatter from each one of the above factors.

Generé] microscope observation revealed that the breakage of graphite
fibers occurs in a narrow region close to the fracture edge of the speci-
mens; however, the fibers' failure is in a brittle manner and the matrix
failure is in a ductile manner as expected from the original deformation
characteristics of each material.

This result suggests that most of the plastic deformation of the
“matrix takes place in a limited range from the fracture surface, where
fibers are broken. The propagation of a rather highly strained deformation
zone was observed ‘in specimens being strained to some extent before the
failure as shown in Fig. 25. The segments of broken fibers were also obser-
ved in this zone as shown in Fig. 26, etc. The strain of the matrix in
this zone is higher than the matrix of the other part of the specimen as
shown in Fig. 27.

From these results, it may be said that such a highly strained zone
propagates over the section of the specimen, breaking the fiber successive]y
at the tip front df the zone, during the tensile test. Such successive
failure of fibers in the matrix has been observed in boron filament rein-
forced aluminum composites by J. Steele et al. (45). 1In the present work,
the model proposed is one in which thé ultimate tensile strength of the
composites corresponds to the accelerated propagation of a fiber failure
zone.

This failure mode of combosites fs quite different from the model
which A. Kelly et al. adopted to establish "rule of mixture" for large
diameter fiber meté] composite like W wire-Cu composites. In the model for

"rule of mixture",Aall the fibers in the composite are assumed to fail at
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once or at an idea]ized condition. The discrepancy in the experimental
strength values and "rule of mixture" values may be mainly due to the
difference between the actual propagative failure mode and the idealized
failure mode in "rule of mixture" model. The observed propagative faf]ure
mode is going to be discussed in mathematical expression in successive

pages, in order to give a possible explanation for experimental results.

IV-2-ii. Energy Criteria of Propagative Fiber Failure for Homogeneously

Distributed Composites.

It is assumed for simplicity that fibers always deform in an elastic
manner and the matrix changes its deformation mode from elastic to plastic
which does not include any work hardening effect when it is stressed beyond
the yield pomt,O‘my, 1,e.O‘m

Yy
As a simple illustration, consider a plate specimen of width w and unit

= oh* in Fig. 38.

thickness containing a small half elliptical zone in which the fibers have
failed into small segments of average transfer length, Tuts‘ The zone
length is expressed as half of the long diameter of an é]]ipse, a, and the
thickness is also expressed as the short diameter, 2b, in Fig. 39. The
strain of the matrix outside this half elliptic zone is expressed as €, and
within this zone as the fiber failure strain efuts’ (Efuts>>6o). The st%ess
on fibers outside‘Of this zone is expressed as O}d, which is lower than-

the maximum stress on the fiber fragments within this zone The

- %uts
average stress on the fragments is %'O?uts‘ The stress distribution on
broken fiber segments in this zone is assumed as shown in Fig. 40. The
stress is transferred from the matrix to the segment through a shear

stress, T, at the interface of matrix and fiber segments. The stress on the
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fiber builds up linearly to. the value O} from the ends of the seg-

uts
ments. For a plastic matrix which does not work-harden T 1is constant.

Ofuts = TTyts/ " (15)

where r : radius of fibers

In other words, fibers are assumed to be broken into small segments which

cannot be broken shorter than this by the further plastic deformation of

the matrix.
The average stress in a segment in this zone, ageg’ is given in the
following expression from Eqn. 13.
Oseg = Ofyts/ 2 (16)

Consequently, the strength of this zone, 0; , is obtained from Egn. 14.

%uts * Ym O | (a7)

During a tensile test, such small half elliptic fiber failure zones
first start to grow at some stress concentrated areas or defective areas
in a specimen as shown in Fig. 41, deviating the actual stress-strain curve
from a curve expected from “"rule of mixture". Some amount of energy, dW,,
is required to grow a zone from the shape of @ and b to g+da and b+dh
Durfng this growth, the load does work,/dL|. A change of elastic energy,
dU , occurs in the region outside of the failure zone due to the shape
change of the zone.

