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ABSTRACT

The deformation characteristics of cbntinuous tungsten fibre-
reinforced zinc composites have been investigated. Composites with a
single crystal matrix containing up to 4.5 volume per cent of tungsten
fibres were studied.

The stress-strain curves of W-Zn composites showed positive
deviations from the "rule of mixture" predictions. Theoretical work
attributes the positive deviations to matrix hardening due to either one
of the phenomena:

| (a) the difference‘in the lateral contracfions of
the fibre and the métrix;
(b) the pile up of disloéatioﬁs in the matrix at

the matrix-fibre interface.

In the present work the positive deviations in the elastic~
plastic region of the stress-strain curves ofnthe composites have been
attributed to both (a) and (b).

The positive deviations in the ultimate tensile strengths of
the composites have been attriﬁuted to (b). |

. Composites containing up to 0.08 volume per cent of the tungsten

wires deformed even after the fracture of thevfibres. Dissolution of the
matrix of these dgformed composites - showed that multible necking had occurred
in the fibres fractured to 1-5 mms length. |

Composiéés containing greater than 0.08 volume per cent of tung-

sten fibres fractured by cleaving through the basal plane of the matrix.
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‘No fibre fracture inside the matrix was seen except at the fracture end of
the composite. Multiple necking of the fibres near the fractured end has

been seen only in those composites which have deformed more than the free

fibres tested individually.
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I. INTRODUCTION

A. General:

In recent years much.atten;ion has been given to the possibil-~
ity of increasing the strength of weaker materials by reinfﬁrcing them
with stronger materials. Very good strength characteristics are found
in materials which contain a large volume fraction of a hard seéoﬁd phase
uniformly distribufed through the major phase. These types of materials
can be obtained by phase decomposition, by mechanical mixing and sinter-
ing (powder metallurgical means), and by internal oxidation.

The strength properties of these materials entirely depend on
the properties of the hard phase present in the weak matrix. Investiga-
tions on these materials led to the conclusion that a matrix containing
uniformly dispersed néedle shaped hard particlés,'with a good bonding of
the harder phase to the matrix, would give maximum strength.

| Recent iﬁvestigators have considered.combinations of strong

fibrous materials with relatively weak binder materials in order to obtain

LY

strong composites. This has led to the fabrication of composite materials
with mechanical properties superior to those of the bulk materials from

which they are derived. Various techniques have been developed for incor-
porating strong figfes in the weaker matrices énd many theories predicting

the tensile properties have been developed.



B.. Previous Work:

Much of the past research has been concerned with fabricating a
good composite. Fabrication methods can be broadly classifiedl as 'direct',
and 'indirect'.

Direct fabrication of fibre-reinforced metals can be carried out
either by the growth and arrangement of the fibres, using a controlled
phase transformation, or by production and alignﬁent_by working in the
solid state. Direct fabrication is usually done in é single operation.

.CuAlZ—Al eutectic composites,2 FeZB—Fe eutectic composites,
Ni3Si—Ni eutectic composites,3 A13Ni—Al eutectic composites,4 Cu-Cr eutec-
tic composites1 and C§5Ca—Cul cdmposites are some examples of composites
obtained by difect fabrication methods. |

The indi}ect method of fabrication involves two steps. The
fibres are first obtained separately and are subsequently incorporated in
the matrix to form the éomposite structure, ﬁeinforcements have been madé
using either contiﬁuous or discontinuous fibréé. Different approaches to

the fabrication of composites, and the systemélfabricated by these methods

are given in Table 1.

TABLE 1. FABRICATION TECHNIQUES, AND COMPOSITE SYSTEMS FABRICATED
BY THESE TECHNIQUES
5,6

From Alexander et al.

FABRICATION TECHNIQU

FIBRE-MATRIX SYSTEM

Liquid Metal Infiltration B-Mg, W-Cu, Mo-Cu, Ta-Cu, B-Al,
‘ W-Ni, Steel-Ag, W-Ag.



Table 1 (Continued)

FABRICATION TECHNIQUE - FIBRE-MATRIX SYSTEM

Hot Pressure Bonding B-Al, Be-Al, Stainless Steel-Al,.
Si€-Al, Coated B-Al, 5i0,-Al,
B-Mg, SiC-Ti, Be-Ti, B-TI,
Coated B-Ti.

Cold Press and Sinter ’ W-Ni, Mo-Ni, Mo-Ti, W-Ag.
Plasma Spray ‘ B-Al, SiC-Al, Coated B-Al,

. W-W.
High Energy Rate Forming B-Al, B-Ni, B-Ti, W-Al, W-Ni,

5iC-Ti, SiC-Ni.

Electro-deposition W-Ni, B-Ni, SiC-Ni, B-Al, SiC-Al,
W-Cu. :
Chemical Vapour Deposition W-W, B-W, Be-Al.
_ Extrusion and Rolling ' W-Ni, Mo-Ni, B-Al, Mo-Ti, B-Ti.

The strong fibres used in the reinforcement of a weaker matrix-
binder can be divi@ed into three groups: whiskers, metallic wires and non-
metallic wires (ceramic fibres).

Composite materials can also be classified according to the fibres
and matrix materials present in the composites. The different categories of
composites, with,ekamples of tomposite systems that have been fabricated and

whose deformation characteristics have been studied, are given in Table 2.



TABLE 2. COMPOSITE GROUPS AND THE APPROPRIATE COMPOSITE SYSTEMS

COMPOSITE SYSTEM INVESTLIGATED:

FIBRE-MATRIX FIBRE-MATRIX
Metal-metal WEAg,7’8 W’—Cu,g’lo’ll Staiﬁless Steel-
Al,12’13’14’;5 Steel—Cu,16 Mo—Cu,10
18,19 ,
Ta~Cu,’ B-A1l, ’ etc:
Ceramic (non metal)-metal’ C-—Ni,zo A1203—Ni,21 Si3N4—Ag22, 51024
‘ a1,%% glass-a1,?* AL,0,-T1,% orc,
S 26 26
Metal-non metal N1chrome—A1203, N1chrome~5102,
~ Stainless Steel - A1203,26.Stainless~
Steel—SiOé; ‘Al-plastic, 27etc.
. . 28 29
Non metal-non metal Glass-plastic, Carbon-polyester,

.513N4—re51n.

Most extensive studies have been done on the déformation charac;
teristics of composites containing céntinuous metallic fibres.

McDanelsAet aZ.9 in their Qork on tungsten fibre-reinforced copﬁer
éomposites defined fbur stages of tensile deformation, Figure 1.

I. Elastic deformation of fibre; elastic deformation of matrix,

IT. Elastic deformétion.of fibre;‘plastic deformation of matrix.

III. Plastic deformation of . fibre; plastic deformation of matrix.

IV. TFailure of fibre and matrix.

(Continued on p. 6)
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Fig. 1. Schematic ‘Diagram of the True Stress-strain Curve of a Composite

Showing Four Stages of Deformation.



The tensile properties were discussed, making use of the "rule
- . - .30 L ' ,
of mixtures." The rule of mixtures is given by the elementary decomposi-

tion formula:

f = clfl + C2f2’ clv+ c, = 1 o (D)

f: fl and fz are composite, phase 1, and phase 2 averages of any

function f(x,y). cy and c, are phase concentrations (by volume fraction) of

phases 1 and 2 respectively.
For a volume fraction of fibres greater than a certain -minimum.
value (to be discussed later) -the ultimate tensile strength of a continuous

fibre composite, 0w is given by:

% cquf + o Vm, Vf + Vm 1 (2)

the ultimate tensile strength of the fibre;.

Q
I

fu
Om' = * _ .the stress in the free matrix at the ultimate
strain of the free fibre;
Vf = volume fraction of the fibre in the compsite;
Vm = volume fraction of the matrix in the composite.
o
Expression (2) assumes that the'jf matrix strain.em, the

fibre strain €., and the composite strain e, are equal for a given load.’
L 9 . . oo
McDanéls et al.” generalized equation (2) to allow prediction of
the stress in a composite, oc; at any value of strain:

o, = def_+ Ome’ Vm + Vf ='l, 3).

where the g values represent stresses at any particular value of strain.
taken from the stress-strain curves of the components in the condition in

which they exist in the composite.



On the basis of equal elastic strains in Stage I, expression 3)

can be written as:

By = EgVe + BV (4)

where

t=
I

Young's modulus of the composite in Stage I,

cI
Ef = Young's modulus of the free fibre,
E = Young's modulus of the free matrix.

A similar expression was also written for Stage II of the composite

stress—strain curve. Stage II was found to be linear by McDanels et aZ.9
do

The slope of the second stage, 5233 or the "secondary modulus'", E I’ of a

composite is given by:

do

dcc o
& TFeT &) n ©)

E1(:[1 - f £
dcm ; - ' o
where i is the slope of stress—strain curve of the free matrix at a

given strain. In expression (5) Efo is the dominating factor and hence
do A
s my .
the variation of (dé )- has negligible effect on %ZII'

If the fibres are to produce a material stronger than the work-
hardened matrix alone, the strength of the composite must exceed the ulti-

mate tensile strengthﬁof the free matrix, cﬁu,”i.e.

. 1 .
%y =0thf + o (1—Vf)-> O u (6)

Expression (6) sets a critical Vfl given by:

V. crit., =
f o - g



for o and a. >> @ : : ' 7).
mu fu m

Oniy if the volume fraction of fibres ekceeds Vf crit, will
fibre strengthening occur.

Also, if the fibres éll break in one cross-section the composite
will fail unless the ductile matrix can support the load. The maximum stress
that fhe matrix cén support is Su® Tﬁe failure §f all the fibres results in

immediate failure of the composite only if,

, .
Oy = Gquf + o (1—Vf) > omu(l—Vf) (8)

Expression (8) defines a minimum volume fraction, V min.,l which must be

f

exceeded if the strength of the composite is to be given by expression (2).

Hence:

Vemin, = = —r (9

These ﬁredictions were found,by McDanels et al.% to agree with ex-
periments on W-Cu qomposites, within the limits of the scatter observed in
the experimental values.

Howard16 made investigations on steel wire-reinforced copper com-
posites.  Values of the tensile strengths predicted according to expression
(2) were found to pe 1owér than the experimental values. Hence, he proposed
an expression for ultimate tensile strength by modifying expression (2). In
his expression an extra term, which is a function of the fibre diameter. and
hardness of the fibre, was added.

