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The experimental investigations presented in this thesis, 

were undertaken to study the effect of quenched in vacancies, 

lattice distortions and dislocations on the ageing characteristics 

of some binary and ternary Aluminium base precipitation hardening 

alloys. Activation energies of migration and formation of vacancies 

Were also estimated on the basis of study of Portevin»LaChatelier 

phenomenon. 

Effeotsof trapped thermal vacancies on the process of prectpitat- 

ion in ternary Al,iCu4Ig alloys were studied. A comparative, study 

was made on binary Al-Cu alloy, The results 'Indicate that in ternary 
alloys$  rate of quenching has a definite effect on the kinetics of 
hardening process and the p.aksbardness values, It is suggested, 

that in contrast to Al.Cu binary alloys  . not only is the concentrat» 

ion of trapped thermal vacancies higher, but also it is retained 

for longer period during ageing of the ternary alloys due to 

existence of strong solute atom (Magnesiva).vacancy pairs. This, 

coupled with possible condensation of vacancies to form voids and 

Collapse of clusters of vacancies to form dislocation loops (each 

of which Is a potential site for precipitation of intermediate 
phase) Can account for the dependence of rate of hardening on 

quenching rate. The observation of maximum peak-hardness 

corresponding to an optima rate of quenching may be explained in 

terms of sine of platelets of intermediate precipitate associated 

with the peak. 



Studies were carried out on relief of thermal strains in 

solution treated, quenched Al-Cu and Al-Mg precipitation hardening 

alloys. initial stages of ageing were followed by hardness measurement 

and analysis of *ray line profile. 

It was observed that during the process of initial ageing, 

there is softening .followed by usual hardening. The phenomenon of 

initial softening is observable only over a definite range of 

ageing temperatures. Extent of softening has been found to be a 

function of (a) Temperature of ageing, (b) Solute concentration 

and (a) Quenching medium. 

These results can be explained in terms of softening due to, 

relief of thermal strains followed by the usual hardening as a 
result of coherency strains developed by precipitation of zones 
and/or intermediate phase. 

Efteetsof cold working on the ageing characteristics of some 
Al"Cu and Al4g precipitation hardening alloys were investigated, 

It was observed that cold working can result not only in 

acceleration but also in retardation of the process of precipitation 
of intermediate, phase and consequent hardening. The nature of the 

effect appears to be critically dependent on the degree of super- 

saturation of the alloy at the temperature of ageing. Effect of cold 
Work on the transformation of the intermediate phase to the equilibrium 
phase, on the other band, seems to depend on mode of transformation. 



The results are explained in terms of; 

Ci) 	Dislocations acting as potential sites for precipitation of 
intermediate phase. 

(ii) Solute atoms getting trapped in the form of atmospheres 
around dislooat&ons and consequent depletion of solute 

atoms from the solid solution. 

(iii) Diffusion barriers created around platelets of intermediate 

precipitate due to accumulation of dislocation, 

Investigations were carried out on the phenomenon of repeated 
yield in quenched, A1-Cu and A141g alloys. 

By appropriate combination of initial quenched-in vacancy 

concentration and their mobility during subsequent strain-ageing, 

It was possible to initiate Type 0 yielding without prior plastic 
deformation. 

Activation energies of formation and migration of vacancies 
were evaluated On the basis of these studies. The values of 
activation energies so estimated were; E1  a 0*40 : 0,02 eV and 
Ef a 0.60 + 0.05 iV for A1.Cu alloys. The corresponding values 

for Al-44g alloys were 0.37 0.03 eV and 0.44 0.02 eV respectively. 



Uv) 

On the basis of the findings reported In this thesis, there is 
a possibility of development of Improved heat-treatment schedule 
for ternary A1'Cu-Mg alloys so as to get maximum peak.►ardness 
with an optimized quenching rate. The results also show that it is 
possible to evolve suitable theroaechanioal treatment for high 

temperature use of Al "Cu alloys. 
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1.1 	 HIETQHICAh REVIEW 

The phenomenon of age hardening was discovered by Alfred Wila 

(1,2) in the years 1903-11• It was observed that some Al-Cu alloys 

when quenched from elevated temperatures, hardened with time at room 

temperature. Hence the name age-hardening was given to the phenome-

non. The term$  precipitation hardening is also used to denote this 

phenomenon, because hardening takes place due to the process of 

precipitation from a supersaturated solid solution. +This fact was 

brought home by Merica etal (3) in 1921 by carrying out a detailed 

study of the process. 

To start with, it was assumed that the phase precipitating 

out from the supersaturated solid solution is tt►e equilbirium phase. 

Hardening was associated with the formation of submicroscopic 

particles of equilibrium phase. However, resistometric study of the 

phase changes taking place during precipitation revealed an anomalous 

behaviour (45). If ageing involved simple precipitation of 

equilibrium phase, then there should be steady decrease In resistivi-

ty with ageing. On the other hand it was observed that there is 

first an increase in resistivity followed by the expected decrease. 

This behaviour was explained by Gayler and Preston (6) on the basis 

of two stage precipitation process, the first stage being precipitat-

ion of an intermediate or non-equilibrium phase followed by the 

transformation of non-equilibrium phase to equilibrium phase. 

Gayler and Preston arrived at their conclusions on the basis of 
extensive study carri©d out on hardness, density, electrical 

resistance and X-ray measurements. They attributed hardening to the 
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internal changes in the lattice of the supersaturated alloy due to 
precipitation of non-equilibrium phase. Rosenhain (7) and Tammann 

(8) also postulated theories of two stage precipitation. However$  

there was little agreement between these workers on the nature of 

the intermediate precipitate. 

Marica (9) , in 1932, suggested that the first step towards 
precipitation is segregation of solute atoms on certain sites within 

the solid solution. The segregated regions were referred to as 

'knots', He further suggested that a strain field is deteloped 

around the knots due to size difference between the solute and 
solvent atoms. As a result the process of slip is rendered 

difficult and this leads to hardening. In spite of reference of 

Marica to this pre-precipitation stage, the existence of clusters 

was established (10,11) at a much later data. However, the 

experimental work of Jenkins and I3uoknall (12) lent support to 
S4arica' s suggestions. 

The discovery of zones by Outnier (13) and Preston (14) 

was a major break ;through In the study of the age hardening process. 

Their findings were based on the observations of diffraction 
effects produced in Xray line pattern of single crystals. A mo 

thorough study of zones has been made possible by application of 

small-angle scattering (1$-17) and it is now established (18-20) 
that difference between clusters end zones is only one of 

nomenclature. The hardening mechanism associated with zones 
(21-23) has undergone considerable change from the one suggested 
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by Marica. Modified mechanisms have been proposed to explain 

hardening that takes place in spherical zones. Spherical zones 

are formed when size difference between the solvent and solute 

atoms is only marginal. Hence they are not associated with strain 

fields. 

Establishment of presence of non-equilibrium transition 

phase e' in Al-Cu alloys (24) contributed further to the under-

standing of the phenomenon of precipitation hardening. With 

Identification of non-equilibrium phases in precipitation sequence, 

the concept of coherency ca*e into existence. A precipitate is 

said to be coherent, partially coherent or non-coherent depending 

on the nature of the inter race between the precipitate and the 

matrix► An interface is said to be coherent when continuity of 
lattice is maintained across it.. If all the interfaces are coherent, 

the precipitate is said to be fully coherent with respect to matrix. 

If some of the interfaces . are coherent and others non-coherent, 

then the precipitate is said to be partially coherent.. If all the 

interfaces are non-coherent then the precipitate is also neon-coherent. 
The matrix and the precipitate have different lattice constants. 

Hence to maintain coherency across an interface, the two lattices 

will have to be matched by a process which requires lattice dis-

tortion. Hence, whenever Were is coherent precipitation*  coherency 

strains are developed and this results in hardening.. Particles of 

non-equilibrium precipitate, to start with, are fully coherent with 

respect to matrix. With growth, the elastic strain energy (28,26) 

associated with individual particles Increases till a critical size 
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is attained and coherency is lost. Thus it is possiole to explain 
the process of precipitation hardening including over-ageing, with 

the help of this theory* The credit of putting forward a theory to 
explain quantitatively the strengthening process due to coherency 

strain goes to Mott and Nabarro (27), 

The sequence of structural changes in an age-hardening system 

can be stated as follows: 

Supersaturated solid solution - ► Zone formation --~ 
Precipitation of non-equilibrium phase(s) err► Transformation of 
non-equilibrium phase to equilibrium precipitate, 

actual number of steps involved varies from system to system 
and with ' ho degree of supersaturation in a given system,. The 
'degree of supersaturation', In turn$ is a function of solute 
concentration in the alloy and temperature of ageing. 

1.2 	 AiSZST M  

Of the known age-hardening systems, Al•Cu is the one that 
was discovered first (1,2) and is probably the system in which most 
extensive work has been carried out so far. The experimental work tha' 
has been carried out on Al-Cu system can broadly be divided into 

two catogaries, those dealing with changes in hardnessAa result of 

ageing and the others dealing with structural changes that accompany 

ageing. 

Although hardness is related (28.30) to both yield stress 

and . work-hardening rate and ,hence is incapable of reflecting truly 
in quantitative measure the strength parameters it has always been 
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customary to measure ageing in terms of changes in hardness, 

Gayler (31) , obtained ageing curves for A14% Cu alloy aged over a 
wide range of ageing temperatures from 0 to 4580. Hunsicker (32) 

studied age-hardening behaviour of a wid, variety of Al-Cu alloys 

with copper content varying from 1 to 4«5% and aged at room 

temperature and 150•C after being quenched in cold water or boiling 

water. However, it was Hardy (33) who made the most systematic 

study on the age-hardening characteristics of A].-Cu alloys with. 

copper content varying from 2~0 to 4,5% and aged in temperature 
range of 30 to 240•C. Hardy pointed out thatt depending on solute 
concentration and ageing temperature, the alloys shoved different 
numbers of stages of hardening and he further related the hardening 

curves to the structures that were known to appear in this system. 
The activation energies associated with formation of non-equilibrium 
phase d' was also evaluated with help of age-hardening curves. 

The structural ageing characteristics of A1••Gu alloys has 
been studied by a number of workers with help of different experl-

mental techniques-, The ageing sequence; being a sequence of 
structural transformations$ are best studied with combination of 
techniques rather than with any particular technique,* 

It is generally agreed that the structural changes$ that 

accompany precipitation-hardening, are submicroscopic in nature. 

By the time any second phase becomes visible under microscope, 

the process of ageing has already proceeded to a stage of over- 

ageing. Hence metallographic examination of specimens can hardly 
be expected to be useful in studying the structural changes 



accompanying ageing. 

Extensive investigation of structural ageing characteristics 

of A1-Cu alloys based on X-ray studies (13,34-38), has been carried 

out. Most of these studies were based on either small angle 

scattering when it was necessary to establish the size and shape of 

particles ( or regions capable of scattering X-rays coherently) or 

regular X-ray diffraction pattern when the aim was to determine the 

lattice parameters of the precipitating phases* The result of the 

X-ray studies were later confirmed by electron microscopic work 

(3944). Electron microscopic work has thrown light not only on the 
structure but also on the sizes, shape and distribution of precipitat-

ing phases* These investigations have also been useful in studying 

the type of nucleation (homogeneous or heterogeneous) and the 

existence of preferential. sites for precipitation of intermediate 

and equilibrium precipitates. 

The role of resistivity measurements (10,11) has been of 

special significance in studying the process of clustering which 

is the first of the series of transformations that take place in 

supersaturated solid solution during ageing. The process falls 

under pre-precipitation stage and is accompanied with increase 

in resistivity. Clustering is also cccompannied with evalu4ticn of 

heat and hence can be followed by calorimetric measurements (10,11). 
Growth of zones ham also been studied by resistivity determinations. 