The elastic energy change may be easily understood if we consider the
following special loading system shown in Fig. 42. Fig. 42(a) shows the

specimen strained to the state of elongation Af. The area [ ovac
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corresponds to the work which the load did, If this sbecimen is broken
under the condition of fixed grip distance, the two separated pieces
shrink elastically and release elastic energy which corresponds fo the
hatched area AABC shown in Fig. 42(b). If We strain a specimen,i&hich a
fiber failure zone has traversed the cross section, to give the same amount
of elongation,A 2, the load is increased following the stress-strain curve
OY'ED in Fig. 42(c). Consequently, if we assume that the same fiber
failure zone (which traversed the section) of thickness 2b, is formed in
a specimen between fixed grips, the load -is lTowered from original, L1 to
the load, L2, which corresponds to Eqn. 17. During this un]oading_under
the fixed grip cbhdition, the regions outside of the zone shrink elastically
releasing energy which corresponds to the area AAED in Fig. 42(c). In
the case of half elliptic fiber failure zone, some elastic energy which
is a comp]icated»function of the shape of the zone, a and 2b, is re]eased
from outside of the zone in the same way as the case of Fig. 42(c). |

We let dwt be the total free energy change of a specimen due to the

formation of half elliptic fiber failure zone. Then dW_ is givén by

t

dWy = dL + diz + dU (18)

When one of the zones grows up to a critical size, the summation of the
potential ‘energy change of the load,dL, and the elastic energy change, dU,
can be big enough to supply the formation energy of the zone, dW,. The

energy balance at this critical point is given by
di, = dL + di, + dU = 0 (19)

Once this relation is satisfied, the zone can start to grow quickly without

any extra energy supply from outside of the specimen. In other words, the
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propagation of the zone is accelerated beyond this critical point which
corresponds to the strongest state of the specimen, i.e. ultimate tensile
strength point. After this acceleration takes place, the fibers are

quickly broken into small segments in this zone and abruptly Tower the
supporting load. The fracture of the matrix occurs successively right after
the traverse of the zone. The further plastic deformation leading to the
failure of the matrix is thought to take place at only limited local regions
around the broken fiber ends in the zone. The stress strain curve around
the fracture point may be shown schématica]]y as in Fig. 43, if we
exaggerate the load drop. \

- For simplicity, the fhickness of this zone, 2b, is assumed to remain
constant after the zone starts to propagate quickly. The grip distance is
also assumed to remain constant during this quick propagation, because
the cross head speed of the testing machine is very Tow (0.02 inch/min.)
compared with the propagating speed, (i.e. the fixed grip condition). )
Consequently, the Toad does not do any work, so that dL = 0. The total
energy change, dwt; has to decrease with the increase of zone length, g,
in order to propagate without any extra energy increment from outside of
the specimen. Then, the critical condition af which thé zone can start to

propagate spontanebusly is stated as the following expression

e Uy (20)

da - dq =0

This statement is obtained by following the Griffith (46) theory for an
elliptic crack in a brittle material.
If the length df zohe exceeds the critical value at whicthqn. 20

.is just satisfied, ‘elastic energy released is more than sufficient
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to provide the increment of free energy in the zone, so that the rate of
propagation is accelerated.
It is necessary to describe U and W, in terms of the experimental

parameters.

(A)  The free energy incfement in the fiber failure zone, W,, Fig. 40,

shows the schematic stress distribution in a fiber when it is broken in the
zone, where To is the stress transfer length outside of the zone. When
fibers are broken in the_Zone, the stress distribution changes from the

solid Tine to the dotted 1ine, releasing extra elastic energy to the surroun-
ding matrix. On the other hand, work is required to break the fibers, and
strain the matrix in the zone. w; can be derived as the summation of these

terms.

a) The work per unit thickness, wm, necessary to deform the matrix in the
zone from € , the strain in the matrix outside of the zone to efuts; the

fibre failure strain, is

mab *
= 2220 g% (e. - €
W = Vi 2 m futs <o)
: mV,ab o (O%uts ) Ufo) (21)
2Ef

b) The work, wf, necessary to strain the fibres in the zone from 60 to

6 N
futs '°
2 2
W, = Ve (C¥uts %o )
f

Tab (22)
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c) The released elastic energy from the broken fibres, wr, is expressed
as the difference between the elastic energy of the fibres before their

failure and after their failure.

e = Wpop + Wopy (23)
where, Wbef : elastic energy which the fibres in the zone possess
before breakage. _
waft : elastic energy which the fragments of the same fibres
in the zone possess after breakage.
Vi T ab Gihi Vp o T @2
Wbef = + 9 0 (24)
4E¢ 2E;
r a. T 4 Of
Where , To = ——10— = -uts fo
T Otuts
Then,
Vi T ab Tg Via Ty O
a
Wpet = f futs + f uts ~fo (25)
4 Ef 2 Ef Ttuts
b > Tuts ,
7a 2
= o(z) €(ndz
To
2
+ Vg a 2£ fopral=ra's):
2.3 2.3
SRVAN { b T T + ____I;lé___}.
2 Tyed Er 3 E;r2
' : 3
Vfa { 2 Tuts Cto } (2
= b — 6)
3E¢ 2 Fits Ofuts
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d) The increment of surface free energy due to the broken fiber ends is
negligibly small and will be ignored below.

