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SUMMARY

B —

The precipitation reactions occurring in a series
of copper~based alloys selected from the system copper-
chromium-zirconium have been studied by resistometric and
metallographic techniques.

A survey of the factors influencing the develop-
ment of copper-based alloys for high strength, high
conductivity applications is followed by a more general
review of contemporary materials, and illustrates that the

most promising alloys are those containing chromium and

zirconium, The few systematic attempts to study alloys
from this system have been collated, discussed, and used

as a basls for the selection of four alloy compositions viz:-

Cu - 0.4% Cr
Cu - 0.24. Zr
Cu - 0.3%3% Cr = 0,1% Zr

Cu - 0.2% Cr - 0,2% Zr

A description of the experimental techniques used

to study the precipitation behaviour of these materials 1is

[©)
[47]

prececded by a discussion of the currently accepted theori
relating to precipitate nucleation and growth,
The experimental results are presented and

ar
X

discussed Tor coch of the alloys independently, and a

)

then treated jointly to obtain an overall assessment of




e

the way in which the precipitation kinetics, metallography
and mechanical properties vary with alloy composition and
heat treatment, 1
|
The metastable solid sclution of copper-chromium
is found to decompose by the rejection of chromium particles
which maintain a coherent interface and a Kurdjumov-Sachs
type crystallographic orientation relationship with the
copper matrix., The addition of 0,1% zirconium to the alloy
retards the rate of transformation by a factor of ten and

modifieg the dispersion characteristics of the precipitate

o]

without markedly altering the morphology.

Further additions of zirconium lead to the growth

oT stacking fanlts during ageing, which provide favourable
nuclcation sites for the chromium precipitate, The partial
dislocations bounding such stacking faults are also found
to provide mobile hetrogencous nucleation sources for the

precipitation reactions occurring in copper-zirconium,
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CHAPTER 1.

LITERATURE SURVEY




LITARATURE SURVEY

1.0 Introduction

A survey of the development of high conductivity,
high strength copper alloys must be preceeded by a discus-
sion of the underlying principles governing any attempt to

vary mechanical properties without adversly affecting

conductivity.,

1.1  The Conductivity of Copper

The simplest model used to account for the

conduction of electrons by metals is one in which the
positive ions are arranged in a geometrically perfect array,
and are surrounded by a diffuse cloud of loosely bound
electrons which, under the influence of an applied potential,
will drift through the lattice. From this model it follows
that the resistance to the flow of electrons can result
from collisions between positive ions and electrons, or
from the inability of the electrons to escape from the field
around the positive ion, The latter condition gives an
indication of the inherent conductivity of metals, and
using this criterion alone, the elements possessing the
highest conductivity are the monovalent metals Lithium,
Potassium and Sodium. However, the mean free path of
electrons in the metallic state controls the velocity of

electrons moving under an applied potential and it is this

parameter which controls the total conductivity attainable.

Copper, Silver and Gold have the highest total conductivity

-1 -




when these two factors are considered together, Fig,1l.1

Aston University

lllustration has been removed for copyright
restrictions

Drawn from data in “Properties of Metals and Alloys’’ Mott and Jones, Oxford University Press, 1936.

Fig.l.1l Conductivity v Period Number

A more realistic model takes into account the
vibrational amplitude of metal atoms about their crystal

0
lattice points which occurs at temperatures above 07K,

However, over a wide temperature range, the incoherent
scattering produced bytkermal vibrations in the copper
lattice is small in comparison to that of other metals
and explains the efficiency of copper as an electrical

conductor,

As well as effects due to temperature, the lattice

periodicity in metals is disturbed by point and planar

defects, Vacant lattice sites, interstitial and




substitutional impurity atoms, dislocations, grain

boundarics and stacking faults all sffect the

¢
¥
C
fe]

eriodicity
of the metallic lattice and thelr prosence csuzez
increase in resistance to the pascage of electrons, It
has long been realized that other defects play =zn
ingignificant role in reducing the clectrical conductivity

comparcd with the prosence of subsgtitutional impurity atoms,

and indecd, the past difficulties in preparing purXe COpLEr

O

samples hove 1l:d to the curious position whereby a present

day muaterial can possess a conductivity of 103% of the
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International Annealed Pure Copper Standar
A conductivity of 100% I.A.C.S. corresponds To = registivity
oy g -6 -3 ~nAC . RN = ~
of 1,7241 x 10 ohm, Ccm zt 20°C wherezs C.F.5.0, copper

iy supplicd today with an electrical cornductivity of

101,7%# I.A.C.S.

co 1 . L
Gregory, Bangay and Bird have reviewed the

O

s . . N . it attnined t
position regarding the ultimate conductivity attained T

dnte and Tevort a value of 103,06% I,A,C.S. whicn was

ity

obtained using copper with a stated impurity level o

less than 8 p.p.on

% In 191%, the International Blectrotechnical Comm;s§ion
. V ) ’ : o ~ o v ~ < + " 3 ~+ ity

1oid down o standard for the measurement oLﬁcohauitlvﬁ 5

o 3 3 ~ o s 2 < oma /o ~

which stotes thot copper wire of den ity 8.8 Omb/i.b.é .
“metre long ' 1 1 gramue 2 aving a resistance O
I metre long, welghing 1 gramme ;Qd hinné‘aﬁ;; luﬂllu
O.L1H528 ohms has conductivity oi 1003 IL.a.L.o., &

3

- y Y N O
measurements belng made at Z0YC.




1.1.1 bBffect of Impurities

57
9 J - . .
777 Thave devotved trheir efforts to

Fany workcrs
making additions of gingle elements to copper and assessing

4

their effcect on electrical conductivity. The conbined
results arc presented grapnrically in TFig.l.2 and 25 &

table(Table I) and are based o

=]

s copper conteining less
than 10 p.p.m, impurity prior to alloying. 4 linear
reloticnsip exists between the presence of substitutional
impurity atome in solid solution ond electrical resistivity,

This is in zgrccement

vith the carlier concept = g
s N ey A
wiich prealcts that
disturbarces of the
-85
| nttice periodliclity on .
an wtomic scale,;, &s £
g 180
: T I E
sroduced by solute 1n ,
N >
=
go11id soiution, are =
9173
R I . 3
more eilective 1n
increosine clectrical
. ) 170
repistance than Secehid .
1-877
shase particles which
o3 l OIO 1510 2C[)O
- . N [ 1
e ooonerally too IaoXx ‘ 50
ce ‘ QUANTITY OF ELEMENT— p.pm.
apart to intiuence the Pig,1,2 Effect on ~lectrical
.t 3 rag ,\,.{\,\':\ - Ao
resistivity ©X% clenents gycbbAt
v o R £ - a . - O DI IR T " 29
nean free path of the singly in solid colution in
copper.

clectrons. The

conltribution ol sccond




ol copoer ig therefore e ' o e
. ! Increase in Resistivity (microhm cm.) per 10 Parts per
i Million Increase of Impurity Element
all f))ht 9 lece bhat due to ‘Impurity | Pawlek and Smart and Hess and Mean
{Element Reichel? Smith 13, 14, 151  Pawlekll Yalue
IR R . Oxygen — — 0-02105 0-02105
the atomic velunme of Sulphur —- 0-01375 | 001824 0-01600
Phosphorus 0-01460 0-01185 - 0-01323
Iron 001023 001219 — 0-01121
. o 1Selenium — 001100 0-00845 000973
copper 1t displaces, :Cobalt 000727 0-00684 — 000706 |
Silicon 0-00687 - —_ 0:00687 |
Arsenic (0)38550 0-00568 _— 0-00564 !
OIS Chrommum -0043 1 — C— 0-00481 !
wherceas lmpurity atoms Beryliium 000451 | . — — 000451
Tellurium — 0-00267 0-00418 0-00343
Manganese 3~00329 0 0; 0 (0)-00329
. 1 - T A Anti 00285 -0029 — 00288
in solid solution oy 000225 > = 000225
Tin 0-00155 000154 _ 0-00155
Nickel 000118 0-00152 —_ 8-0013§
RTINS U S Lead 0-00093 — — 0009
IIL;_['KC(M_(y incre.se tne Zine 0-00034 — — 0-00034
Silver 0-00040 0-00009 — 0-00020
Cadmium 0-000 & 0-00014 —_ 000016
resistonce of copper.
M o e in resistivity
able I,Increase in resistivi
procduced by impurity elements
present singly in solid solution
bal

in copper,

1.2 hechuniczl Properties of Copper
™. mecranical strenth of polycrystalline copper

Sia ia mrabably the most votent way of increzszing
Tidis is probably the mdstT potent way oL inhC sing
_ . e it ke
Thne Stx 't adversly affecting tihe
lectrical conductivity Tr. the annealed condition, the
clecetrical conductivilys. Lo il 10l 4
5 13
' ‘ T 4o be movroximately 10° lines/
dicloc tion density ig likely to be approximately 10

e, whercas aite:

l i T 0A : ~ o N ; ~ A ST 0 an
rongcing from 107 - 10 lines/cm are found, producing an
) / 2
7 : - N 2 - B C o /mn
incronae in the flow scress 1rofl 2.8 kg/mm” to 19 kg/mm
~ [l - LSS S N

by

.o - N ~ns _t_l_\ .\ Q-F‘ 5[‘; I‘A—.C.S.
orrcapoinding reduction in conaue Ry

=
=
ot
ol
-
e
@]

AN

The otructure of cold worked copper 1S

bl v materie > pedium/hiigh stackl
Eliat cxpeceted trom & material of mediuny/lilgil ©

2 3 > 110
/ [os - T (N - Y a1 “1'7'*", <]:Q lS 711 Q0 ue
(/0 crgn/em ) in that a cell structure 1

crnerey




dislocation lincp Fig,l,35. Tne mean

boundcd by
diameter ol the underiormed cells in the celectron micro-
graph 1s L micron,
which is in agroc-
ment with o value
obtained by
Warrington o
copper doelormed ot

OO LeIne ra Ture,

RN . R Ly n A~ ] rat )@
thoe eftcet 1o .aen sore apparént vhan in polyCcrystals,
- Ty - -~ el —~ - oy e
ool Dy ! BEERA ’.,k““'\"'élfl"‘,.f_‘oﬁ. Thie e11eCtT 2« solute
.
- dma o S N =
cloments on T stress oI 81ngLC
i - ' O*' ' =~ P o
. . -3 - 4 sy a s ~ - T I -
Lo hoe thrce towmes ag oreat ov 0K as 1T 1& av

e bk e

poon boapernture. A account <

involved




Soegor's'article.

A more startling increase in yield strength can
accompany the precipitation of a sccond phacse from a super-
saturated solid solution, In most metals exhibiting age-
hardening, the yield stress increases from a value of
approximately 10"5G in the solution treztcd condition, to
values approachlng lO—ZG wnen fully aged, where G 1s the
1coar modulus of the materizl,

Por example, polycrystalline copper has a yvield

, ‘ 2 . . . s
strength of 2.8 kg/mm” in the scluticn annealed concdition

: : : : -5 . o
which ig aporoximately 10 G since G = 4,6 x 107Kg mme,
Therefore, tne maximun yleld stress to be expected from a
precipitation hardenable copper alloy 1is:-
=2 , :
; = 46 kg or cns/sqg.ins.
18 G 3 g 29 tons/sqg.ins

Copper - 2% Cobalt - 0.5% Beryllium represents the strongest
age-hardening copper based 21lov developed and typical

are 60 - 65 kg/mm , which corresponds

(f)

values of yield stres

G/

to 75, Unfortunately the room temperature solubility of

Berylliwn in copper 1s high, and the maximum values of

conductivity that can be achicved in the fully aged alloy

sre 45 - H50% I.A.C.5.

2

Having outlined the principles g0

development of copper bascd alioys for nig

conductivity applications it is instructive to trace the

of such developments in the copper industry.

[,

history




1.5 Contemporary Matcerials

The most striliing fect to emerge from such a study
is the reluctance on the part of clectriczl cngincers to
depaxrt Lfrom the usc of heavily wrought tough pltcn copper
or O.IF.H,C, copper for appliances operating at room
temperature, Howoever, 1t 1s common, in the Tfabrication of
components regulring highn strength and conductivity to
include cither scoldering or brazing operations,
instsnces, heovily wrought copper 1s found unsuitable and

ariall additions of gilver or cadmium have been introduced

proncrtics of Two such commercial nmaterials cre shown

'_J-

3
it

(Table II), Additions of silver exert little effect on

the clectrical or mechanical properties of pure copper,

whereos codmiunm gives rise to a slight increase in

O

mechanical properties vith & corresponding decrease in

oy

conductivity.

Added 0-1% Tensile Shear  Conductivity
Elements Proof Strength Strength  Elongationt Hardness Strength %
% HV ton/in.? 1ACS

Alloy % ton/in.? ton/in.?

A H A H A H A H A H It H
Copper — 4 21 14 25 50 4 45 115 10 14 100 97

10 14 100 97

Copper-silver  0:02-0-15 Ag 4 21 14 25 50 4 45 115

35 45 3 60 140 12 20 90 80

Copper-cad-  0-2-1Cd 4 30 18
] —

|  mium

Table II. Compirative properties of high conductivity
materials in the annealed (A), and the cold worked (H)
condition,




Brazing cycles involving transient peak

Hal

i )l”'“)r' 5y B 3 Arave - i . -
Lenperatures of 500 -~ €00°C, together with the need for
conductors to operate continously ot tcmncratures in the

.

ranee 150 5o o s c o L .
renge 150 - 200 € introducced precipitstion-nzrdensble alloye
into the ronge of moterials uscd in tre copper lundustry.
An alloy containing up Lo 1% chromium waze found To give an

adequate couwm

propertics =wro developed by a heast-treztment cycle, then

tire syotem o core steble than one invelving heavily
B B S T D e e A R
wrongzht peoductz, Several workers have reported tnzt
opper chronium allcoys bocome notch-sensitive at temperatnro-
A
11 Tl B SRS :’,\’ DRSNS J("- 3T T e} S iale! fathdd R T
1ot renge 0O - 2507C¢, but have advanced no eéxplanation
for ©rhic unusual Ho .7t sucii reports have
Lot Lo the levestl otiun of alloys containing zirconlium &as
Pie,1l,4 shows the resistance 10
4__55 3 o LlUVY vail = [ VEw RS v
comver chromiwm and CoOprer zZlrconlul
annealing experir:ots with reference 10
] -
conacr and o couper silver alloy (all cold rorked ),
3 o - o o sratam~
indicuating toe superloriiy of precipitation hardenlng sSyste
T haniecal DI ties is recuired at
Lepe abability of mochnanical propercvies 1o Tbiuds-s a

clevated temperatures Rasecd on empirical approaches,

qddilions of both chromium and mirconium have been ma

o - : P . 1 ~< e
coppoer in the hopc that alloys combinlng the desirable

- & o n I i1 2 e Aetve ned. A
propertics of both binary sysbens could be developed

yeview of such attempts, ©0f rether with a survey of work

3
the hinory systems copyel chromiwng, ana

porformed on 2
) -
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copper zirconium follows.
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1.4.1,1 Copper Chromium

Tiwe svstem copper chromium 1s a simy
1 y ) 379 E - a7 LA anAd in
one in which no intermetallilc compounds are formed, anc in

. : = A o
iieh ecnelr clement has a very limited sc

other,  The scetion of the conilibrium phase diagfran

- . " . . e . - +1h 0
concerning this stuay 18 that shown in Fig.l.5 1.8 ¥i¢

copper rich ends According to Hansen ,

SO REFI AN luie received the attention of many workers, and

o =

ig well catablished., The diagramn iliustrates

1Ly accuracy

; - T R ; Wi e a1lovs
the very recteieted Lompereture range i wiich alloys

L0 -




—
1200
1HOO4 A - T~
B ~
: ~
| ~,
| < LIQUID + oL
1000H 555 |
\\
A !
r rlelel ¢
° 800+
z W )
o D
i .
-
o d
L
Qo
004
5004 | E
= 400+
X \
on 02 03 0.4
WEIGHT PERCENT ZIRCONIyM
T
C D £
—\\~~_~\\*
900 | 750 500
»\“'\'M\ﬂ
008 | 0.03 0.0l
L |-
the Coppﬁr VA
; ircw
i ‘Bram - (gg, rivirtuf‘“’;




containing more than 0,5% chromium may be
obtain

made

ot

heat trezted 1o

S_\

o single phase solid solution, The system can he

. SRR L "»,»'u.’—‘ 9L FEE TN . . 5
to precipitstion harden by the rejection of cnromivm

from o super stureted solid sclution.

