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-ABSTRACT

- The deformation behaviour of copper, reinforced with iron- and
steel fibres has been investigated. - Parameters studied include: fibre

diameter, matrix mean free path, and relative strength of fibre and matrix.

- No strengthening effect has been- observed which can. be attributed
-to fibre size aloné, Howéver, it is suggested. that the strength of metal
‘fibre—reinforced-metél‘composites are greatly influenced by a.'"size effect"

in. the matrix.

-A modification of the theory of combined action. has been proposed

for predicting the strength of a fibre-reinforced. compoesite, viz:

1/k

_ A ~ | -1/2
Te = A Up+ Ay Ty * A K gp

-

where A is volume fraction, f refers to fibre, m refers to
matrix, de is. fibre diameter, and K is a constant whose value depends on

the. hardness of the fibre.

Weakening -of the matrix—fibre interface in composites‘of copper
and steel fibres has been attributed to segregation. of carbon to £he
interface, | |

-Alloys containing 6 to 8 wéight per cent copper in~iroh have
.been shewn to exhibit anmafﬁensiticvtransformation.when,coolea from the

X region.of the: Fe-Cu phase diagram..
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I. INTRODUCTION

A. General

The advance of science and technology dependsxto a large degree
upon the. development of improved structural components. . To this end a
large amount of time and effort has beep allotted to the creation and
investigation of'compdsite materials which exploit the.best properties of

different individual materials.

. The greatest strengths in composite materials are found in
those which éontain a_large volume fraction of a dispersed hard phase
coupled with a high density of dislocations in the matrix. . This type
ofimicrostructure can be produced in several ways, including; precipitation
at low temperatﬁres from a supersaturated solid solution, eutectoid
decompoéition,Amechanical mixing and subsequent sintering of powders,

and internal-oxidation of suitable alloys.

A study ‘of the strengthening mechanisms involved in these types
of microstructures has led to the realization that the greatest strengths
would be achieved if the dispersed hard phase particles were very strong
and loaded to fracture...Consequently, considerations have been given to
methods.of load  transfer from:the duectile matrix. to the hérder dispersed
phase. . The result of such in&estigétions,has been. the conclusion.that
| greater strengths would be realized if the dispersed particles were

needle shaped, thus accommodating maximum load transfer.

-Accordingly, recent investigators have considered combining
fibrous materials with relatively weak binder materials, thus utilizing

.the fact that fibres or wires can be exceedingly strong and can exhibit
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mechanical properties superior -to those of the bulk material from which
they are derived. OSeveral techniques have been developed for incorporating
strong fibres in relatively weaker matrices and a theory predicting

composite strengths has been developed.

vB; rPrevious-Work?

Much of the research éssociated with the fundamentals of fibre
reinforcement has been in the fiéld of glass reinforced plastics. Colemanl
has statistically related the strength of bundles of fibres to the strength
- of individual fibres. Coleman’s idealized mathematicéixanalysis indicated

!
that the average tensile strength of the bundle would be/ less than the

average strength obtained for the individual fibres making up the bundle.

,Paratte has studied the effects of defects in glass fibres and
variations in length to diameter ratios (aspect ratios)‘for both full length

and discontinuous fibres.

A method of predicting composite strength termed. 'The Theory of

" Combined Action" has been develoﬁed by Dietz5

4,5,6,7

from his work on fibreglass
reinforced plastics. .Various workers have shown that this theory
is also applicable to metallic and ceramic fibres in metallic matrices.

- What follows in. the ﬁresent review is a.brief discussion-of the thebry for

predicting composite strengths plus an outline of some experimental results

pertaining to metallic systems.

.For a volume fraction of fibres greater than a certain critical
value (to be discussed later) the breaking stress of a fibre composite,

(Fc, is given by:



‘ |
N, v 9y Ap t oS Ay (1)

thei.fracture stress of fibres removed from -
the composite

the stress supported by the matrix when the
fibres fracture

the volume fractions of the fibres and matrix
. respectively.

i

where Jp
/
U

Ag,hy

-McDanels et al;8 have generalized equation (1) to allow for
the prediction of thé stress in a composite at any value of strain, i.e.
& X &
. = < Af + W Ay ' ceeen(2)

f

where the <jﬁﬁs reﬁresent stresses at a particular value of
strain. taken from the stress-strain curves of the individual components
of the composite, in the condition in which they exist in the composite.
-McDanels et al. in their work on tungsten-fibre-reinforced copper composites
defined four stages of tensile behaviour and applied»equaﬁion (2) to each

one of them. The four stages were:

I. Elastic deformation of fibre; elastic deformation of matrix,
~II. .Elastic deformation of fibre; plastic deformation of matrix,
III. Plastic.deformation of fibre; plastic deformatibn-of matrix, .

-IV. .Failure of the composite.

-Returﬁing‘tc equation (L), it is‘nécessary to consider the effects
of low volume fractions of fibreé; .If the volume per cent of fibres is
small, theén failure ofi the fibres néed not lead to immediate failuré of
the compoesite since the maﬁrix may wortharden-sufficiently.‘.Expressing
:this mathematically, equation (l) holds only if the breaking stress of.the

composite is greater than that of the matrix, i.e.
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the.fracture stress.of fibres removed from -
the composite

the stress supported by the matrix when the
fibres fracture

the volume fractions of the fibres and matrix
respectively.

where Jp

I

Vp

Af’Am

il

-McDanels et al.8 have generalized equation (1) to allow for
the prediction of the stress in a composite at any value of strain, i.e.

A X X .
<, = T.Ar t Up Ay e (2)

where the tjﬂ’s represent stresses at a particular Vaiue of
strain. taken from the stress-strain curves of the individual components
of the composite,uin the cqndition in which they exist in the composite.
-McDanéls et al; in their work on tungsten-fibre-reinforced copper composites
defined four stages of tensile behaviour and applied equaﬁion (2) to each

one of them. The four stages were:

I. Elastic deformation of fibre; elastic deformation of matrix,
-II. -Elastic deformation of fibre; plastic deformation of matrix,
III. .Plastic. deformation of fibre; plastic deformation of matrix, .

IV, .Failure of the composite.

-Returning to equation (1), it is.nécessary to consider the effects
of low volume fractions of fibres. .If the volume per cen£ of fibres is
small, thén failure ofX the fibres need not lead to immediate failuré of
the composite since the mafrix may_work;harden sufficiently. . Expressing
:this mathematically, equatidn (l) holds only if the breaking stress of the

composite is.greater than that of the matrix, i.e.



where <J ;- is the ultimate tensile strength of the matrix.

6

.-Combining equations (1) and (3) gives rise to an expression for- the

critical Volume>per cent of fiEresf

A = 1 : ‘
“fo 1+ <, e (1)

(Tu Tn)

f‘Déﬁgﬂhasfdone a detailed-study of the relationships befween

- the appiiedJlééd, interfacial'shear stresses,. and fibrentensileﬂétresses

-in a filamen£freinf®r¢ed compésite metal.‘ A sdhematic-fepresentatioﬁ of
these quantities:is shewn in Figure 1. Assumingquniform:packing-and
alignment of the fibres and equal straining in:the fibres and. . matrix . at
their interface,»a;plausible distributien of shear and-tensileLétresses is

" as shewn in Figure lbl5. .From,th151m@del.it becomes evident.tﬁaf a .critical

' :fibre length,.designatedth, isirquifed.if maximum_fibre‘ténsile}sfresses

vare to ge achieved. .Dow~reports that Lc.depends on the elastic and shear

properties of the fibres and matrix.

.The mechanism by which é:fibre contributes its strength to a
.compositg is ‘one of sheafu. Thus, for a given pair of materials, the
length éf-fibre thatgis bondéd.to the matrix must be suffiéient.tévsupbort
v“‘a,shearsstressdthgt:is equivalent to the tensile stress on. the fibre.
,;Equatinglﬁhe shear load-on the interface te the tensile load necegsary

" to cause failure of .the fibre givesvthe.so-called.critical aspectVratio,

: (El?)' TiE T, . T L, T
R
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or oL

< (5)

where df is the diameter of the fibre, and T is.the shear

stress at the interface.

‘-Eduation (1) predicts a linéar relationship between strength

and volume fraction of fibres.

predlcted load only if L » L,

.The fibres however will carry the full

- For shorter flbres the proportion of

the load carried by the fibres will be less and the results will be a

weaker composite.  This concept is shown schematically in Figure 2,

O

composite tensile strength ——

)\+m0t‘r'|x slreng‘fh.

fibre strength —0

©  volume percent fibres, of constont

diometer (d) -

160

Figure 2. Relationship. Between Composite Tensile Strength
- and- Volume Per Cent Fibres for Varlous Flbre Lengths.



uFigure.E,‘however, is over-simplified.since the critical
aspect ratio may be complicated by variations in interfibre spacingB.
.The bond at the fibre-matrix interface restrains mofement of the matrix
- relative to the fibre but the effect of this restraint is reduced as
the distance from.the intérface is increased. Thus, there exists the
possibility that the -aspeet ratio for a given fibre diameter will be

lowered at high volume percentages of fibre and will become higher at

- low. fibre contents,

-Along these lines,, Keoppenaal andiParikth»state that the
strengthening mechanisﬁ:prevalent in the microstrainiqg:region of their
silver-infiltrated felts is analogous‘in_some respects, to grain boeundary

 strengthening in polycrystalline metals. . The fibres act as;obstaqles

. for slip, and disloecatiens pile up at the matrixffibre intérfaces. -With
increasing fibre density the available slip.Iength-decreaseé and a largef

. number of dislocations pile up for a given strain; The rate of work -

hardening accordingly increases since larger stresses are required to force

new dislocations inte each pile-up. . Parikh, using the Hall-Petch. type

of relationship: 1/2

T, = Vo toKd v (6) |

and associating d with the average distance between fibres and.KTb with
:the;fibre—independent portion of <U‘y, has shown that varying the available
slip length by changing the fibre density;is quite analogous to changing

the grain size in polycrystalline'metalS;‘ The validity of equatibn (6)

was established experimentally for the_OfE%.yield strength in silver-
-infiltrated. felts of mildusteel,.molygdehum, tungsten and-martensitic

stainless steel fibres.