The sum of these energy terms must be W, 1n.Eqn. 21.

Wz= Wm + W + W,
{VfGTUfS 3 {Vf’rrcb} {V'TobO'
= —d—1 U Sg5°_ +
fo %o : %o
6 Ef C?ufs

2 . *

{ VfTa b Ofyts Vin 770 bOmOtyts
(28)

L 6k 2E

(B) Elastic energy U, released from the region of the specimen.outside

the elliptic zone due to the formation of the zone.

It is impossible to derive an exact expression for this term lacking
a mathematical analysis of the stress and stra1n in the neighbourhood of
the zone; however, it may be possible to derlve an approximate express1on

for this term by modifying Griffith expression for the elastic released

energy due to the formation of a two dimensional elliptical crack of length

68

2a, in an elastic specimen held between rigidly fixed grips under stress, o .
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His theory was Tater discussed by Knott etal(48) andit was shown that
the assumption of rigidly fixed grips is not essential to the Griffith
energy criterion for brittle fracture. The same criterion is obtained if
the crack propagation is assumed to occur under constant load. In the
case of fixed grips, the external forces cannot do work. The critical
length of the crack.above which it can propagate spontaneously is then det-
ermined by the condition

dwC + dUC =0 (29)

where, dwC : the free energy required for increasing the length of a
crack from 20 to 20 + da,

dUc : the elastic energy released simultaneously in the specimen.

This elastic released energy is giveh by the Griffith expression

: 2\ 4% 2 2
au =-o{ T AL . (30)

in the case of plane strain condition (for thick specimen)

where, V is Poisson's ratio and E is Young's modulus, and by

2 2 2
oL

in the case of plane stress (for thin specimens). In further discussions,
only Eqn. 30 is adopted, because the tensile test pieces in the present work
are thought to have rather larger thickness (1/3 of the width). The
released elastic énergy under the fixed grip condition is shown schematically
as \OAC in Fig. 44.

On the other‘hand, if the crack propagates while the load is kept con-
stant, the load déés work,]dL}, shown as [JADBE in Fig. 44. The elastic

energy is increased by the amount of dulC during this crack propagation, The total
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change in potential energy is a decrease of magnitude Id L1 — le;.

The dUé is half of the dL, as /\BDE shown in Fig. 44, so that half of

the external work is stored és additional elastic energy of the specimen,
and the other half is available for increasing the free energy of the crack

surface, dwc. The critical condition for this case is expressed in the

following equation, ‘
- o _
dL + dUC +‘dwC = dUC + dwC 0 _ (32)
Now the relationship between load, L and elongation, S, is given by
s = CL | | (33)

where C is a constant for given crack length, called the comp1iahce of the
system. As the change in crack length, da, tends to zero, we may treat C

as identical for crack lengths 2a and 2a + do and write,
dS = C dL : (34)

dUC, dUé, are given by the following same expressions, using C.

A ] 1
du_= A0AC= 5 S dL=-> CLdL (35)
dL - dU(/::-dUé: ~A\0AB =-LdS + %Lds :—%Lds :—%CLdL (36)

For an infinistesimally small amount of crack extension, the decrease in
stored elastic energy under the ffxed grips condition is identical to the
decrease in potential energy under the constant load condition.

Egn. 29 and 32 show‘that the enérgy available for crack propagation -at
fixed grips is the same as at the constant.1oéd,-§o that even in the latter

case, we can use Eqn. 30 to .estimate the energy available for the propagation.

- 2. 2
dL - dul= ~du/=—dy =-d {?ﬂlﬂilﬁi—(az+-b2§ (37)
_ E

(for plane strain condition)
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When a composite specimen fails by tension, (i.e. completely separ-
ated into two pieces), under the fixed grip condition, elastic energy which
corresponds to the area 'ZXABC in Fig. 45 is released and the energy
/1 0YAB is stored in the specimen. Although, composites are not perfectly
elastic méterial, if we apply the Griffith released elastic energy expres-
sion for their elastic property, an expression for the released elastic
energy U, during the propagation of a crack in a composite is given by

2) 2 2

(@® + b2) (38)

where, y_ : Poissons ratio of the composite

a. : stress on the composite

Ec : Young's modulus of the composite

When a fiber fa11ure zone traverses the cross sect1on of a specimen
held between f1xed gr1ps, the matrix does not fail, but only the fibers are
broken into small fragments of average transfer length, Tuts’ in the zone.