haove

of zirconiom in cosper and 1ts variatlon with temperature,

lo4el.?2 Copper Zirconium
The majority of investigations in thls system

hoon concerned withh an assesament of the

(L

solubility

of 1,0 wi./ at the cutectlce temperature of 9¢57C, Recantly,

16 , 11 , 12

SoorivirtaT T, Zwicker o, and ouovwaL have reported the

e ~ AN T A s gl oh
O. 1)7 '\).ll o i Q. [_/4-/’ YV oWelg8

I
GO

oz (50,57, Zr), however, little data

subustenticte thic conclugion,

1Ly

amd

phise g Ou 7v and reported the

reoscioum Limit of solu bility of 21

R T 771) misght be pore appropriate, nenac
I - -

s ipconiun in copper

|-./
=
O
@]
-
>
<
i3
}_J 0
o
O
@)
e}
e}
Q)
-
¥}
0

o

mperature solubility between 0.01 and 0,02%. Fig.l.6

hs

Sws bre copper rich portion of the copper zirconium phase

oran, witor Saarly rirta, based on microstructural

1t microprobe analysis supplemented by metallographlc

e e Loanalysis indic ted that the

paximum 1imit of solupility
4 . |
as 0,176 by welght at 970 C, which

- 11 -
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in close to bthe valuc of 9 cO .
’ sluc of 965 °C chogen by Honsen znd 980 C

-

reported by Sriowak™ T,

1.4.1.% Copper Chroplum Zirconium

RO as%

"zl N T O AT RN R T B o -7 1
%205 Wil Cr onng pech investigated by ZaXnslov, Stepanove

o LA
and Gligov

/

~nd more recently by Herris —,
technioues crployed were microhardness testing end electron
nrobe microcnalysls regpectively. The results of the two

inveostigations =rc rmaricedly different, s1though both show

thot the cguilibriun solubility of each element increases

in the prosence ol tie other., A pseudo pinary is formed

L beoon 5o, solid solution end Cr 4rs @ laves phase with
[a8

. N mri, ey s < ~ 4 A +“Y‘ C/h - an A3 In 1 },‘ :

G e oTad crvstal structule; s = 1.63%, and wnlch 18
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CHAPTER 2,
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Tt ois consily shown thot some aspects ol

Gueh ns ohope snd cohercucy €:rects CE

on Lhe bacls ol the inrluence of strain
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cricry in precipitation arises

Chore are dilatotional cffects 1.¢€. the precipitate
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particle may be dargels oY amaller than the volume ot ¢

. . o i il Ay A he narticle ol
moabrix it roplaces, ulit LA oither cose the paltib-ss
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interface with Lthe matrix ang thi i
b comatrix and thig w ususlly zi '
nd this will ususlly zive rise
to cohereney stroiln crnerey since
i ey svaln ernergy since tze particle and metriy
must be strainced celasticsliy to maintain a coherency "fit:
crency raiwg"
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cfinition,
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1terisce has no zurface energy whereas
ST R e cone e o a oy it
gLl tihoe cnergy of a2 non-coherent interiace ig surface

- (7'(‘!}"/" AR -o-i\’ SV Lo ey ~ o ~ ¥, ~ A
cnergy, andt thorciore, to some cxtent conerency straln

Mo dcotorained the diletational strain energy as a function

speecial case of highly strained incoherent

Pig,7,2, iu which = 1s the redius and 2c¢ the thickness of a

. : o a2, .. . 1 -
bicholoon and Kelly have considered the morphology
and crystallography of precipitation from many systems alld
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and o bhe surthce cnergy
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the non--coherent interfeace

fricdel predicted that

L

produced ot "hrookaway ' os ATYI"Zg'y
G

precipitaetes lorger in redius t) et
0 L Jer in redius than 2 w11l be non-coherent,

Ml v L U 1o there fare kel F y ; 3
e vadluce of Lodn therefore wholly dependent on the estimated

\/\:L
vaduc ol dnterfweial snergy between precivitate and matrix,

It follows fxon

1 tnesce conziderstions thzt in the
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particles are small

s 1
, L + = whicn
| N meeauently the rate at whicl
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; i~ an for non-
. he hicher than that 10T
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. s radii, the
) ; : However, at lorger particle radiss
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oo crorgy curves Lol whe two TyDes h¢

crd bovond Lhis point the non-coherent pe
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Proc onerey and L wodnd stable.  Thus
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tiet providing D i3 correctly interpreted
then this cxpreonion deseriben the CORTHCnin.

precioitotoes in solid metrices,  The the

into account the ¢llect of cohercncy strains on D and Co

Y

!

e leen et e e - . .
or the crestion of diclocation 1 ot the particle
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interi_ cc, Therefore the begt Lperimental sgreement is
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to be o

have o ~ow nisfit 46 ever
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Mhe forugoing thermodynamic treatments as
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solute superoaturation to be the dominant factor controll-

"

ingn bomosccneous precipitate nucleation,  However, recent

P
vork by Bmbury and Nicholsen” on aluminium a2lloys has
sugoentod
dicpersion of precipl

i mgmd A t noeling he
t room tempoerature prior 1o AgCLIE, the
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rabe, delay time o
ribe of heatine to the ageing temperature and

’ il 0 al ¢ pevrs - tuy
Ol Lrece olements, none of which atf *cets solute sup
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miniwivoed, S
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nolnte exist

dislocsltions, and ot planar defects cuch oo stacking favlits,
Zele2 L Precivitation ot Groin Roundories
It ic o well documented ot precipitates
Torm mere ceadily 2% grain boundaries thon within gralng
due bo the O strain energy interizcial
cnergy boeirns in ol trhcorernz, Thesc
ciflecte may lover wctivetion cnergy to such an extents
that an equilibriwe phose is formed in the grzin boundary

alloys 25 o rezu

he supersatars

function of
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tomperature T
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Boltzmann's
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cold work prior
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¢ golution

5 crystal at
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vacancies
siven by
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1%

A exp (~Ef/kT} where A 1

of Tormation of a vacancy and

constant,




Simmons and Bulluifialreport typical vilues of C for copper
guenched [from nesr the melting point 23 2 x 10 7, At roon
temperature the cquilibriws concentration of vacancies is
L . =20 ‘
of the ordcer of 10 , 0 that proliilc nucleation of
vacuncics must occur clther on guenching or subsequent
ageing. lHigh supersaturations of vacancles favour the
Pormation of dislocation loops which originete from the
collanse of discs of vacancies. Lower superscturations lead
dislocation spirals which result from

to tbhe Tormation of

the climb of screw dislocatlions by the absorption of

(N

nCcaAncics,

betweon solute and

tondency for soluve atons to segregate 10 disioccations,.

) ey r oi1e] O Toar
rnbopen has demonstrated this tendency using wwo
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substitutional iron alloys, 1ro n-gold and 1ron-copper. T
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alloye are simiiar in all rest

atom io meeh larpger than the iron atom whereas
copper atoms arc of almost identical size. Precipitation
in the iron-copper alloy occurred uniform
mateix whercas in the iron-gold alloy, preci

nucloated only at dislocation lines,.
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Cohn "has trested the kinetics of precipitation
at dislocation lincs, cad  concludes that the rate of
precipitation on aislocetions is greater than the rate
of homogeneons precipitation by o foctor of apnrox. 10
Although cxperimental findings do not support 2 factor

sgohigh as sugeested by Cabn 7, the figure indicates the

orders of magnitude involved in procivitation resctions
vccurring ot dislocations,

ruclention of colcrent pracipitates does

not wpreoar to be cssisted vy thoe presence of a dislocation

unliko oherent procinivates vhere 1f the misTit
vector 1na parailel 1o furgzers Vector of tne diglocatio
thern tine precisibote carn be mccommodated with o reduction
of Ui Lo lad cnewy oi blic sysbeil,

is created in F.C.C. lattices

) . . . X - - » - . ~ wmAaatd o
the diccociotion of whole dislocations into partial

beon econve
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SN (1) Provision of a partinl dislocatloll.




lz.2.4 1houpson's rcference tetrahedron

Suzuki T first polinted out that,due to the change in crystal
structure within o faulted layer, the equilibrium concen-

vrition of sclute in the fault may differ from that in the

surrcunding matrix, Furthermore, segregation of solute

atoms (o the stachking fault could lewd teo precipitation if

the ervoinl struo’turc of the Tault and preciptbate were

similar, Co LJTT’.J_.J_ 001ntcd out that the scgregation of

solute to such faulted regions of the crystal would cause

“graduel widening of the partial dislocations

fault beeause of the localized lowering oi the stacking

LFault energy.  The only well established example of the




agsgociation ol precipitate with stacking faults
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monner is given by Hicholsen & duitting /Ln

in this

o study of
precipitation hardenable aluninium-Silvery alloy in which
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ig formed with o

o closce packed hexagonal pre wte

habit relationshin:--
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close to that of the theceretical veluce of 1,03 for a

Taulted F.C.C, zhtructure. The fact that this reation

- . - v -~ o~ Y g - . e 1 £ 7 ) 1
soours in o mabrix posscceing an inherently high stacking
P NS - A .
s Lends suonert to made by
4.0y
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Cottrell o
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the some iollucnce on proclzlTate nuclldulon or dc whole
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giclocatione, However, Toe movenment of partial dislocations
cun bhe coused by the creatbion of localized oganges:ulthe
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oltackinge 1{nult cenergy ol thc matrix duc to segregatiol 0
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holrogencous roocleaving source.
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investieoting the tewpering behaviour of a niobiui

18Cr/10Ni/1ND found

A
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stobilined austenitic stninless ateel

. wn during
that stockine faults contalning NbC could be grown «
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ageing within the teumperature ronze 6502 a0
¢ =) L L L I .,,,iJ,Z_J(J .(/J ) fﬂOO C . Tgley

proposed a mechanism inolving the nucleotion of HbC
particles ot the partisls genersted Trom dislocation
intersctions i.c, Lomer — Cottrell loeks Whers one partial
iw rendered sessile while the other moves +o form the fauls
AL Ly
Propogation of the fault through the matrix occurred by
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the NbC particles wving grovin, shegging off the partial
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site for further nrecipitation, Silcock and Tunstall
carricd out  systematic electron micrcscope investigation
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Lo be necersary fov the type of stacking fault precipitstion
DSCInTe CIne s

L. 4 low sincking .auvlt encrgy matrix,

'e A nipgh wolute size factor so that segregation

by strain cancrgy considerations,; so that

prolific nucleation occurs at dislocations.
4 A oxpansion on the formation of the

orocipitate to facilitate the replsion of

precipitate to facillitate tne I

the IPronk partiale

- 0




= A T RN L A . £ b
Do A preciplitete with a fairly simole relation.

ship to the matriy structure,

Lo Turther czperiments, Silcock vag abl

¢ shiow that
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all ol these conditions existed during the precipitation

Uty

ol carbides oif ni

N

obiuvi, tontalum, venzdium , zirconiur

~ Ll
and titanlum on ths portial dislocations bounding
feults in tempored sustenitic stainless steel.,  In view

of the foct Shwt wll five corbidcesiave o simple rock szl

L v

iuncluded isany relcrcnces Lo experimcuntal studies of
N i~ A N 2 7 PR T T <
nucleation i the sclia state, and illiustrates that

o+

quclitotively, the theories are in good agreenent with
expericnce, lowever, the few guantitative experiments

that hove been performed to date indicote

- . G- N : : : e pnt T 18 no’
clacsical theory of nuclention in its present form 18 not

capable of besng applied to solid state tr neformations.,

It hus been su=zgested that nucleation is not involved at

2ll in solid stute transformations, and thot pre-formed

puclel are olways present in o phase as groupings of
20y, own that 1t

slruetur wJ imperlections, Dehlinger” has shown

to
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ig poosible to describe a transition Ifron one lattic

: . Ffodis Tioma
sccond in terms of o suitable configuration ol dislocs
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Vi tnis basis, theorie

¢ ol dislocation
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cocogrosth of precinitotes from supersaturated

ol »recinitates depends on

L - .. - , ) N eal " cm A Lrmn
LAC ete v whichn otows are brought to, or removed from,

Crocs bie interiices  During
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v ol oL whe inteslnee
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~powWhl becomes limited by the ae

solubo Crom the golid solution causing a ¥

Concenbrotion gradicent and hence the driv

dilusion. At thio otoye the flux across




Large due to the increose in aros

Generally Che interfoce and diffuszion controlled

reactions arce of comporable rates and the nathematicgl

models which have boen used to analyse the kineties of

15 O

diffusional growtbh are neceszarily couplez.,  The msin

onoly ticol difficulties zrize from the couplex composition
I i
distribution throughout the solid sclution when precipitates

ol v .rying sizc are prescnt,
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Fitting solute wtoms would drift to dislocttions in order
bo roduce vhe totol ¢lustic dictorticn of whe lattice, The
solubte bl L1l tend to move to that rogion of the dis-
locstion wwhere thne gtrain is opposite to that associated

with the otorm and will therefore form "atmospheres® around
trhoe dislocotion, In supersaturated solid solutions,
precivitate particles nucleate from the atmospheres and
Forthor solute drnins towards the dislocations, under the
webion of Ghe otress field, to feed the growil
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dislocotions wdd little to the original analysis of
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The experimental methods available for Tie &

) N 1. - PN oy oV Q\‘Yed
study of diftusional growth processes have been review

, B s o a4 f9rmer basis than
by Burke 7, and are shown to be on a lirmel basl =
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EXFERIMENTAL PROCEDURE AND TECENIQUES




BXPERIFMEHTAT PROCEDURL

- N Yy
The o - 01love choscr Tor exoms nat: 3
our alloys choscn for cxsmination, and
depseribed in scction 1.6 were menufactured with the assist
7 LiL L S LS -
ance of Johnoon Matthey Ltd., =t their Weubler research

1/.
4
¢

laboratorics, s> kilozran nelts were made fron the
following raw materisls:-

L _ Impurity level
Llcetrolytic copper less than 10 p.p,m,

flake chromium (Murex Ltd.) less thean 100p

50/5C Zirceriun-Copper Hordener

{

Melting wao performed in the grephite crucible of a vacuum

FENE

J

¢ and the copoer allowed to boil briefly

=

induction T

Q

R}

g conditions of tewperature and pressure

under the prevailin
D

(12507¢C and 10 “mm.Hg), before adding the chromium. The

Zivconium~Cornper master alloy was introduced at a lower
uperatu r 1200° Je- ; »1ting losses

teaperature of 1200°C, In order to reduce melting losses,
the furnace was pressurized with argon on completion of

alloying, nnd rocked to allow thorough mixing of the

&}

21loying constituents. The melts were tapped at 1160~

IRRNe - 3
11807°¢ into pre-heated and pre-coated steel moulds of

2" dinmcter. The billets were radiographed for soundness
: . o anald fects
and then machined to remove any surface scaling defects.

The crst structure was broken down by
] =~

- LD e




homogcnlzution ah dCOOJ under o crackoed

followed by a1 wolling and interst: znneali

to reduce the billet to rod of 0,750 diameter
ilaneter,

chemical onalysis suppliecc
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e doorae Lo vrhid ok ~
the deprcee Lo which the nominal co ompositions

(Tuble TV)

c2d amasonie, atmosphere

schedule
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The
illustrates

hzve been met,
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AL, pinary Cu-Cx 0.,%9 -
i
"B, Bincxy Cu-Zr - 0,24
p Co Dermnay Cu-Ur-Zxy 0,35 0,07
; al i r s o
oL, Yernnry Ca-Cr=Zr 0.22 0,20
t
I
o SN ——— ——r e o At ¢ e~ - —— aam o rm m reeaambrm s dmani v =  mc—
Tzble IV
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e inclusion of chromium znd/or zirconlum 11

CON cocoritates the use of vacuum eguipment for b t
, . . S ool and
trontnent operations « especially solution annealing, and

conveguently imposes limitations on test Plece‘kmlgn'

A sudtoble test picec on

wnd ncchanicad property measurements

wive 0,125% 4iawmeter and 6" in length, wher
as made on heat tre

uuxerLuquy cxXruninntion was

L50-250 wicron thick obtained by cold

slicon of the O.

was found in drawn

eas electron

ed foils

clling transverse

751 diameter starting material.




Fige3.1l Verticaily mounted vacuum tube furnace
used fcor the sclution neat treatment of
materials,




Sebel Bolution Treatment
In order to reduce the aumber of controllsble

veriables which exist in any cxplorstion of precipitation

hardening cyotems, bthe solution

. L0 + .0 ) »
carcicu out ot 950°C -2 °C for one hour, The relevent
isothcrmal L shows that the »11loys under
investigation should cxist we o singlc $01id solution

wt thic teumerature.  The cutectic occurring in the copper-
&
zlirconium systonm plices an upver 1izit of 970°C on the

solution anncnling tecaperaturc.