Discrepancies between thé eiperimental tensile strength and the

predicted values according to expression (2) have been found by many other

-



investigatofsloy6,8,3l

working with different composite systems.

Cooper32 obtained values of ultimate tensile étrengths\for differ—
ent orientations of the longitudinal direction of the tungsten fibres with
the specimen axis of the W-Cu composites. The ultimate tensile strengths
were found to decrease with increasing angle of orientation of the fibres;

Jackson et aZ.13 working with 50 volume per ceﬁt'étainless steel-Al
compqsites found that the ultimate tensile strengths increased up to 20° mis-
orientation of the fibre axis with the composite axis and then decreased as
the misorientatioﬁ further increased,

Kelly et_aZ;ll investigated the deformation characteristics of
W-Cu composites. Iﬁ their work the copper matrix was incidentally a single

crystal. The ultimate tensile strengths and the Young's moduli in Stage I

were found to agree with the predicted values according to the rule of mix-

Iy

tures within the limits of scatter in the experimental values.
The predicted Young's modulus in Stage II and the stress values
- . -~ | 1
were found to be lower than the experimental values. Kelly et al. using
expression (3) and the experimental stress-strain curves of tungsten wire
and W-Cu composite derived the matrix stress-strain curve. The derived
matrix stress-strain curve did not coincide with the stress-strain curves ob-
) o . , : 11 33
tained for a free copper single crystal. Kelly et al., Tanaka et al.,

and Neumann et aZ.34 gave explanations for this discrepancy and predicted..

the slope of the Stage II of the derived matrix stress-strain curve.

C. Scope:
Kelly et aZ.ll investigated the deformation characteristics of

W-Cu composites. Their liquid-infiltration method of fabricating the-W—Cﬁ
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composites incidentally also gave essentially a single crystal métrix.
For the purpose of the present iﬁvestigation it was felt that
deformation studies on a different composite system with a single crystal
matrix of specific orientation might yield useful information regarding
the work hardening behaviour of composites.
Finding a suitable system, and fabricating composites with var-

ious volume percents of fibre reinforcement, were of specific interest.



II. EXPERIMENTAL PROCEDURE

A. Selection of the Composite System:

Tungsten and stainless steel wires were chosen as reinforcing
materials. Aluminum, magnesium'and zinc were the possiblé matrix mater-
ials. It was desired that the réinforcing material and the matrix matér—
ial should not have any mutual solubilityf Also,wthe matrix should be
easily groewn into a‘single crystal in the presence of reipforcing mater-~
ial.

Preliminary expérimgnts were done by melting the matrix mater- =~
ial in a graphite crucible. The reinforcing‘material,bin the form of
wires, was kept verticélly'inside the molten matrix material. The matrix
material was coolédbin a controlled way to prevent pipe formation. This
was done by 1oweriﬁg the crucible on to a metél block kept below the ver-
tical tube furnacg;T When the crucible was lqwered on td the metal block,
the upper-half was kept inside the furnace. The cooling furnace acted

as a "hot top."

When the composite casting was cold it was removed from
the graphite cruciﬁle.

Using this method, W-Al, stainless steel-Al, W-Mg, stainless
steel-Mg, W-Zn and stainless steel-Zn composites, with polycrystalline
matrices, were obtéined. A modified Bridgmaﬁatechnique was used to
attempt to grow single crystal-matrices.in thése composites.

Growing a.single crystal matrix of ﬁégnesium was not possible.b The
aluminum matrix g%éﬁ into a single crystal in W-Al system but not in thé‘

N

stainless steel—Al‘system. In both cases alloy formation between aluminum

11
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and the fibres occurred; Figures 2a and 2b.

Zinc gave single crystal matrices in both systems W-Zn and stain-
less steel-Zn. Alloy formation between zinc and staiﬁless steel was ob~-
served. However, alloy regions around the fibres, as seen in the'stainless
steel-Zn composites; were never seen in the W-Zn composites. Figurésb3a

and 3b show cross-sections of W-Zn and stainless steel-Zn composites,

From the preliminary experiments it was thus found that the W-Zn

system was the most suitable system for experimentation.

B. Bonding Characteristics Between Tungsten and Zinc:

Bonding betwéen the reinforcing material and the matrix mater-
ial is an important aspect of composite properties and henée an effort
was made to determine the wetting characteristics between tungsten and-
zinc using a’sessile drop experiment. The expeg}ment was unsuccessful.
Evaporation of zinc at or near the»melting point due to its high.vapour
pressure was the principal problem. Hence, an attempt was made to deter-
mine directly the bond shear strength between tungsten and zinc, using
the fibre 'pull out" experiment.

In the '"pull out" experiment, a single tungsten wire was pulled
out of the zind”matrix using an Instron machine. The '"pull out" experi—

ment was also unsuccessful in that reproduéible results could not be

obtained, and the scatter in results was extremely large.

(Continued on p; 15)
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Fig. 2a. Cross-section of a W-Al Composite, 10% Sodium Hydroxide Etch, X23

Fig. 2b. Cross-section of a Stainless Steel-Al Composite, 107%
Sodium Hydroxide Etch, X23.
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Fig. 3a. Cross-section of a W-Zn Composite, Zinc Etch, X23.

Fig. 3b. Cross-section of a Stainless Steel-Zn Composite, Zinc Eteh, X23.
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C. Fabrication of W-~Zn Composités:

Initially, liquid metal infiltration of bare W-wires was used to.
obtain W-Zn composites. On sectioning . the composites thus obtained, it
was found that all the tungsten wires were together and there was no trace
of zinc between the wires. Hence thislmethod of fabrication was considered
unsuitable.

Liquid metal infiltration of tungsten wires with electrodeposited
zinc coatings was found to be the most successful method of fabrication of
W-Zn composites. For electrodeposition of zinc on W-wires the acid elgc-

trolyte used was:35

_ ZnSO, - H,O : 240 gms/litre
.NaZSO4 _ 4 40 gms/litre
ZnCl2 10 gms/litre
H3BO3 5 gms/litre
Distilled water ' 1 litre
pH : 3-4
- Temp. 30°cC.

Anodes were obtained by hot rolling 99.99% pure zinc blocks, at

150°C.36

into 10 em x 27 cm x 0.25 cm plates.
Tungsten wire, 0.01 inch in diameter, was wound on 27 cm x 13 cm

plastic frames. The W-wire was cleaned using an HF + HNO, acid solution.

3
Tungsten wire wound on the frame acted as the cathode. An average wire
diameter was determined, using a travelling microscope, pfior to the deposi-~

tion. Zinc was deposited onto the wires at a cathode current density of 75 .

2 .
amps/ft~. The thickness of the deposit was adjusted as needed. The deposited
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wire was then immersed in a solution of 50% HNO3 acid to get a shiny sur-
face; rinsed in distilled water and dried by natural evaporation over-
night..

Zinc-coated tungsten wire5‘were.put into 25-cm long pieces which
were bundled together. A bundle was put inside an aquadag (colldidal sus-
pension of graphite in water) coated pyrei tube of 6 mm inner diameter.
The number of coated wires bundled depended on the‘Volume fraction of
fibres desired in the composite. The bundle was kept in the middle of
the pyrex tube. The tube was constricted near both ends of the.fibre '
bundle.

One end ;f the tube Qas immersed in molten zinc' (99.999% pure) and
the other end &as connected to suction. The bundle was kept hot at 250 -
300°C. by means of an induction heating coil. When the bundle was.hot
the molten metal ;;s infiltrated into the bundle. Induction heating was
switched off as tﬁé molten metal completely covered the bundle; The in-
duction coil then aéted as a cooling coil. Figure 4 showsla schematic

diagram of the liquid metal infiltration set—ﬁp. W-Zn composites thus ob-

tained had a polycrystalline zinc matrix.

D. Method of Growing Oriented Single Crystals of Zinc and Zinc Matrix:
Randomly griented zinc crystals were grown using 99.999% pure
zinc supplied by"COMINCO (B.C. Trail, Canada). The modified Bridgman
method was used to,grow 6 inch long x 1 1/8 inch diameter zinc crystals.
‘The maximum témpeéaﬁure in the furnace was about 450°C. The growth rate

was 3 cms/hour.

(Continued on p. 18)
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Seed crystals of circular cross-sections with basal plane.
orientation of 45° to fhe long axis were cut from the bulk crystals
using the spark erosion method. Basal plane cleevage to a depth of
1-2 mms, due to spark damage, wes seen in ehe seed crysﬁels.

| Polycrystalline zinc .rods of 3/8 inch diameter x 12 inches

long were obtained by swaging 5/8 inch diameter pure zinc ceetings at
200°C. The seed crystal and the cleaned polycrystalline zinc rod were
put‘ieside an aquadag coated pyrex tube and vacuum eealed. ‘The poljefys—
talline rod was then grown into an oriented single crystal using the modi-
fied Bridgman technique. The maximum temperature in the vertical crystal
growing'furnace was 450 ¥ 10°C. The growth féié of the crystai %es 2V
cms/hr. The crystel was recovered from the pyrex tube by dissolving away
the tube in SZZ.HF>ecid.

The same'pfocedure was followed to grow oriented single crystal
matrices of zinc in W—Zn compdéites. In this.case, pyrex tubes with 6
mm inner diameter.ﬁere used. Also, polyerystélline zinc rod was replaced
by the W-Zn composite.
| Oriented free crystals and composite erystals‘were cleaned using
50% HNO3 acid. Theworientaeions of the crystals were checked by the back-
reflection Laue X-ray method. o
E. Preparation oflw—Zn_Composites With 0.0015 Inch Diameter Tungsten Wires:

Tensile tests carried out on W-Zn comﬁosites containing 0.01
inch diameter W-wires showed a 3-6 mm length ﬁpull out" of the tungsten
wires on the fractufed surface. Thisvis because the ioad bearing capacity

of the fibre is greater than the load bearing capacity of the fibre-metal
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'interface. Thg smaller the diameter of.fhe fibfe, the smaller is the
load bearing capacity of the fibre.. Thé'use of fibres with smaller
dfameter minimizes fibre pull out.  Hence 0.0015 inch:diameter tungsten
wires supplied by SYLVANIA (Chem. and.Met;’Div., Towanda, Pa.) were
subsequently used for reinforcing.