Then, the stress drops down from the point A (O ), to E ( Ot;). The

crm
strength of the traversed zone, Ci, is given by
N 1 -
%z = Vs qrseg VO = 7 %uts Ve OV (39)

During this un]oadiﬁg from A to E, the region outside of the zone shrinks
elastically and reieases elastic energy which corresponds to the area

AADE. The amounf of this area AAADE is expressed in the following formula
if the gradient of VT“' (i.e., thé Young's modulus of the zone) is assumed

1 E.V. + E V

to be 5 EcVe
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AADE - (O&rm—ojrz) EC -AABC
’ | _ 2

('é'vaf VmEm) Frm
I 2

(= Ve o E

-—=2 f“"s)_L ¢ . AABC (40)
Ferm( Ec—5V¢Er)
where, o&rm : composite strength before fiber failure, calculated accor-

ding to the "rule of mixture".

When the half elliptic fiber failure zone has not yet traversed the
full cross section, the energy which corresponds to AAD'E' is released.
In order to modify the Griffith expression for the elastic fe]eased
energy due to the elliptic crack,‘UCC, to the elastic released energy due
to the half elliptic fiber failure zone, U, we simply assume that U/UCC
is proportional to the ratio of the total elastic energy released when the
crack and zone completely traverse the full cross section (i.e. U/Ucc=

AADE/AABC). U is given by,

2

1- b

2tJ=—7T( V) (0 + b?) (2 0% uts) (1)
- %rm (EC';.VfEf)

Because of the half elliptic shape, U values correspond to the half of
UCc in the case of elliptic shape crack (neglecting the effect of the free

surface of the half plane).
Substituting Ocrm,

2 2 2
U = 7T("'Vz)vf Ofytgl0 +b

){Vfaf‘é )+ Of’u‘rS‘;v—‘f'V U} (42)

n
crm(E =z Vtkp
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From Eqn.20, d( W,tU)/da= 0, differentiating Eqn. 28 and 42 by g,

o which is the stress in fibers outside of the failure zone at the

accelerating point, i.e. the U.T.S. point of the specimen, is given by

the following equation.

3
{ 37r_12_o- o, 3m=v2) Ef o—futs Vf3 a _302 + 203 _
2 (E --Vfo) e 2m Tuts TutsW  Tupew?
b2 ab? } 2 Vm b 4 3ml—V2) E¢ O?‘uts
+ )t Otg +43T=— O g, o F Ve
TotsW  Tyigwe!f “fo { Ve Tutg M-futs® 4 N o2 f
uts utsW f 'uts | (Eg 2VfEf) rm
3 *
302 4d® | 1% 2ab? - 377(!-7/2) Ef %uts 9m |2,
TUfSw ‘TU'I'SW2 'TUfSw -Elfswz 2 E "‘—Vf Ef) crm frm
Tufs Tufsw Tufsw fQ Vf TUfS foS m Tufs foS
3m(I=v3) Ef "fut3s [ Ts( a b2 ) +
4 (E ! Vf f) Crm f fu Uf W ZTUTSWZ
e . gn:( ..302 + b2 ) '+2V2 0_2*_Q_ ]} =0 (43)
ut _:Tu'rsw TutsW m%%m Tuts |
O— " .
WREre, 0= g Opo(1= =) + V245G + Vi o (44)
_ %
Ocrm = Ryt + OmVm (45)

- The strength of the composites can be calculated from Eqn. 44, using the

Tz, values obtain_éd from Eqn. 43,
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IV-2-iii. Improvement of Tensile Strength in Bundle Structure Composites

Graphite fiber reinforced 7178 T6 age hardened alloy composites which
have non-uniform, bundle structure, fiber distribution in the matrix as
shown in Fig. 15 exhibited higher ultimate tensile strehgth than uniformly
distributed composites. The result was shown in Fig. 22. The increase of
the strength may be attributed to the existence of the fiber free regions
between fiber concentrated bundles.