P A I A T £ ~ Q5N an A
during godluticn troeotnent of st 950 °C in the
apnphoztus shown in FPig. 3,1, V< seal wis broken

ith super-purity point less than 0°C) on
conclusion of the polution heot :nd the specimen

7C sed into the auencd situated imuzediztely below
bhe verticolly mounted furnace tube.
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, - ! arsture
A LI Coim IQJ.lO"lllé ToQom Etﬁmp raiure

quernchingg of solution trested material
tube Turmsces precourized with either argon or nitrogen.
Heatins raten of 500" (/minute were achiecved over the

6" furnnce bot sone, and temperature control was held 1o
 bolorance of -_’?ZLOC. Later experiments showed that the

. . L 2 . dammeratures
abucace of a protective ztmosphere at ageing temperatusc

.
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property neasuremento

L0 . , . ;
below 500 G did not aiicct BUD ST U UL

on heat treated moatberiols,

riments involving The guenchilng of matcerial
» 1
|
directly to hhe agelin tempernture nad to be periormcd in
i {
batihe shich could only bo controlled o
1
3
Ve e e e ey = . R R ol o Y o
or suc Atrents - gevere piviing ol all specinen
5 Plectrical Resistivity i
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%, A, Intreduction !
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I+ was shown in section 1.1.1 that alloying
clemonts exerted lesst ceffcet on
oF CO precipitated from
rollows, therelore, that the nea
siotivity chonges oCcCeurrillg (ii-
treatbed matorinle can bo usca the rolaction g
.
voloeity of precipitoation reactlons that systChle ‘

n princivle two maethods are

blhe measurement of wosd stivity change on. onc sample




reactcd ot the

Toaperature, and the sccond invel .

reaction of o scrics of samoles for vorious times at the

agelng temporature,
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depicried and built suehi that the potential contact poirt” ;

0.125% diameter specimen were T.95 cms- (1)

on the gtoand

i i

apart thereby allowring the resistance reading(R)to e
directly road ivom the bridge as the specific resistance
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The most gensitive range on the bridge for the typical




values measured was obtalned using an Internal standarg
resigtance oi lom4ohms with a x100 decade arm allowing
a range of resistivity values between O and 1();4-‘1-(:131;3-3

=3

e

to be measured to an accuracy of +0.002 pLx cms at 20°C,

A reference test picce of O0.F.H.C, pure conner
heat trezted to conform with the internationally agreed
procedure for annealed copper standards (I.A.C.5.) was

vailable throughout the duration of the wor' and was used
tc check the calibration of the bridge and jig periodically.

-
9]

The value corresponded to 101.7% I.A.C.S. or a resistivity

A

of 1,695 - cms 7.,
The resistivity of all solu
was measured prior to ageing, and samples giving values

which varied from the mean by grezter than C,1% were

€]
ct
D

rejected. This simple inspection 2ge satisfied the
requiremnents mentioned above for the method of abstracting
kinetic datd involving reacting a series ol identical
samples for various times at each agelng temperature.

Tsothermal ageing experiments at temperatures
in the range 300-600°C were followed using resistivity

measurements Tor all materials under investi igation, and

the dats tre sted 2s follows,

! 504,75, Trestment of Resistivity Data.
Typically, the alloys under consideration
* tronsformed in the manner comnron to most precipltamﬁn

hardening systems that is, by & nucleation and growth

- 50 -




RESISTIVITY
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Fig.3.2 Sigmoidal cecay curves typical of those
obtzined during isothermal ageling of the
sclution trezcted materials.
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procecses.  The resipiivity Jata thus yvielded Tamilies
of migmoidal decay curves when plotted azainst the
logarithm of the time neld at the afering temoperad
as shown in Pig.%.2, The time teken to 50% fraction
transformed was then plotted against the reciprocsl of
the absclute arseing temperature to determine hethep the

cmpirical activation

ENR RN

for the precipitstion rezctions

wag temperature dependent,

rRe-gtated, the rate of mogt resctions an

increasing the temperature will increase in accordance

with the general Arrhenius rate equation of the tyope:~
N SYALUL
Rate of rexction = A exp ¥

where A 1o the frequency fTactor, and S iz the activation
o . i i . . + 10q-
energy for the process.occurring 2t T 4.

Flge3.3 1s a graphicel representation of this eguation,

h marked temperature dependence of the enmmirical activation
encergy derived in this weay mey be taken to signify a
change in transfornation path, dbut no fundamental signif-

icance can be assigned to the values of such activation

energy since they include contributions from the nucleation,

and the growth stages of the transformation., The procedure,

i
!

if repeated for variocus values of the fraction transformed

will reveal any variation of this empirical activation

. ~ . il = N 1 -~ 1T 1
crnergy with the fraction of material transformed if none,

Siah . . C g ha g
the veaction iz = ¢ to be isokinetic that is, the set of
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Fig.3.4 Avrami type analysis of resistivity data
collected from isothermal ageing experiments.

Model n

Diffusion controlled growth of a fixed number of %

particlest L 32
Growth of a fixed number of particles limited by

the interface processt 3
Diffusion controlled growth of cylinders in axial

direction onlyT Lol
Diffusion controlled growth of discs of constant

thicknesst )
Growth on dislocations} © 23
Nucleation at a constant rate and diffusion con- |

trolled growth - 52
Growth of a fixed number of eutectoid cells ! 3
Nucleation at a constant rate and growth of a |

eutectoid ; 4
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reaction curves may be broughi into identitly wmerely by
lateral shift along the log time axis. Further information
regrding the kinetice of precipitaticn in the alloys wag
obtained by analysing the gigmeidal decay curves in a

manner gencrally accredited to Johnson andg

general rate equation is given as:-
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from which, by converting into common logarthme and

log log d . = nlogt +1n log k - log 2.3 ?
1y .
i
i obtaine, Hence if & reaction conforms to the Johnson

o . i . 1
fehl equation, a granh of iog,logr sy VETrsus log
1 & ! Y =5

is linear g shown in Fig.3.4. The value of the time

exvonent 'm' ig obtained from the slope and has been showt

to vary between 0,5 and € for diffusional controlled

]

G

tronsformations. Burke” has listed a typical selection

of values of 'n' which have been derived from this type of

~ . < . q . . 4 " - T s
transformation observed in metallic syostems by many wers.or's:
notably Avrami’’. and has described the various models of
notably Avrami”~, anda has described the various 1

transformation the values are said te represent - seéw

Table V. Tor such tronstormations the Johnson-lMehl equats

(D)
. N s
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gives accurate solulions for tnt up to values of 409,

| trensformation,

)

Lrerefore the resnlts obtaineg from
the copper alloys have been analyced on this basgig

D 9

honicat Properties

2.5.1 Introduction
\ Unlive single cryvzital behaviour. the increage

in mechanical properties accompaenving precipitaticn

reactions in polycrvsitalline materials cannoct be analysed

in its commonent

However, a large de £ree of

P I R L LY T U Arp s N o
anRisovropy wag produced during the oduction of +the

standard 0.125% dismster test plece by wire drawing from
O0.75" diameter rod without recourse to interstage annealins

trectments ——~ a veduction of 97, R/A. The subsequent
mecnanical property measurements were therefore expected
to be wore sensitive to ageing reactions than a test piece
nacnined froem a randemly orvientated polycrystalline
material,
5¢5.2 Mewsurement of Mecaanical Properties
Aspesnent of elastic constants were made on all
materials using a Deusson (756 Model) tensile machine and a
‘ Houndsfield Fxtencometer., Where 0.1% proof strecs values
did not exceed 5 tons/=a.ins. the modulus of elasticity
i of the materials was taen as that of pure copper

. -0 .
l.e. 18 x 1071Dbs/sq.ins,

Values for the vltimate tensile strength of the




materials tested are guoted to an experimentsl accuracy of

0.5 tong/sa.ing. because of the poorly defined gauge

ol

length obtained with wirve specimens snd the efiect o

h

the

)

grips. Similarly, elongation values are expressed on
non~standsrd gauge length of Zd gnd arc given oniy as a
cuide to the properties of the noterials. A gtrain rate
corresponding to a crosps--head travel of 2 1lncnes per minu™-

wos used througheut the tests,

AON]
o
N

Electron MICroscopy

5,6,1 Poill Preparation

O

The woute by which ZOOfA thic - foil material
wos produced ceould be used tu exercilse gome degree of

comntrol on the predoninant foil crientaticn chserved in

]

the electron microscope, Discs of 0.1257 in thickness
were cut transversly frowm the 0,757 diemeter stariting
moterial and polished on the cut faces to produce a good
surface finish after rolling tTo 20“}1 -—— an important
pre~recuisite To successiul electropolishing. By success-—
vely limiting the deformaticn of the disc To 10% reduction
in thiciness and then annealing at 6570 tor £ hour,
preduminant ovientations of the final foil were {110} planes
or {112} nlanes parallel to the surface. This texture

unaltered aftor solution treeting and aceing the naterials.

fovever, by reducs~s  the discs to foil of

200 microns thick in one sta =(a reduction of 94%) a




gtrong pure motal texiure as obinined in 211 meterials
B - - [~

which, on sclution treoting ot 950°C Looconverted by

secondary recrystallization to an equalliy STrong feube

tewture i,e. ;QG} ploncs parallel teo the surface of the

crystallography of

foll orientations is recorted oo

The ing ol the heat ftreated foils

sing th

was satisfocto conventional "window '
technigue ag descrived by Tomlinson” "in & sclution of

66% Methanol @ 33% Nitric Acid using a stainless steel

O T R | . . S o . e
cathode and opersting at an apolied vel

- . ~ T - wa 1 A A 3 a4 A - .
10 mwicrons, the sclution could beoverated at ternmeratures g
"'"r)"‘ IR AT e T o T g aWsy +tated i
Lo £ UoRROVIalns Th - 23 censtantly itated, §
& E i
i

- e O R I P P N A N R -y ) P N I REETEY 4 -

ol thi L2 QG DCTrLora tioi. wac cg.pvum_,\:,lJ_ siied in the |

é
electron microscope were cut irom the perforated window
unaer cover of ethyl alcohel, %
5.6.2 Toil Iraminetion 23
An Aseociated Zlectrical Industries BE.I.6G é

. . Adn o ,1 !
instrurent was used for all elcctron metailographic wori, !
1 Tl : e etk Field and hieoh rescoluticl.
and full uce was wmade of Lhe dark field and high resolut

- . ; e 4+
tieg availabhle on gsuch an lustrument.

diffroction facili

The goniometer stage fitted to the microscope allowed

[NEEN
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57 of tilt of the specimen cartridge together with

N

6Oor0"‘cfaution° For the ma ority of observ.tions and
experiments performed on the materizls this degree of
manipulation of the specimen cartridge wag found to be

dequate but the availability of a high Tilt cartridge
would have greatly faciliteted the determination of the
burgers vectors of dislocatlons,

5,6.,%, Cuantitative Electron fetallography

Two of the main metallographic features

observed in the allioys investigated were coherency strain

fields znd stucking faults and thereiore a brief survey of

quantitative technicues avallable for the interpretation

of guch feutures follows.
5.6.3.2 Coherency Strain Fields

The contrast. arising fromsmall coherent

-

ticleg of =z sccond phase embedded in & mairix has been
censidered by Ashby and Brown”~. They have shown that the
imaces of coherency strain fields surrounding an isotropic
misfitting spherc take the form shown in Fig.3.5. BY
obacrving the coherency strain field images nroduced
arcund small cobalt particles precipitated in

cobalt alloy, they were able to use the theoretical gral

of the variation of image widthn with particle S12Z€,

and diffraction conditions operative,Fig.5.6,tO measure




the "in situ? strain at the precizitate/matrix interface
L e,
On calcuiating the valus for "in situ? strain €'devaumad
g <
@t the interface, ne account was taken ol the marked
elagtic anis tropy exhibited by the copper matrix
nevertheless values of strain chtarned from the relationship
-
EA - . )
€ = o whnere L 1g the bulk modulus
T o of the precilp
JL—%—ZE/ 5 Lhe :;D : ipitate .
1wy N 1o Poissons Ratio for
the precinitate
L iz the Elastic Modulus
of the matrix
1 the misfit between
the two lattices ag given

are In good agrecrment with those obtainced from measurenments
of coherency strain field imeges around 30 of the ccobalt
particles.

Fahhywy and Ry 1 55a‘[m ahrowod That the ona f

Loy Sl bBTrown 1 1LsC Snowed niaatv tile sense o
the strain could be determined from observations ol
asymmetrical imnges formed at particles which were within

. o X N r R thes

approximately half an exbtinctis stance ( % )% of either

surface of the foil. The method

involves observation of

the sthain fields under Ydark field® conditions and noting
¥ DPhe extinction distance for electrons is given by the

8

TV cos

expregsion € :
unit cell, N i
Fe(9)1g related to

where V lo
tid Ffvele ength of o
the atomlc scattering factor for electron

the volwm of the
the elctrons. and

the maximum wavelength

The extinction distance represents PR
of the intensity oscillations which tv‘non¢tted and di il‘ 8
A RNS . f 17 A_G.j
beams undorgo o1 naﬁﬁjnb umiough o crystal and for low

£ 200-6004°
plancs in metals is of the order of 200~ .
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Fig.3.7 Fredicted variation of coherency strain field
image wid

mag tns for 2 disc shaped precivpitate,




5

the asymuetry of the anomaloug images with sespect to the
direction of the operating diffraction vector, Thege
techniques for the determination of +the mnagnitude ang Senge
of sitrain surrounding spherical icotropic particles have
been extended to cover dige shaped particles, but the
experimental technigucs involved are reported

~ Y b —~ | o4 - -. 2 Y 5 £ - - e ™o 4 ] T
erbaly more difficult. Making the reascnable assunption
g inpt

ot

LTI e ol st s o > 4e - £ i3 o ~ o
hat the sreatest misfit of disce thaped particies occurs

£

nermwal to the plane of +

e dize, and that the retio of the
radivs of the disc te its talernzss is high, Adby and Bre
i

, . . . _ . .
Qave agaln been able to produce a serics c¢f rdationships
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obtaing a value for the expression log | =, gb cos@

in wh' k1

particle geometry mentioned apbove introduces extremely

to take into

o
f—t
6]

cumbersome and diff -~ult mathematical mod
account the non-isotropic asture of the strain existing at
such interfacces, Furthermore, most ¥.C.C, metals, with the
exception of aluminium, hove markedly anisotropic elastic
which add to the difficu” “ies encountered in

congstants,

J

deriving values for the "in situ® strain from image width

measurements, - Hhy -




ELECTRON BEAM
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Disvlecements of the reflecting planes at a
staeczing fault AB. In (a) g.R = 0 and no
contrast occurs. In (b) g.R # 0 and inter-
ference between wa¥es irom above and below
tne feult gives a fringe pattern.