The resistivity maximum that is observed during the growth of zones 

has been explained as due to critical scattering of electrons by 
zones of specific diameter (45,46) , coherency strains associated 



with zones (47) sad structural dislocations formed round the zones 

(48). However, in the light of observations made by a number of 

workers (49--b1) , only the theory of critical scattering by Mott 

(45) could be taken. to be correct. Validity of Mott's theory 

has also been put to question recently by Wises (52). Also the 

correlation between the zone diemeter and resistivity is restricted 

to small zones (51), Hence, appropriate utility of resistivity 

data lies in study of pre-precipitation stage as compared with 

later stages. 

The first step in agoing of Al-Cu alloys Is formation of 

clusters. The initial rate of clustering as determined by resist-

ivity measurements is too fast to be accounted for by normal rate 

of diffusion of copper atoms in Aluminium matrix (at room temperature) 

determined by eutropolation of known high temperature diffusion 
rate (53). This inconsistency was first pointed out by Jagodzinski 
and Laves (54). Excess vacancy theory)  postulated by Zener (55) and 
later developed In detail by Federighi (56) and Do 8orbol  Treat tie 

and Turnbull (14), explains the anomalous rate of growth of clusters. 

It is assumed that the excess vacancies, that are trapped during 

the process of quenching from homogenization temperature, account 

for abnormally high rates of diffusion of copper atoms. 

Growth of clusters leads to formation of zones. As already 
pointed out clusters and zones differ$ from each other only in 

nom*nolature. The zones that appear in Al.Cu alloys are known as 
Guinier-Preston (1) zones and' abbriviated as G.P. (1) zones. 

Guinier (13) and Preston (14) reported the existence of zones for 



the first time. Latera different models were proposed to explain 
the structure of G.P.zones. iotablo among these models, have been 

the ones proposed by Gerold (37,57) and 2omsn (58-60).. Whereas 
Gerold'a model assumes that a single disc of copper atoms constitute* 

the zones 'roman's model requires gradual fall in copper concentrat-
ion on either side of the center layer of the zone. It is Gerold' s 
model which is taken to be valid. Distribution of Intensity in 

streaks of X-ray diffraction patterns of zones, calculated on the 

basis of Gerold' s model, is in good agreement with the observed 
intensity distribution, Also there are two major drawbacks in 
Tomsn' s model. Use of this model results in prediction of intensity 
peaks in X-ray diffracted patterns which is not experimentally 
observed. Secondly,, roman' s model requ res loss of coherency of 
the lattice near the centre of zones, which it an untenable proposi-
tion, 

The next stage in ageing of Al-Cu alloys leads to formation 
of G»P. (2) zones. What was first described by Gu*Mer (34) as 
was subsequently named as U.?. (2) zones by Silcock e~al (36). 
However, the terminology 6" is more appropriate (44) since the 
structure has specific lattice parameters 	hs zones are 
regions in a matrix where the solute concentration is much higher 

than the average but which do not have lattice parameter different 
from the matrix. The only feature, that is common between the zones 
and 0" phase, is maintenance of complete coherency with respect 
to matrix. The orientation relationship between 0" and matrix is 

that [1001 planes of Bit are parallel to (100J planes of the matrix 
The structure of a" is tetragonal with a = 4.04 1 and C = 7#8 A . 



10 

The precipitate is disc shaped with a diameter of 1500 A and 

maximum thickness of 100 A . 

The precipitate with partial-coherency that appears in Al Cu 

system is ®'. To start with the particles of 9'  maintain high 

degree of coherency with the matrix but start losing coherency with 

growth. The structure of 6' is also tetragonal ( as 4.04 A and 

a = L A) and boars the same orientation relationships with the 

mEktrix as 0. 

When ovot-ageing sets in equilibrium precipitate © (OuAl2) 

is formed. It has a tetragonal structure with a= 6.06 A and 
Ca4.8711 w  

Hence, to conclude, the ageing sequence in Al-Cu system can 
be represented as 

Supersaturated solid solution --s G.P (1) zones 	C" 

precipitate (fully coherent) -co- e'prccipitete (partially coherent) 
-+ 49 precipitate (non-coherent) . 

The actual number of stages encountered, in a particular 
alloy of A1-Cu, during ageing, depends on composition of the alloy 

and temperature of ageing. With decrease in volute concentration 
and increase In ageing temperature, the earlier steps are skipped-

over and fewer stages are required to arrive at equilibrium 
precipitate,, 
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1.3 	 _1l-MR __ 2 

A number of workers (61-63) have studied the age-hardening 

characteristics of Al'-Mg alloys. Since nucleation of non-equilibrium 
precipitate is a difficult process in Al-Mg alloys and precipitation 
takes place heterogeneously at preferential sites$ especially at 
grain boundaries (64-67), the precipitate is coarse as e. result of 
which the age hardening ch racteristics are very poor. There has 

also been a great deal of work in connection with determination of 

the structures (61#63,88.71) of the non}  -equilibrium and equilibrium 

precipitates in Al-dig alloys* The study of structures by X-ray 

diffraction has bei rendered difficult in this system due to closeness 

of atomic scattering factors of Aluminium and Magnesium. An attempt 

to study the pre-precipitation and zone formation stages with help 

of resistivity measurements has been made by Penserl and Federight 

(72). Relevant electron micrographs have been obtained by Saulnier 
f 

and Mirand (73). 

In the light of the observations made by these workers t the 
following conclusions can be arrived at. Although the resistivity 
measurements by P~anseri and )ederighi. (72) suggest that there is 
clustering and zone formation there is no electron micrographic

evidence to prove the existaace of zones# Geisler et/al (68) have 
suggested the existence of zones on the basis of streaks observed 

on their X-ray► diffraction patterns However$ Kelly and Nicholson 
(74) have urged that the appearance of streaks, reported by 

68 
Geisler etal (8$),, is noticeable only at a f44rly advanced stage 

Of precipitation when the presence of non-equilibrium phase can be 



oboorvcd oven under a r icroscopo. honco those stroma crn be 
attributed to structural diacontinuitios within the precipitfto 
rcthor then the sones* On the other hand, a recant paper Uy Von 

169 
Torno ( ) has developed a theoretical basis for clustering in 
jll42g based on their oloctronlo structures. 

The non-equilibrium precipitation in Al-14g alloys, tamed 
as A' 9 is responsible for hardening of the alloys* Initially o /3' 
procipitates out at grain boundaries. During this period there is 

practically no change in hardness. Rowevor, when the precipitation 
proceeds !roll within the grains, hardening sets in,. 

Equilibrium precipitate in AlmMMg system is termed as 
end has the chemical formula MS3A'2. 

L onces to summarise, the nCe-h€ rdoning sequence in Al-14g 
systems may be roprosontod as s 

« uporsaturated solid solution -o- /3' - ~3 (11g3Al2) 

1.4 	 ,~  

One of the most important series of preaipltcttion hc..rdening 
alloys of concrotal importance, namely the Durclumin:yps, Is based 
on 1l-Cu-:UU f system. The credit of carrying out most systematic 
work on the agoing characteristics of these ternary alloys goes to 
hardy (76). he investica tod two series of alloys, one containing 
oqui-ntonio ratio of copper and Uagnosiuu and the other containing 

excess of Copper (Cus;1go 71l by uoi,Cht ratio). Hardening chr. aetor-
istios c oro rtudlcd over a Dido range of temperatures from 30 to 
230'0 The otruoturr.i ox ..ngos9 that c coo ,pcny tho pr.ocoso of ug• ing 



in these alloys$  were studied in detail by SilcQok (76). It was 

observed that in alloys containing equi-atomic ratio of Copper and 

Magnesival  distinct type of zones appear and they are different 

from those appearing in binary Al-Cu alloys. These sones which 

contain both Copper and Magnesium atoms, are termed as G.P.B. 

zones to distinguish them from G.P. sones. The non-equilibrium 

precipitate, which appears in the subsequent stage of ageing, is 

termed (77) as 8' • The structure of 8'could not be well defined 

either by Silcook (76) or any one of the earlier warfare. The 

equilibrium structure in the alloy (containing equi"atomic ratio of 

Copper and Magnesium) is 8 (Al2CuMg). a- phase Is orthorhombic (78) 

with x-4.00 11  b=9.23 A*  and o=7,14 A • Those alloys in which 

Copper to Magnesium ratio is higher than the •qui"atoniicf  the 

process of ageing proceeds with simultaneous appearance of phases 

connected with Al-Cu and the ones mentioned i.e. O.P. (1), 0" 6'and 

6 on the one hand and 4.P.B,, 8' and & on the other hand, 

Weatherly (79) is of the opinion that there is no distinct 

phase like S: Difference between 8' and 8 lies only in morphology. 

Whereas 8' constitutes lath precipitates f. 6 is massive In nature 

and is formed by prolonged ageing at higher temperatures. Both 

terminologies Was well as lath-precipitate a ) are in vogue at 

present to denote the early stage of precipitate that 1s formed 

in the systems (80-82). 
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W. 	0~ 1' 

The role played by vacancies during the ageing process 

is very significant. The structure that is produced by quenching 

from the temperature of solution treatment is essentially a 

detective one and contains excessively large number of trapped 

vacancies ( 14,58,83). Existence of excess vacancies is precisely 

the cause behind observed high diffusion rates of solute atoms, 

determined on the basis of initial rate of clustering (55). The 

study made by De Sorbo et . (10) on the effect of step-  quenching, 

reversion and cold work on initial rate of clustering also confir's s 

the significant role played by vacancies during pro•preoipitation 

stage. The observation made by different warkitrs that trace 

additions of solute atoms, capable of forming strong pairs with 

vacancies, reduce$ the Initial rate of clustering and zone format-

ion can be explained in terms of reduced mobility of vacancies 

(84-87). 

As a natural consequence of instability of trapped thermal 

vacancies at elevated temperatures$ it is to be expected that 

vacancies cannot play any significant role on precipitation of 

intermediate precipitate which is a product of ageing at comparativ-

ely high temperatures* However1 vacancies can alter the kinetics 

of precipitation of non-equilibrium phases under certain conditions, 
namely; 

(i) When the vacancies get stabilized due to formation of strong 

pairs with solute atoms (88)x. 

(ii)Whsn the concentration of unassociated vacancies is large 
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enough so that collapse of such group of vacancies can result 

in formation of secondary defects likes dislocation loops 
(89-91) and voids (92,93). 

In the former case annihilation of vacancies is slow and 

spread over time, Thus the diffusion rata, during precipitation 
of Intermediate phase, gets controlled by concentration of quenched-
in vacancies. In the latter case, the secondary dofects, that 

are formed, are relatively very stable and act as potential sites 
for precipitation. Hence quenched-in vacancies which form secondary 

defects, alter nucleation rate of the intermediate phase. 

~r 	• 	Ir 	 ,. 	~ ~ 	a 	 • a 	s 	e 

The role played by d .slocations on different stages of 
precipitation hardening can be studied by observing the effect of 

prior plastic deformation on ageing. 

Generally speaking, there is no direct effect of dislocations 

on zone formation. However., there is very strong indirect effect 
because dislocations are effective sinks for vacancies (94,95), 

Hence creation of dislocations suppresses zone formation„ On the 
contrary, the role of dislocations on the kinetics of zone formation 

in dilute alloys and the alloys Crich have been step-►quenched is 

to accelerate the kinetics of zone formation. 

Dislocations have a distinct role Áö play in precipitation 
of non-equilibrium phase due to creation of potential sites for 
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preoipibtion (40,60096). Hance the rate of nucleation is 

accelerated as a result of presence of dislooptions. The 

accelerating effect is modified as a result of trapping of solute 

atoms around the dislocations due to formation of atmospheres and 

consequent reduction in mobility of the solute atoms. 

The experimental Investigations presented in this thesis, 

were undertaken to study the effect of (a) quenched-in vacancies$  

(b) Lattice distortions and (e) Dislocations on the ageing 

characteristics of certain binary and ternary aiwainiuu baso 

precipitation hardening alloys. 