The results of various workers are somewhat contradictory on
the effect of wire diameter in reinforcing metallic systems. Jech et~al5
found a size effect in tungsten-fibre-reinforced copper; Their results
Showed that the composites containing finer wires had highér strepgths
;for a given volume-fraction of the components. Cratchley7 found. that
0,002 in, diameter fibres gave stronger composites than 0.005 in. diameter
fibres but attributed this strength increase fo differencesiin wire-
drawing conditions. - The load transfer, for a given aspect ratio, was
actually slightly less efficient for the thimmer fibres but this was

attributed to effects due to ordentation.

. Of the several methods used to produce fibre-reinforced composites,
the infiltration technique has been used most widely. "Suttonu’ll hés
used vacuum infiltration to incorporate alumina whiskers in silver and
aluminuﬁ; -Jech et al5 and Kelly6 have used infilfration techniques in
their investigations of the tﬁngsten wire-coppef matrix system. Koppenaal

and-Parikth also concentrated on infiltration as a means of producing

metal-wire felts with a silver matrix.

. Some other techniques which have been successfully employed
to produce fibre-reinforced systems include: (a) the cempacting and
sintering of metallic powders around metallic andﬂnoﬁ-metallic fibres?’l?;
(b) thé production of fibres of an intermetallic in situ in the matrix
-metal by suitable solid'ifica.tion6» or heat treatmentlB, ; and ( ¢) the working
into wire of certain copper-iron alloys in which an excess of iron over
the solid solubility limit in copper is preseht as iron dendrites in the

1k

original cast alloy .



C. Scope

For the purpose of the present investigation it was felt
that use might be made of the fact that the tensile strength of wires
drawn from many metallic elements, increase with decreasing wire

diameter (Figure 3).

Figure 3. Tensile Strengths of Wires Drawn From Several
Alloys. Reproduced from Robertslé.
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Thus, if steel or iron wires could be incorporated into a
ductile matrix and the resulting composite swaged and drawn to small
sizes, a study could be made of the strengthening effect of very small
diameter-(whisker size and below) polycrystalline wires. . Proper choice
of a system would allow -variations to be obtained in the relative
properties of the matrix and the fibres by suitable. heat treatments.l

-In this wéy a -study of the deformation behaviour of fibres and mafrices

of varying relative strengths could be made.

. Two possible methods. of producing the desired type of micro-

structure were visualized:

-(a) Infiltration of a bundle of iron or steel wires with molten

copper followed by swaging and drawing of the resulting composite, and

(v) . Infiltration of porous, sintered, iron powder compacts with
molten copper followed by swaging and drawing to produce fibrous iron

in copper.
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II. .EXPERIMENTAL PROCEDURE

. A. Materials _ .
The high carbon steel wire used in.this preject was supplied. by
- Precisien Steel'Warehoﬁse, Inc., . (Downers Grove, Ill.). -The wire was of
"spring grade! and was 0.012 inches~in-diameter. -The chemical anaiyéis,

as received, was as follows:

Carbon o - 0.86 %
~Manganese 0.4k 9
-Silicen 0.20%
_ Sulﬁhur - 0.015-%

_ Armco iron powder, having nearly perfectly spherical particles
‘was supplied by the Federal—Mogui,'Power Plant Division. of Ann Arbor, Mich.

.The neminal composition of the powder was:

- Iron 99.94 % min.
Carbon 0.012 %

- Manganese 0.0l?‘%

~ Phosphorus 0.005 %
Sulphur . 0.025 % max.
-Bilicon "Trace only.

Two screened fractions of the és—received powder were used in
this work; (a) a.minus 100 mesh (Tyler) plus: 150 mesh.fractien, and (b)

a minus 525 mesh fractien of average particle size 25 microms.

.The matrix metal for all composites was "Electrolyte Tough Pitch"

copper, analyzing 99.92% copper with a nominal. oxygen content»of'o.oh%.
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An equilibrium diagram- for the Fe-Cu system is given in

Appendix T. 'This'syStem was chosen for several reasons. . It was

felt that iron-copper'COmposites would  respond well to the required
swaging and drawing-operations, &ith-the copper acting as a natural
- "lubricant" for deformation of the iron and steel. .Furthermore, the
system, after saturation of the iron with copper, would be hea£ treatable
and thus the relative strengths of the matrix and fibre could Ee readily
varied, ‘Thé solubility of each component in the other is limited and
well definedlB’19 and no intermetallic compounds are present in the
systemeo which might detract from a sharp matfix—fibre interface. In
addition, it was appreciated that the system satisfies the basic conditions
necessary for infiltration in that (a) melting Points-éf pure iron and
copper are substantiallydifferent (1,527%C aqd i,OSB“C respectively),

(b) no phases of higher melting pqint e#ist which might obstruct the
continuity of iinfiltrétion, and (c) iron is known to be wetted readily

21"
by liquid. copper

B. Composite-Preparation

1. - Wire Composites

Bundles of 0.0l2 inch diameter high carbon steel wire were

iinfiltrated with copper using the following procedures:

(a) Wires of approximately 9 inches in length were cleaned in an

aqueous solution containing 40 g.p.l. NasCOs, 13 g.p.l. NaOH, 13 g.p.1.

Y

- NapPO4.12H20, 13 g.p.l. NaCN, and 6 g.p.l. NasSiOs at about 80°C.

H

(b) One-hundred and twenty wires were placed inside a.copper tube

measuring 8 inches long by 0.250 inches outside diameter. - The wall
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thickness of the tubing used was 0.040 inches.

- (c).The resulting assembly was drawn,through.a.O.QOO inch diameter
hardened steel die to increase the closeness of packing and to aid in

the alignment of the wires prior to infiltration.

(d) Infiltration was carried out in a closed-end, fused quartz tube
of inside diameter slightly greator than the drawn steel wire-copper tube
assembly. -The fused quar£z tﬁbe was soO placed in a Glo-Bar furnace that
all but the top one inch of the copper tube melted, .The‘éeometry of the

system is as shown in Figure k4.

All infiltrations were performed at 1150°C. for 9 minutes under
fore-pump vacuum followed by 1 minute under a slight positive pressure
of argon. -(The argon treatment was found necessary to eliminate blistering
the outside layer of copper.) Cooling to room temperature was done undof.

a positive pressure of argon.

The resulting composite was essentiallyfree of voido.u~The part
of the copper tube which did not melt kept the wires together and in the
center of the fused quartz tube‘during,the time the remaining-cdpper was
in the molten state.  The relatively-thick coating of copper'which‘resulted
on. the outside sufface of the composite was desirable from. the pointlof

view of subsequent reduction by wire-drawing.

.2.. Powder Composites

Compacts of -100 +150 mesh Armco iron powder were infiltrated

with copper using the following procedure:
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(a) Powders were pressed hydrostatically in bags made from Gooch

tubing, at a pressure of approximately 25,000 p.s.i.

(b) Sintering of green compacts was effected in 10 minutes at
-ll50°C'under dry hydrogen.

éj(c) Infiltration for 10 .minutes at iilO°Cﬁ was carried out -under
fore-pump.. vacuum in a Vitreosil tube, providing an excess of copper
over that needed to fill the voids in the iron skeleton. ‘fhe technique.

used was developed by-Krantzl7.

_This procedure yielded composites 3 to 4 inches long by 0.460 inches
in diameter with the following-chéracteristics:
- density of sintered iron skeleton T4.0 * 2% of theoretical

- density of infiltrated compact 96.7 # 1% of theoretical.

- The composites were annealed for one hour at 680°C under dry
hydrogen to ensure that the;matrix was not supersaturated in iron; i.e.

that the matrix was as ductile as possible for subsequent forming operations.

. The procedure used for the -325 mesh Armco irén powder ‘was
essentially identical to that described above except that no pressure
was used to prepare green 'compacts". -A tube of the loese powder was
simply vibrated by tapping until no further change in volume was observed
and the resulting mass sintered at 1150°C. -Sintering in this case wés

dene in a fore-pump vacuum.

- The composites produced from -325 mesh powder had the following
-characteristics:
--density of sintered iron skeleton 57.3% of theoretical

- density of infiltrated compact 96.5% of theoretical.



C. -Swaging and Drawing

/
§
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The reduction in size of the wire and powder composites was

carried out using the schedule shown in-Tablé I.

- TABLE 'I.

-Bwaging and Drawing Schedule

Original -Final .Operation - fmnealing
Diameter ... Diameter v_.Treatment
(in) (in) '

0.460% O.270ﬁ Swaging 1 hr. at 680°C
8:2;8 Ef;;"lf‘el:l)") 0.163 Swaging L hr. at 680°C
0.163 ‘ 0.126 Drawing 1 hr. at 680°C
0.126 0.098 Drawing 1 hr. at 680°C
0.098 , 0.077 Drawing 1 hr. at 680°C
0.077 0,060 ‘Drawing 1 hr. at 680°C
0.060 0.046 Drawing 1 hr. at 680°C

© 0.046 : 0.035 Drawing 1'hr. at 680°C
0.035 0.028 Drawing 1 hr. at 680°C
0.028 0.021 Drawing 1. hr. at 680°C

%  Powder composites only.

&%  All annealing treatments were carried out in a flow of

-dry hydrogen.

D. -Heat Treating

Heat treatments were carried out on samples produced from iron

- powder cbmposites in which the iron componeﬁttzhad been completely saturated

¥

with copper at 1020°C. -Six piecés of composite, each 3 inches long, were

placed in a ceramic boat. Small alumina. spacers were placedgét each end

. to ensure that the wires were not in contact. Treatment was carried out

in-a small tube furnace under dry hydrbgen gas. vHeating*for 15 hours- at

1020°C to ensure alloy equilibrium was followed by cooling at various rates.