5.6.3.% Stacking Fault Contract

<~

A stacking fnult is a olaner defect and ig
observed in the eletron mi croscope dus to the displacement
cement
of the regular crystal lattice above the fault with respect

- SR S P 23 dia. ramma+s 1
to that below it and Fig.3.3 is a dlacremmatic representati

o
h
v

a fault lying on a plane inclined to the foil surface,
Congsideration of the ways in which a fault on the (111)
plane may be formed in an F.C.C. material shows that the
displocement vector, R, may be 13@11\) 1f the fault is
formed by expansion or collapse of the lattice in a
direcction perpendicular to the fault; or alternatively,

if the fault is formed by shearing parallel to the fault,

. . 1 .y 1/ 70
then the displacement vector can be /e 12y, 6&{121}, or
case i

1/63@11] . 1T the disslaccment vector in either case is a2
tice translation vector, then staciing tault contrast
will not be observed since the two crystals are once again
in register. However, even if R is not a lattice translatio

vector, then the fault will still become invisible when
diffracting conditions are such that the product gs,R  is
equal to O, 1, 2, 3 etc. Clearly, for the stacking faults
formed in F.C.C. crystals the invisibility criteria is
satisficd when the faults arc viewed in g<220>a11d g <'113>
reflectibns.

thelan and Hirsch56have shown that the intensity

distribution due to stacking faults on an inclined planc

is such that fringes are formed. The spacing between
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common fringes im equal to -

v«()

OU

and ngthﬁ extinction distarice for the partic

ion vector opcrative.
the intensity of such fringes
fault === the obgervztion tha
absorption effects and is the
determining the nature of the

sed by liashimoto, Howie and
the resicn of the crystal cont
Tield and dark field under two

5, the parameler describing

o 5
Whelan’7

aeNc

(“\

re t i1s the fcil thekness

ular diffract-

Computed image profiles indicate that

should be uniform across the
this i3 not co is due 1o
basis of a mc¢thod for
faults. The mcthod was first
and involves vie wing
aining the fault in bright

becam conditions i.e. when,

Bragg diffracting condition, apprcaches zcro. The nature

of the fringes at thc fault intersection with the teop and

bottom of the foil surfoce ind

angle of the fault &L . Sinc

since an asymmetrical image is

Knowing these paramctiers, the

S /

or evxtrinsic can be daetermined

displacement is ta en to be pa

l%Ba(ilé\,or verpendicular to

58 .
Art and Anoilnckx have snown

congider the asymmetrical dark

Y,
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icotes the sense oi the phase
e = 2 T g.R then a
fraction conditions allows
Frem the

le to determine the senee of

vlane to the crystal surface

formed due to absorption.
type of fault i.e. intrinsic
unambiguously whether the
rallel to the fault plane
the plane ja <1li> . Gevers,

that it is only necessary te

field image with respect To




the diifraction vector opereating in order to deduce the
nature of the faults, and Zive the general rule for two
classes of reflections. Tor clags A reflectionsxﬂuch
include <200) , 222> and Q4> , the rule is ag
follows:~ 1f *the origin of the g vector is placed at the
centre of the durls field image of the fault, g pointg
towards the light fringe if the fault is intrinsic, and
awvay frem it if it is extrinsic regardless of the inclination
of the fault to the foil surface., TFor class B relections,

11>, L2200, &o®  , the opposite rule applies,

The 'nowledge of fault type and the nature of the
Ipartial_dislocations bounding the fault enables the
mechznism of fault growth to be vostulated,
5.6.3.4 Contrast arising from Partial Dislocations
If a dislocution in a P.C.C. crystal

dissociates into a pair of vartial dislocations on a &Ul}
plane, the procducts of the splitting reaction are either (1)
a pair of Shockley partials or (2) a Shockley partial and
a Frank partial. The Burgers vector of the Shockley partial
is l/6a <112>and that of the Frank partial %agl11l) , For
both of these partials, the product geb is no longer an

+o  + + 4
, =&, =1, 3 etc,

integer, and can take values of O,
Dynamical computations show that at the reflecting positim
. . . ats ; b = % are invisible
l.€e 8 = 0, partial dislocations with g.b = 3 a

whilst those with geb = % are visible. However, as with

the case for whole dislocations the general invisibility

- 61 -




criteria con only be rigourously applied for dislocations of
pure screw orientation, In this comnaection, it must be
rememnbered that the Frank partial is an edge dislocation

and there will be a contribution to the contrast from the

$)

¢

displacement normal to the slip plane ag well as the main

component parallel to the Burgers vector, This eifect has
by S§il i- 3] - 49 . . .

been used by Silcoch and Tunstall””to distinguish between

the two partial dislocation bounding stacking faults found

in stabilized austenitic stainless steecls,

5.1 X-ray Diffraction Technigues
37«1l Introduction

The research programme produced two problems
requiring the use of X-ray techniques for their solution,
Plrstly, no decisive data concerning the stoichiometric
composition or the crystal structure of the intermediste
compound occurring at the copper rich end of the copper
zirconium system was available, and since it was this
compound which was later thought to be the precivitating
phase in the copper zirconium alloy under investigation,
a series of experimental alloys bracketing the composition
range over which the compound has been reported as occurring
were made by electron beam melting techniques,Fig.3.9.
The second opportunity to use X-ray diffraction methods,
was for the debermination of the relative stacking faul?t

cenergy of all four of the solution treated materials.,

- 60 -







5.7.2 Determnination of Unknown Compound
The determination of the crystal structure of
CuSerr was abtteupted by powdcring the experimental alloy
which exhibited the least amount of CuBZr/Cu eutectic when
polished and examined microscopically. The structure of
this sample ig shown in Fig,3.10.
The powdered sample was lrradiatced with Cu Keoc
X-rays in a Debye-Scherrer camera, and the resulting film
strip analysed as suggested by Cullity60.
5e7+%., Determination of Stacking Fault Energy.
A tranemission X-ray method, described by Dillemczg,
Smallman and Roberts6lusing an ectablished dependence of
preferrcd orientation on stacking fault energy was used in
an attempt to determine the efiect alloying elements
chromium and/or Zirconium had on the staciking fault energy
of the copper solid solution. The principle of the method
involved the gradual change in deformation texture obtaincu
when materials of successively lower stacking fault cnergy
are cold rolled in excess of 95%. Copper, when cold rolled

by this amount gies rise to a pure metal tevture, as shown

P VPPV TG S S g ST O T A P i

%  Blectron microprobe analysis of the samples made ror 5
¥~ray determinations has recently been carried out by Belk
over a range of instrumental operating conditions. he.has
shown that thie heavy absorpiton of zirconium X-rays which
normally prevents accurate determinations in zirconium
containing alloys can be avoided by analysing the ZrKo<
radiation emilted at operating potentials in excess of 50Kv.
The reported value of 38,4 wt.% zirconium corresponds to
Cu.Z%r and since this determination reprcsents the mos?t
authorative work on the compound to date, further refercncesd
to the compound will be by this nomenclature.
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Fig.3.11 (111) pole figure
from heavily cold rolled
copoer. (Pure Metal texture)

{120y L1y + 112y Q1)

Fig.3.12 (111) pole figure from
heavily cold rolled 70/30 brass
(21lloy texture).
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in Fig.3.1ll, Progressive alloying of copper gen rally

results in a lowering or the stacting fault energy of the
system such that a deformation texture transition is
accomplished to the so callcd alloy texture as shown in
Fig.5.12. At intermediate stages, the process of lowering
of stacking fault energy can be followed by noting the
change in ratio of the flll% pole intensities at the
transverse direction,to that occurring at 20°C 4o the
rolling direction, Diagrammaticzally the variation of stacl..
ing fauvult cnergy Ervdth_this ratio is shown in Fig,3.13,

nd a copper 2% aluminium alloy wewc

£

A pure copner sample
san
processessed in the/manner as the four allovs containing

chromiuvm and/cr zirconium to »rovide reference valiues of

stacxing Tault energy.




CHAPTER 4,

THE ALLOY COPPER-0,4% CHROMIUM
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COPPER -~ 0,4% CHROM

4.1 Tlectrical Resistivity
4,1.1 Solubility
The solubility of chromium in copper over the
range 7OOO ¢ - 950°C was ¢ ompored with published results

L

by taking the 1lncrease 1n resistivity due to chromium in

I

50lid sclution to be that of 0,00481 pncrns-'a/lo DPeDoII.
solute as suggested by Pawlek and Reichelz(see section 1,1,1
Table I), and to assume linearity up to the limit of solid
solubility for each temperature. The results are plotted
in Pig.4.1 and when extranolated to the eutectic temperature
of 1070°C show fair agreement with golubilities guoted by
other worksrs,

0 o
The minimum recistivity acttained at 20°C, after

- : . . . . 0
fully ageing the sclution treated alloy in the range 350°C

5

i 3

550°C was constant at 1,83 u{l-cms™”. This corresponds to
a solubility of 0,03% chromium which is identical to the
value obtained by rLoub and Engel quoted in the paper by
Gregory et.al.ly and is equivalent to a conductivity of
94.5% I.A.C.S.
4,1,2 Isothermal Ageing Data
The precipitation of chromiwin from the solid

solution in the range of ageing temperatures BOOOC - 55OOC
vielded the sigmoidal decay curves illustrated 1n Figede2.

was

The empirical activation energy, Qg » for the process ¥
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derived by plotting the time taken to 509 transformation
against the reciprocal of the absolute ageing temperature,
Fig.4.5 describes the results obtained and iliustrates thgt
the temperature dependence of Qc is minimal, Values of
Q. taken at varicus fractions of +the transformation give :
similar results and indicated +that the reaction wasJ’.solcilleaJci(:"f
over the range 55OOC - SOOOC. An Avram?aplot of the datg
confirmed that this interpretation was correct since g

[~
constant value for the time exponent 'n' of % was obtained

POf\L

over the samc range of ageing temperatures, Fig.4.4.

O
The extremely ranid rate of rejcction of chromium which

~

. o) . - - o .
occurred on azeing at 550°C did not allow suificiently

accurate resistivity data to be collected for an analysis

. . o . - - O ~ "
of this type to be carried out. At 300°C, t

ne rejection of
ciiromium proceeded with a time cxponent of unity, which,

: 62
according to Ham

» 13 consistent with a process involving
the diffustion controlled growth of cylinders in their
axial direction only., The value of n = % obtained at higher
ageing temperatures is shown by BurkeBlto relate to the
condition where nucleation occurs at & constant rate, and
that the growth of such nuclei is again diffusion controlled
(see Tavle V).

The resistivity dota for the ageling process

is essentially a simple

indicates that the ageling proces

(6}
09

: . . T~ 1 am
one, ana that it avpears to procecd by a similar mecnanlisn
over the range of ageing temperatures investigated.
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jand
i
°

(92

arter solution {
. |
estimateg {

550%¢,

The

4

copper alloy, showing o high density of annaling twing,

cr tne excess vacancy concentration, Fig.4,5 ,
EO ) Y i d . SN PN PR ~ y ¥al [
18 Typlcal of the structure cobtained, and shows a featurelec
deen o - L S : ~ Moo 117 L b
matrix thre oy a few dislocation lines. neasuremens

of dislocaticn densities in thin foils is extremely unreli-

-

tc figures looscley

where dotailed descriptiorns

quoted are underes

the bulk material.

due
on thinning ond also to the fo
the diffracting conditions operating ensurc that a pDroportio
of the totlal disleocations present will be invisible

e B




4,2.2,2 Aged Materials
4e2.2.2,1 General
From the resistivity data, heat treatment
cycles could be chosen such that the precipitation reactions
were observed ot any given point in the overall transform-
ation., However, this wos found unnccessary since within
L I ¢ ~0 .
the heat treatment range 350°C - 600°C, ageing proceeded
by the rejection of particles of chromivm in the copper
netrix and gencerated structurcs dificring only in terms
of precipitate size and dispersion.

The main features and digpervsion of the precipitate
may be obtained from a2 study of Figs,4,6, 4.7, 4.8, and
4.9 which are micrographs of a serics of samnles aged at
40C, 450, 500 and EO0CC res pectively for 2 hours*, At

NP . . C
4007C the presence of the precipitate is inferred from the

l

! k]

characteristic structure Ifactor contrast produced in regions
of the foil vhich are stongly diffract ting i.e. at Bragg
contours. In Tig.4.7, aged at 450°C, the precinitates are
visible as discrete black dots 60A° in diamster. Increas-
ing the ageing tempersture to 500°C illustrates that the
articles naintain a coherent interface with the copper

matrix, and that the ccherency gstrain ficlds surrounding

R bt e o
T e T v S e

* A 2 hour heat treatment allows maximum condu tivityuwj
to be attained in samples aged at and above 450°C and LAuS
signifies that thege materials arve fully transformed. L
sample aged at 4007°C corresvonds to a 50% transformed
structure.
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the particles are split by a line of no contragt which

is perpendicular to the operating rcciprocal lattice i
vector g,Pig.4.8, This is more clearly shown iun Fig.4,9 |

N : _ 190
{for the sample agcd at 600

Observaetions of the very fine structure of the

o . Ne . o .
alloy aged below 450°C were neccssarily made 1n regions of

the foil where high order bend contours crogsed, these

C"’

yeing arcas of maxivmum visibility for small particles

. Pig.4.10. The preccipitates present in material aged

\
O"r’\

above 4507C could be detected as discrete particles

¢xhibiting cohercency strain fields when viewed under 2-beam

conditions, and since previousg workcr %bhavc explained the
fornation of such images using the 2-beam dynamical theories |
of c¢lectron diffraction, then the most useful structures
o - . - . .- . : !
for analysic are those lormced when the alloy is agced f
H
above 450°¢C, 3
i
4.3, Crystallography i
.3.1 Coherency Strain IFicld Observations i
i
|

A line of 'no contrast' is always observed
perpendicular to the operating diffrrction vector for
particles giving rise to sym:etrical coherency stralns in
a matrix. If the image of the strain fields 1is syrmetrical

E . \ . . n PR . ~ 3ok 3 e o
about this line of no contrast for mefy diffracting conditions

then it may be assumed that for an isotropic matrix, U

},_n
ot

-
5]
[owng
[
I
—
v

7

particle generating the strain is spherical, 0Obser
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of the strain fields around the precinitated particles in

copper chromiur under various dififracting conditions suggest

that the preciptate is not spherical, and may be illustrated

T
by roference to Fig,4.11. The so called "splaer’ of !
bend contours has been produced in a hemispherically
buckled foil and contains a regilon at the hub which is |
orientated with [001] direction exactly parallel to the 3

The agsociated elcecciron diffraction pattern

clectron beam.

ig from that region, and is orientatced with respect to the

micrograph allowing the bend contours to be indexed the ;

i
manncr shown., The micrograph is crisgs-crossed very faintly !
witlh slip traces arising from the disruption of a surface %

oxide Tilm duc to dislocation movement across the foll in

410> ais

dircections in the foil,

reetions — a further suide to the crystallographic |
[a] z/ fan - ;

—

The efiect of many beam conditions on the line of

<

no contrast and imege width 1s shown more clearly in Fig.4.12;

- . . . - Q O - !
and is obtained from material aged at 600°C, The corres- 5

ol

ponding diifraction pattern is indexed by the convention

that the foil normal is assigned all positive indices, in

occurring with

LD -

this owse[b@l], and shows that diffraction 1is
qual megnitudc from the (220) and (020) planes, theredy

producing ima-cs which have their line of no contrast

perpendicular to either of the two principal diffraction

vectora, e asymmetry of these imagecs, for

6]

A,B,C, and D on the micrograph, suzgcst that the
b4 b4 b4 ]
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AT e nonwspherical, Confirmaticon of thig 1s obtained rhen i
the precipitates are vicwed under two beam conditions ag !
in Pig.4.13 taken with the (220) planc strongly difzracting.
Under such conditirons, only the cohercncy strain occurring !
in the dircction LZ?QJ is imaged, and it is along this

direction thet some oi the proecipivates are oboerved to

have grown, not a8 spheres,; but as rod shapod particles (4), ;
Turthermore, somc of the particles (B) lie along the
orthoganal direction [?201 and are viesible duc to the

T thelr coherency strain ficlds, which has

@)

relaxation

presumahly ocours at the foill surfaces, It follows that

i

(“7
[N
=
@]
o)
I—-«
i3
€

.
e

I—
ct
o
pus
D
@)
O
O]
=
o1
ba
O

obhzcrvationg of The precipi

coherency strain field ciffects, arc best carried out in

very tnin regions of the feil, and Fig.4.14 shows such an

!

i
""""" !
obpervation mnde near bthe cdge of a "cube-texture” orientated |
foil., The foil orientation, near (001), is evident from

1
the pattern etched on the foil surface during preparation¥, g

o
=

[T
o

by reference to this crystallographic Vcompass®, the
axlal direction of the rod shaped particles is clearly C

{
along the \;10/»GLL >etiong in the coppner matrix, ‘U

©)

4.%,2 Tlectron Diffraction Observations
The precipitated particles contributed to the

clectron diffraction pattern of the alloy most strongly

* It is not uncormon for etch pits to appear near U
< N Sy

of electrochemically preparcd foil samples from such
textured material as Figed.15 shows.,
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caged, that ic, men the bulk

when the alloy wos

b
@
I._
o
-
-
je=

fraction of precipitote was at o maximw

(A) end (R) whereas others are not (U)., Diffroction

patterns obltained Iwom arcag containing strongly difiracting

particles ghovaed that the particlces exzhidbited an orientation

rcelationship with the copper nmatrix, a tyonical pattern being

thet illustrated in Fig.4.16 teken from a foil overaged at

- O N . o e e -
550°C having on orientation ncar +to [110] dircction parallel
to the elcctron beam., The precipitate diffir=action snots

apvear in two groups inside the [902] reciprocal lattice

the copper matrix, and singly in closec association

polnts of thae
with the iour <ili>raflections of the mstrix, and are all
equidistant from the origin, ¥Knowing that the matrix

versged alloy is virtually pure

diffrection pattern of an o

te reflectiong were capable of being

(_I
("x

copper, the precipi

analysed accurately in terms of the interplanar spacing 'd!

]

they represented, and werc found to egqual that of the 'd’

spacing for the {]10}plgnos in pure chromium, The presence

0ol the 110 rdlection indicates that the chromium 1s

precipitated in its normal form i.e. body controed cubic.

These conclusions were verified using a carbon extraction

replica technique, the precinitate di action pattern oI

which 1s shown in Fig,4,17.