Quenched«4n vacancies in different concentrations were 

tntroducedby varying the quenching media. The alloys that were 

studied consisted of a binary Al-Cu and ternary Al-Cu-Mg alloys 

with a constant copper content (sm, as that In binary) and 

variable magnesium content. The purpose of the study was to 

compare the' Quench-sensitivity of the binary with ternary alloy's, 

because the binary alloy contains solute atoms (Copper) it form 
moderately strong bonds with vacancies and the ternary alloys 

contain solute atoms (Magnesium) that have very high binding 

energy with vacancies, Quenched-in vacancies were estimated by 

resistivity measurements. 'Quench-sensitivity' was evaluated in 

terms of time to reach poak4 ardness, determined from age-hardening 
curves.'. 
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Lattice distortions were produced in the matrix of some 

Al-Cu and Al .Mg precipitation hardening alloys by quenching. The 

lattice strains so produced were measured in terms of X-ray line 

width. It was found that relief of lattice strain during the 

initial stages of ageing at elevated temperatures led to softening. 

Extent of initial softening was evaluated as a function of solute 

concentration#  temperature of ageing and severity of quench. 

Dislocations were introduced by cold vorcing prior to ageing 

and the effect of dislocations on the process of precipitation 

was evaluated in Al-Cu systema Effect of dislocations on two 

steps namely, precipitation of 8'from v( -solid solution and 
transformation of 0'  to 0 p  was studied at different degrees of 

supersaturation (determined by solute concentration and 

temperature of ageing). Precipitation was followed up with 
hardness measurements f  resistivity measurements and integrated 
X-ray line intensity measurements. For the purpose of comparison#  

additional work was also carried out on Al-Mg alloys, 

Studies on Portovin»La Ohatelier phenomenon was also 

carried out on AlCu and Al4[g alloys. Activation energies of 

formation and migration of vacancies were evaluated. These 

activation energies pley4very significant role in kinetics of 
precipitation since they control the concentration of qaenched•in 
vacancies ( which a related to activation energy of formation of 

vacancies) and stability of the trapped vacancies during ageing 
(Which is related to binding energy between vacancies and solute 
atoms). 
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2,1 	 IwTRoD uc TTON 

For a largo number of age hardening systems, it has been 

established that vacancies act as potential sites for precipitation 

of zones and do not play any significant role in precipitation of 

intermediate precipitate (97), Rene, rate of quenching (from 

the temperature of solution treatment) which controls the eonovnt» 

ration of trapped thermal vacancies should not have any noticeable 

effect on the time to reach peak hardness that is associated with 

the intermediate precipitate* 

Silcoak (36) has studied the effect of quenching medium on 
ageing process of Al.i4% Cu alloy at 130#C and 190C and has 

reported that oil or acetone quenching retards the ageing process 

as compared with water quenching* 8iicoek (76), while comparing 

the ageing behaviour of acetone-and water-quenched single crystals 

of Als»3.15% Cu-1.52% Mg aged at 1904'09  has reported higher peak 

hardness with acetonewquenoh•  

The present work was undertaken to make a systematic study 

of the effect of rate of quenching on the ageingcharacteristics 

of some ternary A1Cu-Mg alloys with Magnesium content varying 
from O rt  b to 1,5 weight percent and aged at various ageing 

temperatures in the range 130 to 190C. Comparative study was 

also made on a binary Aluminium-Copper alloy# 

The purpose of these studies was to find out whether it is 

true that rate of quenching should neither be very fast nor very 



slow for attaining saci.sum peak-hardness for various Al-Cu-44g 

alloys aged at different t.apie raturee. In other words existence 

of optimized rate of quenching for attainment of maximum' peek- 

hardness' was investigated* 

Systematic analysis of ' nencb-sensitivity' was carried out. 

' Quench -sensitivity' which can be expreesei as a ratio of 'time to 

roach peak-hardness' under two different rates of quenching$  was 

studied as a function of Magnesium content and ageing temperature 

of the ternary alloys. 

2,2 

2.2.1 Preperation It A.1  ,s 

Binary Al-Cu and ternary Al-Cu4ig alloys were prepared from 

Aluminium (99.9% pure) , Copper (99, 92 pure) and Magnesium (99,35 

pure). All melting was carried out in grapblte crucibles placed 

in electrical resistance furnaces* Master alloy of suitable 
composition was prepared as a first step to tec .litate addition of 

Copper to Alunini me Required quantity of Magnesium wrapped in 

Aluminium foil was added to the melt. Loss of Magnesium in the 

form of oxide was substantially reduced by keeping the metal dipped 

in the molten binary alloy till all of it got melted* The alloys 

were chill-past in mild steel moulds. Rezecxhioroethane was used 

as dsgassent. 

The cast alloys were forged and then annealed at 35 OC for 

three days  to ensure removal of microinhomogenoity and cast 

structure* Annealing was followed by machining out disc shaped 
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specimens 20mm dia. X 8mm thick, On one side of the specimens$ 
numbers were punched for identification and the other side was 

polished u1 to 1/0 emery paper so that subsequent* to heat treatment 
one sould simply polish on. 2/0 emery paper to take hardness values, 
thus reducing the handling of heat-treated specimens to the 

LI 

mi 	• 

One set of annealed rods wete rolled and drawn into wires 
for resistivity studies, 

The ternary alloys that were cast had the nominal 
cQmposittons as shown in Table 2, le 

1 	3.5 	0.5 	Rest 
2 	3,5 .. 1.0 	Rest 

3 	3,2 	1.5 	Rest 

The binary alloy that was cast had the nominal composition 
of Al-3.5 weight % Cu. 

In all these alloye, the actual composition varied from 
the nominal wi thin#the limits of 0.05$. 

The composition of the ternary alloys were so chosen that 

alloys I and 2 Me in a three phase region whereas alloy 3 Uco 
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in a two phase region (98-100), Alloys 1 and 2$  when slowly cooled 

will precipitate out 0 (Al2  Cu) and S (Al2CuMg) from the primary 

solid solution# Alloy a on the other hand behaves as quasi-

binary system precipitating out only the S (AI2CuMg) phase. 

Theoretically, the quasi-binary system should have equi-atomiO 

ratio of Copper & Magnesium which works out to be a weight ratio 

of 2.81:1, )however, It has been observed that to supress the 

precipitation of 6 from the ternary solid solution during 

normally encountered rates of cooling, it is necessary to add 

excess of Magnesium and It has been estimated that the required 

weight ratio of Copper sMagnesium should be 2.2 t 1 it the system 

is to behave as quasi- binary, 

2, 2,2  Hat. r.atmn , 

Initial solution treatment was carried out for at least 

48 hours at 52Q C for the binary. , l-Cu alloys and at 50&C for 

the ternary Al ::u• 4g alloys. ' The solution-treated specimens 

were quenched in (1) water at(20" 1)'4 or (2) oil at (20 t 1) C. 

For carrying out quench ageing$  the specimens after being solution' 

treated, were transferred directly into an oil bath maintained at 

the temperature of ageing#  In all cases microscopic examination 

of as quenched specimens revealed complete absence of sepond 
phase. 

The solution treated$  quenched specimens were aged at 

130'C, 15090, 1?0'C and 19O•G! Within 5 minutes of quenching, 

the specimens were subjected to ageing treatment. It has been 
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shown by previous workers that the beat treatment does not result 

in loss of either Copper (33) or Magnesium (75), 

22.3 hardness Measuz sw 

Hardness values were determined on Vickers Hardness tester 

with 5kg load. Two specimens were taken out at the and of each 

ageing period and 3 hardness values were determined on each 

specimen. Average of a set of 6 readings was taken for plotting 

each point on the ageing curves, 

2,2,4 Raslstl1 tz Meas~treteex t 

The purpose of resistivity measurements was to estimate 

the quenched-in vacancy concentration in the binary and ternary 

alloys at different rates. After giving the initial annealing 

and solution-treatment for prolonged periods, final solution• 

treatment was carried out for 2 Bra► at appropriate temperature. 

The wire specimens were wound on dummy hardness-specimens and 

then solution-treated. This procedure was adopted to ensure 

that the vacancy concentration produced in the wire specimen 

and the hardness specimen was same under similar conditions of 

quenching. Resistivity measurement was also carried out on a set 

of Are specimens which were air-cooled after homogenization . 

The hardness values of air-cooled specimens and the corresponding 

aamquenoh specimens were nearly the same. Also, microscopic 

examination of air-cooled specimens revealed complete absence of 

second phase. These two observations establish the fact that in 
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the air ooled specimens all the solute stems are in solid solution 

and neither the zones nor the intermediate phases have precipitated 

during air-cooling. All resistivity measurements were carried out 

at 0°C with help of Baja) Vernier potentiometer (VP»1 type). 

2.3 

2.3.1 	~LMr 	ur~irrliii 	~~ 

As quenohed hardness values are given in Table 2*2 

Table 2 

20°C after solution tre tm ent rr.rr.rpr.rMrwr.nrrrrr~rr~r.rrrr. r+rr 

	

-3,6% Cu(binary) I 	51 
Alloy 1 	63 

Alloy 2 	1 	68 

Alloy 3 	1 	72 

The hardness values of specimens quenched in oil at 

20°C and oil at appropriate ageing temperatures were slightly 

lower (by 2 to 3 VPN) than the values given in Table 2.2. 

Figures 2,1 to 2»12 are the ageing curves for the ternary 

alloys. It was observed that alloys 1 and 2 showed three stage 

hardening curve at 130°C. Rest of the ageing curves were two 

stags ones,. Stages of hardening have been determined by number 
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of plateaux observed. An ageing curve With a single plateau is 

the one that ages in two stages. Three stage ageing curve on 

the other hand consist$ of taro plateaux. The first rise namely 

from the quenched hardness to the 'flat' hardness of the plateaux 

was observed to be extremely rapid, the time required being less 

than 3 minutes. The flat hardness might have been achieved during 

the process of heating to ageing temperature from room temperature. 

It may also be observed that 'flat' hardness value rains unaltered 

when rate of quenching is changed. 

It may be noted from Figure 2,1 to 2.12 that, for a given 

alloy*  at a particular ageing temperatur. the time taken to 

attain peak-hardness is minimum for water-quenching and maximum 

for quenahh-ageing and intermediate for oil-quenching, It can 

also be observed from these figures that the value of peak-hardness 

is higher in case of oil quenched specimens as compared with the 

water-quenched and quench-aged specimens. The latter two rates 

of quenching more or less result in the same value of peak-
hard.nesa. 

Figures 2013 and 2.14 have been drawn to bring out clearly 

the difference in the time required for reaching the pea4-hardness 

value with different compositions and rates of quenching. It may 

be observed from Figures 2.13 and 2.14 that the lower the Magnesium 

content in a given alloy and the lower the temperature of ageing, 

greater is the "Quench sensitivity". 
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In contrast to the above results, the binary Aluminium-

Copper alloys showed little effect of rate of quenching on 'time 

to reach peak-hardness' and the peak hardness value, There was 

only a marginal retardation in the process of ageing when water -

quenching was replaced by o l uenahing or quench-ageing. There 

was no noticeable change in the peak hardness value due to change 

in quenching rate. Uhonson (101) has reported similar observations 

on Aluminium-4.25 weight percent copper alloy aged at 150•C. 