The term "aircooled" will be applied to describe the rate of ¢ooling which

prevailed. when the boat was withdrawn fromthe hot zone at approximately
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.3 inches per second to a.point 12 .inches distant where the temperature
was below -200°C. The actual rate of cooling is estimated to be 120
to 180°C/second...Cooling by. this method was entirely effected in

-dry hydrogen.

- Several specimens were quenchedkin liquid. nitrogen from the
solution treatment températuré (1020°C). - Specimens which had previously
been solution treated énd "aircooled" weré; in this case, reheated
to 1020°C for 20 minutes in a vertical tube furnace under a flow of
dry hydrogen gas. The suspension was then cut, allowing. the specimens

to drop into a dewar of liquid nitrogen.

-After solution treatment at 1020°C as,before,-one group of
specimens was carburized using a commercial pack carburizing compound.
»Carburization'for various times was éarried out in a tube furnace open
at both ends to the atmosphere. :The pack carburizing»cpmpound was
placed around the specimens in a ceramic boat and the_furnace.brought

to a temperature of 920°C. Homogenization was carried out for 2 hours

at 1020°C followed by "aircooling".

-In addition to the heat tréatments mentioned above several
other anneaiing'and cooling procedurés were carried out on certain
specimens. All such treatments were done in a small tube furnace
under dry hydrogen. - The aétual procedure used for each spécimen along

with the pertinent results will be given in "Experimental Results".
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‘E. - Measurement of Fibre Concentration

The volume percentage of fibres present in the steel wire-
copper matrixvcomposites?wa5¢ calculated from cross-section micro-
graphs using a random line technique. -The length of line occupied by
one phase was related to the total length_bf the line and averaged

out over 12 random.lines,

The volume percentage of fibres present in the composites
made from iron powders was: reasonably assumed to be equal to the
density of iron in the as-sintered composites, since no detectable

growth or shrinkage of the iron compacts accompaniediiﬁfiitrati®ny@

- F, -Tensile Testing ‘ .

All tests were carried out at room tempéfature on an Instron
" Tensile Testing machine using'éither wedge type grips or friction grips
plus special universal-mountingszg. .The cross-head speed in all tests
was 0.0l inch/ minute resulting in strain rates of O;OO67Amin'l for all
the steel-wire composites and 0.01 min~1 for the‘composites made from
iroﬁ powder, .Per cent élongations reported are based on cross-head

-motion and thus are relative values, rather than absolutely accurate.

- G. ~Metallography

An alternating polish-etch technique was found necessary to
eliminate.smearing»of copper over the surfaces of metallographic specimens.
.Specimens to be viewed were mounted in "bakelite" and polished on five
emery papers. -The mounts were then lapped with 1 micron diamond powder
in. kerosene. - Each lapping Step was followed by etching with 4% picric
acid in ethanol for 15 seconds.  Four or five cycles were reqﬁifed to give

the desired polish.
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-ITIT .. RESULTS

A, Composites Made from.High-Carbpn S£eel'Wire~Bundles :
.1, .Structures |

Obtaining fibre compésites of the desired . structure by'infiltrgting
steel wire bundles with liquid c0pperA§roved.té be‘only partially successful.
-A reductioen of the camposite diameter to a final specimen size of 0.022 inches
v(corresponding‘to individualvsteel %iré:diameters Qf 0.0023) was the maximum
. obtainable. -Attempté té draﬁ beiow‘this dimension led to cracking in the
copper coating or random.ﬁnecking" of the composite. - It was originally felt
that this problem was associated -with imperfeét alignment of the steel wires
in. the wire composites; However,.in later work with pewder composites
difficulties were experienced in the same size range, and it became apparent
.that the. drawing dies available Were necessitating an unusually large re-

ductien in one pass at the critical dimension,

-Mechanical properties and structures of tﬁe wire composites were
examined over the range of sizes which could be fabricated. . Tensile testing
‘was done on composite specimens of 0,100 inches diameter (individuai wire
diameter approximately 0O.004 inches) and-smallere Micrographs of a cross-
section and a longitudinal section of a typical specimen are. shown-in
‘Figure 5. . The relatively sharp matrix-fibre interface and the effect of
ahhealing-at 680°C are. shown in Figure 6. -As expected, the annealing

treatment spheroidized the cafbide in the steel wires.

.. The velume percentagelef fibres present’in-these composites was
measured using. the method-outlined in the Experimental Procedure. Over

the range of specimen diameters investigated the volume per .cent fibres
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Cross-section (a) and Longitudinal Section (b) of
Specimen W-1-A-6, approximate wire diameter 0.0033 inches,
annealed 1 hour at 680°C, 2% nital etch, (a) X 200

(b) X 60.
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Figure 6. Effect of Annealing 1 hour at 680°C, Specimen
W-1-A-11, picric etch, X 200.

Figure 7. Distribution of Fibres in the Copper Matrix,
Specimen W-1-12, nital etch, X 50.
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-remained virtually constant at hﬁ.o%. -This value was calculated using
the complete cross-sectional area of the composite, i.e. including the
relatively thick surface layer of cépﬁer. . The fibres were closely packed
.at the centre of the composites (Figure 7). A more realistic packing

fraction of fibres, based on measurements. near the centre, is 0.75.

2. Size Effects

Tensile tests were made on annealed composite specimens inA
the size range 0.098 inches to 0.022 inches. . Typical stress-plastic
+strain curves for two éomposites,»W—laA and W-3-A are shown in Figures
8a;and 8b. These curves are plotted not to fracture, but to the ultimate

tensile stress of the specimens.

.Curves of composite yield stress and ultimate tensile stress
versus specimen diameter for three different cdmposites are shown in
-Figures 9 and 10. - The diameter of the individual steel wires is also

plotted on the abscissa.

It was observed that the lpad-elongation curves exhibited two
apparent yield points; an initial yield point (deSignat¢d YYmeatrix)
which could possibly be attributed to the initiation of flow in the

matrix, and a second yield point, (designated YP which apparently

combosite)
corresponded. to the start of plastic flow throughout the compoesite. The
method .of obtaining these two yield'poihts from load-elongation curves is
shown in'Figure 11l. (Figures 9 and. 10 do not.show the two yield points;
they are plotted to start at_thé composite yield stress.) Figure 12 shows

a plot of the "matrix yield stress" versus specimen diameter.
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. An attempt was made to relate the thickness of copper on the
outside of the composites to the characteristics of the load-elengatien
curves. . To this end the distance D (in Figure 11) measured in per¢éntage

elohgétion'is shown plotted. versus specimen diameter in Figure 13.

 Figures 8a and 8b indicate the heterogeneous yielding which
was found to occur in certain specimens;v.Both-the existence andiexﬁéﬁt
of this behaviour were specimen size aependent in the manner shpwn in
Figure 1k, Discentinuous yielding waé.neVer observed with specimen diameters
greater than 0.070 inches. - The extent'of the phenomenon increased to a
maximum. of about 4%-(in'pef cent elongation over a 1 l/2 inch gauge length)
‘at a specimen diameter of 0.047 inches and then diminished at smaller

¢

diameters as shown.

- In an attempt to determine the work-hardening characteristics
-of the composites, values of n, the work-hardening exponent, in the

empirical expression for the flow curve

! rn , ’

Y - K € ‘ e (T)

. . . ]

were calculated from the slopes of log-log plots of true stress ( \J )

' : 5
versus true strain (€ ). The results (Table II) show no definite trends.

3. .Studies of Heterogeneous Yielding.

The appearance of heterogeneous yielding in certain specimens
"of composites made from the infiltratiop of steel wire bundles prompted

further studies to determine the cause of the phenomenon.
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-TABLE II.:

‘Work-Hardening Exponents

-32 -

W-1-A CWe3-A
Specimen- Diameter n ! Specimen Diameter n

0.098 0.297 "0.070 10.150
o.089 b,l77 0.060 _0.169
0.081 0.125 0.053 0.10k4
0.075 0.213 0.032 0.217
0.067 0.179

0.047 0.095

0.034 0.174
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(a). Effect of Cold-Working --Cold working specimens by wire
drawing prior to testing removed any trace of discontinueus yielding.

‘Reductions in area .of as little as 2.5% gave this result.

(b) Properties of Single Stéel-Wires --A single piece of the
_high carbon.steel wire was annealed for 5 hours at 680°C and. tested in
.teﬁsion. The same type of discontinuous yielding as found in the
composités was found to occur but with soméwhat émaller load drops,
(Figure 15).-'It is also interesting to note'thaf théistrain hardening

exponent of the annealed wire was found to be 0.167.

' . (c) Effect of Interp@ﬁediboadiné - Several tests were stopped
after discontinuous yielding w;siéémpleted and. the specimens,uﬁloaded.
: Loadihg was_immediatély ré-appliéd and the tensile test was allowed to
'prdceed to rupture of the 3peéiﬁeﬁ. 'The yield stress and work-hardening
characteristics of these specimens were not affected by intertpéting the

loading.

() Effect of Strain Ageing - Several specimens at a .size
exhibiting the maximum amount of discontinuous yielding, i.e. 0.047 inches,
-were given strain ageing treatments. . The specimens were strained until
uniform deformation and work-hardening had. commenced, and were then
unloaded as in sectien (c) above. -The samples were then aged for either
11/2 or 1 hour at 200°C followed by retesting. - The effectvof ageing on. the

matrix and composite yield stresses is summarized. in Table TII.

A discontinuous yield region was not resolvable in specimens
aged for l/2 hour but was definitely present in specimené aged for 1 hour.

. Approximately TO% of the original extent of discontinuous yieldihg,had
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returned, but with smaller load drops.

-TABLE ‘ITT.

-Strain Ageing

Treatment | : “,v' 'Y.S,M; K Y.S.c
1/2 hour ét‘200°0 _Before Ageing =~ 13,300 p.s.i. 34,500fé,s.i.
‘After Ageing .20, 000 43,000
1 hoeur at 200°C ‘Before Ageing =~ 15,900 39,500
~After Ageing  -21,k00 41,500

(e)'Obse?vqtionS During Loading - -The:surface of several.specimens
s : .
was pelished :with 4/0 emery baper and. then  oebserved during a-tensile test.
Deformatien bands appeared at random points along.the gauge lengths of the
specimens,‘simultaneously with sudden load drops on thé load-elongation
curve. Continued loading caused the deformation bands to widen visibly
until they interacted with each other. - A shadowgraph of such a"specimeh is
shgwn in Figure l6.“The deformation bands aye.barely discernible at the

perimeter of the specimen. .The arrows indicate observed direction of

deformation front motion.