The procedure.adopted to prepare W—Zn composites of single crys-
tal matrix with 0.0015 inch diameter tungstén wires was the same as that
with 0.0l inch tungsten wires. ' |

For the fabrication of composites'cohtaining 6, 12, 25, 100 and
186 wires, the electrodeposited wires were bundled together with thin
strips of pure zigc prior to liquid metal infiltration.

" The composifes prepared contained 6, 12, 25, 100, 186, 372, 743
and 1486 tungsteh‘wires,vof average diameter 0.0329 mm, in a cross—seétionl
of 26-28 mmz. Thetorientations of the zinc matrices involved were Xo =
35-45° and Ao = 35—49°.. Xovis the anglelbetween the slip plaﬁe (0001) and
the tensile axis of the specimen. Ao is the éngle_between the most favour-
able slip direction [1120] and the tensile axis of the specimen.

Eack refizctioﬁ Laue X-ray pictures showed the absence of low
angle boundariesbin the matrix of the W-Zn coﬁposites.

F. Tensile Tests:

Pure zinc crystal and W-Zn composite test specimens, 3 inches long,
were annealed at 400°C. for one hour. Test specimens of 0.0015 inch dia-
meter tungsten wire were annealed at 450°C. for oné.dayu The test speci-

mens were then tested in an Instron tensile testing machine at a cross- -
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head speed of 0.02 inch per minute on a 2 inch gauge length. Load-elonga-
" tion curves were recorded on an k—y recorder at suitable chart.spee&s;

\ The wire and the compdsitevspeCimeﬁs wefg moﬁnted on the machine
using split grips. The pure zinc crystal specimens were méunted on the
machine using brass hoiders soldered to the specimens.

For wire specimens, elongation was recorded according‘tO'the
cross—head movemént. An extensdmeter was not used»because';he W-wire was
not strong.enoﬁgh.to support it.

In the case of purevzinc crystals, elongation was measured accordf
ing to the movement of cross—head.

. In the earlier tests, the‘elongatioﬁ:of the coﬁbosites was reéorded
according to the cross-head movément of the instxoﬁ machine. In later exper-
iments elongations weré recorded according to the strain gauge extensometer.
Also, all the tes#s with compositeyspecimens‘ﬁere repeated using a 1 inch'
gauge length exteﬁgometer to measure eldngatién. The use of thevstrain ‘ 
gauge clearly shéﬁed four stages of deformation in the load-elongatioﬁ
‘curves as déscribéd earlier. -

G. Control Expergﬁent to Examine fhe-Behavioﬁr of W-Zn Composite in Stage II:

Control experiments were conducted to check whether the compoéités

N

in stage II are plasticbor elastic. W-Zn combosite specimeﬁs were streésed
into stage IL ansthen unloaded. The’initiai'part of the unloading curvé

was parallel to tﬁé elastic-elastic line, dembnstrating that the matrix in
stage IL behaves piastically. A cﬁrve obtainéd from the control experimént

is shown schematically in Figure 5.

(Continued on p. 22)
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H. Volumé Fraction of Fibres:
‘The volume fraction of fibres, in each composite, was calculated
from the fibre diameter, the number of fibres and the diameter of the

composite.



ITI. RESULTS

A, .Metallographic Observations:- .
A.1, Slib Lines and Twinning in Deformed Zinc Single CrYstals:

An attempt wag made_to oBsérve.the'slip and twin mérkings on the:'
surface .of the fracturéd ziné crystal. .Figure 6 shows the slip lines.and
twins on the surface of a crystal. No secondary élip 1ines'are seen.
Twinning ﬁight be responsible fqr the-serrationé in;the later stage; of
' the-load—eldngation curves. Serrations were also observed in those com-
posites which behaved like a gingle crystal,ih the fiiial stagés of defor-
'matién. Since the éurfaces of the composites were not good enough for
optiéal examinafion, no ﬁhotographs wefe taken.

A.2. Microsqapic Observations of‘the as made Composite:
| Composite:speciﬁehs were spark—éut for metaliographic examina—_

tion. The cross-sections were ground and- polished using the diamond pOllSh-'.
ing wheel. The pollshed cross-sections were viewed under .the microscope to
see the fibre distributions. It has been stated that poor,wettability be-
tween the fibers aﬁd the matri# would develop voids inside the composites;
Miéroscopic examiné?ion did not show any voids.in the composites; Typical
macrographs of the cross-sections for two compbsites are given in Figures
7a ‘and 7h.

In some cross-—sections oxide rings wefe seen encircling the tung-
sten fibres. Thisuﬁan be accounted for_by*theﬁinability to use any sort
of protective atmoéphére.while,heating the eleétrodeposited tungsten wires .
prior to‘infiltratién. The continuity of the éxide rings was inVestigaté&;

(Continued on p. 26).
23



Fig. 6.

Slip Lines and Twin Markings on the Surface of a
Deformed Zinc Crystal, X130.
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Fig.

(a)

(b)

Distribution of Fibres in a W-Zn Composite Containing
(a) 100 Tungsten Wires, (b) 1486 Tungsten Wires, X12.
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The polished specimen surface was etched with modified Gilman's solution:36

320. gms CrO3

1000 mls H20 |
Eigure 8a shows-discontinuities in the'onide.rings. It should be noted
that all the fibres did not havé the.onide‘rings encircling‘then. vLongi—-
tudinal sentions of . the composites wefevpolished‘and examined. Theioxide
1aYef'is discontinuous as shnwn in Figure 8b. Etching of the longitudinal
.éention was avoiaed because the'increééed etnhing fate.in thé_direngion of
the nXide iayef itself tended td'produCe COntinUity{
Incidentally the twins formed during grindlng and pollshing oper-
-atlons showed the cont1nu1ty of‘the crystal matrlx, by runnlng parallel
 1ns1de and outSLde thé oxidg r;ngs-(Figure 8a).
A.3. Fractographic Observations:

| Tungsten—zlnc comp051tes nontaining up to 0. 08.volume per ‘cent
flbres fractured énsentially the same as the pure zinc single crystal.
Composites contalnlng hlgher than 0.08 volume pef cent fibres fractured
by cleaving thronéh‘the basal planes. The cleaved surface dueltp composite
~ fracture was obsér;ed under the micfdscope, _Twins inflarge numbers are
seen in the'matri%iin the vi;inity of the,fiBfesvas shbwnvin Figures 9aiand
.9b., The'twin.density increased with the vnlume fraction of the fibres in‘
thé'matrix

Also, fractographlc observatlons were made us1ng ‘the scanning

electron mlcroscope. A typical scannlng electron micrograph is shown in

Figure 10. Steps.can be seen connecting two fibres'ln the micrograph.

(Continued on p.  30)



Fig. 8a. Croms-section of a W-Zn Composite Showing Oxide-rings
and Twins, X125.

Fig. 8b. Longitudinal-Section of a W-Zn Composite Showing Discontinuity
in the Oxide-layers, X110.
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(b)

Fig. 9. Twin Markings on the Fractured Surface of W-Zn Composite
Containing (a) 100 Tungsten Wires, (b) 1486 Tungsten Wires,
X275,
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Fig. 10. Scanning Electron Micrograph of the Fractured Surface
of a W-Zn Composite Containing 743 Tungsten Wires, X715.

”
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A.4. Observations on Fibres Deformed to Fracture:

Free tungsten fibres deformed to-fracture showed a single necking
at the fracture end. To investigate deformation behaviour of the fibres in-
side the matrix, some of the composite specimens deformed to fracturebwere
etched fo extract the fibres.from thg'matrik using 50% nitric acid.

One of the specimens which deformed essentially as a pure zinc
crystal, was treated as described above. Small lengths of fractured fibres
were recovered, .Tﬁe length of theibits varied from 1 to 5 mms. When
these bits were.viewea using.transmitted light under the oﬁtical microscope
they exhibited multiple necking profiles on the surface. The multiple neck;
ings were present ﬁéar both fractured ends of the fibres. Figures 1lla and
11b show the length of the bits and the multipie necking.

The othér épecimens, thch fractured-By cleaving through the basél
plane, left behind-éontinuous fibres on etchiné off the matrix. This shows
that the fibres did-not fracture inside the matrix prior to the specimen
fracture. Also mulfiple necking was seen in tﬁe fibres near the fractured
ends. The multiple necking was seen only in those composites which deforﬁed
greater than the free tﬁngsten fibre tested.

A.5. Electroﬁ—Probe Analysis of the Fibre—Matrix Interface in a W-Zn
Composite: ' |

It has beén stated37 that alloy formation between fibres and the
matrix at the interface deteriorates the properties of the fibre and hence
of the composite.vfIn the present W-Zn system, it is stated that the mutual
solubilities betweén the components of the Syétem is esseqtially nil37 bé;

38

low 1350°C. To confirm this, electron—probé analysis of a W-Zn composite

S

was carried out.

(antinued on p. 32)
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Fig. 1lla. A Portion of the Extracted Tungsten Wire Fragments Obtained

by Dissolving the Matrix of a Fractured W-Zn Composite Con-
taining 6 Tungsten Wires, x 12.

Fig. 11b. Multiple Necking in the Fragments, X 130.
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A poiished'cross—section of the W-Zn composite was continuously
scanned, in and out of a single fibre, along the diametric axis of the
fibre. The scanned path-composition curve was recorded on an x-y recorder.
The scanned path-composition curve obtained showed, with a resolving capa-
city of the electron-probe equal to oné micron, no mutual solubility between
tungsten and zinc. The scanned path-~composition curve obtained for the

W-Zn system is given in Figure 12.

. B. Tensile Properties:
B.1. True Stress-True Strain Curve for Tungéten Wires (Polycrystalline):
Tensile properties like stress, strain and elastic constants are
of gfeat importance“in theoretiqal predictions. Also, the tensile properties
of the materials vary with the fabrication methods by which.they are obtained.
Hence, an average ffue stress—true strain curve was plotted for 0.033 mm dia-
meter tungsten Wire.‘ This curve is obtained from the load-elongation curQes

of the tungsten wires using the relations:

P Al

9 = % 1+ T (10
o - 7o
and :
‘Al v
€f = In (1 + 1 )] . (11)
o
where
o = the true stress;
e = the true strain;
10 = the‘original gauge length;
P = the tensile load

(Continued on p. 34)
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and Al = the total elongation at P.according to the cross-head
movement of the Instron tensile testing machine.