Silcock (84) has also observed retardation in formation of 6 on 

acetone-quenching as compared with water quenching on ageing 

£l-W4% Cu alloy at 190C, 

2.3.2tesistivtv measurements r~FM 1P IY7 	 ~ Mi~~■ r wY~ M 

Table 2,3 sunarizes the results obtained With resistivity 

measurements. Resistivities of quenched samples are compared with 

the corresponding rasistivities of the air-cooled specimens* Air-

cooled specimens are identical to quenched specimens in all 

respects except with respect to vacancy concentration. The air-

cooled specimens have a vacancy concentration which is equal to 

or slightly higher than the equilibrium value at room temperature 

(84). This is because of slow rate of cooling which allows anneal-

ing out of access vacancies during the process of cooling. The 

equilibrium vacancy concentration at room temperature is smaller 

than the quenched-in vacancies by many orders,. Hence the excess 

resistivity of a quenched specimen over the corresponding air' 

Cooled specimen Is a measure of the quenched-In vacancies, 
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Different values have been reported by various workers 
(102.106) for the resistivity associated with vacancies. The 

reported values lie over a range from 1.0 x 	6  ohm* cm/atomic 

percent to 1.8 z 10 ohm, am/atomic percent of vacancies. In 
the present work, a value of 1.5 x 10 ohm, cm,/atomic percent has 

been adopted In confirmity with Bradshaw and Pearson (107). 

ternary a110 g 

Allay 	Type of quenching Af ( Pquenched- Pair- Vacancy 
cooled (micro ohm. cm) concentration 

A1-3.5%Cu 	Water- quenched 3.9 x 10 2.6 x 10 
Oil-quenched 3.5 

4.3 
x 10 2,3 x 10 

Quenched to 130• 3„4 x x63  2.3 x 10 
Quenched to 150°C 3.5 x 103  3.3 x 10 
Quenched to 170•C 3.4 x 10 2.3 x 

4. 
108  

Quenched to 1900C 3.3 x 103  2.3 x 10fl  

Alloy 1 	Water-quenched 3.023 x 101  2.016 x 10 
Oil quenched 1.886 x 101  1.324 x 10 
Quenched to 130'C 8,02 x 102  5.34 u 10 
Quenched to 2$ 00 1.93 x 102  4«82 x It 
Quenched to 170•C 5,83 x 102  3.89 x 10 
Quenched to 190*C 5.63 x 10 3.73 x 10 

• Tgb1e continued. 



Alley 	Type of quenching tf  (Pquenched- Pair- Vacancy 
cooled (micro ohm. cam) conoentratio3 

Alloy 2 	Water-quenched 3*267 x 10 2.171 x 10 
Oil-quenched 2.388 x 3.0 1.892 x 1033  
Quenched to 130*C 8„32 x 152  6065 x 10 
Quenched to 150410 7,25 25 x 1O2  4.83 K 1Q 
Quenched to 170'C 6,07 x 10 4906 x 10 
Quenched to 190•C B,12 z 102  -4 3.41 z 10 

3.530 x 101  3  Alloy 3 	Water*quenahed 2.373 x 10 
Oil-quenched 2.$07 x 	.til  1.671 x 10 
Quenahod . to 1300  C 8*57 x 10 5.71 x 10 
Quenched to 150*0 7»36 x 112  4.91 x 10 
Quenched to 170'C 6.19 x 1©2  4.13 x 10` 
QtLenahed to 1800  C 4.81 x 102  3.21 x 10 

From Table 2.3, it may be observed that; 

(1) For all ternary alloys under study,#  the vacancy concentration 
produced as a result of water and oil-quenching is distinctly 
higher C' 10 ) as compared with those produced by quenching 
to ageing temperature t `" 1t ). There is only a marginal 

change in vacancy concentration as a result of changing the 
tonperature of quench-ageing. 



(2) Binary alloy (Al-3,5% Cu) has quenohed.in vacancy con.oentrat-
ions which are uniformely of the order of 10 . '- #arse  
smaller than the corresponding Values of the ternary alloys 

by one to two orders of magnitude. Also, the variations 

that are produced in the qu nched-in vacancy concentration,, 

due to changes in quenching rate, is very small for the 

binary alloy as compared with h the ternary alloys. 

(3) In case of the ternary alloys$  the variation in quenched-in 
vacancy concentration, that is produced in a given alloy as 

a result of changes in quenching rate, is more pronounced as 
compared with the changes produced in vacancy concentration 

due to change In Magnesium content for a given rate of 
quenching. 

2►4 

2,4.1 3truotural  

3ilcook (76) has made an extensive study on the structures 

that appear at various stages of ageing of the ternary £lumiaium. 

CopperMagnesium alloys. In the range of ageing temperature under 

consideration, it has been shown that for the quasi-binary alloys  
ageing proceeds with formation of (a) GMP.8# Zones, (a) Intermediate 

phase 8 and (a) Equilibrium precipitate S ( GuMg) . However 

some workers are of theoppnion that there, is no distinct phase 

like 8' (79-82),, It is further contended that S' and S differ from 
each other only in morphology,.,. 
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on the other hand for those alloys which contain excess 
of co; per than that required for the quasi -binary system (i.e. 

Copper#Magnesium greater than 2.2x1), ageing proceeds with 
simultaneous formation of zones and phases associated with binary 
Al-Cu system end quasi-binary A1-Cu-Mg system viz, G.P. Cl), G.P. 
(2), Oind e and G.P.B. (2), S' and Si  

The essential difference in the structure of specimens 
Quenched at various rates is with respect to the concentration 
of vacancies. In all the quenched specimens, there are excess 
number of vacancies than the one produced at the ageing temperature 
under equilibrium conditions. If the rate of quenching is extreme-
ly fast, then the concentration of retained thermal vacancies is 
the one that is produced at the temperature of solution treatment. 
For slower rates of quenching, the vacancy concentration will 
correspond to a temperature intermediate between that of solution 
treatment and agoing. Rate of quenching is fastest for water-
quenchinga  intermediate for oil-quenching and slowest for 
quenching-ageing, 

2.4.2 !Flat R+ dnesi 

It Is known that vacancies act as potential sites for 
formation or zones(97). Hence the rate of quenching to start 
with will affect the nucleation of zones. Also the diffusion 
rates, being Influenced by vacancies, will vary with rate of 
quenching s  and alter the rate of growth of zones, The combined 
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effect of higher nucleation rate and higher growth rate should 

then be faster rate of zone formation with increasing severity 

of quench., In other words the initial rate of hardening should be 

a function of rate of quenching. Such effects have been reported 

by earlier workers (108). However, in the present irk, the 

temperature of ageing was such that the initial raise in hardness 

was so rapid that differences in rates of hardening for various 

quenching rates could not be evaluated. 

The fact that the 'flat' hardness is Independent of rate 

of quenching can be explained as follows. The 'flat' hardness 
is due to the hardening effect of zones* Zones are those regions 

which are different from matrix only with respect to solute 

concentration and not the lattice. Thus zones are fully coherent 

with the matrix (109). 

Since the zones are fully -coherent with matrix, the 

elastic energy associated with individual zones increases with 
size (25,26). However, the total strain energy per unit volume of 

matrix (and hence the extent of hardening ) 411 remain unaltered 

with change in the size of the zones provided the volume fraction 

of zones remains constant-. It has been established that the volume 

of solute that migrates to form clusters and zones attains a 

constant value by the time the initial raise in hardness is 

completed and thereafter there is only further growth of some of 

the zones at the expense of others by a process of migration of 

clusters of solute atoms (110) 
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Thus the factor which decides the value of $flat' hardness 

is this voluas fraction of solute that gets migrated to zones- a 

quantity determined by metastable phase boundary (17,1 111-114) for 

the zones under consideration. .lienee forgiven alloy the 'flat' 

hardness value depends only on the ageing temperature and is 

independent of rate of quenching. 

As pointed out eerier*  in contrast to binary Al -Cu alloys, 

the rate of quenching plays a distinct role in altering the time 

required for attaining peal-hardneas. In case of ternary Al' Cit- tg 

alloys o  vacancies play a definite role in precipitation of 

Intermediate phase by accelerating the process, 

The alloy that is quenched. from the temperature of 
homogenization is essentially a defective one with respect to 

structure and contains excessively large number of vacancies as 

compared with the equilibrium number of vacancies at the 

temperature of ageing (10,56,83). Due to the process of 

homogenization at a temperature %, the concentration of vacancies 

that is produced is given by the equation (116) 

C 	exp• l u/ 	 •l 

where C a vacancy concentration 

u * Internal energy associated with a vacancy 
k • Uoltzmnn constant 

and 	TH* Temperature of homogenization (in O1c) 
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7Z a above equation by Cottrell can be rewritten as suggested 

by Bradshaw and Pearson (107,106) c" 

C a A exp * (-Zf/k TH) 	 (2. 2) 

where A a i ntroopy factor 
and 	If* Activation energy for vacancy formation 

For different rates of quenching„ the concentration of 

qu.nohed- ►n vacancies is different duo to the fact that the 

vacancies are annihilated continuously during the process of 

quenching. So, slower the rate of quenching$  greater is the 

extent of annihilation during quenching„ Or$  for different 

rates of quenching there are different effective temperatures of 

homogenisation. Hence$  

C = A ezp. 4+f/k +ij 	 (2,3) 

where 	n Effective temperature of homogenization. 

Equation (2.3) is the modified equation that is applicable 

to a set of alloys quenched at different rates. Uovever, it has 

been well established that the quenched-in vacancies are not 
retained as single unessooiated vacancies unless the concentration 

is very small (117) For all cases of high vacancy concentration 
(which #& tutu 1,, a 	s 	4"Widerct%ie& SeebMsiais) 

there is formation of vacancy clusters. The vacancy clusters, 
so formed are unstable and tend to collapse into dislocation 

loops. The collapse of discs of aggre$ates of vacancies into 

dislocation loops ha'e been observed in pure metals like Au (118-120) 
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Cu (121) , *1 (122»126) and Aluminium alloys (86196 $ 117 1 126-129)o 

Severs]. msohanisns have been proposed (89 91) to explain the 

collapse of discs of vacancies to form loops* Vacancy clusters 

are also known to form voids (92,93). 

Thore is yet a second process by which a part of the 
s usnohed-in vacancies is cons umed., namely absorption of vacancies 
by edge and screw dislocations. An edge dislocation absorbs 
vacancies by a process of climb, the detailed mechanism for which 
has been derived by Scits. (94). $crew dislocations absorb 
vacancies and in t* process$  gat converted to helical dislocations. 
Such helical dislocations have been observed In flourite crystals 
(13), Germanium (131) and Aluminium alloys (50,127,129,132* 133) 
and the mechanism of the process has been developed by Cottrell(95). 

In addition to two modes of consumption of quenched»in 
vacancies discussed above, another point to be taken into 
consideration Is the existence of strong binding force between 
the vacancies and solute atoms leading to formation of solute 
atom-vacancy pairs.. in the light of the tact that such strong 
interactions have been postulated afl reported for Cu etom-vaoancy 
pairs (94, 11©,129) and Mg atom.vacanoy pairs (72,86,88, 108,134) 
in the respective Aluminium base alloys, it is reasonable to 
expect that a considerable fraction of the vacancies will be in 
the associated form (i.e. in the torn of pairs) In the alloys 
under consideration. Zones and clusters are also known to act as 
traps for vacancies (110,135-137). These trapped vacancies 
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account for the "Slow reaction" observed during resistivity 

Measurea*nts lade during the process of ageing (138). 

Thus the trapped thermal vaoencies in the as quenched alloys 
is essentially distributed in the following four conditions: 

(i) Vacancies in unassooieted form 
(ii) Vacancies in the bound eondition~'those Which have been 

trapped by solute atoms or zones/clusters. 

(iii) Vacancies which have collapsed into prismatic dislocation 
loops and voids. 

(iv) Vacancies which have migrated to existing dislocations. 

The effect of vacancies distributed in One or more of the 
above conditions on precipitation of intermed;,ate phase can be 

considered after the comparative vacancy concentration in the 

binary and ternary alloy is estimated 

The value of activation energy for formation of vacancies 
(Ef) in AlCu system can be taken to be (139) 0.76 eV. Different 
values of the binding energy between Magnesium atom and vacancy 

(Eb Mag-Vac) have been reported by various authors from 0#20 eV 
to 0.54 .V,, the latest one being 0.36 eV, Taking the last value 
to be corrects Sy in AI.CCu«Mg alloy works out to 0..40 eV (0.76- 
0.36) on the basic of arguments put forward by Lomer (140). 

As a result # as compared with binary Abrar alloys the 

vacancy concentration in the ternary alloys will be higher by 
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a factor of 7 (s. batituting the values of H f  for Al-Cu and Al "Cu-*g 

in equation 2.3) under similar homogenization conditions. On the 

other hand the solute concentration (measured in terms of atomic 

concentration) increases by a factor of 1.4 only, 

Hence the vacancy concentration at the homogenisation 

temperature is increased by a much larger factor than the increase 

In concentration of the solute atoms. As a result the concentrat* 

ion of unassociated vacancies at the temperature of homogenization 

is higher in the ternary alloy as compared with binary alloys 

and this leads to higher "quench-sensitivity" of the ternary alloys 

as compared with the binary alloys$  the relevant discussions for 

which follow. 