~ B. Compesites Made From Sintered Armco Iron Powder

1. vStructufes
The product of infiltrating pure iren powder skeleténs with
liquid copper followed by fabricatien te;produce,fibrous iron in a“coppef

~matrix proved teo befmere interesting and more useful than that obtained

from,steel'wire bundlés. . One advantage of the powder éomposites was that



Figure 16. Deformation Bands on Polished Surface of
Specimen W-4-L, X 30.
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complications due to carbon and its partial depletion during annealing -
-treatments were not present. Additionally, it was convenient to obtain

much finer fibres by the powder approach.

-Photomicrographs of some powder comﬁpsites_after drawing are .
shown in Figure 17. The materials shown were made from the two different
powder fractions -100 +150 mesh and -325 mesh. -Metallographic measurements
-on composite specimenslbf»diameter 0.035 inches gave, for the average
diametér of the fibres (a) 10 micrens for the coarser powder composites
and (b) approiimately-E microns for the finer powder composites. . The
probability that a fibre would lie in the plane of pelishing over its
entire length‘yas negligible. .Consequently, metallographic measurements
_ cbuld not be expected to give an accurate indication of the lengths of
fibres. ;However an estimate of fibre lengths can be made from their

diameters, as will be discussed latef.

2. -Size Effects

_Tehsile tests were_done on- -100 +150 mesh powder composites at
various stages of reduction to determine the effect of specmheﬁ and
fibre diameter in much the same way as for the steel wire composites.
Typical stress-plastic strain curves.for‘soﬁe specimen sizes are shown
in Figures 18a and 18b. -Plots of ultimate tensile stfess and composite
yield stress versus specimen diameter are shown in Figures 19 and. 20.
.Oniy a slighf increase in- strength Qith decreasing composite diameter

was suggested by the data.



Figure 17.
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Sections. through Iron Powdér Composites;, iSpecimen
diameter 0.035 inches, annealed 1 hour at 680°C,
2% nital etch. (a) -100 +150 mesh, X 26, (b) -100

+150 mesh, X 200, (c) -325 mesh, X 47, (d) -325
mesh X 200.
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-The load-elongation curves for all the powder compoesites were
such as to indicate a single yield point rather than two as observed
for the steel wire composites. .Consequently this one yield point has

- been- designated aS"YPéomposite'

!

- Work-hardening exponents were calculatedAat varioué specimen
diameters. If heterogeneous yielding was present%%e;ﬁsrk—hardening
eiponent was calculated from that part of"the.flow-curve immediately
following complefion of discontinuous yielding. . For this purpose, the
point of zero plastic strain was arbitrarily. taken as being at the end
of the discdntinuOus yielding region. - The ;esults are tabulated in

Table IV.
.TABLE IV.

-Work-Hardening Exponénts

Powder No. 3

Specimen Diameter ' n
0.077 inches ' 0.115
0.069 -0.117
0.059 0.149
0.046 0.145
0.034 0,100
0.025 0.121

. As in the case of the steel wire composites, no definite trend

in these values was apparent.

3. Heterogeneouquielding

Discontinuous yielding was sometimes observed with powder cbmposites.
_The extent of the phenomenon was markedly less than that obtained in steel

wire composites and seemed to be virtually random in its dependence on
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specimen diameter. €old wofking of the powder specimens (as little as

2%) prior -to testing eliminated any trace of discontinuous. yielding.

L, Heat Treatments on Saturated-Iron-Powder Composites

Various heat treafmepts were carried out on the powder composites.
. Specimens were initially solution treated td"saturate.the iron fibres with.

copper at 1020°C and were then cooled at varying rates. - Several different
secondary treatments were also applied in certain cases. -A carburizing
treatment was given to one series of specimens in an attempt to ascertain
the possible effect of carbon additions'to the iron fibres.

(a). Resulﬁs with -100-+150 meshm%qwdérfﬁgmpdéites - All the
following results are from.specimens Whi;ﬁ had been solution treated under
dry hydrogen for 15 hours;at 1020°C, then cooled and further heat treated
as iﬁdicated. . The elongations reported are as measured from the yield
point to the ultimate tensile stress. - The gauge length used in all cases

.was 1 inch.

(1) "Aircooled" (120 to 180°C per second )

Specimen U.T.S, Y.85. fﬁ&ong.

Diameter 1bs/in? _1bs/in2
0.035 138,000 108,300 12.2
0.035 140,500 110,200 4.1

0.0%35 141,500 119,500 11.7

- A photomicrograph of the corresponding structure is shown in

Figure 21.



Figure 21.

Photomicrograph of-100 +150 mesh Powder Composite
"aircooled" from 1020°C, 2% nital etch, X 24O.

= b5



(ii) “Aircooled" and Reheated 1 hour at 400°C

Specimen U.T.S. -Y.S. -Elong.

Diameter 1bs/in2 1bs/in2 %
0.035 135,700 123,500 13.0
0.035 138,000 127,700 13.0

No discontinuous yielding was observed in specimens from

(1) or (ii) above.

_(4ii)."Aircooled" and Reheated 1 hour at 750°C -

" Discontinuous yielding occurred in these specimens.
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Specimen TU.T.S. .Y.S. Elong. -Discontinuou’

Diameter  '1lbs/in2 | lbs/in2 % - Yield Elong.-%
0.035 © 59,600 - 47,800 .22.7 2.2
61,500 49,000  23.1. 1.8

0.035

(iv) "Aircooled" and Cold Drawn

Several specimens were saturated, "aircooled" and drawn cold

to obtainséﬁgadditiOnal'hO% reduction. in area. .They;wére then annealed

1 hour at 250°C to induce recrystallizbtion of the matrix.

Eleng.

. Specinen " U.T.S. Y.S.
.Diameter:: 1lbs/in2 1bs/in2
0.035 163,000 56,200 5.8
0.0%5 173,000 55,100 5.2
0.03%5 178,000 = 79,000 5.2
0.035 173,000 = 64,300 5.1

i

(V) "Aircooled"'Rehedted at 400°C, and Cold- Drawn

Several specimens were saturated, "aircooled", reheated .l hour

at 400°C, drawn an additional 40% reduction in area and annealed 1 hour

at 250°C.
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Specimen - U.T.S. - .Y.S. .Elong.

Diameter “1bs/in2 1bs/in® %
0.035 175,500 88,400, 4.4
0.0%5 179,500 72,800 5.4

(vi)‘Quenched~in’Liquidaﬁitrogen and Aged at Room'Temperature
Saturated and "aircooled" speciméhs were reheated to 1020°C for
20xminute§ followed by rapid quenching in-a bath of liquid nitrogen (-196°C).
The specimens were then allowed to reheat to room teﬁpefature, and were
held thgre fér'vgrious times prior to testing. - All specimens were foqnd

to be magnetic at -196°C.

Specimen “Aging ‘U.T.S. .Y.S. - Elong.
-Diameter - ' Time 1bs/in® = 1bs/in2
0.035 0 hrs 107,700 . 84,200 1.0
0.035 0 104,500 86,200 1.4
.0.035 3 .120,800 9k ,100 6.3
S 0.035 2l : 121,000 106,700 6.0
‘ 0.035 100 ' .133,000 118,500 5.7
0.035 300 130,500 ° 76,000 2.4

(¥ii) Slow cooled from 1020°C
. Two specimens were sealed.off,in‘a,fused quartz tube under
facuum. - The sea&ed tube was placed in the centre of,a.resistance-heated
bex furnace and'surfounded by refractory bricks. - Solution treatment
ﬁas carried-out a% 1020°C for 15 hours and. then: the power supply to the
furnace was shut off. .The makimum rate of dooling experienced between

1020°C and 25°C, was 2°C/minute.
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Specimen . U.T.S. Y.S. -Elong. -Discontinuous

~ Diameter 1bs/in® - 1bs/in2 % Yield Elong. %
: 0.035 50,800 39,200 .28.0 2.4
o 0.035 49,900 39,300 26.8 2.9

Representative stress—plastic strain. curves for the various
heat treatments are shown in Figure.22. - The work-hérdening*exponents

o4 Lot '
are shown with gach curve,
(I .

.(b) Resﬁlts with -325 mesh Powdef Composites --During the
solution treatment of all composites produced from.-325 mesh iren powder,
.a-marked loss.ofi?bﬁﬁ%ﬁﬁity in the fibres was found to occur. -The
resulting structu£é‘(éhown in Figure 23) was considerably different
Jfrom‘that of composites made from wire.or coarser powders., -It is likely
vﬁﬁat disintegration_of the fibres in fine powaer'composites is associgted
with the rélatively high volume per\cent:of copper:(initially'not saturated
with iron at 1020°C) which might be capable of dissolving an appreciabié
fraction of the iron present during solution treatment. - Because of the
discontinuity of many of the fibres in these composités, it_may nof be
Justified to comﬁare the results which follow with those obtained for the

coarser powder materials, i

(1) "Aircooled"

Specimen .U.T.S. " Y.S. .Eloeng.
. Diameter 1bs/in2 = 1bs/in® 9
0.0%5 122,700 © . 114,000 12.0

0.0355 120,700 111,000 12.6
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Mesh Fowder Composites
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Figure 23.

Photomicrograph of -325 mesh Bowder Composite
Quenched in liquid nitrogen and aged for 1 hour
at -80°C. Picric etch, X 1140,
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“(ii) Cooled at Rates of 1 to,2596/second
-Whereas the "aircoeoled' specimeéns were withdrewn a distance
of 12 inches from the hot zone Sf the furnace in 4 seconds, for a
cooling rate of 120 to 1809G¢ge¢oqd,-(Experimental-Procedure,.Section D.)
tests were also made on specimens whicﬁ were withdrawn from the furnace
at slower rates to determine the effect of rate of cooling from the

solution temperature.