These fiber free regions can work as obstacles against the propagation
of the fiber failure zone through two possible mechanisms. The thickness of
the half el]iptic'fiber fai]uré.zone'may be enlarged from 2b to 2h at this
fiber free region consuming extra energy as shown in Fig. 46. 1In addition,
such fiber free zone may also act to increase the curvature of the advancing
ha]f elliptic zone, thus decreasing the stress concentration at the tip.

In the present case, only the first po1nt will be discussed.

Let the average fiber vo]ume fraction be Vf, the average matrix vo]ume
fraction ¥ m? the f1ber fraction in a bundle, Ves the matrix volume fract1on
in a bundle, Vi and the total number of bundle groups, G, in the cross
section of width W énd unit thickness. Then we can obtain the following

expressions from the geometric relations shown in Fig, 46.

V, 2 '
L -5 (46)
Vf d
»
_ D
=12 0 (47)

The number of groups which the half elliptic zone sweeps, G,, is given by
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] Ml | Fig.47, Schematic Stress Strain Curve
1
I !” ' for a Composite Showing Energy Relation-
i
Jf i T ships in Egn. 56.
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Fig.46. Geomét?y of the Fiber Failure Zone in the Bundle Structure
Composite ‘: '
D : thickness of a hexagonal group
d : thickness of a fiber concentrated area
2b: thickness: of the zone (short diameter of the half elliptic zone)
a : advanced .distance of the tip of the zone

* (1ength of the half elliptic zone)

2h: thickness of the zone in fiber free region
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G, = %G | , | (48)
The area of a group, A, is given by

a= 38 92  (49)
Then

w _ _ .
T- A== D (50)

The work per unit thickness, W_ , necessary to deform the matrix

mg
in the bundles and fiber free zones from 60 to €euts is derived in the
following forms., It 1§'thought'that the matrix in the fiber free zone can
be deformed, on average, up to the fiber failure strain, '€futs’ in the

distance of (h —‘b) from the edge of the fiber failure zone.

Yoo

b 2 2 *
Wmg = > G AVmO'n:( Sois €) T 2( h‘_b).Gz;éi(D_d ) O (€tuis €0)
0 O (Guts Tio) d
m\~futs™ {ﬂb vﬁ+.2M—b)O—-—Q} (51)
E 2 O

Substituting for W in Eqn, 28 by this ng, an expression for the
free energy increment in the-fiber failure zone for a bundle structure
composite is obtained. (This corresponds to W, for the case of a uniform
distribution of fibérs). Then, the following expression -for T fo at

the critical condition of zone length, 0, is obtained.
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4 E 2
3 3 b 37 (1-19 ¢ %s gy 3q
oo+ {_v_cr + =277 (1 =V~ v, -
fo ™ 12 " Tystuts™ 2 (Ec—4-TVE,) crcrfn H TutsW

3 2 ; 2
20 bs . } { b 2(h—b) d
- + 0.2 +{60nay + -4+
Tufswz Tufsw Tu1sW2 fo 6 m fUTS[ 2 TUfS Vf TUfS J

4 ‘
3mi-v?3) E¢ %uts v2 30% 443 + b>  2ab?2 +
4 (ERy; oz f (T Totsw2 * Toytgw T w2)
c"% tEf) Scrm uts uts uts uts
3m(I~v?) Ef %fsUm-fZ (29 _ 30 }
2 (E — ?VfEf) O'Crm m Tuts TufsW TufsW fO
b m Ym b 2(h=b) .3_EL_V__)
= TGl o= + = -
{ Tuts fU7 +60_m fmS[ 2 V¢ Tyt VfTuTs Da )]
E¢ a® g b?

fork
(E LV, E¢) o'cfrl:\s vi [vf O?UTS(TufsWZ + 2Tytew © )+ va O-mo-ﬁ”s
¢ 2 VfHf :

302 , 2 a }
+ - +2V O' =0 (53)
( TursW  TutsW ) M Tuts

The strength of bundle structure composites, T.» Can be calculated

from the following equation, using this o-fo values in Egn., 53.

—_— —_ (T' ' —_
O. = Vfofo(l_—%)—i- Vf~~—fé‘4-'-§(—£-)+ Vi O (54)
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[V-2-iv, Estimation of Variables, b and Tuts

An attempt was made to estimate the approximate values of the"
theoretjca1 9ar1ab1es, fiber failure zone thickness, 2b, and stress
transfer length in the zone, Tuts/z’ using scanning electron microscope
1mages of the longitudinal section. ‘

The Tuts values are independent of the fiber volume fraétion, Vf.
Tuts depends only on the fiber-matrix interfacial shear strength. The Tuts
value can be estimated as a slightly 1arger value than the shortest length
of'fragments ‘near the fracture surface in the higher Vf composites, fn
the case of the 16Qér-vf composites, the broken fiber segments are tilted
nedar the fracture surface of speciﬁens as shown in Fig, 30(a). It is
more difficult to Bbtain the.values from the micrographs of lower Vf speci-
mens than the highér Vfiones. The higher Vf composites have straight, non-
tilted, fiber segménts.