4,%.,% Interpretation
A study of the reciprocal lattice scctions
ariging from B.C.C. materials shows that a crystal with itg
’<11£> parallel to the electron beam generatcs a section
containing six 110 reflections based on a perfect
hexagon and it is possible to derive the diffraction pPattern

ghown in Pig,4.16 by superimposing this reciprocal lattice i

section cn that of a<175> section for copper asg shown in i

\I

Thus by assuning an orientation relationship £
of él O} ou // gl l% oy W8 have arrived at the well known

Kurdjcmov--Sachs crystallographic relationship first shown

to exist for the allotrovic tronsformation of iron Trom a Lok
I i
F.C.Co to a B,C.C, structure., The series of micrographs o

illustrated in Fig.4.19 of the alloy a;cecd at 550°C for

i e b

2 days includes a dark field image taken with a matrix

diffraction spot Fig.4.19(a) and also one taken with a

<

chromium precipitate spot Fig.4,19(c), and shows that the

rods grow in <11@> directions in the copper matrix.

Having assumed the aystallographic relationship

betwren the matrix and precinitate tc be of the type suggesti -

s D Sk e i g

ed by Kurdjemov and Sachs, it is possible to compare the
"fit¥ of the copper and chromium lattices when orientated
: - . . y !
in thig way and to test the observetion that the particles ?w

grow as rods in the matrix <§l§> directions, Firstly, the

Kurdjemov and Sachs relationship may be written for <he !







system copper chromium as:-

(111-)(}1" // (Olj:>Cu

(110)g, 7/ (111)g,

which in turn implicg thati-

The lattice sites of thege three mutually perpendicular

planegs have bcen drawn out on a threc dimensional model

znd photogranhed as in Yig.,4.20, the open circles represcic

t
ing the position of the copper matrix lattice sites, and !
the crsseg the corresponding chromium precinitate lattice i
sites when arr-nged in a ¥urdjemov-Sachs oricntation é

3
relationship. The small misfit along the copper [Oli] }

;

dircction 1w immediately avrparcent from this model, By
viewing the (011) planc of the corper along the line

representing the y axis in Fig.4.20 and considering the i)

an area, starting from the origin, in which the chromium
positions are some arbitrary fraction ol the interatomic
spacing 'd' of the conper atom positions and call this an
arca of "good fit". The dotted line in Pig.4.21 rcpresents

A
- a . U/~ - L 33 = 3
such an arca for atoms within “4)and gives an indication

; i
.
o !
of the cross scction of a precipitatc growing in the [Ollj i
dirvetion., By a similar analysis in the [lll] dircction,

-

the shape of the rogion of "good it is shown in wue
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same clagrum for the (111) pianc paosin througn the
crigin, and for one obove and below it, indicating that
the chromium would take up the vosition of leoast misfit
and hence least strain cnergy as a roa shonced particle
growing in the [Oli] dircction in the copper matrix, The
number of atoms within thiso region have been calculated ag

= -

¥y talking the fraction of chromium atome to be within

of the conper atom sites. Addod wdeht is given to this

analysis by conzidering the variation of elastic congtans

+
[

X

witi: crystallogrephic divection for pure copuer. The valucs

of shear modulus, G, arc:-

Minimum G .. = %.05 x 10 dvnes., cms
LT <_Lll\/' P > 3 o s

. o 11 -2
Maximum G/10ﬂ>: f+5€¢ x 10 dynces.cms
~ A

The calculated value Tor .. ia
L O (&) 4 C(j_lo>

and therefore the growth of the chromium particles occurs

.61 x 10 dvnes.cnms

\N

in a direction which exhibits a value of ghear modulus close
to the minimunm volue for copper,

A further, and not unrelated consideration which
can be used to support the proposed oricntation relationship

for chromium particles precipitated in copper entails a

ot
fennd

comvarisch of the lattice constants for caromium and copper
with those ol ivon, the material in which the trensformation
was Tfirst noted., The only valuc for the lattice paramecter

of austentle (F.C.C.) available in the A,S.T.M. Powder Indcx

file is that dcetermined by Goldshmidt who quotes an
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approxzisate veluc of 3,60 A,

- o - Ne
¥.C.C, & A B.C.C. 2 A

Conper 35,6150 Chromivm  2,3839
Auetenite 5,60 Adlphe Tron 2.83664

Taxing the mislit S between the latticos when in a Kurdjemov..

Sachys cricutation relationshin as:i- !

3 , -
“ (“111(y.0,c°) Sl (j . )>

A9y + dllO(B,C.O.)

o~

then for iron & = (0,0256, which is very close to that

(@]
[
N
(N}
&

Tor chrowium particles precivitated in cowper 2t 6 =

Aod lpantitative Analyels of Strain Fitlds !

lo4.1 Introduction

]
The gquantitate and i

55
Brown o the aralygis of

spherical or disc shaped !
i
isotropic matrix are, in their prezent form, inadequate ﬁ%
i
J
i

|

-y - - - - . H H
to deal with the resuvlts described above for chremium g
!

particles in copper. However, the gencral features of the é
.

strain ficlds observed around the rod shapcd chromium ;

i

narticles are qualitatively in agreement wit: the cbser- :

vations made in the gimpler systems,







4e4e2 Anomalous Imaw §
nen the cohcrent chromiuvm particles are within :
approximately half an exbinction dist-necc of the foil
surince, asymmetrical imagces arc produced, cuc to the
surface relaxation of strain ficld., These images can
be used to deduce the sense of the strain around the ?
precipitated chromium particles uging the method SUsiested 5
by Ashby aond Lrown “and outlincd in scction 3660342,
Pig.4.22 shows o typical dark fiecld image of the structur
of material agoed at 6OCOJ and ancmalous 2TC o arrowved, ;
1

e

- s e R S NP VN B Y S PN SV . S 3 e e e ~ - R T L R L 2T T o -
thot the scensc of the gstrain = not conzivant around the rod

shaped precinitates, a brighkt 'lobe! on
the negative gide of g indicating thot the stroin iz positive.
]
The ima B show eg- !
pond to a negntive strain., A considoration of the misfit
ciromium particle growing along §
narkedly anisotroric copper ;
§
matrix condirms thot the circumfercntial strein is expected :
= {
to exhibit positive and nogative valucs as shown in
Pig.4.25, The relovive lattice positioc.s of chromium
atoms < re shown eon a co, cr (111) vlone, when the two
lattices wre in a rurdjumov=-3achs oricntition relatio 1351 0.
j







Prom Fig.425, the migfi 5 & in the matrix [Ull‘ldirectign

18 negative of «=%,% as calculsted from the

o~

Tormula O ©

However, in the mnotrix Z J

direction [o1% and is vwositive. Since the
modulus of rigidity ol chromiuwsn 1s grertbter than thaet of

copoer, the matrix 1s

dirvcction whilst

interfice

Logimilor

gives o negoative vailuce of

cxperimentolly obhscrved veoriation of the scnse of the strain

field surrouvnding chromiuvm poerticles is thus gualified,

lattice wvecetor his already becen showrn to gual
obecy the rules suggested by Ashby and Brown” 7. ‘hig 1s
considered 2s the Limit To whi
be aplicd to this system; since the necessary conditions
of isotropy in particle ond maxtrix e¢lostic constants, and

)

in strain nove been shown not to exist during the growth

of chirvomium particles in copper,




4.5 Particle Courscning Experiment

4.5.1 Introduction

It has been shiown in secticn 2.2,1.2 that the
accurate messurcment of interiacial cnergy between
procipitate snd matrix is difficult duc to the restrictive
conditicns which apply during true Ooctwald ripeulng, An
experiment wags performed in order to see if these conditions
were being met during Coprsening, snd also to attempt to
obtain an indication of the magnitude of the interfacial
energy since metallcygraphic obscrvations indicate that this
should be low to explain the retention of coherency at high
agoing temperatures, and also the low misfit exists ng
between particle and matrix when arrenged in oa Xumdicnov-
sachs oricntation relationship,

4.5.2, Ixperimentai Conditions

Phe meosurements of norticlce size after ageing at
600°C for Ly, 2, 4, 8 and 16 hours weoe carried out in
regions of the foil where the cohercncy strain ficlds had

been removed duc 1o suriace relaxetion.Pig. 4,

1—
Q

typical region uscd for neasurcment of narti

since the particle

o
[09]

grow as rods, then all meosurenments

recorded are for the axial length of the particle. Even
after 16 hours ageing treatment, the
rods did not cxceed 2, and therefore +
treatment of the coarscning behaviour of s

uced to give an approximate solution for the interfocial
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energy of chromium particles the copper matrix,

4eHo3. Mewmurement of Intcrfacial Energy 8/

A

N S AT N~ e R . —~ - i~ - P A A o
Accing ot 60C7C causes the cnromlum to be LfejeCtth Ifrom

L=} ()

solid solution very rapidly, and wmaximum conductivity is
attained after 3 minutes. At ¢ oareocter than 3 minutes
the particles can be congider to coarsen by an Ogstwald

S

since r_ and 5y

gmall, The rate constant can be obtained greaninically

e Rl

from the slope of log log t, znd cowpnred with

s
calculated value in order tc btain an cstiate Tor b s

the encrgy oi the procinifate-motrix inte
The histogram in Fig.4,24 shows that the concitios

of Ogtwald riprming are being oboyed, that is, the
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digtribution of particle siges e g nenely constant

while the mean particle length nercases with

Pig.4.,25 vyicelds a value of 1 = 5.2 which su

N

foct that the particles arce nearly spherical over the range

of cxperimental conditions, since m = 3 fpop Spherical

(

particles, Graphically, +the ratc constant is 0,97
. T - °
cms, “sec L oas an wn oin WMie .4 26 ¥ Deiel daf
9, "BeC, @Anosnown in Fig, 4,26, The abrence of diffugion
data for chromivm in Copper 1s a scricus source cf error

ii’" o 3 ] oAb ey T AT (1 iy R ¥ J
Loie calceculation of the vote Constant, and the azsumed

m
O
o
fany
(4]
[
&
e
oy
[N
H
(@
T
5
D

I O, - . -
valuc at 600Y0 of approximavely 10 15i:
reported diffusion coefficient of "nic-»1 in Conper since
chromivum and nickel exiiivit similar atomic radii with
regpeet to COPPOT,

A -i- 6’ ')O X s T s 3 :

AT 6007C, for chromium 1l copper:

‘ L 15 o -
D= 107 cme.“scc, "t

'

i
N
A

Cho = 0427 x 10 7oms, cns, ™

1

R = 8,314 x 1O7ergg.dcg,K‘ mole’

o} ‘]r\"]»Bv ~ - "'3 (O \2 .
8 x 10777x 6,23 x 1077%(8.1%)°, X

¥

9 x 8,%14 % lO7x 37%

o . D ~ hord .
0.49% x 107cms, ’sen, ™t

i
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Comparing +the colceulastegd vilue of

experimentally vicldg a value for the interfacial cnergy of
- (. el o .L»J-‘," LS

o e P . . e - - ‘_‘24'
the procipitated particles thug 5 = 0.97 x 10 = 187crgstn

7
A
0

0.49 x




the correect iuntor

el o .. Y- oY ~ L)
of c¢hr i 26 60076, 1t
provides a inogood cgrec

‘
[

dc
wihere a
soerticlc
copner

-~

0= 0,025

coherercy long ageing
acial cnceirey of this

s

K
Lo

- PR .
a metacitablo

solid golution becrn shown te be dependent on both the

solute ond vacancy r-saturation produced on gquenching,

A high sunersaturation gonerally favours copious homogencou. ‘
nucleation whercag ot low supcrsatur-tions a precinitate

will tend to nucleate hetrogenceously and grow rapidly by |
drawing solute from vogions adjacent teo it before

homogeneous precipitation begins, and therefore its presenc.

)

will be obvious on a I CY O

supcrsaturation on the nucleation gtage in nost prociplhe

ation aovatoms

Sodifiieult to geperate freom vacancy Suoo







erfccts solid solutlion iz formed by
I N Tt ey ey £ ey A e oy i ) oy T MY T Oy S e e
quenching to room Temperature. :HowWever, Ly GUencHing

tomoorature, LOC eXCeCes v“c“pcv

concoentration can be climinated wapldly ot such vacancy

Lorimer Tably dcmonutratves tie

4,6.,2 Rooulte

A comparison of the struciurc of cowper chromium

o1 sunercatur tion on wmrscipitate nuclention, g d.27.

active nuclei for homogenceous precinitation, which is taken

as the number of particles present per unit  volume of

- 1
matrix, i¢ btwice that of the number present in the direct
quenched material, which is o direct consequence of

b {7

decrensing the cupcersaturation, A more gtriking difference

<o

petween the two

material contoins a high
regpeet to the room temperature guenched material., 1128

dislocaticns are gencraily in the form of lowv anglc sub-

boundarics as chown in Fig,4.28 and ore heavily decorated
with the chromiwm precipitate. The regions of solute







denudation arcund the suo-bounderics are small, and the

Blze of vnrecinitote found on such dislocoticn notworks does
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ircet cuenched maborial iz illustrated in

Pilgade.29. The dislocntion networin shown in thiz umicrograph

secting extended disgloc tiong, The Loner--Cottrell nodes

O\
\.}‘1

Tormed by such intersecltions hove beon discussced by Whelar

a2 in Fig,4.30.

wid can be represcented diasram

The partial dislecations

under a Iorce due to
their lince tension and
o Iorce due to the
stacking fault energy,

and detalled observotion

of such nodes in an array

- QT =3 % A e . . ) ) ) .
of intersccting dis Fl‘ 4,50, Bxtended node of a ue

1
oo T - A N
locations shows thot work of dis locotions, (after Vhelan)
508 FACIE VR0

. P N - -~ TV oar e~y A - - i - I |
the nodes aroe alternately extended and contracted. TFig.4.01

i3 a e of the region (A) in Pig.4.29 and slhovs

that the chromium hes procipitated only on alternato

- 84 -










further cvidencoe will be shown in 2 later section that the

region of stacking favlt present in an extonded node

presents o favourable nucleation site for chroemiurn,

4.7 hechanical Propertics of Aged Cu-~Cr

The mechanical tegt results are disclaved in

Fige.4.32 and the resitivity dote is reproduced in order to

@

?

illustrate thet the attainment of veal: strength and neximum

conductivity awve coincident over the range of ageing

oS

venpersiures investigeted, The resvonse to age-hardening is

A

recorded with equal merit by the ultimate t-nsilo strength

. . N /A, R E T Y . ey Ay e S v T ey T o
and O.1% proof stress messure-cnts and a maxinun volue for

h ig obtoalned isn materlida

i

bo

navimum velue obtained for the Tlow strecs of the nzed

mechaniom of strengthening is provided on Socing

over the whole ronge of teumperatures studicd,

/: . 8

The kincetic data collected from reoistivity

meagurcrments on igothermnlly aged specimens hag proved to

be o usceful meang of following the trencformations attending

the solid solution formoed in @pper chrominm.

the

and reflects accurctely the mein features of the mod

ographic observaticns, The Avrami data prodicts the




that the

pr.gscnce ol wod shopoed poarticles ond sugy
growth oif chromium in copper 1z diffusion 1imited over the

ronge of cing temperaturces studicd,  The cleoce

microgcope has beosn used quantitatively o show that the

rod shoped narticles precipliote coplously and maintein

a coherent interfaocce mnd o Xurdjcmov--Zacho tyne crystall-
ographic oricntatiocn relotionshios with the covper matrix

during ageing., This procipivaticn behaviour iz consistent

h the low valuce of 200 crge /Cw‘ obtainced for The inter-

facial energy between chromiuvm particle and matrix,

jr
l_J
O
]
(
C
&
o
W
)__I
,)
e
ot
o

Dircet quenching the solu

the ageing teompersture hoas sncwn that the precipita

digspergion is revucced by o half duc to the rapid lovering

of colute supcrsaturation v accompanying
such heat freatment cycies, Hetrogeneous noeleation on
diglocaticons is more prominent in dircct guenched materials,
and observoations hove becn made which suggect that stacking

faults may provide similar hetrogencous nuclention sites

for the chromiuvm particles,
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~ Q.24% ZIRCONIUM

5.1, Llectrical Resistivity
5.1.1 Solubility
If it is assumed that the maximum sclubility
of zirconium in co.uper is that recuorted by SCQILVlftulo
i.e, 0,15% at 965° C, 2nd that the rcsistivity chonges

in the solid solution obey a linesar relationsnip with the

Zirconium content of the scolid sclution then the rcsistivity

: Opm s o ore s .
obscrved at 965°C in the 0,24% zirconium alloy can be used
to obtain an incremental value for the increase in
resistivity due to zirconium. The value obtained is

0. 0036 pilcms"“/lO P.P.m. soclute (o figurc twice that of
chromium) thercby allowing the solubility over the range

Ly, O ‘\(,’CO . . e o o -~ - Al : 3 -

{007~ S657C to be plotted from a scrics of isochronal
annealing cxperiments as shown in Fig.,5.1. The minimun

e ‘ ) On o rte Trr e o :
regsistivity attiined at 20°C after fully ageing the

1)

solution treated alloy in the range 400- 600°C was constant
2t 1,81 pLecme™” which iz eguivalent to a conductivity of
95.5% I.A,.C.S., and o minimwa solubility of 0,014 : 7t.%, o1,
5.1.2 Isothermal Ageing Data

The precipitation of zirconiwn from copper OVeEr
the range of ageing temperatures 400°~ 600°C yielded the
sigmoidal decay curves shown in ¥ig.5,2. The empirical
activation c¢ncrgy, Qe, for the process was derived b

i

plotting the time taken to 50% transiormation against tie
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reciprocal ol the absolute ageing temperature, Fig,5,3
describes the results obtained, and a trocing of the
results from the copper chromium alloy is interle.ved for
comparison, The lncreascd incubation period observed in
the Cu--Z2r alloy for similar agcing temperaturcs to those
used for Cu-Cr is immedictely arporent by the vertical
shift of the data on the time scale., Fig,5.3 2lso shows
that the cmpirvical activotion energy for the precipitation

e

processecs in Cu-zr 1s o tempercture scnsitive fuaction,

1

e w n =~ O . ] . .
and thaet above 4507C, to procced, the reaction requirces
only onc half of the activation cncrgy obscrved ot the

lower temperaturcs., This behoeviour iz reflectced in the

Avrami plot of the resistivity dota, Fig.5.4, which shows

, the value ol the time exoonent 'naf
changes and hence thic reqction procecds vio a differcnt
- , , \ : - A0
ath, The material vien agcd below 450°C
a time cxponent of n = 2, The same exponent has been
62
used by Ham "to describe the diffusicn controlled growth
of discs of constunt thickness. Above 450°C, the time
exponent for the orocess i1s no longer constant, and no

nodel for the type of tronsfc rnation occurring ot the

(._x"

higher temperatures can be sWisesteds,  owever, the large

roduction of empirical activation energy observed botween

—- . O 5
450~ 500°C suggests that the nucleation stage of whc

;)_)

tranciformation is modificd over this temperature rang..