-.50 seconds withdrawal time. (estimated cooling rate lﬁ to 25“C/sec.)‘

Specimen - U.T.S. Y.S. .Elong.

.Diameter 1bs/in? 1bs/in® %
0.035 122,800 113,700 15.5
0.035 116,300 110,100 14.3

- 1k minutes withdrawal time (estimated cooling rate 1/2 to l“C/sec.)

. Specimen ‘U.T.5. Y.S. -Elong. Discentinuous
Diameter 18s/in® 1bs/in® % Yield-Elong. %
0.035 78,000 66,700  10.5 0.7
0.035 78,000 67,900 9.9 0.7

‘(iii)vFurnace Cooled.
‘After solution treatment .in a’ tube furnace, some specimers were -
left in the hot zone after the péwer to the furnace -was cut off. The average
rate of cooling was 500°C per hour for the first‘houf, and bécame inereasing-

k

1ly slower as 30°C was approached.

Specimen U.T.S.  .Y.S. .Elong Discontinuous

_Diameter 1lbs/in? lbs/in?® % Yield Elong. %
0.035 64,500 52,600 .28.3 3.5
2.8

0.035 64,500 52,000 26.6




(iv). Quenched in Liquid Nitrogen
‘Several solution treated specimens were quenchéd in liquid

nitrogen from 1020°C, they brought to room temperature and tested within

5 minutes.
Specimen ‘U.T.S. .Y.5. rElong.
Diameter 1bs/in® 1bs/in? g
0.035 110,400 105,000 6.1
0.035 110,400 104,000 8.0

(V) Quenched .in' Liquid -Nitrogen and Aged at -80°C.
.Specimens'were quenched to -196°C, then allowed to reheat‘and

age at -80°C for various times as indicated below,. (see also Figure 23).

Specimen - Ageing ‘U.T.S. Y.S. -Eloeng.

Diameter ~*%ime lbs/in® = 1lbs/in? g

- 0.035 10 min. = 118,700 - 111,800 11.2
0.03%5 .50 111,000 105,000 10.5
0.03%5 .1 hr. 117,000 110,200 10.7
0.0%5 3 - 114,700 106,800  11.7
0.0%5 6 111,200 106,500 7.9

(vi) Carburized at 920°C.
- Specimens were "pack" carburized as outlined in Experimental

‘Procedure for various-times.

 Specimen 'Carbufizing “U.T.S.  -Y.S. - Elong.

Diameter Time lbs/in?  1lbs/in? %
0.035 . 125,900 119,500  .16.9
0.035 Smin. 198500 109,700 10.2
0.035 20 118,800 105,000 7.0 .
0.035 - 126,300 109,200 6.8
0.035 109,800 73,800 1.6
0.035 190 110,100 72,200 1.3
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‘The effect of long carburizing times on the microstructure
is shown infEigure»Qh. It seems likely that the large pores are
associated with the liberation of dissolved gas on-cooling from the

carburizing temperature.

4Répresén§étivé stress-pléstic.strain cﬁrves for the above
mentioned heat tre;tments are shown in Figures; 25 alopg with the
corresponding wérk—hardening'exponents. . Figure 26 éhowsvthe variation
of the yield stress §f solution treated iron powder: composites with

coaling rate.
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Figure 24. Photomicrograph of -325 mesh Powder Composite "
' Pack carburized at 920°C for 100 minutes, unetched.
X 65.
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- / A‘rcoo ,ed me '020 OC.
/ot~ | , Quenched in Ligq. N, From 1020°C
A—— | |

00}~

‘,\/“'

Fumnace Cooled From 1020C
N =0.071

q0}—

I : | I 1 {

i 2 % 4 L 5 7 é&(%) -3 2~ 3 4 ial‘—[\‘lga

.hgure25 Stress-Plastic*Strain  Curves- Representative  Heat
Trealments' On -325 Mesh Powder Composites



Yield Stress X 103 p-S-i-

e
Ha— \O
AN
AN
/20—
. — S — :
—
D\\ﬁ,_
og— .
80—
(0 -325 MesH POWDER
o 7 O -100+ 150 MESH POWDER
- .
d
D
40—
6.bn7°c/sec. C.14°C/sec. o.5°c/sec. - 20%/sec, | usb"c/sec
l | ] i L J_I 1 i In I N | | 1 l L 1 ) ' ]
.2 & 6 & 2 .2 A

2 & ®H 8 T 2 4 6 8 oo 2 4 & 8 I
Log Cooling Rate °C/Sec.

Fiqure 26 Y. S Vs. Cooling Rate For Soturoted lron Powder Composites



_57;_
IV. - DISCUSSION

‘A, rStructures and Aspect Ratios of Composites

" Both methods used to produee a metal fibre reinforced cemposite
proved to be suitable_to some extent. For the purpose of fulfiliiggithew
objective of this work, howevef, the powder-teehnique was superior.  Much
finer fibres could be produced and eepect ratios and interfibre spacings
could be easily varied. over anide range. - In addition, the material pre-
vparedifrom pure‘iron.pqwders“involnedionly two components, and was strucﬁ
turally simpler tnan that prepared frem high cerbon steel~Wire. - That fhe‘
~fibres in specimens made from the coarser iron powder conpects-didAin fact
have favoufable aspect ratios can'reedilyfbe proved. . The diameters of the
fibres are known: as they were ﬁeesuredumetallographically. .However;‘as
.. mentioned: prev1ously, the lengths of the fibres could not be obtained by
" metallographic examlnatlon. None the less, the volume of each iron particle
Ais constent,vand assumingtthat'duringvthe_fabrication process_the shape of
- the iron particle changes from a .sphere to an ellipseid of minor axis a=b

and. major axis c, then,

Volumfe of fibre V, = L gyabc = U4 vePc = Lo ®
| R 3
- where r is the original iron sphere diameter. ;Thefefore the aspect
ratzo/ef the fibres is = g-ué gi . - If the diameter of a. specimen was
reduced-by a factor of 10 ihen "a? .of the fibre = therefore C. lOOO

lO : a.
(It should be noted that a.is the.maximum diameter. of the fibre. . The

average diameter would be somewhat smaller.) U81ng this treatment the
espect ratio of the fibres at a specimen diameter of OJO80vinches isbiﬁﬁ;i
- theory, not less .than 185:1. .Substituting this value into the equation for

the critical aspect ratio (equation 5) gives for the shear strength required
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at the fibre-matrix interface

"f /ll v“ — vf
= 'I8'5' :E,ﬁ Mo = T’? 0

where N; 1is the tensile stress in the fibres, Thus,-ovef
the spécimen size range»ihvestigated a\maximum‘shear stn?ngth of ;;%
-is-required in theory for full fibre reinforcement. .The highesfstress
in an iron fibre encountered ih this inVestigatfﬁh'is in the order of
féh0,000 psi. .Consequently,;the.maximum.shear stress required, even. for
‘a,0.0SO&imchcdiameter specimen'is'invthe.order'qf»§25 psi. .Since the
shear‘yiela-stress.for pure annealed'ﬁolycfystalline.cépper is approximately
5,000 psi, the aspect ratios in all cearse iron powder compoéites in.this
investigation are believed. to be favourable. . The above analysisvassumes.that
the fibres remain continuous during-.fabrication, which may not be true.
However, the estimate of shegr’Stfength is conservativély high due. to the

_natufe of the. other assumptions used.

.Clearly thé aspect ratios of fibres in satufatedmcbmposites pro-
duced. from. -325 mesh iron powder were much less than discussed. above
(Figure -23). -An estimate of fhe aspect ratio in this case is feiy~diffi¢ult
to make, since the coarser of the fibres present did retain a,high ratio.
-Anotﬁer featﬁre of - the finer powder composites islﬁhat a smaller volume

fraction of iren was present ( 57%).

.The aspect ratio in composités prepared‘from high carbon steel
wires was approximately‘200:in'as-infiltrated.specimens-of normal test
length (2 inches). With reduction of the infiltrated material by swaging

-and- ' drawing the length of fibres in a tesf specimen cannot increase, and
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. _ > .
‘the aspect ratio is then proportioenal to df . (d, = fibre diameter).

f
.Thus a 90 per cent reduction in area of the composite produces at

most a 90.per cent increase in the aspectiratio. -Again, however, there
is.ihg ﬁossibilityvthat the original wires do not remain contiqﬁous

‘ Quring,reduétibn~of1the compqsite. Indeed, metallographic observations
of as-drahnigaterial indicate that some wire breakage did occur during -
-fabrication.‘Thus it seems unlikely that the aspeet ratio inAwire
,chposites was.éver much greater-than-zdo. -At this ratio, the maximum
shear,streﬁgth reqﬁired at the:fibre matrix.interface should nbt have

sfexceédéd 300 psi.

.B. . Yielding Behaviour of-ﬁnsaturated'Powder Compesites

1.  Heterogeneous Yielding

Heterogeneous yielding, involving relatively small load drops,
was detected-iﬁ some ‘composites produced from iron powder. The occﬁrrehce
- of fhe phenomenon was not related to.specimen size., .In the case of
saturated, heat-treated material,.it only occurred. in annealed-specimens
-.of low yield étress. . There was no evidence to éuggest that the discentinuous
yielding3wés in any way due.to,breakage of individual fibres or to a loss
of bénding at the,fibre matrix-interfaceé.~ In fact, fibre breakage'would;
.cause serrations in the stress-strain curve at the uifimate stress (aé -
. observed by McDanels et al. with»copper;reinforced tungsten-filamentsB) and
-not at the yield stress. Thus, the heterogeneous yieldingﬁobéérvedain
- powder composites is believed. to be of fhe type.normally observéd in
annealedviron’and lowfcarbdn‘steel{-énd ﬁo be attributable to the large
volumé fraétion of iron (br.the b.c.c. solution of copper in iren3} which

is present in these composites,
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2. ‘Size.Dependence'of Yield Stress

| Figure 20 reveals. that only a .slight increase in yield‘stress
. occurred in unsaturated powder composites (from coafse'powders) ﬁith
decreasing specimén diameter over the size range investigated; i.e.