Figure 13 gives the average trueAStress—trué strain curve for
polycrystalline tungsten wire. This curve is an average of the load-
elongation curves obtained for three wire specimens. All the specimené
fractured at a strain of 2% and the results were reproducible.

From the stress—strain curve of‘tungstén wire the yield stress
ny,vthe Young's modulus Ef, and the ultimate tenéile strength Og, are
obtained. These values are given in Table 5a, and 3.

Yield stress is defined to ﬁe the stress at which the stress-
strain curve first deviatés from linearity. Young's modulus is the slope
of the linear poftibn of the stress—strain curve. The ultimate tensile -
strength is define&‘to be the maximum stress in the stress-strain curve.

The reason for obtéining elongation according to the cross-head
movement is that the wire was too thin to support-an extensometer. The
value of Ef obtainea from the stress—strain cufve is comparable to the
value obtained by Kelly et aZ.ll Since mechanical properties vary accord-
ing to the manufactﬁring method the available data are not used except for
the Poisson's ratiévv .

f

The Ef value obtained;experimentally and Ve value taken from

Lowrie and Gonas39ﬁwere used to obtain the shear modulus Gf, the bulk mod-

ulus K.f and the plane strain bulk modulus kfpvof the tungsten wires. The

relations used are:

...... .

Gf 21 + vf) (12)
9

Ke 30 - ) (13)

and

(Continued on p. 36)
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True Stress, O'f,XIO5gm/mm2.
N Fﬂ

Tungsten wire
0-:033 mm. dia.
G.L. 2 in.

Initial strain rate, 0-01 min .

1 1 1 o

Fig. 13.

I 2
True Strain, €, %.

True Stress-Strain Curve of‘a'Tﬁngsten Wire.
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o 3Kf.
“p T Za v | (w4)

assuming a homogeneous isotropic solid.
The experimental and calculated values of elastic constants for
tungsten wires are tabulated along with' the published values of Lowrie

et aZ.39 and Kelly et aZ.ll, in Table 3,

TABLE 3

ELASTIC CONSTANTS FOR TUNGSTEN WIRE

_ PRESENT : 39 1
CALCULATIONS LOWRIE et al. KELLY et al.
s +5)10° 2
7 — 7 10 p-w: (36.4%5)10° gms/mm
Ef 3.6 x 10" gms/mm 4.1 x 10" gms/mm v 6 9
‘ 20 p-w: (38.1¥2)10 gms/mm’
G 1.4 x 107 gms/mm® 1.6 x 10’ gms/mm®  —em——o
Kf 2.7 x 107 gms/mm2 3.1 x 107 gms/mm2 ——————
ve T - 0.28 : : | ————
7 L2 :
kfp 3.2 x 10 gms/mm~ @ =00——— e

The values of the elastic constants given in Table 3 were used in

the theoretical calculations.
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B.2. True Stress-True Strain Curve for Pure Zinc Crystal and Tungsten-

Zinc Composites:-

With a view fo ekamining the deformation characteristics, and
hence correlating the experimental results with the theoretically pre- .
dicted results, true stress-true strain curves were drawn for pure zinc
crystals and tungsten-zinc composifes. True stress-true strain curves
are more appropriate than engineering stress-strain curves even though
at low strains the difference between the twé is negligibly small.

In the beginning, tensile tests were performed withoﬁt using
the extensometer strain gauge. The elongation was recorded accordiné
to the cross-head ﬁo&ement. Later, experimenfs were conducted using an
extenéometer for elongation measurement. The load-elongation curves ob-
tained from these twd methods for similar materiais show that the elastic
elongation recorded according to the cross-head movement is much larger
than the one recoé&ed~by"using the extensometer. Also, the elastic elong-
ation recorded usiﬁg an extensometer is too sméil on the chart to make aﬁy
precise calculatién of the strain or the elastic’modulus of the material.
Hence the Young'sbmoduli of the pure zinc crystal and of W-Zn composites
wefe made use of.iﬁ calculating the appropriéte elastic elongations.

The Young's modulus of zinc crystals was obtained using the elas-
tic compliances.r The Young's modulus of ziﬁé varies according to the orien-
tation of the crystallographic akis-c with the tensile axis. In particular,

the Young's modulus Em of a zinc crystal rod; the length of which_makes.an

angle © with the. c—axis of the h.c.p..lattiée is given by:40
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—%7- = (S..4S..-2S. =8 )cos4e + (25,48, ,~25, )cosze +5 1s)

n 11 733 713 13 744 11

where
Sll’ Sl3’ 333 and S[‘4 are the elastic compliances.

The values of the five elastic c¢ompliances for zinc taken from

Wert et aZ.4l for calculation purposes are:’

s, = 8.38x 19‘13 cn®/dyne
S12 = 0.5 x 10_13 cmz/dyne
313 = -7.31 x 10-13 cmz/dyne
833 = 28.3 x 10-13 ¢m2/dyne
and S,, = 26.1 x 10713 cm?/dyne.

All the specimens, either zinc single crystals or composites with
a zinc single crystal matrix, had their orientation of thé basal plane with
the tensile axis, Xoo lying between 37° and 44°. An average value of Xo =
40° -and hence © = 50° was used in the calculation of E -

Also the rigidity modulus Gm, the bulk modulus Km and the Poisson's

ratio Vo for zinc crystals with X = 40°, were calculated using the re-

lations:40
1. S, +[(s ) l/ZS ](1 —cos O) + 2(S +S -2S..-S )cosze(l—cosze)
Gm 44 11 12 33 13 A
(16)
1
— = [
Km 333 + 2(311 + s ) + ;313 (1_7)
.S ‘
and vm = -3 (approximately) (18)

33
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The values of the elastic constants obtained for the zinc crystal

(xo = 40°) are given in Table 4.

TABLE 4

ELASTIC CONSTANTS FOR ZINC CRYSTAL

E 9.5 x 106'gms/mm2
G 2.8 x 10° gms/mn’
K 6.0 x 106 gms/mm2
v | 0.26

m

These values of the elastic constants of a zinc crystal are use-
‘ful in the theoretical predicdtions involved.

The Young's modulus of a composite, which is definedvto be the
Young's modulus in stage I,Iis obtained using expression (4).

True stress—true strain curves were obtainedffrom.load—elongation

curves of pure zinc crystals using the relations:

: - P
o = a2 a + eT) (19)
)
€ = 1n (1 + eT) (20)
and
,AlT "Ale'+’Alp p Al
e T T T T “iE T (21)
o o . o m )

where
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o, the true stress

e, = ‘the true strain

ep = the total engineering strain

Ao = the original area of cross-section
l0 = the original gauge length -

P = the tensile load
AlT = total elongation at P
Ale = ¢&lastic elongation at P
Al = plastic elongation at P.

The elastic strain at P was obtained using the relation

= » . ' (22)

Similarly, true stress—true strain curves were obtained from the
load~elongation curves of comﬁosites using'the relations given for pure
zinc crystals and replacing 9. €n and Em by T €, and EcI respectjvely;
For composites Aleﬁcorresponds to tﬁe elastic-elastic elongation and Alp =
AlT - Ale.

Figures 14a - and 14b show true stress—true strain curves for
specimens X-7, C-16, C-14, C-25, C-20, C-27, C-4Q, C-9 and C-55. X and C
represent crystal and composite specimens respectively. Similar curves
were also obtained for éther specimens. The curves‘obtained for W~Zn com;
posites show four stages of deformation as observéd by McDénels et aZ.9 in
W-Cu composites.

(Continued on p. 43)
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Fig. l4a. True Stress—strain Curves of Zinc Crystal and W-Zn

Composites.
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Fig. 14b. True Stress-strain Curves of W-Zn Composites.
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Curves obtained for the composites’tontainingiup t§'0.08 volume
per cent tungsten fibres were similar to those of pure zinc crystals. Ser-.
rations were'fpund in the final stages]ofﬂfhe load—elonéation curves of
pure zinc crystals and W-Zn composites'containingqu to 0.08 volume per.

- cent fibres. These serrations are prohably’dﬁe to twinning. Serrations
were alsq found in stage IV of the load elongation curves of the W-Zn com-
posites containing up to 0.08 volume per cenﬁ fibres.‘ These serrations are
due to fibre fracture. Serrations due to fibre fractures were found until
the final stages of deformation. Serrations were not seen‘in the load-
elongation curves of the composites containing more than 0.08 volume per
cent of fibres.

Since the cufves for all the specimens tested are not given, the \
important physical and tensile‘properties obfained from the curves of all
.the specimens testedlare given in Tables 5a and 55.

The variatioﬁé in ﬁltimate tensile strehgthé of W-Zn cémposites;

9 n? with volume fraétions of the tungsten fibres; Vf%, present are shown
in Figure 15. The ultimate tensile strengths of fhe pure zinc single crys-
tals, Om® 2re also ﬁlotted in this figure as poihts corresponding to zero
volume per cent. )
~The yield stfengths of the W-Zn composites, ch’ are plotted

against Vf% in Figure 16. The yield strengths of pure zincvcrystals, Omy?
are also plotted in éﬁis figure.

v do .

Finally, the slope of the second.stage,-zzs-, of the true stress-
true strain curves of W-Zn composites were measured. These values are

plotted against Vf% in Figure 17.

(Continued on p. 49)



TABLE 5a

TENSILE PROPERTIES OBTAINED FROM THE TRUE STRESS-STRAIN CURVES OF TUNGSTEN WIRE,
ZINC SINGLE CKYSTALS, AND W-Zn COMPOSITES

YIELD da STRESS AT 0.05% U.T.S.

NO. OF c STRAIN
. g STRESS - OFFSET FROM STAGE II1 AT U.T.S.