The results reported by Thomas (129) that the t4agneSium 
content required to suppress the formation of dislocation loops 

(which are generated by collapse of clusters of unassociated 

vacancies as discussed above) is higher as compared with copper 

in the respective bina r alloys ir(spite of the fact that the 

Mg-.vacancy binding is much stronger than Cu•Vacancy pair (133), 

also eupports the arguments put forward in the paragraph above.* 

The fact that the solute diffusion coefficient of Magnesium 

in Aluminium is higher that of copper in Aluminium at a given 

homogenization temperature as reported by Mehl (141). Buckle (142) 

and Beerwald (43) also strongly supports the arguments extended 
aboveo 
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possibility of existence of such a group of vacancies Is 

limited to binary alloy due to weak interaction between Cu' 

vacancy pair compared to Mgiuvaoancy pair. Panseri et1al (88) 

have observed that in Al-Mg alloys.* 0.13 atomic % of Magnesium 

is sufficient to bind the free vacancies at room temperature. 

Hence for all practical purpose it can be assumed that the 

ternary alloy is d4*o of unassociated vacancies. Even in 

the binary alloys, the unassociated vacancies *z5i not likely to 

affect the precipitation of intermediate phase since such 

vacancies are known to anneal out very fast and hence will get 

annihilated even before nucleation of 6' takes place. }However, 

presence of unassociated vacancies and their subsequent 

annealing out process can lead to acceleration in formation 

of zones which are forerunners of intermediate phase. But 

taking into account the fact that 'time to reach peak-hardness' 

(associated with intermediate phase) is at least one to two 
orders higher than the time to attain platue (associated with 
sones) $, the contribution of unassociated vacancies should 
only be marginal towards the process of growth or 6'. 

bjpair fprma  tions Such vacancies have considerably lower 

mobility er~d can hardly contribute to diffusion at room 
temperature. however at elevated temperatures of egaing, the 

trapped vacancies get released and can then contribute to 



diffusion. The ease with which the pairs get broken depends 
on the value of Bb (solute atom-vacancy):/'higher a the value 

of %# higher is the temperature and time required for release 

of the trapped vacancies and their subsequent annihilation* 

Thus it is reasonable to expect that in the ternary alloys 

(where. Mg atom- vacancy pair exists) the trapped vacancies Will 
require higher temperature for getting released and will be 

retained for a longer time at any given temperature of ageing 

as compared with the binary sll*y (where comparatively weaker 
Cu atom-vacancy pair exists). Thus in the former case there 

is core probability for the liberated vacancies to be available 

for aiding the growth of intermediate phases (after nucleation 

has taken place) than the latter, Panseri ettl (88) have 

observed that the Mg atom vacancy pairs are broken in the 

temperature range $O-120°C in A141g alloys and the annealing 

out of such liberated vacancies takes place over a duration of 
100 min rtes, 

Iii) Vaoanoi 4tst.ra that have condensed to form dLslocatiozA  
,00Ds  nd voi,d, ss  Conversion of a fraction of vacancies into 

dislocation loops and viods is of great significance while 

considering the precipitation of intermediate phases. These 

dislocation loops and voids are permanent defects which have 

little chance of annihilation during the initial stages of 

precipitation when nucleation: of intermediate phase Slakes 

place* The loops also get stabilized diet to locking by solute 



atmospheres (129). The imperfections (dislocation loops and 

viods) have been shown to be potential sites for precipitation 

(4O,96,14•l47). Thus vs arrive at * conclusion that the 

vacancies which are present as single units (in the unassoaiat-. 

ed or associated form with solute atoms), can only marginally 

reduce the time to reach peak- ardness (associated with 

intermediate phase). But the same vacancies, when present 

as dislocation loops and ° Cads,, can substantially alter the 

nucleation rate of intermediate phase due to creation of 
potential sites# 

These potential sites are created only if there are 

sufficient number of unassociated vacancies which, in turn*  
are ** favoured. by U) Lower solute concentrations  (ii) digher 

homogenization temperature and (iii) #igher quenching rate„ 

However, Thomas and Whelan (1332) have observed that even 

sevare quenching of A1-4$ Cu alloy does not produce dislocation 
loops and essentially results in the formation of helical 

dislocations. Hence the binary alloy under consideration can 

be thought to be free of dislocation loops*  On the other 

hand the observation made by Thomas (129) that to suppress 

the formation of dislocation loops in Al-Mg alloy the percent-

age of Magnesium required is 8 atomic % suggests that the 

ternary alloys will contain dislocation loops the density of 

which for a given alloy will be determined by fraction of 

unassooiatad vacancies available during the process of quenching-

a factor governed by rate of quenching;. 
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Migration of vacancies to sinks like dislocation line and 

screw dislocation leads to climb of dislocation and formation 

of helical dislocations as already discussed. The condition 

favourable for such a process is the one in which the unassoeia' 

ed vacancy concentration is not large enough to for secondary 

defeats.(i.s. dislocation loops and viods)« Such a condition 

seems to have been satisfied in the binary alloy under consider-

ation as revealedr`the observations made by Thomas and Whelan 

(133), The process is favoured by (i)ower temperature of 

hangeniration (ii) tigher solute concentration and (ii) Lower 

quenching rate. It should however be clearly understood that 

migration of vacancies to existing dislocations does not lead 

to formation of additional potential sites* The vacancies -so 

trapped are also lost as far'the growth of either the zones or 

intermediate phases are concerned, 

• t . • 	' ! 	~. • 	1M '.l t 	• 	• 	• Y 	.1~ 	t 	r 

• i 
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It has been reported by Hardy (14 3) that addition of 
In and Sn (which are known to form strong pairs with vacancies) 

in quantities of the order of 0.05%, to ,A1-Cu a13078 contain-
ing 2.5 to 4.8% Cu, accelerates the process of ageing and 

reduces the time to reach peak hardness when aged at 114•C 

This observation is in agreement with present results. 

Froz figs. 9*13 and 0.14 it is clear that the "Quench-

sensitivity" of the ternary alloys decreases with increase in 
Magnesium content, Such a behaviour is to be expected since the 

value of Ef remains practically constant with increase in solute 

content (149). As a result the vacancy concentration produced at 

the temperature of homogenization is practicallyLeane for all the 
3 alloys. However, with Increasing Magnesium content, more number 
of vacancies Ret entrapped by Magnesium atoms# This leads to 

steady decrease in the fraction of unassociated vacancies at 

temperature of homogenization, As a result, the 1quencb-
sensitivity" decrease sine* it is the presence or unassociated 

Vacancies which ~&a responsible for creation of potential sites. 

Prom figs, 2,13 and 2,14 it may be observed that 'QUench- 
sensitivity' decreases as the temperature of ageing is 1ncreassd  
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This behaviour Can b+  attributed to two reasonsa 

(i) 	With increase in ageing temperatures  the Mg atom-vaasncy 
pairs are broken and the vacancies so created got annihilat-

ad in shorter duration due to which the available vacancies 

for growth of the intermediate phase decreases steadily. 

In other words the 'Quenrhwsemsitivity' that is dependent on 

associated vacancies is lost as ageing temperature is 
raised, 

' (ii) The dislocation loops that have been formed as a result of 

collapse o.f unassociated vacancies are also likely to anneal 

out partially as the temperature of ageing is increased. 

Thomas (129) has observed that under the influence of heat 

generated by the electron beam in an electron microscope, 

the dislocation loops start gliding and may ultimately be 

lost. Due to this effect, the quenohhmsensitivity of the 

ternary alloys is prone to diminish when ageing temperature 

is increased*  

In addition to the potential sites that are created 

as a result of collapse of vacancy clusters, there are two more modes 

of formation of dislocations dependent on quenching rate, They 
are: 

(i) 	Dislocations created as a result of plastic deformation due 

to quenohistresses.: 
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(ii) Dislocations created as a result of ani otropio elastic 

and plastic properties of single crystals (154). 

It is reasonable to expect that the contribution by the 

two factors is only marginal. The 'Quench-sensitivity' due Cot&c 

former depends on (i) -thermal conductivity and (ii) coefficient 

of thermal expansion and that due to atter depends on anisotropy 

of single crystals. To a first approximation, these factors can 

be taken to be of the same magnitude,  in both the binary and 

ternary alloys and hence affecting ' Quenohwsensitivity' to the 

same extent in both the alloys. 

2,4.6 ' " jigd4 ! 

The results suggest that there is an optimum rate of 

quenching for attaining maximum peak hardness on ageing the 
ternary Al-CU-Mg alloys, 

Creation of dislocation loops as a result of collapse of 
discs of vacancies (that has been discussed in the previous 

section) has a profound effect on the kinetics of precipitation 

of Bend 8' which are assootated with peer in the hardness 
curves. 

The dislocation loops have a double role to play$  
namely; 

(i) To oreats -ef potential sites for precipitation off' 
intermediate phase 

(ii) To act as sinks for the vacancies that are unassociated 



or have been liberated from the associated condition 

(associated with solute atoms or zoneafolusters). 

The former factor affects nucleation rate and helps the 

process of nucleation, The latter factor alters the number of 

Jumps that the vacancies can manta before getting annihilated 

and hence reduce* growth rate with time i.e. the effectiveness 

of vacancies as growth promoters gets reduced. If Lrate of 

nucleation and that of growth are symbolized by letter N and 0 

respect tv.+. .y, then the rate of precipitation can be written as 

r M f(N) x g(G) 

where r is rate of precipitation of intermediate phase and f (N) 

and g (0) are functions of rate of nucleation and rate of growth 

respectively. The fact that time to reach peak-hardness is 

maximum for quench ageing and minimum for water quenching with. 

oil quenching lying at an intermediate value establishes the 

point that the product of the two functions listed above increases 

with increase in concentration of the vacancies created at the 

effective temperature of homogenisation* This is to be expected 

because the vacancies that are lost for the growth factor (0) 

are available for nucleation rector (N) thus there is no 
effective lose of vacancies during the process of quenching as 

far as the overall picture of precipitation of intermediate 

phase is concerned.. (However, the above discussion does not 

take into account the variation in dislocation density in 

quenched condition due to changes in thermal strains. If these 
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dislocations are also taken into account, the result will be 

enhanced 'Quench-sansitivity'~.. 

Although the product f (ii) x g(G) increases in accordance 
with severity of quenching, the individual factors N and 3 behave 
differently because; 

(a) Dislocation loops are, formed only when the concentration 
unassociated vacancies at the temperature of homogenization 
is above a critical values 

(b) Only a small fraction of total available excess vacancies 
take part in dislocation loop formation. and 

(c) A dislocation loop that is formed acts as a powerful sinks 
for other vacancies: 

As a result, the growth factor (0) will pass through minimum with 

increasing rate of quenching, The fact that the growth rate 

passes through a minima has been observed by Panseri and Fedlighi 

(5*)in Al-Zn alloys with increasing homogenization temperature 

(which is equivalent to increase in quenching rate as far as 
vaosnoies are concerne42. 

When G passes through a mini4 the ratio i/G passes through 

a maxi . The ratio N/0 has a profound effect on the size distribut-

ion of platelets of intermediate phase as explained belows 

The process of precipitation of intermediate phase# is 

one of nucleation and growth, The process of nucleation of 

intermediate phase has to overcome nucleation barrier hence it 
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is reasonable to expect that the nucleation of particles takes 

place over a period of time, Taking into consideration that 

fact ,the, nucleation of 8' and & takes place after redissolution 
of G.P. zones and (}.P..3. zones (whiob results in creation of 
regions of supersaturation) and since redissolutiun of zones is 
not instantaneous but spread over a period of time (starting 
from just before the end of plateau associated with zone and 

continuing to practically just before reaching the peak), it is 
certain that nucleation takes place over a period of. time. Since 
nucleation of particles of B' and B' is spread over time and then 

the growth of the particles takes place by diffusions the particle 

size available at any instant will be spread over a range of sizes. 

The spectrins of the size of plat lets will strongly depend on the 
relative values of nucleation rate a u growth rate i.e. NIG ratio. 