. corresponding to a range of individual fibre diameters of approximately
: 26 to %?miCrQns. -Theré'are‘séveréi.possibée}reasons-for'the-increase
-Observed. | |

.a) There is altrue'Size-effect within the iron.fibreS'dver

this size range, (a true size effect being one which is directly a function =

of the diameter such as.the strength of a whisker.). .There was no
g,griofi reason,,however, to expect such ‘a .size effect in a mixture of

ductile phases, and it is unlikely that such an effect is involved.

b) The matrix mean free path decreases as the composite is
reduced in diameter. .Thus, strengthening of the matrix might be expected ™
due to a reduction in.the path length available for dislocation pile-up

during initial plastic strain (i.e. a grain size effect exiéts).

c) As the composite is reduced in size; the dissolved.copper
content of'thé iron fibres increases with the accﬁmul&%quﬁéﬁ.gnnealing‘
“time at 680°C.'.Hoﬁ¢ver, the maximum solubility of.cqpper in iron at
680°C is- reported. to be 0.5 per cent. Moreover; although age-hardening
1s exhibited by alloys in-this composition ranée,-thé solutioh‘hardening

effect in this system is small.

‘It therefore ‘seems probable that mach of the»l7,5:per cent

increase in yield strength'shown in"Figure-2O is due to (b) with a

centribution from (c).
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-C. Yield Behaviour of Wire Composites

1. . Origin of Two Yield‘Peints

The load'elongat%on?eurnes for the wire composites exhibited
two appafent»yield points, YP trix and YPcomposite' -The. corresponding
"matrix yield stress" increased:feirly rapidly with decreasing specimen
diameter (Figure 12). - Coupling this with the observations shown in
'vFigure 13, in whichvthe thickness of the copper ceating on the outside
of the specimen is related to specimen diameter,. suggests that the
initial yielding observed Was due.to a grip;effect. . It is suggested
that the copper coating yielded in the grips giving rise to. YPmatrix.
-As : ev1dence of this, at smaller: spe01men dlameters correspondlng to
thinner copper coatings the matrix yleld stress.rose, probably due to
1ncreas1ng restraint from the gsteel flbres .In fact, at small specimen
diameters the matrix yield. stress became very close in value to that
whlch.has,been termed the cpmpes1te yield stress. Consequently, it is
believed that enly‘the latter-yield stress is truly indicative of the

properties of the composites.

2. . Heterogeneous Yielding
The extent of heterogeneous yielding in wire composites was
disfincfly related:to composiﬁemgéameter (Figure'lh). The phenomenon
‘was also much more. marked .in wire than in powder composites. ,Since»'
discoentinuous yielding-was only observed in materials of relatively low
composite yield stress, it is unlikely that it canvbe attributed even
partially‘to a grip effect; i.e. 1rregular grip sllppage. Also, breakage
\

of fibres would be expected.to cause serratlons to gappear in the stress

8
strain curve'at higher stresses ratherr. than Just at the onset of yielding.
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-It was deﬁonstrated that a .single, spheroidize-annealed; steél
wire exhibited discontinuous yielding of the type observed in mild steel.
- It has been stated elsewhere25 that a spheroidized eutectoid in a .high
carbon stee; can exhibit the phénomgnon, whereés a pearlitic structuré
-of"the same éverall composifion does not. Bredz and Schwartzbart2u<have
observed a decarburizingvphéﬁomenon-when copper was melted in contact with
steels of various-carbon céntenps:TiThe.carbon~(due,to'thevinfluence of

- the chper) became.congentrated:at the grain boundaries of ithe steel. -

'The Q.012 inches diameter steel wires contained in the composites
used in_this iﬁvestigation Wwere in contact with liquid.copper at 2100°F for
10 minutes followed by quenching. . Iron at this temperature céﬁ contain
up to 8.5 per cent copper in solution. - It has been stated»élsewhefe
- that a -lOO,fl50,mesh-pure;iron powder composite becomes saturated with .
copper iﬁ approximatelyw200lminuteS'of infiltration‘time at‘llOO°C,’,Tbus,
due. to the large size of the individual.Wires and relatively shbrt time in
contéctvwith iiquid.cqpper,;it is felt that only thé surfage'of the wires:
was initiallysaturatédmnm.copper. ‘The structure of the steel fibres<theﬁ,
.prior té the initial swagingvoperatioﬁ, was tempered martensite (quenching

. from.1150°C followed by tempering at 680°C).

~Experimeﬁts involVing the effect of cold-work and_strain anneaiing
-indicated. that heterogéneous yielding-in the yire composités:might be of
-the-%ormal mild steel type observed in spheroidized: high-carbon steels.
vHéweéér, the size dependence of the phenomenon is not adequately expiained
-on thié basis. -Moréover, the fact that a marked decrease in wire composite
yield strength occurred at sizeé;whefe heterogeneous yielding was‘a:maximum

suggests that another mechanismvmay‘be involved in the process.



It is proposed: that much of the discontinuous yielding in wire
composites is.attributable to shearing at. the matrix;fibrg interfaces.
With_prbgressive reduction and annealing of the composite,.carbon-segregates
fo-the steel wire surfaces. (as per Bredz and Schwartzbartgg)‘and eventually '
appears as graphite -at the interface. The fact that this phenomenon would
. be dependéht on totalfanﬁéaling-time and hence'specimen diameter'accounts
for_the observednvariatiénzin extent  of the discéntinuous yielding with =
specimen size shown in»Figure 1k, Thus, with‘decreasing-composite diamete?,
down to about dioh6 inches, the fraction of ﬁbtal‘interface.area.oniwhich

1 ¢ .
eparation over all

shearing cén oééur is incfeasing. - Below. this sizé,ig
the matrix fibre. interfaces occurs after progressiveiy:less total strain.
vThié argument predicts. that below.0.046 inches diameter, the tensile load
.-on the compésites is being carried entireiy;by the matrix. in the early stages

‘of flow. The strain-hardening behaviour (Table II, page 32) does not support

-this model toe well, however.

- The observed effects of ageing and. cold work can be rationalized
.in terms éf'the proposed interface-shear mechanism. - At thé specimen diameter
_which exhibited the maximum amount of discontinuous yielding; i.é. 0.046 incheé;
'cold,wérking'of the specimen to a reduction of h‘l/a per cent not only
eliminated the discontinuous yielding but alsc raised the yield stress to
MH,QOO psi which is an incréase of approximately 33 per cent over the
annealed condition (Figure 9). . This implies that cold~working‘has.parﬂiélly'
- restored the bond: between the fibres and the 'ma_.trix, by inechanically breeking
down graphite or other interfering‘layerst Ageing of specimens in this

size range for 1 hour at 200°C partially. restored the discontinuous yielding
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while also slightly raising the pqmposite.yield stress (by appréximately
.6 per cent). -According to the interface-shear arguﬁent above, this |
- would imply that the ageing treatment has allowed the creation of new .
shear points or. areas which_shear at higher stress values than in the

initial specimen,

. Optical microscopy, unfortunately, failed to re#eél,clearly'the
formation- of the weakening interface layers postulated abqve._vAlso, there
-was»no-positi#e evidence in the microstructure of partially deformed or
fractured wire composites that the shear mechanism had or had not been
-operative. - The main basis. for the postulation,that'inteffaciél.shear'muSt
have occurred. in. these materials was the observed dependeﬁce of composite

yield stress on specimen size, as discussed in the follewing section.

.3, .8ize Dependence of Yield Stress

The composite yield stress versuslspecimen diameter curve for
the steel wire composites (Figure 9) shows a distinct anomaly within~a

critical size range.

.The composites used in this invéstigation were given.one hour
anneals at 680°C subsequent to each 40 per cent reduction in Eross~sectional
area. .This_annealing:tended to further spheroidize and coarsen the carbide
in the steel wires (Figure 6). Associated with spheroidization would be
expected a slight lowering of the yield strength of the fibres with
decreasing fibre diameter (increasing total annealing time). The matrix,

- on the other hand, would be.expected to show an increase in strength with
'deéreasing specimen. diameter due to a -matrix mean- free path effect analbgous

to the major strengthening mechanism proposed for the iron-powder composites.
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- Based. on observations reported for other systems, yield stress increases

=1/2 ,
. with h / where h = mean. free path.

‘The fibre strength curve, it is suggested, is interrupted by
shearing at. the matrix-fibre interface}-'The‘matrix-carries.the entire

load on the compositeionce shedring of the interface is complete; However,

relatively high stresses (approaching the true fracture stress.of the
: ‘ . . : : I

matrix alley) can be carriédisiﬁqe necking of the matrix is restrained]
by:the fibres, i.e. there is a hydrostatic pressure effect‘infthe'matrix..
- Superimposing the above effgqts_gives thévschematic.summationncurve

-shown ianiguré-27,,whi¢h is of the general form of the experimental yield

stress}cﬁrve»obtained'fov wire composites (Figure 9).

D. . Effect of Heat Treatment on - Saturated Powder Composites

The strengths observed.in powder composites after saturating the -
iron fibres with copper at 1020°C were extremely dependent on»céoliné rate
from 1020°C. .Conéideration-of’thé possible phase transformatioﬁs inveolved
‘became necessary -in order to explain this behaviour aﬁd to explain the

relatively high strengths obtainable in saturated composites.

The solubility of copper in o(-iron'at 1020°C has beeﬁ reported
at 7-8 per cent by weight;Kréntzl7.has shown that saturatioﬁ‘Of -100' +150 ‘mesh
particles of iron with copper will occur at 1100°C in approximately 200 minutes.
-Thus, powder composites which were solution.treated in the present studies

as described previously, involveduc0pper,séturated iron fibres.