It was suggested wa scction %,4.,3 that the precisc







valucs of the emnirical sctivation cnergy were aifficult

to interpret in bterms of atowmic behiviour during trons-
formation, iowever, the Tterm is expected to convey
approximate informustion cn the relative dilfusion rates of
solute atoms during trancformaotion; whon the transformation
process 18 knuwn to he that of homogencous nucleztion of

£z
the precipiteting phosc. I the dota for Cu-Cr is

P PR S B | BE i .. N T L. SN 7z O = O X
compared with that of Cu-2Zr over the range 350 - 450°C,
the - regpective values of 1.4 ¢V and 1,75 ¢V, are obtained
ceet that the diffusion rate of zirconium through

wer lattics i slower than that of chromium,

no diffugion dots is ovailable for either of these

cises, o couparison of the wtoumic radii of the chromium

and zirconium sboms with thot of copser shows that the
.

micfit of the chrowmium atom In o copner lattice is Z.3%,

-

wherens thoat of girconiunm is 20%, This may be manifes
as a difi.rence in the dirfusion cocificient for the two
systens and conscquently relcected in thc

TTJ

cmpirical activetion cncrzy for the precipitation rcactions,

5o

De &

5.2,1 Onticnd Metallograpiyy
The microstructure of the solution treated
material was similar to that described for copper chromiun
cxcent that the meisurcd grain size was 0.2 mi Fig,5.5

shows the structure at a magnification of X 75 aitel

o
- 830







solution anncodling ot 950°C for 1 tour., Furthermore, the
clectron microstructurce of the solution treated materisl
exhibited the same featurelews structure descrived for
copper chron.un,

5.202 blcctron Metallogravhy of Aged Matsrial

H5elo2,) Gencral
e kinetic dota indicates that the

preceipitation processes occur with similar valuces of
activation energy below 45006, and that avove this
temperature, there is a2 possible change in transformation
path, The observed microstructurcs can conveniently be

o

) , L v N .
es thoge observed bhelow 4507°C and

7

sub-divided into twc stag
2 (SRR oy ) o A5 © S
those a2t and above 450°C,

e

D5.2.2.2 Stage 1 - Alloy aged below 450
decumpesition of the
cuper-soturated solid solution were cxamined at 400 C, znd

produced microstructurcs typical of that shown in Fig.5.6.

The bright fiecld image illustrates that the precipitate

i

has grown to ap roximutely 1008 in length on completion of
the transfornotion at this tempernture, and th

a coherent interfoce with the copper matrix, The dark field

micrograph g

il
"}

wows thut the colicreney strain is accommodated
in the copper matrix, and sus.csts that the precinitate is
disc or rod shaped. Ageing at 420°C for 24 hours confirme
that precipitation occurs by the homogencous nucleation of

disc shaped precipitotes and is shown in Fig.5.7. From this

~ 90 -







micrograph, 1t is evident thot the disc shaped precipitates
lie on the §111§ ploncs of the connser motrix, and form a
Widmanstatien pattern., Those precipitates inclined at
550161 to the (110) foil suface i.e. on the planes (111)
or (11T), exnibit concrency strain fields witn thelr line

2

tion of the disc shapced precipitates lylng on those {111%

of no contrast perpendicular to & . On closer exaning-
e 007

plones which are "edge on" in the (110) foil i.e, on (1IT) |
or (1T1), moire fringes were obscrved in the precipitate
running porallel to the cube plancs of the matrix as shown

in Fig.5.8. The presence ol moire fringes indicates tnat
the lattice mismateh is small in the plane of the disc
between the (002) nlane in the matrix ond some unknown
plane (hkl) in the precinitate, and accounts for the
cnrlicr observation of coherency strain fields around the

precipitate.  Tne interplanar spacing, d, of the precinitase

plone (nkl) which generates o molre pattern at the particle/

@

matrix interface due to the small differcance in 'd' betwecen

(002) and (hil) moy be calculated as follows:-

Cu Ppte.?

For paralliel fringes:-

d _ 1"
¢ficctive — 7

From Fig,5.8 the cffuetive 'd' spacing is the spaclng OX
b p éD
t

the moire pattern fringes, which is 3547, The two volues
S > 9
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which srise for the precipitate nlancs (hkl) arc:-

(2) 1, 7204° or (b) 1,910£°

) e <L , T A :
Consequently, the misfit, O, in the matrix <@OZ> directions

7

2(d,-d,)
8 = RS = 0. O)L” 0T  alnurox, 5%

dl+u2 e I

Thig value for the misfit between the orecipitate

rix can be used to

C'I'

(hxl) plane and (00z) plane in the ma
predict thie size at which the orecipitate is likely 1o
become inchoherent. Brooks 'hes treated the cise for the
fitting together of two crystals of slightly difierent
lattice parameter a2nd shown that the introduction of an
asrray of disloc tions of burgers vector, D, av distonces
along the planar interfrce of D will relieve the wmisfit

N . :
strain O thercby forming & non-cohereat interrace,

For the cose observed above, then the precipivate
can be congildersd s naving o planar interfice coherent
with the motrix (hence the reason for growing 48 & disc)

and so when the preciitate achieves a diameter D then

the stroin coan bo relieved by the introduction of a dis-

O’J

—

0
b= 3,0 x 10~ = [OA
L S.odax 107

-

<

location i.c., when D =

ey
/ s e —.
s

This can be considered zs o lower limlt since it may prove

difficdt to nucleate the neccssary intcrfuclal dis locations,
0

- . . I i N - _._" s S AR &
srccipitate approximately 20047 1 Alzliuves

s

are obscrved at higher ageins temperatures whicli _ive

5
~ 9

o
i







controst elffcets indicating a total loss

The precipitation of the cooner

from the golid golution 2lso occurs to a

on any hetrogeneous nucleation sites,

diglocztion lines., Tig.b5.9 shows localize

precipitate denudation arocund disloc-.tion

: A ~+ 00 e : . .
moterial cged at 4207°C, and also gnows a s

hich has grown during ageing and

nucle:: 0 scurce, The ilmuvortance

geneous

a3

f Y

faults nucleation sources for the

more asparent as the

Coores MV O
gelng

Stooc

It has been

A

5020 CB

. -
Tric

from

that the emplirical activation encrgyv for t

procegss changes abruptly on agel at temwp
"M~

and azbove., The precinitation reactions de

e

modified when the ) at

alloy aged

Lfauvlts vroduc

R

m»i o
et 3 N

5,10, The homogencously

precinicate no longer

en

the matrix, but 1t retain scme crysta

relationshivc rooorted above,

A comparison of the precinitzte

‘ . . O~
in naterial aged to completion at 4207C zn
in IMe.b. 11 and demonstrates the diffcerent

stacking

provided

e A0
450

zirconium compound

limited extent

particularly

d rcgions of

lines in 2

Tault
a Turther hetro-

of stuacking

~

resistivity data

he precipitation

scribed above,

C by the growth

e structures

nuclented

crfoce with

habidt

llographic

size and dispersinm

N 0 7 oy LN -
d 450 C 1s g-ovn
growlth Totos ion










apply to cohercnt and non-—cchurent particles duc to the
gtrong influencc of intecricial cnergy on the coarsening
behaviour of preciniltutes.

IThe disc shaped precisitates lying on the inciined
§1113 planes in the material zged at 450°C, arc Lirge
enough to nroducce disglaceyent fringes in the precisitate
as ot (&), for the particulay sct of diffraction conditions

opcrating. The suddcn increasc in preciugitate size on

ageing at 45070 and above is depicted
Fig.5.12 ond includes narticle size measurenments on the
material ased ot 4509, 500%nd 550°C. At the hi
teuperatures, the fraction of homogencously nuclented
nrecipitation decrenses until 2t 5507C, only isolated
patches of oroci it tion in this forir 2re obscrvaed.

Consequently, the fraction of netrogeneously nucleated

L . . . 0
precipltation increzses as ageing is continucd above 450°C,

o

0 ; s . . . .
C, the competition for sclute by stacking faults

7

[SRE]
]

—+
Ui
(&
O

an
and undissociated dislocations accounts for the bulk of
the precisitation, This change is illustrated by comparing
the microstructurcs of the alloy ased to completion 2t
450%, 500° ana 550°C as zhown in Pigs.5,10, 5.15, 5.14,
respectively., In the alloy zzed at 550°C, Fig.5.14, stack-

ing fault contrast is quickly destroyed by the rapid

growth or the precioitate as ghown ot (A)y and the majority

of precipitation occurs on undissocicted dislocation witbons

as at (B8)

°
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Figs. 7. BO - 70 34‘

(111) Pole intensity examined in the range

45° +65° to the rolling plane,
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and Cu-Zr,ond that of pure conper, o vgx"simsignificant
and thus the aucleation and subseguent growth of foults

i Cu-%r and not in Cu-Cr during sgeing suggests that =

low stocking fault cncray s0lid solutbtion is not & necessalry
pre-regulelite for stocking fault growth during agelng of
these mnberials unlixo ihe coge for oustenitic stalnicss
stecle, A similar analysis can be applicd to the two
ternary lloys anc therciore the fcrg;tion of stacking

foults on wgeing slrconlul rich olloys cun only be ToLdlly

ex dlalacd on the basis of the formation of a Cottrell tyne
i binos phe:

ints due vo tho

O

ddglocations will be cxneceted to disso

localised lowering of the sbncring fault cnergy ot the
diglocotion core, thoereby croxting o loyer of €.7.1.

crystzl in the copper molrlx, Tt follows that zirconium

ER

stoms should continuc to migroate to thesu reglons a8

RS
. s EEE o we B e e e G T e e
suggestbed by Suzukl Tslnce zlircondid hag o C.,P.H. cryztal

>
structurc. However, the continucd growtn of stacking
faults in thesc alloys to the lengths observed, and the
observation that o large aumber of the tdal dislccations
prosent remain undiscociated during ogelng indicate ©
this mechaniss may only be important during the very

carly stages of tronsformaiion,

Te5. Mechanical FPropertics

Ihe mechanical oropertics obtained from the alloy










aged within the tewmpertore ronge BOO,UQ)O C zarc glven in
Fig.7.35., The peak valuos oi O, 1% proof sbess zna U. L. 5.
were attaincd on ageing ab 45000 for periods 1in excoess of
one day, and reprosent the highest proncrtics developed
in the alloys studicd, The 0,1% proof stresgs peak valuc
of 21.4 tons/sa.ins.is equivalent to 7.4 x 10 G oand is

considerable iuprovement over cooper chromium which fox

the same alloy content of 0,4% zives a pcak O,1l%procf stress
of 17.4 toens/sq.ins.  when aged to give maximum strength at
450007 the modulus of e¢logticity of the alloy was
22 % 1071bs s/00.1ns,

As with nrevious alloys, maxinmum strengthening
occurred at a given ageing teoperature when the alloy wos
aged for times which allowed the complete transformation of
the sgupersnturated solid solution, as indicated by resistivity

measuremnents,

7.6 9‘9_:19;9‘@,:;;1@; Summary,

The resistivity data has been interpreted in a
similar manncr to thut used for the copper zirconiuw alloy
and is found to faithfully indicate the ageing temocrature
at which stocking faults become an important nucleation
source. The Avrami plot of the data does not allow 2
rigourous analysis of the controlling mechanisms of

transformation occurring in this alloy due to the presence

foc?

of chromium particles and Cu.%r precipitates in the aged alloy,
- . e ©
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Below 40000, the structure of the aged alloy 1is similar
to that expected from the formztion of G.P. zones
contoining sirconiumn ~nd chromium, whereas stacking faults
containing chromiwn particles are present in alloys aged
~bove 400°C. Detailed cnalysis ol tho faults shows thut
their presence is o function of the zirvconium content of
the material, and that the extrinsic moac of Taulting

ig preferred. Jdhe faults Torm by the digsociation of &
glissile, = a<jl@>'t"ob dislocation into two Shockly
partial disloc.tions, and appear to nuclente from 1nter-
secting dislocation lines. Dircet quencning exneriments
nove been poerformed and the structures ob
witi thosc pgoincs from the Cu-Zr alloy given similor hent
treatments, to show thot tihie chromiw: particles have little
influence on the formation of the faulteda structure and
subscoguent fault growth. Dircet guenching the alloy also

nrevents chromius from nucleating homogeneously

4..«
}_. -
ct
o
b3
[
v

the natrix.

A-=roy onnlysis of @ll

four zlloys hog indicated
N PO 2 . - L . ! ! 3 P
that in the sclation trented condition, the value of

stacking fault cncrgy is likcely to be siwilar to that of

~

coppcr at 70 ergs.cns, , and tocreforce, a low stackin
fault energy matrix is not a necessary pre-reguisite for

stacking fawlt growth during ageing

17, The early stages of
Tault formntion may, however, be assisted by zirconium

segregation to lattice imperfections,
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DISCUSSION




8,1 Introduction

the wide vericty of data cbestracted froa the serics of
alloye investignated ona todiacuss jeintly the pro

featurcs cxhibited by the alloys,

Be2 Homogeneous NHQ;§§§EQE“P§.Q?.O”7b“

The breakdown of the solid solution in the

binary system copper chromium his becn precdicted b

N
¥

hown cxperimentally by electron
the

resistivity doeta, nd s

metallography, ©to procecced vic /ulnjlks single stoge

~

precipitotion of B.,C.C, chromium particles in the copper

matrix. The maintainonce ol cohercncy between purticle

ond matrix at high zscing temperaturcs and after prolonged

ageing times 1s cxrnlained on the basis of the low misfit
the particles hive with the matrix vhen arranged ino o

kurdjemov-Sache type cryotallogrs iphic orientatio

relotionship, Using this data, the retention of hish
mechanical propertics by the 2lloy over 2o wide range 0

i

ageing temperatures can ho c¢xnplained on the basis ©

1t is geometrically possiblc for disloctions to be forced

to cut through the cohereut chromi

ﬁ' [CHENAPE Y - - N A D . . - - — .
CLose packed plancs and directions of the F.C.C. matrix

and B.C,C. particle atwe voamat o - ! . .
and B.C.C. particle arc parallel.  The shear modulus of




: =2 Sel e i e s
chromium is 8.8 x 107 7dynes.cms” which is twice that of

the soft copper matrix, and since the particles grow along
the slip dircctions in the zged alloy, then the mean frec
path for dislocation movement belween particles is smnll,

Quenching of the solution trezted alloy to room
temo crature prior to wgeing ensures that copious homogen-
cous nucleabtion of chromium occurs, wherens dircet guenching
to the ageing tempcrature tends to reducce the number of
active nucleii for homogeneous nucleation and pronotes
precipitation on dislocutions, wWhere dislocition networks
are present, the chromium is found to decorate only

alternate nodes, and it is suzgested thot these are

-t
o
)

@

extendoed nodes.