When N/G passes through a iaazimum, the spectrum will have She 

narrowest range.. Under such conditions, thea particles that are 
nucleated earlier do not grow up~o sufficient site before other 
platelets are nucleated, Due to availability of larger number of 
potential sites, the nucleation of the platelets from the 
supersaturated solid solution (created as a result of redissolution 

of zones) is facilitated and the time for transition (covering 
the period of redissolution of zones and precipitation of 5or BI ) 

is minimized. Both these factors favour the process of narrowing 

down of spectrum of particle size observed at any given time of 

precipitation, 
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Peak-hardness in the ageing curve corresponds to a 
situation wherein softening process has come into operation due 

to loss of full coherency in some of the platelets of intermediate 

phase that have crossed the critical size upfto which coherency 

can be maintained (151) . 

Viewed from strengthening effects the total volume 

fraction of the solute that has precipitated out, can be divided 
into four categories 

U) 	Solute in the form of zones, 

(ii) Solute that is in transient state t.e, the solute which has 

gone back into matrix due to redissolution of zones but 

which Is yet to precipitate out into intermediate phase# 

(iii) Solute that is contained in the platelets of intermediate 

phase which are fully coherent with the matrix a%d 

(iv) Solute that is contained In the platelets of intermediate 

phase which are in various degrees of partial coherency 

with the matrix depending on the individual size of the 
platelets. 

Of the various categories listed above, it I.s volume 
fraction of solute atoms In category' (iii) which isAmost effective 

strengthener. Compared with zones,, the fully coherent Intermediate 

phase isib.tter strength4 forame volume fraction since the 

coherency strain developed by intermediate phase is far higher 

than the zones because crystal lattice of intermediate phase is 

distinctly different from that of matrix whereas the zones 



maintain continuity of lattice with the matrix. The solute atoms 
aU.a. 

in the transition state hawAeast hardening effect because the 
volume fraction in transition state is equivalent to as-quenched 

alloy which is softest as compared with any other state during 

the process of ageing (except as compared with annealed material 
that is highly over aged). Hence maximum peak-hardness will be 
obtained in a condition when maximum volume fraction of the solute 

atoms 	in condition (iii) and minimum under condition (iv) and 

(11)+ This is precisely the condition that is satisfied by II/G 
maxima as discussed below. 

When T1/d is maximum the volume fraction of solute atom in 
the transition condition is minimum because the dissolved solute 
atoms readily find nucleation sites for precipitation. Maxima in 
N/4 leads to narrow spectrum In size of platelets. hence the 
transition from full coker&ncy to partial coherency gets delayed. 

In other words the volume fraction of intermediate phase under 
condition of full coherency (which istiquantity decided by the 
difference between integrated value of rate of formation from 

zones and rate of ,;rowth beyond the critical size into partial 
coherency) is maximum when fl/ v is maximum Tho observation 
(as evident from figs.,, 2.1 to 2*l2 ) that rate of softening after 
peak is me mum in case of oil-quenched s eciman as compared with 
water-quenched and quench-aged specimen is En evidence ww~ieh 
strongly supports the su ,estion that ht ve been t ut forward. 
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From Table E.3 it is evident that whereas in ternary alloys 

different rates of quenching result in appreciable variation in 

vacancy concentration, in - binary alloys there is hardly any precept.* 

able change in quenched.-in vacancy concentration due to variation 

in ,rate of quenching. This explains the "Quenoh-sensitivity" of 

ternary alloys in contrast to bins y alloys. 

The fact that Beater the rate of quenching, higher is the 

quenched. in vacancy concentration explains the observation that 

faster the rate of quenching$ shorter is the time required to 
reach peak-hardneaa,. 

The quenched-in vacancy concentration estimated on the basis 

of resistivity data, can further be analysed in the light of 

observations made by various workers (118,119,129,132) regarding 

the minimum vacancy concentration that is required for producing 

secondary defeote of permanent nature like dislocation loops,* 
This minimum vacancy concentration that Is required is a 

function of (a) the matrix (1.e,. the metal) under consideration 

and 'b) the solute Concentration. For example Hirsch et l (118) 



sheeted that the initial concentration of vacancies 

ed to produce dislocation loops In Aluminium should be  

order of 10 whereas Silcox and Hirsch have estimated 

xnehed-in vacancy concentration of the order of 6 x 1Q 

ricient to cause formation of such secondary defects in 

Thomas (129) and Thomas and Whelan (132) have sad* 

r observation in quenched £l-CI 

sat compositions.  

Coo p wring the reported. values 

alloys of 

required quench .- 

ancies for formation of secondary defects in the binary and 

it alloys u .ov consideration with those estimated in 

t investigation, it may be noted that;. 

In the binary alloy no secondary defect can be fonnied 

from the quench .-in vacancies by any one of the quenching 

rate under study,. 

In all the ternary alloys,, the quenched-in vacancy aonoentr 

ion in quench-aged condition Is too small to result in 
secondary decocts 

In all the ternary alloys, the quenched-in vacancy 

concentration In oil-quenched specimens is just a little 

higher than the minlim required for formation of secondary 
def ects~, 

In all the ternary alloys, the quenched-in vacancy 

concentration in water-rquencI ed specimen i s much higher 
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(by a factor of about two) than the one required for 

formation of secondary defects* 

It may be noted that the conclusions arrived at are in 

agreement with the postulates extended to explain the 

"optimization of quenching rate" for attaining maximum peak-

hardness. Thus the resistivity data lend# strong support to the 

explanation that has been extended to explain the relationship 

between peak—hardness value and rate of quenching. 

The rate of quenching from the temperature of solution 

treatment has noticeable effect on the subsequent ageing 

characteristics of ternary Al.Cu-Mg alloys* This is in contrast 

to the ageing characteristics of binary MlOu alloys for which 

rate of quenching does not play any significant role. It has been 
observed that 

1) Faster the rate of quenching, shorter is the time required 

to reach peak4inr+ news 

2) For a given alloy,, the lower the temperature of ageing, 

greater is the ' Quenohusensitivity' 0 
3) For a given temperature of ageing#  the lower the Mg content 

of an alloy, higher is the ' (uenoh-sensitivity' 
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4) 	'Flat' hardneae associated with first stage of hardening 

is independent of rate of quenching 

5) 	There is an optimum rate of quenching$ corresponding to 

which the peek-hardness value Is meximum Optimization 

of quenching rata can form the basis of Improved 

beat-treatment schedule for these alloys. 



It has been reported by previous workers (33,63) that 

some extent of softening is observed before setting in of the 

usual hardening process when ageing is carried out on the Al-Cu 

and Al-Mg precipitation hardening alloy's. The possible reason 

for the initial softening has been suggested as relief of thermal 

strain. No detalied experimental evidence in support of this 

postulate has been reportedaafar4 

Present work was undertaken to make a systematic study of 

initial softening in certain 1l '.CU and A14 4g alloys. It was 

proposed to study the phenomenon, of initial softening as a 

function of solute concentration, quenching medium, and 

temperature of ageing, Hardness measurements were carried out 

to follow the process of softening and relief of thermal strain 

was studied by analysing )(moray line profile.,, 

3*2 

3.2.1 Ustation o A ?ovi 

.din Al-Cu and Al g alloys were prepared from high 

purity Aluminium (99..9%), Copper (99.92) and Magnesium (99.32%) 

as described in Chapter-Il.. Al]. the specimens were disc shaped 
(20 mm dia x 8mm thick)*, 

M 

The nominal compositions of six binary Al-Cu alloys were 

from Al.»3% Cu to Al-4,5% Gu at intervals of 0.6% Cu. The actual 



composition varied from the nominal Within the limit$ of 

0r©$%• 

The nominal compositionsot binay Aldig alloys were A3'6% 

Mg, Al-8% Mg and £ll0% Mg. The actual composition varied from 

the nominal within the limits of t, 0.1%. 

3.2„ 2 H, e„at Trp~atmei.t 

initial solution treatment was carried out for at least 
48 hours at 520'C for all the A1-Cu alloys except Al-4,,5% Cu 

which was solution treated at Sia*C. Al-tag alloys wore solution 

treated at 	*C,. The solution treated specimens wore quenched 

in (1) water at (20 2)C it (2) brine water at 0C, Microscopic 

examination of as quenched specimens revealed the complete 

dissolution of the second phase into the parent phase. 

The solution treated, quenched specimens were aged at 

110909 130•C 15O+ C, 3+700C,, 190*C and 2l0*C for the binary A3.Cu 

alloys and 200aC, 250•C and 300C for the A1 41g alloys. Within 

5 minutes of quenching, the specimens were put for ageing treat-

aent. It has been shown by previous workers that heat treatment 

does not result in loss of either Copper (33) or Magnesium (75). 

3.2«3 

Hardness values were determined on Vickers Hardness tester 

with 5 Kg load, Four specimens were taken out at the end of each 

ageing period and 3 hardness values were determined on each 
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specimen. Average of a set of 12 readings was taken for 
determining each hardness value on ageing. 

3,2,4  

For the purpose of X-ray studies the specimens were 
mounted on Perspex sheet after polishing them. A blank run 
with perspex sheet was carried out to ascertain that no peeks 
appear due to Perspex. The target used in the Xray tube was 
Iron. Manganese filter was used to out off K1 radiation. 
However, as no crystal monoohromotizer was usd, the radiation 
consisted of Kd.  doublet. 

YPC«5G) type )(-ray ditfraatomet.r unit was used. The 
counter was run at the rate of * per minute. Bragg angle Vs 
Intensity graph was plotted with automatic strip-chart potentio-
meter, The graph was run for 2• on either side of the peak 
position to determine the baokEround .. The half` width ( ) of 
the diffracted line was evaluated by dividing the area under the 
curve by the peak height above the background. 

Figures 3.1 and 3..2 show the quenched hardness values of 
binary Al Cu and Al-'Mg alloys with (a) water at 20'C and (b) brine 
water at O'C as quenching media*., 

In figures 3.3. to 306 are plotted the relationships between 
the extent of softening end solute concentration In binary Al-Cu 
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Degrees) 
Co2poiition 
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A1-4% Cu Brine water As-quenched (131) 0.37 
at Q•C 

N N (200) 0.46 

ri n 160 0. t (111) 0.31 

N * 4.32 
N ft 300t1 0 0.40 

N r a O.S tm (200) 0.41 
N N N ti,, " 0.34 

a " r► 2.0t 0.40 
N It 170 006 ta, (lii) 0.34  

Q30 

" 'I " 2.0 to '4 0.35 
"' N N 0*6 (200) 0a39 
q n t II 0.29 

A 1 lA 2eOtr N 0,48  
N N 190 0.5t* (IU) 0.33 

0.24 

N "' " 3«0 to " 0.35 
N. p + 045 to ( 	) 0.40 

N N N t,1 

"~ 
 N 0.27  

" " 2.0t1 " 0,36 



Composition Quenching Ageing 	Ageing Indicts of I A 
of alley 	medium I Temperaturo('C) I Time I plane of I(D.gr.es) 
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Al-3.5% Cu Brine Water As»quenohed - (111) 0.32 
at 0IP0 

" It '4 (200) 0.40 
" 150 0,5 ts* (111) 0.228 

" " '" tm 0.21 

" " " 2,0t, " 0:25 
'4 " 005 t (200) 0.32 

" to  " 0.26 
N rr goo t II 0.43 

" '4  170 8.e to  (111) 0.26 

" t tila # 0«19 
+ r, 200tm 0.34 
" '4  0.5 tm  ( 	) 0.30 

t„ 0,25 
" '4 2o0  to  0.,37 

" 190 0.6 tm (111)  

"" " " tt  " 0.14 
11 '4 2.O ta '4  0.30 
" '4 " 006 to  (200) 0.28 

to  a  028  
"' '4 2.0t'  " 0.42 
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and Al•ig alloys at various ageing temperatures. Figures 3.4 and 

3.5 compare the extent of softening in £l 44g alloys with the two 

types of quenching media. In case of binary £l 'Cu alloys the 

extent of softening with water-quench was very smalls expecially 

with lower copper contents (Cu less than 3.5%) and henoekhave 

not been plotted for comparison.. 