- Previous reported -studies of non-equilibrium phase transformations
in the iron-copper system have been largely confined. to alloys containing

‘up to b welght per cent copper. . It is recognized that. these alloyS‘éan be
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solution treated and quenched from above or below the eutectoid temperature,
then precipitation-hardened at a few hundred degreeslcentigrédeeo. However,
no studies have been reported.in the literature of the non;équilibrium
decompdsition.of the eutectoid at 4 weight per cent copper. - Specifically,
there is no reference to a martensite transformation in this system in. the

2
extensive studies of such transformations by Zackay et al 6 or Bilby and

.28
Christian .

<Whité25 performed some unpublished work on iron - 6 weight per cent
copper. alloys prepared by melting and casting. .He hot -and cold.rolled ingots
to obtain strip material which was cut into shaped tensile specimens. - These
were homogenized (solution treated) at 1100°C, cooled ét<various rates to

20°C, and tested in tension with the following results:

1. Water Quenched From 1100°C

.,‘U.T,S. Y.8. -Eleng. "Hardness
lbs/in® 1bs/in? % Rockwell
109,000 n.a. 6.0 Cc5

6.0 ‘B 90

107,000 “- ‘100,000

2. "Aircooled" From 1100°C

U.T.S. Y.S. Elong. - Hardness
1bs/in2 1lbs/in2 % Rockwell
153,000 - 143,000 L.,o . C 31
151,000 141,000 4.0 Cc 31
156,000 146,000 5.0 €32
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3. - Furnace Cooled From 1100°C

U.T.S. Y.S. Elong ' Hardness

lbs/in2 lbs/in2 % __ Rockwell
72,000 61,600 | 15 B 66
16,700 64,800 16 B 67

72,500 61,600 18 B 65

White also examined the effect of reheating aircooled-specimens

for 1 hour at varioustemperatures; followed by airceeling to 20°C.

4. "Aircooled"-From llOO?C,nRéheated.to<hOO9C for 1 hour,

U.T.S. .Y.S. . Elong

1bs/in2 1bs/in2 9
130,000 119,000 10
127,000 . 117,000 10
135,000 123,000 - 7

5. "Aircooled" From 1100°C, Reheated to 600°C for 1 hour.

U.T.S. ~ Y.S. _ Elong

1bs/in2 1bs/in2

89,000 - 80,000 : 13
91,000 : 84,000 13
95,000 86,000 13

6. ."Airceoled" From llQO?C,3Reheated to 750°C for 1. hour.

v.T.5.  Y.8. “Elong.
~1bs/in2 1bs/tn2 _ 9%
84,000 74,000 16
85,000 79,000 .16
80,000 72,000 15

_ These results bear a clear.relationship to those obtained in. the

present studies by heat-treating powder composites. - In view of the,known
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and rather small effects of age-hardening the o€ solid solution in Fe-Cu,.
the enormous difference between the air-cooled and furnace-cooled 6-8% Cu
alloys csnnot bs explained in such terns. - In fact, consistenn with the
.phase diagram for Fe-Cu, it is difficult to explain the. hlgh strength of °
aircooled (or even quenched) materials by other than a. marten51te trans-
formation.‘.It remains to explain why;the properties of these alloys respond

-to coolingzrate in the manner observed,

-There are several known martensits transformations including
Cu-Ai26 and- Fe-N127 in which the Mg and: Mf temperatures are strongly
-dependent on slight variations 1n the concentrations of the minor
4 components. .of particular'interest~is‘the CuaAl.system where anchangs
in Al concentratlon of from 11 to 15% (hypereutect01d range) lowers thef;
‘M by approx1mately 450°C 26. .It is felt that a slmllar effect occurs in

the Fe-Cu system, with increasing copper contents lowering,thefMS.

- For purposes of discussion, consider the quenching'of a homo-
geneous Fe-T% Cu alloy from 1020°C. fQuenching at a - rate greater than
- some certain. critical value would allow.virtuaily full retsntion of. the
copper in solution.  The high copper concentration, howévef, will depress
-the value of thévMS and Mg from those which would exist at a lower_copper
.concentration. - Thus, the amount of martensite that would be formed at a
-particular temperature between Mg and-Mf-for-the‘7%-copper alloy would be
less than that resulting.from<quenching.tovthe same temperature an alloy
of lower copper concentration.,  Compare this result with that predicted

.from.coolingvthé same alloy at a .lower rate (i.e. below the critical rate).
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This would allow.partial precipitation of the epsilon phase during
cooling. - In this manner, the copper content that would be retéined in
.solid»solﬁtionvon fufther cooling would be somewhat reduced and the
residual ){ would have a higher’MS and-Mf, The net cbnsgquence is that
a substantially greater amount of martensite would result on further
cooling to the reference.femperature, provided. the rate of cooling

was rapid enough in this range of temperature.

- Figure 28 shows a suggested cooling-transformation diagram for
“the irons7%‘copper'élloy, ﬁhe form of which iscon&istent~withfthe-abéve
argumeﬁﬁ,/ and. the use of which permits.observationé in the present
invéstigatioh to be ékplained;

It is intefesting to note that in the Cu-Al.system martensite
‘transformations are feported only for hypereutectoid compositionse8. If
similaf-behaviour islexhibited by the Fe-Cu system, this could~explain the
-absencé of previous observations of a martensite reaction, since nearly
all earlier work with this system has been-with alloys of less thén

4 weight per cent-copper;’.

: Some of the saturated powder composites studied in. the present
work were quenched- in liquid nitrogen from the solution treatment temp-
-erature anduthén.tested-in tension at room temperature. For thé above
- mechanism to explain thelresults obtained,. the martensite transformatioen
woﬁld~be required to be completely reversible, a.conditién.that‘exists in
mest other syétems which eXhibit'martensitic.type,transformaﬁionse9.

"In the powder compqsiteé-the rate of cooling due to "aircooling" is
apparently such asatovproduceAthe maximum amount of martensitic phase

consistent With»the.prop0sed»transformation.  Reheating-off"aircooled"
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specimens at 400°C for one hour is presumed to have partially tempered'ﬂ
the martensite, whereas a one hour treatment at 750°C has apparently
transformed the metastable martensitic phase into a relatively coarse .
mixture of low-copper'o(and'the'epsilon phase..  The latter transformation
would be expected to allow a.rgturn-of heterogeneous‘yieldingtin the

ferrite, a condition-which was, in fact, observed.

- An interesting result of the heat treatments of-ﬁséﬁurateaﬁf
composites (and one which éannot be explained in terms of a .simple
martensitic transformation) is the apparentfége—hérdening-:of specimens
quenched in liquid nitrogen-and held at room temperature. In studies of
precipitation of € from o¢ it has beenvréveéled that'maximﬁm hardness
éccufs as a result or ageiﬁé at temperatures between 400 and 700"0.'2O
-In addition, méasuréable precipitation of « from € . occurs only at
temperatures above 600°C and then iny fo a very limited extentl9. -Thu;

it is apparent that the normal precipitation phenomendn,generally observed

in the Fe-Cu system does not apply in this case.

It is possible that some tempering of the high copper ﬁartensite
formed by guenching the saturated‘(7-8% copper) X\ occurs at 20°C in view
of the high degree'of supersaturation involved. Also, precipitation from
retained X‘ may occur. This could in turn céuse hardening of the existing
martensite by the formation of coherency strains, and/or result in the

conversion of some retained § to lower-copper martensite,

- Of particular interest is Figure 26, which shows the variation
of ‘the yield stress of the composites with changes in cooling rate from
the saturation temperature. It is apparent that the maximum strengths in

the composites occur as a result of cooling rates of ‘between 20 and 150°C/sec.
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The curve also shqws virtually a,linéar dependence of yield stress ﬁifh
variations in cooling rates less thén‘the values just mentioned. This
is consistent with what would would be expected from a considerétion-of
, the cooling-temperature curveyshownviﬁuFigure 28.  Slower cooling rates
. would allow diffusion-gontrolled phase transformations to occur during

cooling with a subsequent softening effect.

- BE. .Deformation Behaviour of Metal Fibre Reinforced Metals

Krantzl7 has examiped the properties in the bulk form.of a
copper-iron alloy essentially identical to the matrix alley in these .fibre
composites. He found. the ultimate tensile strength to be_ﬁ?,OOO psi with |
an-elongation to fracture of 30 per cent in 1 inch. .The true fracture stress
_however, can be-takén as approximately 118,000 psi on the basis of area at

the fracture.

- The saturated and heat-treated powder composites-provided an
excellent opportunity to examine the effect of the relative streﬁgfhs of
fibre and matrix on composite properties. -Thus iﬁ furnace-cooled material,
the yield and ultimate strengths were low (39,000 and 50,000 psi respectively)
and the elongation to fracture was high (27 per'cent). - These properties are
in:fact similar to those of unsaturated composites of similar size, Clearly
in this case, deformation of the matrix is not being restricted.appreciably
by the fibres, since the latter are ferrite (©€) of low dissolved copper

content with deformation behaviour similar to that. of the matrix.

-By contrast, aircooled composites contained fibres for which the
yield and ultimate strengths could be expected to be at least-lhE;OOO and
152,000 psi respectively according to White’s results.. The fact that such

composites exhibited strengths of ll0,000‘psiv(yield) and 140,000 psi
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(ultimate) can be accounted for by a "size effect" in‘thevﬁatrix rather

- thanbin the fibres. .The high-strength fibres constitufe strong‘barriers
té flow in. the matrix. -That is, dislocation pile-up in the very eérly ,
stages of plastic strain in the matrix (prior to the attainmeﬁt éf the
réported yield stress) leads to very rapid.matrix hardening. - The fact
that the length of pile-ups is severely restricted at the small composite
and fibre diameters invelved,. means that the 'matrix size effect" being
realised is large. -The matrix accordingly can support stresses much
higher thah its bulk ultimété strength, perhaps approaqhingrits'true

fracture stress.

- Similar arguments provide an explanation for the. strength properties
of composites with other thermal histeories in the present work. It remains,
however, to compare the theories advanced by previous investigators with-the

arguments proposed above.,

-The "fibre size effect" reported by Jech et al.5 in tungsten fibre-
reinforced copper can probably be partly attributed to the matrix size effect

discussed previously.