The b values cannot be obtained direct]y from the micrographs. b value

can be defined as'5'= nT (where n: the average number of segments of a

uts
broken fiber near the fracture surface). The n values are not constant and
depend on Vf; however, it is also difficult to estimate n values in the .
micrographs of lower Vf specimens, agéin because of the same reason. 'Conse—
quently, for 1ower‘-.\~/f specimens, the b values could not be obtained.from the
micrographs. A treétment to obtain b values for all Vf values using the b
values of the highe} Vf composites is discussed. |
As mentioned befpre in section III-6, the;distance Bf, between the

fracture surface and the farthest point, at which broken fiber segments could

be observed, was meéSured. The relation between Bf and Vf and the Young's
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modulus were examined and given by the following expression

R
2B = K < > _ (55)
Ve-Venin)

where, K: constant

) is the minimum fiber volume fraction which must be exceeded to

fmin
strengthen the composite and expressed in Eqn. 7. Combining Egn. 55 and

7, the following expression is obtained.

(g.—\ o )2 2
t
S LLLLLLL 28f=i2<—(of - Omuts — 0},’;) (56)

2 E¢

If we assume g.* is constant, the right hand side of this equation is
cohstant. This means that the elastic energy necessary to increase the

“stress in the speEimen from V to the ultimate strength of the specimen

m C'frluts
is always constant. This energy is schematically shown as the hatched area
in Fig. 47.

If we assume the theoretical average b value varies directly as Bf, we

can write the following expression

— (57)

7
V¢-Vemin)

where, K': constant

The proporti&ha] constant K' in th1s equation can be calculated using

the b values obtained for the higher Vf composites. Then we can calculate
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b values for different Vf using the K' constant. The result of K'

calculation is tabulated in Table 11.

Table 11, Observed Tuts Values and Calculation Results of K'

. ) . . =1. 3
Specimen Ve Tuts inch n b inch K'(1b™"inch®)
601T4 #17  0.145 7 x 1070 2.0 14.0 x 1073 8.74 x 10°12

-3 L3 12
201T6 #31  0.17 2.5 x10™° 1.6 4.05 x 10 4.17 x 10
3 -3 12

717876 #38 0.138 2.0 x 107 2.4 4.8 x 10 1.98 x 10°
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IV-2-v. Evaluation of Ultimate Tensile Strength of Composites by

Propagative Fiber Failure Model

- The fiber failure zones start to grow at the stress concentrated
areas or the defective areas in the specimen. They keep growing larger
gradually using the energy which is provided from the applied load until
one of them becomes large enough to satisfy the energy criterion obtained
in former sections., Then the fiber failure is accelerated and the strength
of the composite decreases quickly. Such a point must correspond to the
ultimate strength.of the specimen.

An attempt was made to calculate the ultimate tensile strength of
composites from the equations, with the estimated values of zone thickness,
b, and average transfer length Tuts in the last section. By fixing the ratio
of the zone 1engtﬁ,g, and the specimen width, w, at 0, 0.03, 0.05 and 0.10,
the strength o of 601 T4 and 201 T6 composites were calculated. In the
case of 7178 T6 cdmposites, the‘J/w ratios, 0, 0.03 were adopted for the
calculation. Table 12—15 show numerical values of the parameters which were
ﬁecessary for thetéalculations and the calculated results.

These resu]ts;were superimposed on the experimental data in Fig, 20 — 22,
The theoretical cu?bes resulting from-the present model are in very much better
agreement with theiexperimenta1 results than is the case for the "rule of
mixture" curve, in spite of thé considerable scatter of data. Especially
in the case of the bundle structure composites of 7178 T6 alloy, the imbrbve—
ment cannot be expTained by the “ru]e of mixture" in which the volume fraction
is the only one stréngth controlling parameter.