Table 3.1 sumarises the rssu2.t$ obtained on the XX»ray 

diffractometer. 

Al-4.6% Cu Brine Waft C £s-quenched (111) 0.41 
at 0°C 

~1 w (200) 0.52 

" " 170 0.8 ta* (111) 0.38 

«r p 2.0ta " 0.36 
ft « ft 0.5 tm (200) 0.47 

f+ 0.82 
it N 240 tM 0445 

190 0.5 tM {11) 0.36 

" " " t; " 0.81 
N tt ++ 2,0t1 " 0*37 

0.5t, (200) 0.41 
ft ft t 0.25 
$ 0 2.0t1 " 0.48 
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Al-3X On r1a* water At-squenched (111) 0,28 
at ©''C 

rr rt (200) 0.35 

130 0.6 tm ' (1l) 0.28 
" " " tI 0.20 
II n a 2,0t " 0.23 

I' n » 0.5 #u (200) 0.31 

" 0.27 

r rr x 2«4 t* " 0,37 

" " 184 0.5t (111) 0.25 
a n rr to r* 20 

'I n ri 2r0 tm n 0.31 
(200) 0.28 

N rr a t " 0.24  
'I ft rr 2.0t , r~ 0.37 

" a 170 0.6 to (111) 0«26 

" " t~ " 0«17 
ft 2,0t " 0,29 

" " " 0,.5 t~ (200) 0.27 
n tr rr t " 0.22 
H ft $ 2,0t " 0,.36 

" " 190 0.5 tt (111) 0.23 

t 0.18 
" 0.26 



Cospoaition j Quenching Ageing hgoing Indices of 
of alloy  medium  I Tempereture('C) ITime  I plane of  I (Degrees) 

1 

A1-3% Cu 	Brine water 190 0,6 tt* (200) 0.29 
at 0'C 

w  n w tM n 0.2G 

"  n " 2.0 to 

A1"2,8% Cu " As quenched (111) 0.24 
n ' n r► (200) 0.30 

• 
" " 130 005 tt (111) 0.24 

+t n ti " 0.20 
It 2,0 t~ it 0.2? 

• n 0.5 tip (200) 0.28 
" n Ir t 0. 24 
" 'r et 2.0t " 0.32 

150 0.5 tt (lU) 0.26 
ft N ' t 'v 0.1? 

" 0 a 2#oto ii 0.21 

" ft " . 0.6 tt (200) 0.2? 
• +x.24 

" '~ ' 2,0t " 0.31, 

170 0.8 to 011) 0.24 
r n n t " 0.16 
n ~► " 2.0tt " 0.23 

046 tt (200) 0.25 
ii h n t n  

0.20 

a n n 20.0fi " 0*29 



J3 
(Degrees) 

Coaposition 
of alloy 
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Al2.5 	Cu Brie* Water 190 0.6 t* (111) 0.22 
at 0•C 

a ~! n ta N 0.21 
1! I1 200 t a 0034 

of N N 0*5 to (200) 0+30 
M M N t M 0* is 

a to !o 2.0t ' 0.32 

Al-1o% mg ,A►#~ »queud i*d * (111) 0.48 
It PI R ( 00) 0.59 

" of 200 0,05 t (111) 0.43 
• !! Q N to N 0#34 

" 2#p t 

!# 
 0 0,47 

d N 006 to (200) 0.59 

" 0*51 
•" a a 2.0t of 0.81 
• " 250 005 to (111) 0.46 

1 " to " 0,37 
n 290 to 0,40 
+r !r a 0.6 to (200) 0,54 

• If tm o" 0* 41x4 
N !! K 200 t* " 0,56 

N N 0 t1 N 0039 
If ft If 2!O ta t! 050 
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Composition i Quenching I Ageing 	I Ageing I Indices of # 	P 
of alloy # medium I Temperature(C) I Time  I plane of I(Degrees) 

..I.refIctio  

A1-10% Mg Brine water 300 (200) 0,.46 
at 0'G 

n n " 2,0t " 0.83 

Al-8% Mg " Aa 	quenched - (111) 0.44 
ft n n (200) 0,53 
it a 200 0~5 tm (111) 0.34 

" '" t " 0.32 

" " '~ 2 O tm 0.41 

" " 0.5 tm (200) 0.50 

" " tm " 0.41 

À n n 2.0 t " 0.522 

250 0.5 to (111) 0.4€ 

U it n ta " 0.33  

2,0t 0.32 

(200) 0.60 
it  " ta " 0.40  

it " 2,0 tm " 0.4$ 
it 300 0#15 tt (iii) 0*48 

" " " 0.44 

" it " 2.0 to 
it it it 0.5 t* (200) 0.82 

" " it tm o' 0.37 
it it „ 2,* 0 t It 0.44 



Coaposition I Quenching i Ageing 	I Ageing j Indices of 1 0 
of alloy 	iodlua 0 Tfmparature(''C) ! Time 	plane of I(D.greas) 

Al-6$ Mg Brim vat®r 
at 0'C 

" n 

n " 

n n 

rf " 

U N 

n ft 

rt ft 

n " 

a n 

U n 

II U 

t1 1t 

n n 

U " 

0 It 

f+ n 

0 r1 

n rt 

$1 xt 

As-quenched O• (111) 0.39 

" (200) 0»45 

200 006 t~* (111) 0*29 

tin 

~► 

 " 0.23 

2,0t " 0.33 

" oils ttt (200) 0.46 

tm " 0.32 

20,0 tm " 0.39 

250 0,5 tm (111) 0.35 

" t1 " 0.27 

2110 tm "  0.33 

06 tm (200) 0.42 

" tm " 0.35 
2,*0 tm " 0.48 

300 0,5 tg (111) 0*37 

" tt " 0.29 

2*/,0 tm " 0.29 
6*5 t (200) 0.43 

0.37 
t, 2,.0 t 0.45 
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Q 	 2 	9 	1 
Compositions Quenching Ageing 	Ageing I Indices of I 
of alloy 	medium 	Temperature (•C) Time Q plane of I (Degrees) 

e c n 

A1.6% Mg Water at 20'O 260 0.5 tMO (111) 0.29 

" " " to " 0*21 
tt a 200 tm " 0*27 

" ' " 0„5 t1 (200) 0.31 

0.22  

2.0t 0*28 

n " 300 0.5 tm (111) 0.26 
A A n tm " 0.23 
" ~► " 2.0t, " 0.32 

" " '" 0.5 t (200) 0.32 

K ft t '5 0.24 
n n n 2.p tm " 0,37 

* tm - Time to reach minimum hardness,, 
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3.4.1  Quenched llardnqj  

From figures 3.1 and 3.2, it is evident that quenched 

hardnessincreases with increase In solute concentration (viz. Cu 

or Xg as the case may be). The hardness of quenched alloy is 

attributable to 

(a) Solid solution hardening; 
(b) Hardening due to lattice distortions produced by super-

saturation 

(a) 	Hardening due to lattice distortions produced as a result 
of quenching. 

in comparing the quenched hardness of alloys quenched 

under similar conditions, it is only supersaturation that alters 

the hardness value. This explains the linear Increase in as 
quenched hardness with increase in (a) % Copper and (b) % Magnesium. 

The quenahed"hardneos, with brine water at QC as the 

quenching medium, is higher than with water at 2000 as the 

quenching medium. This is true for every alloy of Al-Cu and 

Al-Mg and the difference in thews-quenched hardness values 

increases with increase in solute concentration. 

The extra hardness with brine water-quench is attributable 

to (1) digher lattice distortion due to greater severity of 

quenching) and (ii) creation of dislocation loops due to possible 
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collapse of vacancy clusters (90) created due to large number of 

trapped thermal vacancies* 

The greater effectiveness of rate of quenching to alter 
the as-quenched hardness, with increase in solute concentration 

may be attributed to the following reasons 

When the solute concentration is higher, larger number of 

solute atoms are available in the matrix and they are helpful in 

setting up lattice distortion during the process of quenching. 

3.4.2 	ent cif 3ofte4na 

From fig. 3.3, it can be observed that the extent of 

softening increases with increase in ageing temperature for Al-Cu 

alloys, The obvious reason is that, with higher ageing temperatures$  

the process of relief of thermal strain is nearer to completion. 
It is also seen from fig. 3.3 that larger the solute concentration, 

greater is the degree of softening for Al-Cu alloys. With larger 

solute concentration, larger amount of lattice distortion is 
introduced vhile quenching (as discussed already) a ►d relief of 
this distortion leads to a larger degree of softening. 

It may be observed from fig. 3.4 and 3.3 that in contrast 

to Al-Cu alloys, degree of softening decreases with increase in 

ageing temperature in the case of £l-Mg alloys« it has been 

reported (63) that in Al•Mg alloys, there Is first discontinuous 
precipitation of /3'  followed by continuous precipitation. The 



discontinuous precipitation starts at the grain boundaries (64-67) 

and then proceeds into the grains. The precipitation at the grain 

boundaries hardly contributes to any hardening and it is only 

after precipitation within the grains has taken place that increment 

in hardness results. At low temperature,, the grain boundaries at 

as potential sites for precipitation of O. However, with increasing 

ageing temperatures$  imperfections like dislocations within the 

grains also assume importance as potential sites for precipitation 

/' / of 	. 

in other words, with increasing ageing temperatures the 

process of hardening is accelerated doubly fast (i) tfue to faster 
precipitation of and (ii)due to precipitation of 	taking 

place within the grains simultaneously with precipitation at grain 

boundaries. The process of softening also gets accelerated due to 

faster rate of relief of thermal strain. It is suggested that 

hardening process Is accelerated to a greater extent than the 

softening process and hence the observed decrement in extent of 

softening with increase in ageing temperatures 

From figs. 3.4 and 3.6, it is also clear that higher the 
solute concentration, greater Is the extent of softening. The 

explanation is the some as for Al-Cu alloys. 

It is also revealed from figs. 3.4 and 3.5 that extent off` 

softening is higher for specimens quenched in brine water than 

for specimens quenched in water. Specimens quenched in brine 

water have undergone more severe quenching and hence the process 
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of relief of thermal strain is faster arid more appreciable. As 

a result the extent of softening Is greater. 

On comparing the time to reach minimum hardness between 

Al-Mg alloys specimens quenched in water (at 2000) and brine 

water at 0C it was found that the former always takes larger 

time than the latter for a given alloy at a given temperature of 

ageing. It is possible to explain the above observation in terms 

of faster rate of ageing process in latter case due to 

(i) 	Presence of strains which facilitate precipitation; 

(11) Presence of large number of thermally trapped vacancies 

which increase effective rate of difD4isioni a4wC 

(iii) Possible collapse of cluster of vacancies to form 

dislocation loops (40) or condensation of cluster of vacancies 

to form voids (93) each of which can act as potential site 

for precipitation of intermediate phase. 

It was also observed that for Al'Cu as well as Al41g alloys 

the time to reach minimum hardness at a given temperature decreased 

with Increase in solute concentration ( ;r w6'). The explanation 

lies in the fact that higher the solute concentration in the alloy, 

greater is the degree of supersaturation and higher is the result-

ing driving force for precipitation and consequently faster is the 

rate of hardening„ 



From fig. 3.30  it can be been that for each Al-Cu alloy 

there is a range of temperature only within which the initial 

softening can be observed. Estence of such temperature range 

for softening may be explained as follows 

Below the lower limmit, the slow rate of stress relief is 
overcompensated by zone formation, Hence no effective softening 

is observable, Above the upper limit, the formation of inter-

mediate phase is so fast that the softening effect is masked, 

It is also possible that softening might have occurred within 
the first five minutes when hardness values were not recorded. 

It can also be noted from fig. 3.3 that the temperature 

range of softening narrows down with increase in copper content. 

With increase in copper content there is increase in supersaturat-r 

ion and resulting increase In driving force for (a) zone formation 

and (b) precipitation of intermediate phase& Also, with increase 

in Copper content the zones appear at higher ageing temperature (36). 