-0On-the basis of several assumptions, an expression. for the pre-
dicted variation.of composite strength with matrix. mean free path can be

developed mathematically.

-Assuming.that the fibres in.the composite are continuous and have
the uniformly packed array shown in- Figure 29, then the area.of a fibre

can be related.to the total composite area as follows:



Figure 29.

Assumed ‘Fibre Distribution
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Total area of triangle in Figure 29

2
Ay = 1L 8¢ ANF s8r = AT sp
2 2 L
. Area of fibre inside triangle
2 TT 2
Ap = 1 47 MM = de
2 T R:3
) 2
f = d
i Tf f = Volume Fraction Fibres = N

f

™ o 52

.. Thus, the interfibre spacing (S5;) is:

=
, J 2 3 Nf
Also, since there is a linear relationship between interfibre

spacing and matrix mean free path for the case of continuous.fibres, then:

M.F.P. o¢ .dp

VT

Gensamer, working with steels, has shown. that the strength of a

matrix containing & hard dispersed phase is proportional to the log of
reciprocal mean free path. . Other investigators, with'various=two—phasé

: -1/2
systems have found a.(M.F.P.) / dependence of strength. -Mathematically,

-1/2
both these functions are quite similar. Therefore, assuming a.(M.F.P.) /
relationship,

. "1/2 0:25°
strength of matrix (<) o« (M.F.P.) o< N ceens(T)

It now becomes necessary to medify the theory of combined action,

which assumes that the matrix strength ‘Tﬁ1 -1s independent of the volume
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fraction or diameter of the fibres present, i.e.
T, s oae T ot oy T

- Consider the effect of increasing the volume fraction of the
fibres (i.e. -Ap) while keeping dp constant. -This will decrease the
value of A, the volume fraction.of the matrix. ' The theory of combined
action indicates that the composite strength increase is linear, i.e.
there is no accompanying change in the values.of the fibre and matrix
stresses. - The theory propoSéd.however, is that the matrix strength

©*25 and thus any increase

is proportional to (volume fraction. of fibres)
in the volume fraction of fibres.causes an increase in. the strength of
the matrix. - The effect, although relatively small, has maximum influence
at low volume fractions.of fibres (i.e.. less thanAQO%); This could
possibly acéount for the discrepancy between the experimental points and
the calculated straight line observed by MeDanels et al.8 ‘In their work,
-plots of composite ultimate tensile stress versus volume per cent fibres
for.three separate fibre diameters gave experimental values at low volume

per cent fibres that were greater than the values calculated from the thegry

. of combined action.

-Equation.(7) indicates an inverse square root dependence of
matrix strength with fibre diameter. - The effect is greater, the smaller
the diameter of the fibre. Unfortunately, there is no direct experimental

-evidence to support this premise.

It is thus proposed.that the existing theory for predicting the

strength of fibre-reinforced composites should be modified.to become:



L -1/2
T - oa, T, A Ty oAtk oY e (B)

c

where K is a constant depending on the relative strengths' of

the fibre and the matrix.

- A value of K can be calculated from one set of results obtained
in this investigation, namely, the "aircooling" of the coarse iron powder
cemposites. -Substituting pertinent values into equation~(8) and-selving
gives K equal to- 281 ibs'/in5/ 2 ot a fibre diameter of 10-microns. - If-K
depends. only on the relative strengths of the fibre and the matrix,then'
equation (8) should give the composite strength for the "aircooled" =325
mesh powder composites with a.substitution of the corresponding velues of
_ Af,‘Am and de. Such a.calculation gives a value for the composite strength.
of 137,600 psi. which is 13 per cent greater than that determined experi-

mentally (122,000 psi). The theory of combined action, on the other hand,

- predicts 109,500 psi. as the composite strength.

The calcuiated value of the strength.is based on the assumption
-that the mean free path is linearly dependent on the diameter of the fibre
- (i.e. continuous fibres are assumed). This is not true for the case of
-325 mesh powder composites  (Figure 23). - Apparently the mean free path
is several times greater than has been assumed in the mathematical develop-
‘ment. -This will have the effect of lowering the value of the third term
in.equation (8), thus bringing the calculated value closer to that deter-
‘mined experimentally. On;the other hand, it is hard to visualize any
additional effect increasing the strengﬁh as calculated from fhe.theory
- of combined action, (apart f?omninéreasing-the strength of the fibres due
to a "size effect", a .conditien which has not- been found te occur in this

investigation).
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V. -CONCLUSIONS

1. 'No strengthening effect has been observed in fibre-reinforced
_composites in this work which can be attributed to fibre "size effects".
-However, the strength of metal fibre reinforced metal composites is believed

.to be greatly influenced by a."size effeet" in the matrix.

2. - Any factor which affects the matrix mean free path (e.g. volume
fraction of fibre and fibre diameter) can be expected to affect composite
strength. .However,_the extent to which such effects are important is
~controlled by the relative hardness or strength of the fibre; i.e. by: its

effectiveness as a barrier to flow in the matrix.

.3, - The following mofidication of the theory of combined action is
proposed for predicting the strength of a fibre—reinforced.comPOSite:
| +1/b -1/2
Vo= Ap Vg * Ay Uy + & K 4
where A is volume fraction, f refers to fibre, m refers to matrix,

de is fibre diameter and-K is a constant whose value depends. on the hardness

.of the fibre.

4, . In composites of copper reinforced by steel wires, weakening
of the matrix-fibre interface can occur as a consequence of carbon segregation

.to the interface. This leads to shearing at the interface in the early stages

. of tensile deformation.

5. -Alloys containing 6 to 8 weight per cent copper in iren exhibit
a martensite tfansformation when cooled from the )( region of the Fe-Cu
phase diagram. - The martensite formed at 6 per cent copper has an ultimate
strength of approximately 150,000 psi and exhibits appreciable‘ductiiity.
-This martensite transformation apparently has not been observed heretofore

in-studies by other investigators of Fe-Cu alloys.
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VI. - SUGGESTED FUTURE WORK

- This work has been primarily of an exploratory nature and the
results have suggested directions of future work which might be profitably

. explored.,

- It is recommended. that further studies be carried out on. the

ﬁhase\transformations in hypereutectoid:Fe-Cu alloeys of bulk form.

-Experimental verification of the proposed rule for predicting
composite strength is recommended. - This could be done by the extensioen
-of experimental work to other systems and by means of experiments in which

the fibre size, df, is varied -without varying the inherent fibre strength.

-In addition, it is felt that this work could be extended to
even smaller fibre sizes and/or smaller matrix mean free path distances
by a judicious choice of wire drawing equipment, powder sizes, and heat
‘treating conditions. - Saturation of the fibres with copper prior to final

drawing could help to obtain the desired result.
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r.. APPENDIX T..

Iron-Copper System

Fe-rich End
Reproduced from Wriedt and Darken, Trans. A.I.M.E., 218, (1960)

Cu-rich End
Reproduced from Butts, "Copper, the Metal, Its Alloys and Compounds",

New York, 471 (1954).
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“APPENDIX IT.

- A. Data for Steel Wire-Reinforced-Composites

- 8 -

Composite - Specimen - Y.58, Y.S. -U.T.5. - Disc.
© Number Diameter “Matrix Composite psi Yield Unit
- (in) psi psi Strain (in)

S OW:l-A 0.098 5,800 21,600 47,200 0
0.089 8,600 26,500 48,700 0
0.075 10,500 .31,300 68,500 0

0.067 18,200 35,100 63,100 0.023

0.052 21,500 34,300 54,400 ~0.0k0

. 0.051 26,100 32,000 53,700 -0.0%6

0.04T 16,800 38,300 53,400 0.063

- 0.047 23,600 :39,200 54,700 0.063

0.043 18,200 .34, 000 . 61,700 C.0k7

0.03%8 19,500 36,300 64,500 0.034

0.034 -2k, 000 45,400 4,500 C.028

W-2-A 0.057 15,000 42,700 49,600 0.0k

o 0.0k7 18,700 33,800 L2 800 0.050

- 0.0k4T7 16,800 31,900 37,800 a.a,

0.047 - 15,900 34,500 42,600 0.0L3

W-3-A 0.070 14,500 34,400 63,400 0.039

0.063 12,300 -39,200 68,600 0.035

0.060 13,900 41,300 66,400 0.03%0

.0.058 18,300 38,600. "~ 56,100 0.038

0.053 15,200 35,300 52,500° 0.035

0.051 14,000 52,000 48,100 0.0L6

0.0k2 21,400 33,000 k6,400 -0.017

- 0.040 25,500 133,500 -40,000 -0.030

0.036 2k, 500 .36,300 b 200 0.027

0.0%6 31,400 35,400 54,800 0.018

0.032 40,000 4k ;100 74,700 -0.000

0.022 45,200 .50,800 71,200 0.020




~“Appendix-IT. Continued..

. .B. :Data for Iron Powder Composites

. Composite - Specimen  Composite U.T.S. -Disc.
. Number Diameter - Yield Stress psi - Yield:Elong.
_(in) psi | (%)
Powder 2 0.096 . 29,700 -1 141,100 0
0.076 ' 28,500 45,600 -0
0.073 37,200 - 45,700 L0.1 =
0.061 : 29,400 L0,000 X
0.057 - 33,600 42,200 R
0.046 29,100 4l 1800 '
0.030 33,000 ‘o, koo L2
0.027 . 33,500 48,800 b
~Powder 3 0.077 33,100 46,800 2.1
0.07h. 32,900 . 43,800 .0
:0.071 28,700 k2,400 &
0.069 29,800 42,600 1.4
0.063 27,900 45,400 1.8
0.059 : 126,200 . 43,500 0.8
0.051 - 34,000 +39,900 2.9
0,046 30,600 43,500 1.0
.0.040 38,000 17,500 3.2
0.038 , " 33,200 41,800 @ 3.0
.0.034 33,000 45,600 - 2.5
0.028 “34 700 42,300 R
1 0.025 34,700 41,600 &

& Discontinuous Yielding was present but range ovér which
it acted could not bé clearly defined. :