The addition of 0,07% zirconium to copper chromium

=
)
+
(O]
w

gives rige to gimilor microstructures, although the
at which these structurcs are ottained arc slover by a
factor of ten, Once underwany, howcever, the precipitation
reactions occur with similar values of the empirical
activation encrgy to copper chromium, Direct quenching
the ternary Cu-0.3%Cr-0,074%7 hinders the homogeneous
nucleation of chromium in the Conper matrix even further
and suggests thot zirconium atoms hove the same effect on
the kinetics of chromium precinitation as do vacancies,
However, a more detailed

the

an2lysis of the kinctic data for

ernary ol - : ts L 5 i i
nary alloy suggests that zirconium atcms nay also

be active in slowing

& down the growth of the chromium
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particles by nodifying the precipitate-matrix interince,
when the zirconium content ie increosced to

0.2% o8 in the ternary Cu--0, 2%Cr-0, 271, the proportion
of homogeneously nuclcated chromium boecomes less,and by
dircet quenching the alloy to the ngeing temperature, =211
of +the chromium present in the alloy is nuclented
nctrogencously at the partial disloc:ftiongs bounding
cxpanding stacking faults.

Thug, the difficulty o
chromium in these three alloys can be related to both
zirconium content and te hoeat treatment variables.
Written schematicuelly, the froiction of homogencousl

nuclcated chromium in the olloy ztructurcs decrenscs in

the following owder:--

LOY

CLRCMIUN

Cu-Cr GoA Copious hOmO“
nuclea

( Cu-Cr ) Dot
(Cu-0.3%Cr-0.07%%7) C. i,

Cu-0.3%Cr-0,07%7 D

Cu-0.2%Cr-0, 2727 C.4

DS

Cu—O.2%Cr—O.2ﬁ'

/.

LN

—— - - }— ) + (Y -
v D. o, “Lurog%%eoug,).
stack = g

C. A\ ° - e R o 3
( A > COl’lV\;utlr:L_Llh\/ &ged

™o N .
(D.Q.) - dircet quenched to the aged
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8.% Hetrogenecous Nucleztlon of Chnromium

Sclected arca diffruction potterns from foulted

. P R . DG (o o Tn yor
regions in the aged ternary alloy Cu--0,2%Cr-0,2%2r show

that the chrowmium present within the faulte maintoing o

Kurdjemov--Sachs oricntation rclitionshiyn with the motriz,

L

Thercfore, a similar analysis to that degcribed in

section 4,5.2 where the lattice sogitions occuplcd

210 S
copper atomshoted with ros;

<5
ct
o+
@]
<t
O
(O]
fb)
c
=
C
o
D)

chromium 2tows when this oricntation relztio onskhiy is

Clid

obeycd, way be periormed to exonlain the srescnce of
in faulted regions of the matrix,

Using the came criterion Tor Celincnting
reglions of "good fitY on the (uli) s
lettice, i.e. where the mebrix 2toms lie within /3 of the
corresponding chromium 2toms, the aumbers of mot
have been comsuted for the Cise of toe perfcet cryestal,.
the crystal containing * on intrinsic Tault, and vhen the
crystal containg =n cxtrinsic fault, A two-dimensional
Tepresent tion of +he increased number of aton sites
nade available in Taulted regions of the Copuer natrix is

shown in 1b.;.l, and Fig, 4,21 is repraducod to

¢

.
[
C

-

Comparison with the unfaulted nbrix dumerically, +the

u,—tOTI I T S P . |
¢ lattice siteg Within the volume of "good £ith are

538 : . . o
» 518 and 81§ ror pertect, intrinsic faulted ana

eXtrinsic fair7 4. - . .
SLC faulted crystal Tespectively,  The ratios of

these nuwiburg o+
LbDergs N Oy aQ YNy 3 Ay A g
IS of otoms réeaained alaost constant when the




roximity of the chIoiluil atowns to couuer atoms was token

déﬁof the goacing between watrix atoms for "good

viz e

. Q@ trlﬂol”/Lgff ct Crysta ) 4'406_

i
et
w
ct
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déﬁ Lxtrin u¢c/£ foo et 2.456
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8.4 Precipitation ab Stncilng Faults
8,4.,1 Form:tion of Faults

The introduction of stacking faults in the
aged structurce of Cu-Zr and Cu~0,2%Cr-0.2%Zr is 2ttended
by an approximate reduction of 50% in the euipirical
activation energy for transforantion in czch systew, 2nd
consequently the transformation r:fe is reduccd te allow
the partial dislocztions bounding the faults to grow out
into the matrix thereby providing mcobile nuclentlion siurces,.

The partial dislcoations bounding the faults in both alloys
are sShockley partial disloc:tions of the tyre léﬁ(ilZ}

and form by the dissociation of a glissile dislocation of
the type % <11Q} on the {lll} nlancs of the copoer wmatrix,
The equilibriuwm width to which thc partial dislocations
separate in a material is related to the stacking fault
energy and for pure copper is apra oximately 2549 X-ra
analysis suggests that the stocking fault cnergy of the
solution trcateqd alloys is mnot wau:rcciably different from

that of - e . . .
pure copper, and so it is expeceted that the
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. “hoes ol loave orc digasc ("'{—j't(j'(:’
sresent in these alloys ocre dissoclated to

dislocations

;o S 01T he dislocation content of
similar widths, On a2gelng, the dislocat

' 18 ossibly due to the roelazztion of
the alloys 1nCcreises, posgibly duc to tho - zution

T raing. and Faults oro 1L aerved Lo grow
quenching strains, and faults cre only obse Z

- s T i 19 ex ."»f-',"“;(:v ‘-";,ff; e "':\‘S\;’ y
from suitably oricntated dislocatlons, The 1ncresn

separation of the parbial dislocations to form stacking

fault ribwons requircs the sciregotion of 30

L 4 B o
the monner sugzested by Cobttrell ™, Zirconiunm

reglons in
may be cxpected to migroete to such regionzs wnd form

solute rich atmosvheres zround dislocztions in order to

reduce the total elagtic strain energy of the systen, since

it has a large misfit (23%) in the conver matrix. In
doing so, a layer of C.P,H, crystal will be formcd wihich
should enhance the diffusion of zirconium to such oress
since zirconiwm atoms form in - close wicked hexagonal
array with on axial rotio 4 = 1.593, i.e. close to the
theorctical value of 1.63 for a faulted F,C.C, structure.
The fact thut stacwing foults only begin forming rapidly

at the ageing temperaturs ot which the Cu.Zr vreciositate

becomes incoherent Sucgests that zirconium rich clusters

may be present in the ¢ 1y

/
<

O}

Sudges of cgeing due to th

~

lncreased criticsl nucleus size required for the nucl ation
of incoherent précizitates os cpuosed to coherent nreccioi..

tates A
> The nucle: tion difficulties can be reduced bv the

rovisgi - .
P Slon of mobile hetrogeneous nucleation centros in

the for e e
rm of Cxpanding stockive Taults, A lowering of the

7 -

- 1

N




tivation encrgy fox tronsforytion ig Lhcerefore wxpucied
oc 2ti encrgy L

» e S N e montrliy du n
when stacking foults beglh to grow into fhe mutrlxz during

8,4,2 Pault Tync

he focet that extrinsic foulting in low stacking

fuult cnergy F.C.C. matericls is not often observed hus

been attributed to the difiiculty of nucloating the
correcet partinl dislocatbtions necossary to bounda such fouits,
Two Shockley portial dizlocltlons are regulred on
sdjoining olanes at either cna of the foult, ana thus four
partial dislocztions b
faults in cumonorison to

coummonlty obscrved intirinsg

and more recently Goodhew

of arn cxtrinsic foult is ciosc to thot of an intrinsic
fault., A typicnl value oif the intrinsic foult ¢hcrgy,xin+,

AR

i T - -2 L.
in coprer is given by GuUuhbw/ as 7h ocergs, cns nd 1t 1s

-
e

sugzested that the extrinsic foult Cnergy, o, 4y nas a
=20 M Ext

value between 75 and 100 orgs, cma™c

Inl YT ey e { i o !
The osresence of Cu,Zr 1in the faults o

COp.er zirconiuw alloy c-nio

more inforastior rognrding the

Parameters of +he oo d o -
para osoof the compound ire know, However, the

preferential fox croation of

alloy uzy indicite thot the

partial S, .
al bounding such faults ig & nmoere effective region




e — 139

3 3 = oo ey nor
diffueion of zirconliun along the fault thon

for the pipe
) ot P - oo 1 - 1 5y e frevqs
single corc of the Shockley bounding an intrinsic fault.

the

oy i S 3 ey o = S Y 5 1 +n o T ey s
The presence of chromlui 1n the faults grown 1n tng tern Iy

qlloy may be explained in terms of the crystsllogrzphy of

atoms in faulted regions of the wotrix as shown in section
8.5 The observed rotio of extrinmsic te intrinsic feulting
of 7:1 in the ternary alloy is in cexcellent qualitative

agreement with the preferentialr nuclestion site wmodel,
8,4,3. Fault Growth
In the ternary alloy Cu-0.2%Cr~0,2,:27, the
homogeneous nucleation of chromium is difficult, and by
direct quenching, all of the chrouium can be caused to

precipitate hetrogeneously at stocking faults. The

~ 1l

presence of chromium in faults has been shown to be
favoured due to the closer crystallograshic fit betweon
Teulted matrix and B.C.C. precinitate when in a Kurdjemov—
Sachs orientation relationship and therefore, the driving
force for the ex xpansion of the fault can be provided by
the energetics of precipitate formation. Thus even though
the faults can grow to lengths of up to 20 microns, this
does not imply that the alloy would e¢xhibit any of the
characteristics normatly associoted with o low-stacking-

fault fnergy material, and indecd,

many undissociated

dlslooations are fo

)

und in materials containing high

sities

a

1CT

3

of stackinge - - T
ACKing faults. ‘hen the alloy is direct quenched to

the higherp .
yeiChs ageine EXN Y)Y ~ 9 5 I T . .
& geing tomporuiurcSQ the supersaturation of




i adea 1o oreswabaly too low to allow the
chromiun and vacancles 1S presumbaly

1 i - 4- . oot
leatio f chromium and therefore the foults
i mormeous nucleatlon ol CcuXoilunl &
nomogencous
sust nucleate all of Tac chromiug in the 2lloy thereby

VY

T i e e e o] T orse ek : T
that they grow to the obscrved lengune. &

bl
exw;

regulring

al ; F P« Loy R N T Tt SR R
cxpension of stacking foulte 1nto z natrix

continucd
which is continuously being denleted ol solutec andg heace is
incrensing its stackling fault encrgy apports i

foxr chromlwn, and ¢xnlaing the

F
—

nucleation site mode

prevalonce of extrinsic faulting.
Stacking favlt growth 1s not regulred when the
alloys are aged ot low temperanturces vhoere supcrsaturition

cffects due to vacancics and sovlute are susficicnt to ollow

B s g SRR N ey i e T e s = -~ . N T PN =
the majority of the transforsotlon to cceur houogenoously,

nor is it requirved ot vew

Tny 7 reta > 3 e e s Pl - ey
NLAR hEelng Tenocratures gince
£ e L> —4LL5 AL - -

&

diffusion r-otes are nigh and nucleil forw ranidly throucsh-
out the metrix even thoush solute and vacancy supersatur-
atlon eficets are low, This behaviour is well illustroted
by the empirical activation ¢nergy plots, where the onset
of stacking foult growtn is indic ted at 400°C for
Cu-0.25:Cr-0,2%2r and 450°C for Cu-2r, Below these

S0 E - . T N ‘ i ‘
temper turcs, the wholly nomogencous nature orf the trans—

forwationg TN S e e . o : .
1ons occuring in these alloys ig reflected in ti

tncretsed activation encrsy for the nrocess

) e -
8eded Critical Ageing Tewneratures
M)A ey - - e . .. . .
The metallographic slmilarities betw en niobium
stallized aug

>

tenitic stainless steel and the two alloys




can b

discusscd wbove
o1 the
fault precinitation 1
48 .
Van Aswegan ct.al.
fault growth in an 1o
equivalent to 0.55T,
- e OT,?‘ [;‘ C,_
alloy in “K. For Cu-
0 = : - d £
450°C = 0,53 Ty ond £
Moreover, teupering
ginilor to those obhsce
1 £nn0 : s
at 6007°C i,e. preci i
disiocations. These
0.6351“1._,. and 00,0440, r
s

M

i

diffusivity of the mo
clewents required to
both systeas,
Bedeb Removalvof
The removal
creation of unfaulteqd
continucd bevond the
conductivity Oor gsomet

sected by other fault

OF 8imply by the thinned foil surface. A churacteristic

feature of the niicrogw

islands of berfcet er

150 /1081 /18D stecl at 100°C

¢ extended to include considerstions

itica. cing beuperotures at whicih ztack
critical cgelng teuperiTures :

is first obscrved in cuch systcm.

first report the incildence of stacking

L
J_\u
.

Zr, stucking faults first appear o

where T, 1s the melting point of the

or Cu-0.25»Cr~0.2%Zr 2t 0.505T,.

—~ i~

¥ 7 'O - + S
he steels -t 8507C produces

atructures

rved in ‘the copner glloys when nEged
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tition prodominantly
1ls

temperatures ore a

espectively and sugszest thad

trix wi*h respect to the alloying

o~

form the

yrecioitates is simiior for

by the

cryatal occurs when ageling 1is

fecovery of maximum clectrical

imes earlicer when faults 2re intcer-—

8, dislocitions 1. rge preci

RS
»L‘,‘lti\,,bcbg

tructure at this stage ig that

ystil are present within the faults

thdicating that the fault has been cleared by t)

¢ nucleation




of the original giissile Shockley partisls
O Ll g Aty

see E.Pj_bsn)olzy 501“) >¢l)7 /-;j' /“Zl :'}'j'}(l /°
unlikely that the faults arc removed by th

29).

of the original partials since thelr pato 1s elffectively
blocked by the lurge numbers of oarticles nuclested along
the slivp plane in their wake, The removal of the fault

therefore takes pluce by the growth and coalescence of
iglonds of snerfect crystal., It is pertincent to ncte tnat
large numbers of islands con be crented eitier from
dislocation reactions ensulng froin the interscction of

the foult with the CuLZr »Hrecipivate which grows as discs
3 ! It

3o { - \, IS ' ) a ] - [ —ay o
on the Qlilg plancs of tho conyer, and during its zrowth
becomes incoherent, or from the growth of vrecinitate
within the foults., fFhe dislocztion re ctions arc expected

4 . ~ N 7,

to be similar to thosc used 0y oSmallman ond co-workers' 4

-+
el
G C

to explain the ren of stocking

ove
vacancy locps in aluminium,

partial disloc.tion at the cdge of the

wnd converts the Inulted

loop into a
bounded by 2 dislocztion loop, the encrov

1 such reactions heve been extensively

shrinkage CXpurinents

and it is possiblc u
Such 285 thoge : 3 1
s those quoted by Goodhew, Dobson and

CalCLLl\L B g oo Na ' .
2te the s1z¢ of the island of

~
<

-~ 14

fault from
The nucleotion of
vacancy loop

region/oerfect

|-

P!

(9

Shockley

ar

sing reloationghips
70
~ i\ i
smallmon to
crystal which




would need to be formed in ordcr to cowntinuc To grow and
W Ou e

o 4 o AT O ;- hese allovs in
convert the faults © served in these allcoys 1L

. +1 07 1 i ’ ~a the K WGOsO hot tne
crystal, The calculation involves the knowledge that thn

- D] ey A - . o ~ - N K o
total encrgy of a faulted loos, B, cqual to bl

of the disloc:tion loop bounding the faulted region, L,

s o i L - 3 Ty oo
and the cnergy due to the fault is glven dDy:i-

-,

. 2
E o= I+ 71& A

a9

It follows that when the energy due to the area of the
fault increascs beyond that of the sgelf cnergy of the
dislocation loo;, then thoe Ifoult will be removed i.e, we

Fa) 1

wish to culelate the value of r when

28 = & e
70

According to Goodhew ct,n1l 7, o currently accepted value

N
[
N

of Eglntfor copner 1s (5 ergs,cms. ; Tfrom this, wnd
measurements made on the shrinkage cof single ~nddouble

faulted loops¥ he hos sugrested that the value of K‘7

J

{2 ZXT
T aa e o N ¢ ”P _

lics between 75 and 100 crgs.cms., ., The valuc of E_ is

3

given by:--
o ”b2 B
B = 2TH Sr 9 5
5 —-— 1 1 ) -3 .. (2
i n ‘b 3

where LS the rading af +1
T 1s the radius of +the loop, b is the burgers vector

Of the clo ring dialom ts - and i i
“ring dislocation, and p is the shear modulus

e
R — A A,
e e S——

N e
AN intrinsic

and an

loop,

fault ig cauivalon : :
s +a S cgquivalent to a single o
CXtrinsic fault . tngle Lvu%
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stand of perfect

=2
)

Thercefore, thc minimum radius of tho 1t

stal thot would be stable is given byi-

»
.