The difference among experimental data reported by former workers might



Table 12. Calculation of Strength of 60174 Composites

] Ve = 0.17 Ve = 0.15 Ve = 0.10 Ve = 0.06
W o, ks oéksn O%Oks1 o(':ks1 o;coks1 o&ks1 q;oks1 oéks1
0 238.0 55.4 244.5 52,0 261.0  42.3 273.0 33.3
0.03  185.3 46.3 204.9  45.8 251.1  41.0 272.5 33.0
0.05  160.6 42.15 183.4  42.6 264.6 40,2 272.1 32.4
0.10  116.1 35.3 © 145,0  37.1 230.1  38.4 272.0 32.0
Ex10%si 168 16.0 14.0 12.4
3 .
Fp?107psi 65,9 60.3 46,2 , 34.9
b/ Tuts 0.67 0.90 2.85 (19.69)
S
b, 0.02 0.028 0.089 (0.613)
E, = 50 x 10° ' - 6 - _ , ) 3 .
£ = X 107 p.S.ia, Em =10 x 10" p.s.i. w = 0.225 inch Q%uts = 300 x 10% p,.s.i.
) 3 . _ 3 : ) -3,
g =18 x 107 p.s.i, Tuts = 32 x 107 pus.i. Typg = 7.0 x 107 inch
K' =8.74 x 10712 {nch3 1! Vernin = 0-0446 + . gauge length of the specimen.

v8



Table 13. Calculation of Strength of 201T6 Composites

Ve = 0.15 Ve = 0,125 Ve = 0.0 Ve = 0.06
Vw  Groksi T ks Tpoks gkt gpoksi  gpksi g ks T ksi
0 262.1 80.1 269.2  75.6 276.0 70.8 285. 4 62.2
0.03  188.0 68.8 226.3  70.0 257.1 68.6 281.0 61.8
0.05  151.5 63.5  201.8  66.9 245.6 67.3 279.3 61.5
0.10 82.4 54,2 150.8  60.8 219.4 64.4 281.6 61.2
6. | |
E.X10%psi 16 15 14 12.5
TeppKSi 85.8 79.5 73.2 63.1
%/ Tuts 1.07 1.67 3.09 22.37
b/, 0.012 0.0186 0.034 0.249
E- =50 x 10° psi, E_=10x 10° psi,  w = 0.225 inch O . = 300 x 10° psi
3. m 3 . futs
Om* = 48 x 10°psi, Tputs = 60 x 103 psi, Tuts = 2.5 x 10-3 jnch
K' = 4,17 x 107" inch3 Ip-] Ve oo = 0.0385

g8



Table 14. Calculation of Strength of 7178 T6 Composites

Vf = 0.15 , Vf = 0,125 Vf = 0.10
0 .
3 . K 3 . 3 . . .
/w 0}0x10 psi OEx]O psi . C;0x10 psi O%x10 psi 0%0x103ps1 O;x103ps1
0 263.5 87.1 -271.6 83.0 278.7 78.3
0.03 174.3 73.6 221.3 76.4 261.6 76.2
£ 1060e ‘
Cx10 psi 16 | 15 » | 14
3.
Oérmxw psi 92.6 86.5 80.4
b/Tuts 0.94 1.66 3.95 |
b, 0.0084 0.015 0.035
W
E. = 50x10° psj E = 10x10° psj W= 0.225 inch O, . =300¢03 psi
f m ' futs P
o.* _ 3 . _ 3 . B -3,
m = 56x107 psi Oruts = 74.5x10" psi TUts = 2.0x10 “inch
- Voo -12 . .3 ,.-1
mein = 0.0581 K' = 1.98x10 inch™ 1b

98



Table 15. Calculation of Strength of 7178 T6 Bundle Structure Combosites

Vf = 0.10

Ve =0.19 T =0.15
q :
3 . 3 . 3 . 3 . 3 . 3 .
L C§0x10 psi 0. x10"ps O, X107psi 0.x10" psi O, X107 ps T, X107ps
0 281.6 98.9 289.3 91.0 284.0 78.8
0.03 203.6 83.7 258.2 85.8 271.0 771
6_ . .
E.x10°ps1 17.6 16 14
3 .
T ¥107ps1 102.4 92.6 80.4
b
/Tuts 0.50 0.94 3.95
b/w 0.000225 0.0084 0.0035
E_ = 50 6 . _ 6. _ .
£ = x107psi Em = 10x107psi w = 0225 1inch
_ 3 . _ 3 . _ 3 .
C?uts = 300x10"psi Oh* = 56x107psi Omuts ~ 74 .5x107psi
_ -3; _ v -12.. . 3,,.-1
Tuts = 2x10”7inch vfmin = 0.0581 K' =1.98x10 "“inch™1b
% = 0.85* h=12x10"2 inch

(*+ This value was estimated from Fig. 15)

L8
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be also understood by this theory. The composites fabricated by the
fnfi]tration technique showed much higher fiber strengthening efficiency
than by the other fabrication techniques, such as the chemical vapour depos-
ition method. The composites fabricated by the infiltration process are
thought to possess the bundle structure distribution inevitably.