WIRES vV % de

SP. NO. £ 2 2 2 2 o,
- gms/mm gms /mm gms /mm gms /mm %

o L 4 4
W-wire - 100 23 x 10 - ‘ _ - 36 x 10 2.29
X-6 0 0 62 -- - 3520 104 .67
X-7 0 0 59 -— - 3500 116.64
c-7 6 0.023 82 2.8 x 10, 240 | 520 14.44

c-8 6 0.020 63 3.1 x 10, 210 1500 57.20

C-16 6 0.018 56 1.2 x 10, 190 : 3400 99.50
C-46 6 0.018 94 9.6 x 10 220 4600 138.03
c-13 12 0.036 67 2.7 x 102 230 1300 51.90
c-14 12 0.037 63 3.0 x 10 280 | 3800 102.00
c-17 . .- 25  0.080 85 2.9 x 10, 260 350 2.62
c-18 25 0.081 - 97 4.0 x 10, 390 ’ 940 48
c-19 25 0.080 98 4.9 x 10, 390 480 1.97
c-23 25 0.076 65 6.3 x 10, 460 3200 104.83
Cc-25 25 0.078 66 7.7 x 10 430 3800 115.24
c-20 100 0.322 100 1.8 x 102 1100 1500 2.25
c-21 100 0.324 110. 2.2 x 107 1000 1500 1.53
Cc-26 100 0.303 100 1.6 x 107 1100 1600 1.63
c-53 100  0.298 64 1.4 x 10 940 1100 1.04

oy



TABLE 5b

TENSILE PROPERTIES OBTAINED FROM THE TRUE STRESS-STRAIN CURVES OF W-Zn COMPOSITES

| i do, STRESS AT 0.05% y.r.s,  STRAIN
SP.. NO. No. OF VX 2 T OFFSET FROM STAGE II AT U.T.S.
WIRES gms /mm gms /mm gms /mm2 gms /mm %
©c-27 “I86  0.553 120 3.4 x,107 1700 2600 2.59
c-29 186 0.558 130 2.4 x 10] 1700 2300 1.22
c-30 186 0.574 _ 130 3.8 x 107 1600 2400 1.03
c-31 186 0.562 140 3.9 x 10; 1800 2300 0.86
c-32 186 0.565 150 3.9 x 10 1700 2500 1.61
c-51 186 0.587 130 2.9 x 10 1900 2400 1.53
c-36 372 1.144 210 7.7 x 102 3500 5200 2.07
c-38 372 1.163 190 8.2 x 10; 3700 4800 0.91
c-39 372 1.146 190 8.2 x 107 3300 4700 1.07
C-40 372 1.110 190 6.3 x 10, 3300 4800 - 2.08
C-41 372 1.089 210 7.0 x 10 3600 4800 1.52
c-3 7463 ..2.298 . 260 1.1 x 102 6300 8900 2.07
c-9 743 2.357 260 1.4 x 107 7000 110400 2.14
c-10 743 2.321 250 1.2 x 107 6800 9700 1.57
c-11 743 2.276 250 1.3 x 10, 7000 o 9100 1.01
Cc-58 743 2.357 260 1.3 x 10 7400 10000 1.96
C-42 1484 4.568 330 1.9 x 102 13000 19400 2.39
2.2 x 10 14000 19500 3,26

C-55 1486 4.583 - 330

Sy
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Fig. 15. U.T.S. Vs. Vf% Plots of W-Zn Composites.
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. .da . . . ,
c Lol ' . . ; {
Ocy and P values are found to.increase with increasing value -
of VfZ. 9u values are also found to increase with increasing value of

Vf% except at lower Vf%. At lower values of V_7, u values are found to

£
be constant as Vf%'incréases;
B.3; Derived Stresé"Strain Curves for the Matrices of the Gomposites:
In most previous wark,expression (4) has beeﬁ found to be in
good agreement with the experimental valuesf‘ In the present work it was
not possible to find E.{ experimentally and hence to check the agreement
with the expression. \
According to expression (3) if there is no interaction between
the fibre and the mgtrix, the om value should follow the stress—straih
curve of the free matrix. To find the actual stresses in the matrix of

"
the composites, Ch ~values were derived from the experimental values: of

1.
g , V., V and o_.. The relation used is:
¢’ £’ m f
" O‘C Vf ,
.O‘m =T—V—cf,vm+vf=1 (23)
m m
This involves the assumption that € = € T Es and that the stress-strain

1
curve of the fibres obtained individually, remains the same in the com~

posite. Expression (23) is the same as expression (3) except for O where

n . .
o . is the actual stress in the matrix of the composite.

L .

The derivéd stress-strain curves for the matrices of the composites,
obtained using ekpfession (23) are givep in Figure 18. The stress-strain
curve of pure zinc crystals is alsq_given in the same figure.

The derived stress—strain curves of the matrices in the W-Zn com-

posites exhibit linear portions corresponding to stage I and II of the

(Continued on p. 51)
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. .da
. R : . m
stress-strain curves of the W-Zn composites. 1In expression .(5) — is

de
the slope of the stress—-strain curve of the free matrix at a particular

strain. This is based on the assumptfon that there is no interaction be-

tween the fibre and thﬁ matrix. For the actual matrix of the W-Zn com-

do
posites the slope de corresponding to stage II is obtained using the
relation:
n
do . E - E.V »
m_ _ cII f f ' E '
ic = 7 so Ve +V =1 (24)
m .
This assumes that € T € = € and Ef remains the same in the composite.
n .
dcm
values were calculated using the experimental values of E___,
de ) do " ) cll
Ef, Vf and expression (24). dem ‘Values are plotted against Vf% in Figure

19.

B.4. Resolved Shear Stress—-Shear Strain Curves for Zinc Single Crystal
and Tungsten-Zinc Composites:

When working with single crystals or coﬁposites with a single cry-
stal matrix, it is sémetimes more appropriate to'present the deformation
curves in terms of resolved shear stress-shear strain curves. Kelly and
Nicholson42 have found that single crystals containing particles of a
hard second phase deform not.by'slip in a single glide system, but by slip
in many intersectingﬁsystems. This leads to a stress—strain curve inde-
pendent of orienﬁation.

In the present work, the matrix of the W-Zn composite was a single
crystal., At room témperature,-on1y~one slip plane (0001) is operative in

- (Continued on p. 53)
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h.c.p. zinc single crystalsat the orientation involved. Hence, it is
assumed that the matriﬁ in W-Zn composites deforms by slip on the basal
plane (0001). Even though there are three [1120] slip directions, the
mdst favourable one is assumed to be operative;
Based on these assumptions, the resolved shear stress—shear |
strain curves were obtained for W-Zn composites and pure zinc crystals.
The rélation343 used to obtain the resolved shear stress-shear

strain curves from the load-elongation curves are:

1 .
_P_-. o »_:_L___Z_ . 2 .
T=sin X7 / (l ) sin Ao (25)
o o .
and
1 1.2 .2
Y = Sia Xo( (lo) sin"A cosko) : (26)

P is the tensile load. 1 is the gauge length after deformation, i.e., at

P. AO and lO are the initial area of cross section and gauge iength.respec-
tively. X is the angle betwéen the specimen axis (tensile axis) and slip
plane [(0001)]. :Ao is the angle between the specimen axis (tensile axis)
and the most favourable slip direction ([1120]). T and y are resolved

shear stress and shear strain respectively.

The resolved shear stress~shear strain curves for some of the
specimens are given in Figures 20a and 20b. Similar curves were obtained
for the dther specimens.

Physical properties, and the important mechanical properties'from
the'resolved shear stress-shear strain curves are given in Tables 6a and 6b.

(Continued on p. 58)
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TABLE 6a

TENSILE PROPERTIES OBTAINED FROM THE RESOLVED SHEAR STRESS-SHEAR STRAIN CURVES
' OF PURE ZINC CRYSTALS AND W-Zn COMPOSITES '

SLOPE

FLOW STRESS .
AREA ortac AT 0.05% MAX. STRAIN
NO. OF OF C.R.S.S. PLASTIC OFFSET TFROM FLOW AT MAX.
SP. NO. WIRES c/s sz Xo KO : . REGION ELASTIC-PLASTIC STRESS FLOW STRESS
. o o) c REGION
oo 2 2 2 2 2 o
mm gms/mm gms/mm gms /mm gms /mm %

X-6 0 41.29 0 40 44 31 - — 770 318
X-7 0 41.60 0 40 47 26 - - 680 380
Cc-7 6 22.18 0.023 41 45 38 7.3 x 103 88 230 3
c-8 6 25.99  0.020 40 42 30 6.8 x 103 100 500 140
Cc-16 6 28.13  0.018 42 46 26 3.3 x 103 73 810 286
C-46 6 28.03  0.018 44 47 45 2.7 x 10 93 800 464
c-13 12 28.51 0.036 41 46 31 5.3 x 103 ~98 440 126
~14 12-  27.90 0.037 41 47 29 7.3 x 10 110 880 302
c-17 25 26.73  0.080 41 45 39 6.7 x’log 110 160 5.6
Cc-18 25 26.16 0.081 41 45 45 8.4 x 103 180 340 113
c-19 25 26.74 0.080 41 45 46 10.2 x 103 180 230 4.2
c-23 25 27.88 0.076 40 45 30 12.8 x 103 210 710 320
C-25 25 27.45 0.078 40 45 30 14.9 x 10 200 760 370
c-20 100 26.39  0.322 40 47 45 34.9 x 1o§ 420 670 5.1
c-21 100 26.25 0.324 40 47 47 39.3 x 10] 420 660 3.5
c-26 100 28.08 0.303 41 46 46 35.5 x 103 470 710 3.5
c-53 100 28.56 0.298 38 40 30 31.8 x 10 400 520 2.2

9¢




TABLE 6b

TENSILE PROPERTIES OBTAINED FROM THE RESOLVED SHEAR STRESS-SHEAR STRAIN CURVES
OF W-Zn COMPOSITES

SLOPE FLOW STRESS
ARFA OF THE AT 0.05% ‘ STRAIN
NO. OF OF C.R.S.S. ELASTIC- OFFSET FROM MAX. AT
SP. NO. WIRES c/s PLASTIC ELASTIC-PLASTIC FLOW MAX.
9 . o o~ TC REGION REGION STRESS FLOW STRESS

mm Vf‘ Xo XO gms /mm gtns/mm2 gms/mm2 gms/mm2 %

Cc-27 186 28.62 0.553 40 45 53 71.7 x 103 790 1200 5.7
C-29 186 28,36 0.558 40 45 " 58 50.6 x 103 750 1000 2.6
C-30 186 27.57 0.574 42 46 61 78.0 x 103 790 1100 2.2
C-31 186 28.15 0.562 42 46 64 91.8 x 103 750 1100 1.8
Cc-32 186 28.02 0.565 42 46 68 92.5 x 103 770 1200 3.2
C-51 186 26.99 0.587 38 40 63 59.1 x 10 910 1100 3.2
C-36 372 27.67 1.144 40 42 102 20.9 x 102 1500 2500 4,2
C-38 372 27.23 1.163 40 42 92 21.9 x 104 1600 © 2300 1.8
Cc-39 372 27.63 1.146 37 39 88 20.9 x 104 1400 2200 2.2
C-40 372 - 28.51 1.110 37 39 89 15.2 x 104 1300 2200 4.4
C-41 372 28.55 1.089 37 39 96 16.8 x 10 1500 2200 3.2
c-3 743 27.51 2.298 37 40 122 26.8 x 102 2600 4100 4.3
c-9 743 26.83 2.357 42 46 122 33.5 x 104 3000 4900 4.4
Cc-10 743 27.24 2.321 40 44 116 28.9 x 104 3000 4500 3.2
Cc-11 743 27.78 2,276 38 42 112 33.3 x 104 2600 4100 2.0
C-58 743 26.82 2,357 40 44 121 30.0 x 10 3200 4600 4,0
C-42 1484 27.65 4.568 39 40 158 56.4 x 102 5900 9300 4.6
C-55 1486 27.59 4,583 39 40 155 67.7 x 107 5900 9100 6.7

LS .
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Critical resolved shear stress (C.R.S.S.) e is .defined to be
the shear stress at which the load-elongation curve first-deviates from
lineariﬁy. |

T values are plotted against Vf% in Figure 21. Also, the slope
of the elastic-plastic region is plotted against Vf% iﬁ Figure 22.