L ]

.
TN
AN
N

2_ .
: 1, g 3

S|

AT ¥ -
tion caonnot be solved analytically, but requires

Thisg equs

ALy

9 N I Sy p : : (&3] L o rﬂ\f Y ~ -
the an UllCtlQn o5 Newtons sl thod of Succesclve ADPHTOXL

i

netions for an nccurate soluticon. Theeoguntion gives ¥y o8

. o . e _ - T e
a fundion of T, i.c¢. y = £(r) = r - 42 1 1 - B wherc

A and B are constants, and in order to find the walue of

r for which y = 0, then the ficst differentiol ol y must

'}
. . S L i e~ ] _ ol o) . -
be obteined to give a second function equal to f(x), i.e.
("‘ 1 - _'/3‘_ ‘ S . s a 5 N -
%% = = = f () whrich can then be used o
A
give an ap_ roximote solution for r by forvard

numerical substitution (rn). The next best aonswer (rn+ 1)

ig given by:=-

Therefore, assuming that the portial dislocition responsible
for crecting the island of perfect crystal within the foult
15 a Shockley, then b = léia <ll%> = 1,47604°, Taking
a value of 4,5 x 1011dyLes.cms_2 for the shear modulus of

CoOnper & e o s R -
J2) then the equ - tion given 1n (3) mey be evalueted for

T in an intrinsic fau 151 ‘2§ -
nsic fault, using Tt = [0 °rg s.cms. T,

and an extrinsic f- i 4 2
SIS £ : ua: o p -
ic fuult, using Gyt = 100 crgs,cms,”

Since the romar N .
temoval of the fault occurs in A substanially

S e
pure copper matrix,
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faults:—

Tor intrinsic

3 % 4.5 X

T ( oms )‘_?: - it oo

For extrinsic faulte:-
O
r = 1206A

These voalues cao

Tor the faults wurx

cCnses

intrinsic and c¢xtrinsic foults

shows that isloands of

P
A

ct
—

faulted regions of the cr

Pl
e

<

9

in radius; similarly, Figs,’13,
1.29 exhibit islands of perfcct

and the minimum radius observed

in excellent agrecuent with the

[ RPN N b}
Lhese iglands
the

refore stable,

ond will cont
Toult 15 romoated law o L1
+V L8 removed by the impingoement
S

UCh régions, ag dewmonsirtod

The above

treatoent

the problem of nucleoticn of
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nder investig

pecrfect crystal exist in

of nerfecet crystal within

by Figs.7.7 and 7.
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However, & CONS1Ou.

b -

11ove containing foults when thise resctlons occuxr

r hetroguncous nucloeation scurces
showe thot firstly many hetrogerneous ucloeotion ST
avoilable in the forae of intersecting faults ond

- £ ? D . IR -\ S
ccipitates on other {111% wlancs (¢.g. fig.5.12), and
seccond, thot the procioitotes withiu thie faults 2re tricker

thon onc lattice spacing and thereifcrce westroy the foult
during growth, vhoen the procigitates within the foults
reach o size of a,prcowaimately 125 ~ 18047 radius

thien the faults surrounding thc proeciitote may be cxpected
to become instoble. TFlg.b.l4 for coorer girconium ngoed ot
550°C shows how tho ronid growth o
radius hos removed the fault comletely, Having nucle ted
the dislocations nccessiry to create regions of perfect
crystal, the driving force for
suclh 1slands which -y gruster in radius than the volucs

cilculuted above is re- wWily available,

11

8¢5 Grain Boundary Precipit-tion

It hos been Sugzested that the stacking faults

-C‘,' 1 iy ‘7"\ r ry o4 - . . - 4
LI 1n the two zirconiws beoring materisals due to th

P

sSecreeatior T ) R i )
sregation of mirvconimm disloc tions, by a Cottrell and/

9]

Lile2 Lo

or p AL RPN N o e - SIS S 3 ]
PUZUKL type of segregation, since zirconium has o large

Misfit and o C.P.H. structure,
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L O1 I the precivitate chnnanceu regions
The creation of the preciplt g

- . TR R N | ] v —th'f‘
Vi thesc DENES! vs o can boe (:}_2(4‘)1\‘,_'_{1\1(4 15115
C cnesc WO ul_l_OL\/
obscrve in )
“ _~ iNe ’ o “‘/\'.
S tion tnao t zirconium atoms Ao wi 2L e to lattice
assup : 21X

gua ¥ k ? -t~ y o, Lo
8] (;LJL[ ) e (.\/I..Lq; o O SR 18! }r
(SN Lt;J C L e

£ co, thern the grain boundairics =oro
sgeing. 1f go, Then the g

e Zes of
expucted to zccommodate grenter guantillics of zirconium
than is the actrix, and 1t 1s reasonzole to predict o
solute profile of thu type shown in Fig,8,3%, If a grain
bounduary vacauncy profile tyriczl of guenched metals is now
superposed on this solute profile, then micrograshs such
as tihoge shown in Fige.5,22, 5,23, 7,26 and 7.27 of direct
quencncd material cont@ning beth 7.F,.Z2's. snd resions of
precipgitate enhancesacnt can be explaingd using an argument
involving the suosply of a critical solute/vacancy Sup&er-
saturation, wWithin the grains, the vacancy supersaturation
is high but the solute supcrsaturation low and homogencous

nucleation of CuBZr is provented unless the vacancy

et 1 o Bt IS

* The only way in vhich solute profiles ot grain

can be measurod ig by c¢leetron microvrobe cnelysis until
rccuntiv‘ﬂk,tpohpifUp Was considered unrelizble the
comparitively lurge volwne of ]

material tnolysed by

Ly ling
flnpot(MALlLCbrOD berws,  However 5 ¢cvvn and Rapw e Ioort (2
HAVe Toported results F"ﬂpu from study of thb i

boundary reglons in very diiute co. per - tin alloy

have shown th¢, the ”uluu= coucLﬂt“xtLun in regic iin

3 microng clthy side of arain bound rics is bjb‘ %
32; o kb(lmv than in the matrix, In vicw of tne arit-

in terms of misfit i
3ible at o 1. rber date
Profilc in copper zir

J;wabn Zirconium and LLn
Copper me trix, it may be sog
dbtgfwlng o Slmllu nlutﬁ




rgaturstion is greatly incretwed c.g. by roon
supersatur: : >

t ture quenching, Similarly, regions very closce to
Cifil)b ra

the sroin boundrry suffer from vacihincy deopletion and it
1L GA_, - oLl

nav be considerced difficult to nucleste Cu.Zr hemogencously
N lf‘\,u = ¢ - ~ -

, Ve B T i lncreascd . svidence
unless the solute supcersaturation is 1ncrerscd vidence

Tor segregativn of zirconium to the boundarics is given by
the presence of large zirconium containing precipitates
shown 1n Fig,7.27 which lic in the grain boundorics of the
mrterial, 4 region apprmdnntcly 1 microm . wide 2di-cent 1o
the boundary is prucisitate free ~nd nay originste duc to

.,

solute deplction by the nrecipitate in the

or slwoly by vicancy depletion.
The behavicur of sticking foults in the ro.

ol precipitete enhinceaont nenr grain boundirics in covnoer

zirconium cin be explaincd sinply on the bisls thot the

C“"

T - . o I R - N mam Falle .y - . P
metrogenecus nuclestion source ocricred by the grovirvg iault

18 noet reguited to nucle. to the CuBZr precizitate in such
Feglons.,  However, o similar ~rgument cannot be advanced

Tor the behevicur in bhe teranry xlloy cnd it zust be

@usunmed on present knowlcdgc7 thet the foults 21C i

LO expand into the srecipitate

crnhanced rogicn due to

&

¢ither (a) the

matrix ig of hg¥\0t10hip< Tault encrov ate]

Will not suspopt tn . e - .
A0V SUPPOTY the fault or (b) that no chromium exists

1 Lhicema - R
0 these regiong O that (c) if it docs. +he.
lces, +r

to diffuse +,
use the - oy s 33 - .
5 to the portial disloc.tions beunding the fauls

“"l|k) -—




The first suggestion hos the cdvantage thot 1t could be

wsed to explain stacking foult behaviour in both alloy

f

systems Cu--Zr and Cu--0.,2%Cr-0,2%2r. A guide to the

validity of (b) and (c) may be possible from electron

srobe anslysis across gralin boundary regions in the

light of recent ilmorovenments in the techniqgues zvailable

.
for such StudicSY).
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14 of this resuarh prograruse, 1t 1s concluded thut:-
o obostrckd from lsotherma

ageing experinents conducted on four olloys
from the system copper.chromlumi-zirconiuwm has
been successfully uned to provide infornoticn
on the kinetics of srecipitotion wrocesses

e e 3 Ao e - - T~ R 7 ~ — R = e
occurring in these olioys, and to nrodict the

I T e 4 de ~ ) e
wilth heot treatment

variation of such
and alloy composition,

2 Precipitation occure in the sdlloy co ner-0,4;:
chromium Ly the rejection of B.C.C. chromiunm
particles which maintain a cohorent interf.ce
and o Kurdjumov-3achs crystallogs grapvhic oricnt-

~tilon rel.ticnshic with the Conper mntrix over

o

e

sige ol ageing temperatures studicd,  The
interfocial cnergy ¢xisting between precipitoted
chromiwm particle and a2trix has been calcul- ted
from prrticle COATSEening cXperincnts ~s
200 ergs,cms“zand is indicative of the swall
misfit ¢xXisting botwee: 1 precipitoted particle
nd matrix when arronged in the 2roposed
oricnt .tion relationship,
S [MN)pr@Ci;itktiOR reactions occurring in the
alloy copper- -0.24%zireconiun va Ty with cgeing
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4,

hres stoses of trainsormation
temporature, and three stoges of S 0T

been recognized viz:-

(2) 4t temperzturcs below 450°C, the
- ] BT ol SN

predominant precipit.tion wechinnlsm 13 The

) - N - y - .'“ 4 e
homoguencous nuclestion of cohicrent disc

T

e ! J

shaped precipltates which grow on thc (1113
planes of the co per matrix, and which are

thousit to bo the couound Cu Ar

O

\ O e
(b) At, z2nd above 450°C, the Cu.Zr procivitate

v

is incoherunt and stacking foults grow during

digiccations into twe Shockley partial dis-
locotions. The foults hove beoen found te
provide a sultable hetrogencous nuclention

source for the Cu.Zr precipitate,
~

AL . 7~ O .. - - .
(c) 4Avove 5007C, the fraction of homogencously

nucleated precinitite deccreases contin uously
with incressing ageing temperature until ot
550009 preci itation occurs nredominant 1y

on undissocinted dislocations,

When chromiuwsm snd zirconium are nresent in
Copper, the ensuing Arecipitation reactions
-

Are strongly influcnced by the zireoniun

content.  The fraction of homogeneously

nucleated chromium porticles becomes progessively

Smiller with increasing zirconiumn content,
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1

snd the olloy CumO.ZﬁO“wO.Z%Zr cornn be hent

N Yy m e R SN LR TNy
trested to promote the growth of st.cking

4 N U NS T e EOPENE TS B Tl Y N
raalts during ageing which provide favournble

hetrogencous nuclcation sites for ~11l of +the

chromium prescnt in the alloy.

The intrinsic and extrinsic foults prescent i

the nigh zirconium contalning alloys 2re forme

A}

by the dissociotlion of o gliszile dislocation

<

into two Shockley nortial dislocotions,

Hucleation is assistced by the combined ¢flfucts

ol girconium segreg tion to disloc:

the existence of 2 coherent =———3»  incoho

tronsition of the interfoce boetweon motrix

CuBZr precisitate. The continued disscciztion

of the glissile dislocation to form large
stacking faults is not duc to a Lowerin
of the astacking fault energy of tiice motrix
Yut to the creation of favourable nuclenti
gites for tho precigitates present in the

aged Rlloyga

}’3

i
a
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APPENDIX 1

Foil Orientation & Crystallography

The thermo-mechanical treatment schedule necessary
to produce either of the¢ three predominant foil orientations
encountered during metallographic examination of the Copper=—
based alloys hag been described in Section 3.6.1. The
crystaellography of such foils may be COnveniently repres¢n+gi
by the stoendard stereogrophic projections (110} [211] :
and [001] givenvin Figs,Al, A3 and A5 respectively,

Selected micrographs taken from foils which were orientated

such that the foil normal wvas close to one of these zone

axes are displaved in Figs.A2, A4 and A6 together with their
Tespective diffraction patterns. The diffraction patterns
nay be indexed from an lnspection of the poles on the

circumference of the relevant stercographic projecction,

0t
i&%glgﬁﬁégﬁzigniayion

Foils with 2 [llO] direction exactly parallel

to the clectron beam have the planes (ill) and (lil)

perpendicular o the foil surface, whilst the planes

(111) ana (217)
35161

are inclined +to the foil surface at

i 8} T Y N H N
the presence of stacking faults in two of the

all S g 3 - r y
0¥s studieq allows the zlll} planes in the foil to be
Teadily jgonts es . : .
y_lu“ntlflcdy and Fig,A2 fepresents a foil which is
Prientateq Very closely to an exact (110)

plane. The
more commonly Obse

tved orientations nesy (110) show g
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divergence of the inclined planes (111) and (111) about the

[1io] direction in the foil, e,g. in Fig.7.24 where the
divergence 18 240? and which is equivalent to an 8°
rotation of the [110} projection about a [lOO] axis,
reflections available from =

The low inaexca

(110) foil are [Qog} ) [lll] andﬁ?ZO} and thus provide

the most useful combination of reflecting conditions for

diffraction contrast experiments involving the determin-tic

N

q

of the Burgers vectors of dislocitbions.

(211)_Foil Orientation

Foils with a

A

&HJJ dircction exactly rarallel +to

the electron beam have the plancs (111) and (111) inclireq

v A0 _— “a N - . ) , .
at 607, and the (111) plane inclined ~t 19028Y to the foi’

surface, The plane (111) is 2galn perpendicular to 4 -

foll surfuce, The micrograph illustrated in Fig.A4

1llustrates the wider images obtained from stacking fzults

Present on the (111) planc in such Toils. Jiccur~te foil
thickness measvrenents arc facilitateq by the prescnce or
e o e NI - - >

The larger humbers of fault Iringes contained within tho

o
oL

faults on the (111) »

The low

Indexed refleetions available from this

are [11i] ; [220] ; and [113}

of stacking

foil orientation ~nd consc
3 < IESSECIGRAN

Observationg . ]

S Taults ang measurencents of stackins

Tault qena-- ) S ‘

lensity become difficult duc 4o the disanperrance ok

the chap. : ) -
! “rActeristic fring & i o]

1c fringe contrast which occurs when eithery
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' ' 1iffraction ve ‘s are operating
<52Q> or <113> type diffraction vectors ¢ or ;

strongly, since g.R = O for these reflections,
]

(001) Foil Orientation

Foils with a EOOlW direction exactly parallel

. ( - . . . o j

to the cletron beam have all four %111} planes inclined
at 54°44' to the foil surfice, as shown by reference to

Fig.Ab, The sense of the slope of such planes with

respect to the foil surface, and hence the brecise planc
on which the stacking faults are present can be determined
by noting the assynietry of the fault image produccd when
the foil is vicwed in dark fiecld,

The low indexcd reflections available for
diffraction contrast ¢Xperiuents in this foil orientation

are [002] and [ZZQ}typon



APPENDIX II

' 2 pounc 4T,
X-ray Determination of the Compound Cu3

e rmar e et
e e . iy et i

The .cby-Schérrer film strip obtained from the
experimental alloy 3 shown in Fig.3.10 (75wt.%Cu) is

illustrated in Fig.AT.

Fig. A7,

A similar film strip has becn analysced by Bdwards?
and he has shown that the powder method is unsatisfactory
for the structural analysis of the compound CuBZr due to
heavy absorpiion within the sample, and also to fluorescen~

By comparing the {ilm strip results with those obtained froo

(G365

' al
a diffractometer analysis, he was able to show that the

absorption which occurs in the Debye-Scherrer mcthod

produces a "line-shift!  cee— the mognitude of which var:

vith Bragg angle, and he susgests that it is this effecs

hi el . . . . ) ] .
which has almost certainly hindered the determination of

the compouna structure by previous workers,

Of the 54 lines produced on irradiating a specii
T2wh. 90 C o . : -

of T2wt,%Cu, with Cuket Xerays, only the first 16 were fit-

6

>




lattice

i , .0
C == 60764'9 A

However, no accurate de:

nd it must be concluded that furthcr work 1is needed 1in

4

=

¢

order to assign a cryntal structure to the first inter-

mediate cormound exigbing in the Cu-Zr system,
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