It was found that not only the factor, Vf, used in the "rule of
mixture" but also other new factors, such as Ecs the fiber distribution,
and the zone thickness, 2b, have an influence on the strength of composites.
The deformation characteristics of the matrix, the fiber diameter, and the
fiber spacing are thought to control the zone thickness, 2b.

Listed below are some problems that still remain, concerning the
present model, |
1) The shear stress, T, was assumed to have the same value in the reg1on
outside and inside of the zone, because the work hardening effect of the
matrix was neglected. The actual stress strain curve of the matrix alloy
does show work hardening.
2) The present equations were obtained, assuming the fiber failure zone has
a half elliptic shépe. This equation cannot be applied when the half zohe
thickness is larger than the length (b:>o). The calculated curves for lower
Vf values are incorrect. These parts are shown in dotted Tines.
3) Some ambiguity exists in the method to obtain average transfer length,
average number of fragments and ‘the zone thickness.
4) We cannot obtaih_the strength of composites from this model uncondition-
ally as long as the exact values of the zone length, g, at the accelerating

point are not known.
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IV-3. Characteristics of Powder Slip Interpretation Method

It has been very difficult to fabricate graphite fiber reinforced
metal composites because of the small fiber diameter. In the present work,
a very unique process was developed in order to make uniformly distributed
fiber composites; however, some prbb]ems still remain. The following char-

acteristics of this process can be pointed out.

1) Blended powders of different elements cause the scatter of matrix com-
position in the green composites, because each element powdek has a different
settling speed in the process. If alloy powders can be used, this problem
will be solved.

2) Effective interpenetration is dependent on the relative sizes of fibers
and powder particles. The more nearly equal these dimensions are, the
higher the vo1ume:fraction that can be made.

3) This process cén be applied to fabricate composites of many other fiber-
metal systems be¢ause the wetting property of the two components is not
necessary for this process.

4) This process is more suitable to produce composites of large structural
components than are the other processes such as infiltration and coating,
because the sizenof a fiber buhd]e which is prepared prior to the operation
of this process, can be increased without any problems. In the case of the
infiltration and coating processes, the size of a bundle for the operat{on
is limited. The composite wires have to be first fabricated prior to hot
pressing to fabrfcate the composite structure.

5) On the other Hand, it is difficult to fabricate the composites of

bundle structure which can be expected to have higher strength than uniformly
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distributed composites according to the present theory. The infiltration

process seems to have a greater advantage than the present process from

this point of view.
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V___SUMMARY AND CONCLUSIONS

1) A new fabrication technique has been developed to fabricate graphite
fiber reinforced aluminum alloy composites of 5% — 17% fiber volume
fractions, using metal powder slip and continuous graphite fibers.

2) The strength of these composites is lower than the "rule of mixture"
value as other workers have reported previously,

3) A "fiber failure zone" propagation model has been proposed and verified
by observations of fiber fracture behaviour.

4) An energy criterion has been formulated for the accelerated propagation
of the zone in the specimen, and the ultimate tensile strength of these
composites is thought to correspond to this accelerating point. The exper-
imental strength data shows better correlation with this propagative fiber
failure model than the "rule of mixture" model.

5) This model suggests the possibility of improving the strength by
producing a bundle structure fiber distribution in the composite instead of
a uniform fiber distribution.

6) This model showsgthat, in addition to fiber volume fraction, the zone
thickness is also a strength controlling factor. 4The zone thickness seems
to be related indirectly with other factors such as the fiber diameter, fiber
spacing, deformation property of the matrix, and the matrix-fiber bond

strength.
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VI _ SUGGESTION FOR FUTURE WORK

Some lines of future 1nve$tigation can be suggested from the dis-

cussion of the present work.

1) In order to obtain the average zone thickness properly, the distribution
of strain in the matrix has to be measured.

2) A more exact mathematical treatment for the energy change due to the
zone formation has to be performed.

3) A method to obtain the exact average lengths of fiber fragments in the
zone has to be developed.

4) The zone length change during the tensile test has to be measured in

order to know-the factors which influence it,
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