The plots were made to see the effects of fibre reinforcement on

the work hardening behaviour.



gm / mm?2

C.R.S.S.

200

- I
100 } - I/
| P//T// if crit. (Theo)
mem

0 |- : l
0 ! | 2

Fig. 21. C.R.S5.S. Vs. Vf% Plots of W-Zn Composites.
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1V. DISCUSSION

A. Scatter in the Ekperimental Results:-
The scatter in the stress-strain curves of pure zinc crystals is
due to conditions of growth, different impurities present and the low
angle boundariesvpreseﬁt in tﬁe crystal.
The small scatter in the stress-strain curves of tungsten wires
is due to the non-uniformity of the surface and residual stresses present
in the‘wires. |
The scatter in the stress-strain curves of W-Zn composites, contain-
ing the same volume fractions of tungsten fibres, may be due to:
(a) poor bonding between some fibres and the’
ziﬁc matfix
(b) misorientation of the fibres with the
. .13, 32
- specimen axis
(c) presence of zinc oxide
(d) presence of low angle boundaries in the
single cfystal matrix of zinc
(e) non uniform distribhution of the tungsten?fibres
in the matrix.
No.quantitative measurements are possible to estimate the contri-
butions to the scatter from each;one.of the above factors.
An estimation of the makimum scatter in the experimental results

was made. The estimates are given in Table 7.
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TABLE 7

ESTIMATES OF THE SCATTER IN THE EXPERIMENTAL RESULTS

MEAN MEAN VALUE PERCENTAGE SCATTER
VfZ , gms /mm? (Maximum)

g 2.316 9700 +8

cu

1.126 200 +6

cy
do, 4.575 2.05 x 10° +8
de
o 0 3510 +0.3

mu
d 1" 5 »

m 4.575 4.3 x 10 +39
de

C.R.S.S. 1.126 95 +7
Slope of the 4
elastic-plastic 4.575 62 x 10 9

region of T-vy
plot

62
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B. Cause for the Greater Elongation of W-Zn Composites Compared to the

Free Tungsten Wire:

Some of the W-Zn composites tested exhibited elongations greater
than the elongation of a tungsten wire tested separately. The composites
containing a volume fraction of the fibres less than mein cannot fail
‘since the ductile zinc matrix supports the load even after the fibres have -

fractured. 1In the present work a value of 0.0095 is obtained for V_min.,

b
using expression (9),
The extra elongation observed in W-Zn composites containing a

volume fraction of fibres greater than V_ min. is due to multiple necking44

f
of the tungsten wires in the composites. Multiple necking in the fibres

- . . 44 . .
was also observed in W-brass composites. The multiple necking of tungsten
wires in a brass matrix was found to result from local strain hardening

of the brass matrix in the vicihity of each neck enabling the matrix to

control composite deformation locally.

C. Discrepancy Between the Experimental Strengths of W-Zn Cbmposites and
Values Predicted According to "Rule of Mixtures'':
(i) In the present work it was assumed that expression (4) holds

good for stage I. .Hence, the value of V_ crit. was calculated using ex-

f
pression (7). The value of focrit. is found to be 0.0099. It can he
seen from Figure 16 that yield stress varies linearly with,Vf% above and
bEIOW’Vf crit.

(ii) Excluding stage I of the stress-strain curves of W-Zn com-

posites, the stress-strain curves predicted according to expression (3)
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did not égree with the eiperimentally ob;ained stress-strain curves for
W-Zn composites. The higher values of the . stresses found in the experi-
mental curves can be attributed to:
(a) hardening of thé matrix due to the different
effective Poisson's ratio of the two constituents of the

composite,ll’30’45

(b) hardening of the matrix by dislocation pile-
ups caused. by blocking of the motion of the dislocations in

the matrix by the fibresll’34

Hardening'd&é*to (a) and (b) can account for stage II deformation.
In stage III hardening due to (a) becomes negligibly small since both con-
stituents of the composite deform plastically and Poisson's ratio for each
constitﬁenf becomes the same. Hence, in stage III hardening in the matrix
can only be due to (b). This continues until fracture.

The values of ultimate tensile strenéths of W-Zn composite obtained
according to expression (2) are found to be lower than the experimental
values, (Figure 15, and Tables 8a and 8b). Thesé differences in the pre-
dicted values and the experimental values are'acéoﬁnted for by matrix harden-
ing due to dislocation pile ups. Also there may be a small effect due to
oxide present. |

erit. predicted (0.99%) accord-

Figure 15 shows that the value of Ve

ing to expressioﬁ (7) is higher than the experimental value of Vé crit. (0.825%).

This also can be accounted for by matri# hardening. |
The'ektent of matrix hardening depends on the volume fraction of the

tungsten fibres present in the matrix. Thisbcan be seen from Figure 18 in

(Continued on p. 67)



TABLE 8a

COMPARISON OF THE EXPERIMENTAL AND THEORETICAL VALUES
(W-Zn Composites)

" 1"

doc do'C doc : U.T.S. dcm dcm

. Exp. e Theo. . Theo. U.T.S. Theo. P Exp. P Theo.
. o -2 Eqn. (33) Eqn. (39) Exp. Egqn. (2 Eqn. (40
SP. No- VfA ng/mm gms /mmz gms /mm gms/mz gms /m} g[ns /mmz gms /mm%
X6 0 - -- - 3520  Op, T 88 - =
X-7 o - — - 3500 o = 88

4 3 3 6 2

c-7 0.023 2.8x10, 8.7 x 10 8.4 x 103 520 170 2.0 x 10, 4.3 x 10
-8  0.020 3.1x 10, 7.4x10] 7.2x10°, 1500 160 2.4 x 107 3.7 x 105
C-16 0.018 1.2 x 103 6.9 x 105 6.64 x 103 3400 150 5.5 x 103 3.4 x 10
C-46 0.018 9.6 x 10 6.9 x 105 6.66 x 10 4600 150 3.1 x 10° 3.4 x 10
c-13 0.036 2.7 x 102 1.4 x 102 1.3 x 102 1300 220 1.4 x 102 6.7 x 1o§
c=14 0.037 3.0 x 10 1.4 x 10% 1.3 x 10 3800 220 1.7 x 10 6.9 x 10
c-17 0.080 2.9 x 102 3.0 x 102 2.9 x 102 350 370 hod x 102 1.5 x 103
C-18 0.081 4.0 x 10, 3.1 x 10, 3.0 x 10, 940 380 1.1 x 10, 1.5 x 103
c-19 0.080 4.9 x 10, 3.0 x 10, 2.9 x 10; 480 370 2.1 x 10, 1.5 x 10
c-23 0.076 6.3 x 10, 2.9 x 10, 2.8 x 10, 3200 360 3.6 x 10, 1.4 x 103
C-25 0.078 7.7 x 10 2.9 x 10* 2.8 x 10 3800 370 4.9 x 10% 1.5 x 10
c-20 0.322 1.8 x 102 1.2 x 10° 1.2 x 102 1500 1200 6.8 x 102 6.0 x 103
C-21 0.324 2.2x 100 1.2x 102 1.2 x 107 1500 - 1200 1.0 x 10; 6.1 x 103
C-26 0.303 1.6 x 10} 1.1 x 10] 1.1 x 10, 1600 1200 5.2 x 107 5.7 x 103
C-53 0.298 1.4 x 10 1.1 x 10° 1.1 x 10 1100 1200 3.2 x 10% 5.6 x 10

¢9




(40)

Theo.
gms /mm

do
de
Eqn.

Exp.

m

gms /mm

do
de

Theo.
(2)
2

U.T.S.
Eqﬂ.
gms /mm

U.T.S.
Exp.
gms/mm2

TABLE 8b
2

(W-Zn Composites)
(39)

doc

P Theo.
Egn.

gms /mm

c
e Theo.
Eqn. (33)

2
gms /mm

COMPARISON OF THE EXPERIMENTAL AND THEORETICAL VALUES
do

Exp.
2

[

e
gms /mm

do

SP. NO. VfA

R i S i S 5 S S S T < ST

CO0O000 OO0 COOO0OO OO
A A A AAAAA AAAAA
KoM oM MMM XX KKK OXXXXX XX
COHmmMmM HANHHO NONNMN o
e 8 o * & e o * - » o e
Hre A A NNNNN T 0w
NFTNININE NN NN nin Inn
COO0OCO0O0 COO0O0O O0OOO0OD OO0
A A A A A A A A o~
I MoK X XX KoM MK K T KN
FTONOAOH M~HNMH TN~ ~O
e e o » e o s & & - . e @
HOAAAH® AT NOM NI AN NAO

eNoNoNoNoNe 0000 [eXeoRoNoNolN N
OO0 O0OO0OO o000 Oo OO0 00O OO
Lo B B B B B o | NANAN O NN~ AN N T 3
N NN NN I AT N T T O 00 00 O O \O O
— -l

aNoNoNoNeNo e oNolaole cNoNoNoNa) oo
OCO0OO0OOO0OO OO0 OO OO OO o O
O M NN T oy 0O I~ 00 0O AT~ AHO <
NANAN NN [To O JIES g BN O O oY O (o)W @)}
— — —

ol "aM's I 'al"al s} ‘s "s I 'a "W s} wny W Ny N N \O O
COO0OOCO0OO OO0 leYeRoNoNe) o O
s e [ [ —HrHH A — o —
MoK XXX X I XX X XX ]
e~~~ N S N~ AN NOM o O
e o o e e e a . . e
NNANANANAN A IS SEENS Sl IR o AN —

CO0000 00000 00000 OO
A A A AdAdAd AAdA A A A A
KKK XN X KKK XN KoMoX KX <X
TIOONANA NNNMO cHINONM o
MANAAAN ~NOOON Herodd o

[3p BN o BES S o B T W 00N MO OO O™~ O~ 0 ™M
NINMNSWOVWOVWO FTOTHD AN O
UalR'aNT'a R Ta NTaNTa} M~ = O NOMANM [TalnTal
e s e e o @ « o o o s e s e o s .« .
eNoNoNoNoNa A A~ - NNNNCN St
N0 O N OONO O IV )
D O N S )
[SHONINSNSN S DOV SHSRONSNS) OO

3.6 x 10° 3.6 x 10°

100

w_
fibre



67

.which the derived matrix stress—strain curves do not follow the stress-—

strain curve of the pure zinc crystal.’

D. Stagé IT of the Stress—Strain Curves of W-Zn Composites:

Hill30 gave an upper and'léwer bound for the slope of the second
stage of a composite. Tanaka efia?;és pfedicted the slope of the sgcond
stage and this was foﬁnd to be in good agreement with the experimental re-
sults of Kelly et aZ.ll The theoretical and the experimental values are

compared and discussed.

(a) Hill:30

"In Hill's derivation, a single fibre with circular
section embedded in a matching circular cylindrical shell of matrix was
considered as a rudimentary composite. It was‘suﬁposedAthat the composite
cylindgr was subjected to uniform lateral pressure P and to‘axial'mean ten-
sion T acting through rigid constraints keeping the ends plane._

By stress analysis and by fréquent use of "law of mixtures," Hill

derived an expression which is given by:

2
LV .V (v, - v )
: fm f m°
EcI VfEf VmEm v \ (27)
£ m 1
ﬁ;——v + o + =)
k G
mp fp m

where kmp and k. are the plane strain bulk moduli for lateral ‘dilatation,

fp

- without longitudinal extension, of the matrix and the fibre respectively.

' Hill obtained the bounds on EC using elastic extremum principles

I

y . . 46
of potential energy and Reuss and Voigt estimates:
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The Voigt treatment of reinforcement assumes that the strain

throughbutvthe'mixture is uniform. Hence he gave an expression,
- o= E .
By = Ve + Vit » (28)

for a polycrystal mixture, where Ev is the overall Young's modulus of the
mixture and Em is the Young's modulus of the polycrystalline matrix.
Reuss, also for a polycrystal mixture, assumed that the sStress

is uniform throughout the matrix and gave the expression,

<l
<3

1 _ £, m
= = + = . (29)

R £ m
where ER is the overall modulus of the mixture.
Neither a;sumption is correct: the Voigt stresses are such that
the tractions at phase boundaries would not be in equilibrium, whilevthe
implied Reuss strains are such that inclusions (fibres) and matrix couid

not remain bonded.

From these two estimates it is shown that

E, < [E = V.E +VmEm]§_E (30)

ff \

The equality is only valid when Ve = V.
On the basis of similar arguments Hill obtained bounds on the

plane strain bulk modulus, kc’ of the composite for different transverse

rigidities of the fibre and matrix.This in turn gives the bounds for Ec

I’
for elastic behaviour of the compound cylinder, as:
4VfVm(vf—v_)2 ,_4VfVm(vf—vm)2
v, v LB Ve -V E ST v (31)
(_L.*._TE_ .Fl‘..\ __g__+__1.n_+l_)
k k G’ ' k k G

mp  fp m. mp fp f
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for Ge 2 G s where Ge

the matrix respectively.

and G_ are the rigidity moduli of the fibre and

k.Irlp and kfp are the plane strain bulk moduli of fibre and matrix
respectively. These bounds are derived for ;he composite when matrix and
fibre are both elastic.

For inelastic behaviour, i.e., when the weakér phase (matrix)
does not harden and the stronger'phasg (fibre) remains linearly eléstic,
k becomes K and E

Vo becomes equal to becomes the slope of the

2" m cl
dcc .,ddc ,
elastic-plastic region (stage II) Fra 3 can also be degoted by EcII'
doc
Hill obtained an expression for e of the elastic-plastic (in-
elastic) region of the composite. The expression is:
do | A a - 2\)f)2
c _ VE_+ m _ (32)
-— = ff Vv Y
de St m 1
’ K k. G
m fp m
do
The bounds on EEE- were also derived and are given by:
VU (1 -2)% o, VU@ - 2v)°
fm TUf « € _ V.E fm® f (33)
v v — de f7f —v v
£, m 1 fym 1
Km kfp Gm Km kfp Gf

for G, > G , also Vm +V_ =1,

f—"m f
dac ..
dc values calculated for W-Zn composites using the equality at

Hill's upper bound in expression (33) are plotted in Figure 17. The experi-

do

mental values of Ezsﬂ-obtained for W-Zn composites are higher than the values
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predicted (Tables 8a and 8Bb).-

Thié discrepancy is ;céountedﬂfor by the assumptions made in deri-
ving the expréssion (33). Expression (33) is derived on the basis of dif-
ferent contractions of the two phases and gradual work hardening of the
matrix.

Experimental results show that matfix hardening is not gradual
in the composite. Also, lateral constraint is not the only'reason for
work hardening of the matrix material. There is also hardening due to dis-

location pile ups in the matrix.

(b) Tanaka et aZ.:45

Tanaka et al. predicted the slope of the second stage of
a composite stress—strain curve. Their prediction was essentially in good
agreement with the experimental values of Kelly et aZ.ll Their prediction
was also checked in the present work.
Tanaka et al. assumed that the matrix deforms plastically 'and
that dislocations are present in contact with the interfaces. Homogeneous
plastic deformation takes place by the operation of several slip systems.
An expression was developed for the Gibb's free energy of a fibre-reinforced
composite as a function of a plastic strain of the matrix.
Thermodynamic stability led to an equilibrium relation between
the applied stress g and the plastic strain in the matrix ep. The linear
e . .. 33
relation is given =~ by:
a. . AE V_e
0 : m f£fp

= + (34)
c a - BVf) a - BVf)

where a, is the yield stress of the composite,
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A _=,.3(l - 2Vf)Em + 2(1;+.vﬁ)Ef‘,_ . .( Ef ) 35
(1 + vf)(l - va)Em + (1 +.\)m)Ef 2Em '
. a - va)Em +‘Ef, - E

B £
T+ ) Q - v IE ¥+ vE, &) @) (36)

where A is a coefficient connected with the elastic energy change. B is a
coefficient connected with the external potential energy change.
In a tensile test the recorded total strain & is the sum of the

elastic strain and the plastic strain. For a composite € is given by:

e = s-:p(l - B,) +EC‘ : (37)

EC is the overall Young's modulus of the compoéite (same as Ec ). From ex—

I

pressions (34) and (37), the measured rate of hardening in stage II is given
by:

do A VE
- = — (38)
~de (1 - BV")'2 +AVEED

I Pt

C .

Expression, (34) was derived on the assuﬁptibn that low volume

fractions of the fibres were present in the composite and that the stress
. \

field of any fibre did not interact with that of another. This involves
ignoring the disturbance of the internal stress around a fibre by another
fibre, which should affect not only the elastié energy but also the inter-
action energy with applied stress. . The effect of the disturbance of the
internal stress by other fibres is consideredﬁbn the assumﬁtion that a fibre

is surrounded by a phase which has elastic constants determined by the over-

all elastic constants of the composite.
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Hence the hardening rate for a.general volume fraction is given>

dO’c . 'Ac'VfEc‘:' L ’ »
de = : 2 : ' (39)
[ - Bch) + Ach]

where AC and Bc are calculated from A and B replacing [expressions (35)
and (36)] E and Vo by EC and Vo respectively. As a crude approximation
m

E, and v, can be obtained by the '"rule of mixtures."

do
—X  values were calculated using expression (39). Calculated

de
values are plotted iﬁ Figure 17. Also, calculated values are compared with -
the experimental values in Tables 8a and 8b. The experimental values are

do

higher than the predicted values of EEE-.

The composite containing 4.5 volume per cent of fibres was found
to give a slope which agreed with the predicted value within the limits of
experimental scatte;. fhis may be due to mere_éoiﬁcidence, or the prediction
may be in good agreement with the experimental values of W-Zn composites
containing more thaﬁ 4.5_volume per cent of fibres. It is also worth men-
tioning that Tanaka's predictions did not agree with experimental values
obtained fof W-Cu gomposites containing less than 10 volume per cent fibres.
Predicted values were lower than the.experimentél values of W-Cu composites.

Iﬁ the present work disagreement can be accounted for by inhomo-
geneous deformation, and by work hardening of the matrix due to dislocation

pile ups.
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E. Stage II of the Derived Stress-Strain Curves of ‘the Matrix Correspond-

ing to the Second Stage of the Composite Stress-Strain Curve:

Kellyll tried to explain the work hafdening behaviour of the

1

matrix especially in the second stage of the composite. In his work on

W-Cu composites, stress-strain curves for the matrix were derived from "
‘ _ N ' B dcm
the composite stress~strain curves. The slope of the second stage, P

of the derived stress-strain curve was predicted and compared. The pre-
diection was made on the basis of different lateral constraints of the

constituents of the composite. "

do
m

de

pile ups and hence predicted a value for the slip band spacing for W-Cu . .

on the basis of dislocation

Neumann et aZ.34 predicted

composites,
: . s : 11 34
The predictions of Kelly et al. and Neumann et al. are con-

sidered in the present work.

(a) Kelly et aZ.llz
The expressions given for the Young's

moduli EC and EcII on the basis of the rule of mixtures, and on the assump-

I

tion of equal strains are true only if the Poisson's ratios are equal, i.e.,

Ve = vm. When they differ, a lateral stress arises which is proportional to
lvm - vfl When fibre and matrix are elastic the value of Vo T vf|% is
small and hence the effect of lateral stress on ECI is small. When the

matrix yields plastically, the effective Vo becomes 0.5 since there is
little work hardening, and the'valhe of [vm - vflz becomes much larger.
This may affect the stress—étraiﬁ curves of composites.

Kelly et al., following Hill's ideas and Love's47 solution of the

problem of a tube under internal pressure, tried to explain the effect of
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lateral constraints-and derived an expression for the slope .of the second
linear portion of the derived stress-strain curve of the matrix correspond-
ing to stage II of the composite;

The model used was a composite cylinder, similar to that of Hill,
with a stiffer phase surrounding the weaker phase.. Considering the weaker
phase to be a fluid with Poisson's ratio 0.5 and the bulk modulus of the

matrix, and the stiffer phase to have the elastic prgperties of the rein-

4 . do
forcing material, he derived the expression for Ezm- which is given by:
n 2
e v v . VetV =l (40)
_f+__._+.];_. ’
Km kfp Gf
. do
This expression is the same as that of Hill for Ezgn
" g
do
The dem values calculated for tungsten-zinc composites using the
above expression are plotted against.Vf.in Figure 19,and are tabulated in
. d0 "
Tables 8a and 8b. The calculated values of dem are lower than the experi-

mental values, even though the bredicted values give an upper limit to the
slopes. |

This sort of discrepancy was also observed by Kelly et aZ.ll and by
Stuhrke,48 Kelly et al. gave an explanation for the discrepancy by suggest-—
ing that the matrix does not yield completely; i.e., a portion of the matrix
remains elastic during the second stage. But no experimental evidence for
this sort of behaviour is reported. This seems to be‘unrealistic because

the matrix cannot remain elastic when higher stresses are involved. Predicted
" . : . )

da
m

de

values of show that difference in the lateral constraints of the con-

stituents is not the only cause for matrix hardening. The other contribution
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may be due to dislocation pile ups.
The presence of dislécétion pile ups can be qualitatively
supported: ‘

(a) Dislocation pile ups in the matrix would produce
stress concentrations in the fibres, and hence fibres would appear weaker
in the composite than when tested individually. ‘This is obvious since most
of the composite specimens fractured at lower elongations than that of the
fibres tested individuaily’(Tables 5a and 5b).

(b) The large stresses in the matrix decrease as soon
as the yield strain of the fibres tested alone is reached. This can also
be seen in Figure‘l8.

(c¢) The large stresses in the matrix should cause
yielding of the fibres at a lower strain than when tested individually.

It can be seen from Figure 14b that‘all the composites have yieldedvin
stage II at strains lower than that of the fibre tested individually.

Pinnel et aZ.lz made - observations on stainless steel-Al composites
using transmission electron microscopy. Specimens deformed to strain
levels 5'8 X 10—3 showed that the matrix deformed uniformly and the dislo-
cation  densities and configurations were independent of distance from ﬁhe
matrix-fibre interface. Operation of multiple slip systems may be the
reason for the absence of dislocation pile ups.

(b) Neumann et aZ{BA:

Neumann et al. explained the work-harden-

ing rate observed for the matrix by Kelly et aZ.ll on the basis of a system

of parallel dislocation pile ups between the fibres. A cylindrical specimen
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with axial fibres was considered. The fibre direction was the y—difection.
The assumed dislocation model isvshOWn'in Figure 23. Under tension in the
y—direction edge dislocations infinitely long in the z-direction pile up.
on slip planes of spacing Dy'against'bOUndaries at x = i:%», where a is the
fibre spacing.

Read49 calculated T;; in the coordinate system (x, y), for an in-

finite row of dislocations spaced at regular intervals. When the disloca-

tion wall is at x 0 the T;; value is given by:

== (x, y=0) = € Re {Elg______ ictg %J =z %— T q%%
xy 2/2(1-v)D 2% y y
' Yy Sin (E)
(41)
D (1 + 1) .
where d = 3 G, b and v are the shear modulus, Burgersvector and

nv2

Poisson's ratio of the matrix respectively; Re is the real part of the func-

D'INI

tion inside brackets; and ?C%—) is a function of
A continuous distribztion of dislocation zalls was considered.

Then the sum of ;he Burgers vector of all the dislocations that lie on

the slip planes between the positions x and x + dx is [b D(x)dx]. D(x) is

a distribution function of x. The shear stress on the slip plane at a

point X' = X with y = 0 is:

. a
V2 ==
s b <! 1
PE =0 = 0@ T EE) & 42)
" -a y Py '
Ti(;, o) is the shear stregé in the interval ;% andJ% . In equilibrium
. ' 2 2 '
;= o Ad
the total stress Tl(x, 0) + A =0 for all fxl_f 2 % 1is the applied

2
tensile stress in the matrix in the y-direction.

(Continued on p. 78)



Fig. 23.

.._sli.p plane

nwwalln

Dislocation Pile-up Model.
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The average plastic strain,gp in the y direction for |x| < %- due

to the formation of the pile ups is given by:

i.
- b \/5.‘.. - -
= 1. 1 '
ep 52D S x'"'D(&') dx @3)
Yy —a .

An investigation of the %rbperties of rl(i, o) and Ep leads to

the following expression:

e, = % f’(Dy? » _ @4)
where f(%—) is a function of %— » and can be obtained by numerical compu-
' y y

tation of the integral expression for Ep

However Ep was approximated analytically using the case of an

isolated pile up given by'Leibfried.SO For Dy'>> a, Ep is given by:

- I a_
€ = 7 p ¢ (45)

y

T

e is the longitudinal total strain due to the stress O, in the matrix far

outside of the pile up, also equal to .

On the other hand for Dy << a, the expression for EP reduces to:

The simple interpolation function which can satisfy the extremum

of ep is given by: -

Ep = e [1-exp - (%; %;?. 1 (46)

: . 34 ’ . .
Neumann -et.-al. gave an expression for the derived matrix stress

"t .
o, which is given by:
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L}
o (ET, a) =

. - a
Ematrik [ET - €P((Tm > —;?J . (47

where Epcjm ’ 2—-),':is the interpolation fUnction‘given earlier.

On substituting the inferpolation function for Ep in the ex-

"
pression for o it can be written:

M - : LT a g

o G a) = E o irix . eT\{l - [l-exp(- 7 D )13} | (48)
' ¥y

On differentiating this expression the following expression can be

written:

do
m

deT = Ematr:l’_x‘{l -1 - exp(- %;QJ} - (49)

&=

In this expression 4' may be geometrically'related51 to the fibre diameter

1l
a = B f—E—\-1) ( 50)

do

? by:

assuming a hexagonal fibre arrangement.dsm gives the slope of the derived
: T dam
stress-strain curve in the second stage. The expression for P gives an

T
analytical expression with Dy as the only adjustable parameter.

Neumann et al. found a 9% error in the interpolation function
given for Ep. After a slight modification of this interpolation function

on the basis of numerical computation, the error was estimated to be 3%."

. da
Using the modified interpolation function he calculated the value of —

deT

for different values of Dy‘to obtain agreement with the experimental
values of Kelly et aZ.ll Dy = 10ﬁ is fOuhd to satisfy the experimental
slopes obtained for tungsten—coppef ¢omposites of different Vf.

In the present"work the unmodified e*pression (49) was used to

. da

calculate the slope agm*by~giving different values to Dy' It was found
T
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that a single value of Dy could not give the experimental slopes for

different,Vf of the tungsten-zinc composites. The different values of
D obtained for different V
Y ' da " £
2 in Table 9. The‘DY values which can be calculated from

are tabulated along with the average experi-

mental values of de
slip band spacing, require experimental confirmation.

In the present work the surface§ 6f the composite speéimens were
not good enough for the direct measurement of siip band spacing. The sur-
faces could not be improved by any sort of iﬁcreased;polishing because
this exposed the fibres on the surféce of the composite.

It should be noted that the predictea values of Dy may be
higher than the actual value. The hardening of the matrix is caused by
two phenomena taking place in the matrix:

(a) hardening due to difference in lateral

constraints of the constitutents;

(b) hardening due to dislocation pile ups.

F. Resolved Shear Stress—Strain Curves of the Composites:

These are given oﬁly to show that stress-strain curves of the
composites can be\represented in the form of resolved shear stress-shear
strain curves. |

C.R.S5.5. varies linearly above and below V_ crit. (found theore-

f
tically).

The slope of the elastic-plastic region is found to vary linearly

with_Vf.



TABLE 9

Dy VALUES OBTAINED FOR W-Zn COMPOSITES
ACCORDING TO NEUMANN et al.

AVERAGE AVERAGE dUm

sz EXP. EE— Dy VALUES

gms /mm MICRONS
0.020 1.3 x 10 260
0.0365 1.6 x 10° 196
0.079 2.3 x 10° 141
0.312 4.1 x 10 76
0.566  1.4x10° !
1.130 3.4 x 10° 62
2.320 3.8 x 10° 42

5

4.580 | 4.3 x 10° 29




V. SUMMARY AND CONCLUSIONS

1. W-Zn composites show four stages of tensile deformation.

2. In stage I, since no precise measurement of the strain was
possible, the '"rule of mixtures'" prediction was assumed to be.tfue for
calculating strain.

3. The éxperimental values of the slope of stage I were
appreciably higher than predicted values. The discrepancy was attri-

buted to matrix hardening by:

(a) different lateral constraints of the fibre

and the matrix;-

(b) dislocation pile ups in the matrix near the

fibres.

4. The experimental values of the ultimate tensile strength
of the W-Zn coméosites were found to be higher than the values predicted
according to "rﬁie of mixtures". This was att;ibuted to the matrik
hardening due to.dislocation pile ups in the matrix at the W-Zn inter-

face.

5. The experimental value of Vf crit. was found to he 0.8257%.
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VI. SUGGESTIONS FOR FUTURE WORK

Several lines of investigation can be suggested from the dis-

cussion of the present work. These include:

(a) Further development of the experimental tech-
nique to obtain good surfaces of W-Zn composites for the measurement

of the slip band.spacings in the ﬁatriﬁ.

(b) Observations on the existence of dislocation
pile ups.using an etch pit technique.

(c) A study of.the deformation characteristics of
W-Zn composites containing greater than 4.5 volume per cent tungsten

. fibres.
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