The net result is raising of lover limit and lowering of upper 

limit i.e. narrowing down of temperature range of softening. 

3«4.5 AC pi Line Width 

The lite broadening (182) that takes place in X-ray 
diffraction pattern is due to (a) particle size and 

(b) microstresses. If the line broadening is due to particle 

72 



73 

Ariz* alone, then the line width j3p  is related to the effective 

particle size E , the X-ray wave lengthaand Bragg angle B by 

the equations 

'p 	Ecos 
Where K Is a constant nearly 
equal to unity 

For pure stress broadening the width j3s  is related to 

the effective strain and the Bragg angle by the equation; 

on  = ttan.6 

If both types of broade+ning are present then#  

13  a 1p + P. , or 

/3Cos 	sin 6 

In a distorted lattice,, the effective particle size E 
my be interpreted as . a measure of the volume of region In the 

wASCIA 
latttQehdiffroc'ts coherently. 

Extending the analysis of Wheeler and Jawson (163), it may 
be concluded that the line broadening obs.rV*d to the initial 

stages of hardening in Al cu and Al4 g to due to balanced Internal 

stresses rather than small. particle size. 

That is, 	tan e 

If the microstress in the same material under two 

different conditions àcre to be compared„ it is sufficient to 
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comprare the j3 values of the lines due to same set of planes. 

As Jones (184) has pointed out, that the observed line 

widths can be influenced by a number of factors other than 

particle sizr and microstrese in the specimens* Even a fully 

annealed specimen, which is relieved of all miarostresses and 

which has "infinite particle size" (i.e., particle size greater 

than 10 microns), will produce X-r.al diffracted lines of finite 

width. Henci a correction is to be made to observed .line width 

before proceeding to estimate particle size or mierostross. 

The correction to be applied Is: 

P2 a 62 b2  (aauming Gaussion distribution for the 
profile of the lines). 

where 13 is pure diffraction b1 oadening, 

8 is the observed width with given specimen, b is the 

observed width when the specimen Is in standard condition i.e. 

in the fully annealed condition. 

Yet another correction is to be applied for non-  homogeneity 

of the radiation used for X-ray diffraction iork, The K, radiation 

used consists of a doublet which causes broadening of the lines 

since in genera, the tvo components are not r bolved. necessary 
correction has been carried out on the basis of the method suggested 
by Jones (164). 



The values of A so obtained anct shown in Table-I are in 

accordance with hardness values. Initially the value of is 
large and there is sharpening when the hardness value attains a 
minimum$  followed by broadening on further ageing„ The plausible 

explanation is that the initial width 1s due to distorted lattice 

produced as a result of quenching. Subsequent broadening can be 

attributed to coherency strains developed between the matrix and 

zones or precipitating phases. 

3.8 y s 	1!LL4J RE !  
• Û 1 R 

The study of Initial ageing indicates that: 

1. There is initial softening followed by usual harden; 

2. Only within a definite range of temperature of ageing, 

initial softening can be observed; With increase in solute 

Concentration the range narrows down; 

3. The extent of softening increases with (a) severity of 

quench and (b) solute concentration j 

4, 	For Al-Cu alloys, the extent of softening increases with 

increase in ageing temperature in contrast to A]. -dig a alloys 

where the reverse is found to be true 

6• 	X-r y line profile analysis reveals an initial sharpening 

followed by the broadening of the lines. 
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Whsle? number of workers (l4? 9165-160) have observed that 
plastic deformation prior to ageing accelerates the process of 
precipitation in A]~Cu alloys, there are also reports (l6l-163) 
that plastic deformation retards the process of ageing especially 

when deformation is due to creep loading. However, it is not certain 

whether the effect of plastic deformation on precipitation is depend 

ant on type of deformation, i.e. cold working prior to ageing or 
creep. Also, since the process of precipitation in Al"Cu alloys 

aged at elevated temperatures involves two steps vi$# 

(1.) 	Precipitation of 6'from the supersaturated solid solution d 
(it) Transformation of 6

i 
to 6 (the effect of deformation on 

each one of these two steps is to be ascertained 

individually). 

The work reported in this chapter was undertaken to 

investigate the effect of prior plastic deformation over a 

range of ageing temperatures and compositions on each of the 

two steps involved in precipitation of the B phase. The 
transformations were studied with help of hardness$ resistivity 

and integrated X-ray line intensity measurements* For comparison 
purposes, additional work was also carried out on Al-Mg alloys. 

4.2.1 2epar&tionf . Allois 

77 

Binary Al•Cu and Al.*g alloys were prepared from high 



78 

purity Aluminium (99.9% pure), copper (99.92% pure) and 

Magnesium (99.36% pure) as already described. 

The cast alloys were forged, and then annealed at 350C 

for three days to ensure removal of mioroinhomogeneity and cast 

structure. Dia* shaped specimens (20 mm dia x 8 mm thick) k) were 

machined out from annealed rode for hardness and integrated Xray 
line Intensity measurements. A set of annealed rods wae rolled 

and drawn into wires for resistivity studies. The compositions of 

the binary Al--Gu and Al wMg alloys are given In Table 4,1. 

Composition of binary Aluminium alloys 

- 	Rest 

2 1.71 - 	Rest 

1 3 1.82 - 	Rest 

1 4 1098 - 	Rest 

1 5 2,5* Rest  

6 3.O ""' 	Rest 

? 3.5* Rest 

8 - 5.0w 	Rest 
90 - 8.O 	Rest 

10 - f~ * 	e 
/.© 	R st 

+' These figures denote the nominal compositions. Actual composition 
varied from the noainal 'within the limits of t 0.05%. 



79 

4,.2.2 Heat-Treatment 

Initial solution treatment was carried out for at least 

48 hours at. 520C for the binary Al"Cu and at 45000 for the 

binary A141g alloys. The solution treated specimens were 

quenched in water at (20 ! 1)*C. t4.toroecopic examination of 

as-quenched specimens revealed complete dissolution of second 

phase into the parent phase. 

Plastic deformation of the diso shaped specimens was 

carried out by compression. The solution treated, quenched 

specimens were compressed 16% with help of universal testing 

machine. It was observed that the extent of acceleration or 

retardation that is produced in the process of ageing due to prior 

plastic deformation, gets a saturation value between 10 and 15% 
compression. PorcentAge of compression higher than 15% did not 
,seem to have additional accelerating or retarding effect on the 
ageing process. Similar results have also been reported by 

previous workers (159). Also#  there is ample evidence (155,156, 

163*166) ihich shows that heavy deformation leads to direct 

precipitation of a instead of 6'followed by transformation of 

Oto 0. Since the aim of present investigation was to study 

the effect of cold working on precipitation of 9'from 4 *solid 

solution and B to a transformation, prior plastic deformation 
was restricted to 18%« Appropriate deformation was given to wire 

specimens by r.dravinIfaolution treated, as-quenched wires to 

smaller sizes without any intermediate anneal. The specimens in 



the deformed and uadorformed conditions were aged at different 
temperatures and followed by hardness, resistivity and integrated 
X-ray line intensity moasuremente. 

Hardness values were determined on Vickers Hardness tester 
With 6 Kg load. Two specimens were taken out at the end of each 
ageing period and minimum of 3 hardness values were determined on 
each specimen. Average of sets of a minimum of six readings was 
taken for plotting each point on the ageing curves. 

4.2.4  Resistivity Mes►surements 

Changes in resistivity produced as a result of ageing 
were determined on wire specimens withtipotenttometer. All 
resistivity measurements were carried out at 0°C. 

4.2.5 	 Mpsue  

The aim of these measurements was to determine the progress 
of e1to B transformation, The transformation was followed by 
measuring the integrated intensity of the (110) reflection of 
CuAl2  in a YPC-50 diffraetom•tsr. Minimum of four readings was 

vre taken on each sample. Only one diffracted line from & could 
be observed as reported by earlier workers (162,18?). This Is 
possibly due to Widmanstatten precipitation# Consequently, the 

integrated line intensity measurements on the diffracted line of 

is unreliable(168) e The only purpose served by scanning the 

RGORKEE. 
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reflection from dl  was to ascertain that B formed by transformation 
i 

of B to B and not directly from the .L -solid solution. 

4.3 

4.3.1.  xprd .us x2a u.z' a ss 

Age-hardening curves were plotted for the alloys aged at 

various temperatures after (a) %uenching from the temperature of 

solution treatment and (b) 9uenohing followed by compression. 

From these curves "time to reach peak-hardness" as determined 

in each case. 

In the range of ageing temperature employed,, most of the 

binary A1-Cu alloys aged by direct precipitation of 0' instead of 

zones followed by B'in accordance with the is own metastable phase 

boundaries of zones for this system (36,111), Bence, "time to 

reach peak-hardness" can be used as a measure of rate of 

precipitation of 6 " since the hardness peak is associated with 1). 

In those cases where formation of zones precedes precipitation 
of 01, more then one stage of hardening is observable and the 

last stage of hardening (due to precipitation of e) is followed 

by overegeing„ Thus, the peak associated with 6 is distinctly 

separable from others. So the effect of cold working on the 

kinetics of formation of &, can be evaluated in terms of "time to 

reach psak .hardn.ss". 
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Hardening takes place in J.1-Mg alloys (63) essentially due 

to precipitation of I)'. Though, with origin in electronic structures 

a theoretical basis for clustering in Al1Ig alloys has been d•vslop-
ed recently (196), there is no clear evidence for formation of 

clusters (72,129), and tones (70) in this system. Accordingly$ 

the peak•h.ardness can be associated with P'and any shift In 

"time to reach peak-hardness* can be attributed to change In the 

kinetics of .precipitation of 

t 
Figures 44 and 4.2 show the relationship of log 	to Vs 

_1 00  for the A3.Cu and Al-Mg alloys respectively 

where to 'time to reach peakNhardness' for uncompressed 
specimens f 

to = `time to reach perk- hardness' for compressed specimens 

and 	T a ageing temperature in *K► 

In case of Al-Cu alloys,, it became increasingly difficult 

to determine accurately the values of ' to' and ' ta' with 

increasing ageing temperatures due to lack of well defined 
ageing curves and pests* Renee, at elevated ageing temperaturest 

the values of 't*' and 'to' were confirmed with resistivity 
measurements* 

4.3.2 	 isi~7i~+TwTily Jjgasur menus 

Resistivity measurements had to be confined to Al Ou alloys 

since It was not possible to redraw the wires of A144g alloys in 
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the as-quench condition for studying the effect of cold working. 
Resistivity was plotted as a function of ageing time. These 
resistivity curves were analysed for determining (i) Order of 
reaction and (,i) Activation energy associated with each of the 
reaction as revealed by resistivity changes (170). The results 
reveal three distinct reactions for cold worked alloys viz; 

(i) A zero order reaction with an activation energy of 1.04 
aY-designated as reaction " A' ; 

(ii) L second order reaction with an activation energy of 
0.48 W-designated as reaction '8'5 ai,d 

(iii) A zero order reaction with an activation energy of 1.60 
off'-designated as reaction 'C'.  

The reactions appear as distinctly separated or overlapping 
on each other depending on temperature of ageing. This is in 
contrast to ageing behaviour of as-quenched wire specimens which 
show only reaction ' At . The results are swumarised in table 4.2. 



Table-4.2  

Processes observed during ageing of cold worked Al-Cu alloys 

(on the basks of resistivity measurements) 

Alloys 	HEN of mein 	S equence o 

A1.1. 4% Cu 	180-205 	Process ' B' 
Process 'A' 

Al*l. S4% Cu 	216240 	Process 'B' 
Process 'C' 
Process 'A' 

A3, 1,? Cu 	200-230 	Process 'B' 
Process •A' 

.Al-1.71% Cu 	240-260 	Process 'B' 
Process CO' 

Process 'A' 

112.5% Cu 	3?O "270 	Process ' A' 
Process 'B' 

A1-3% Cu 	170-290 	Process 'A' 

Process 'B' 

A1-3.5; Cu 	170-310 	Process 'A' 
Process 'B' 
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4 3.3 	Integrated J4.pe. Intensity Measurements  

Thes• measurements had to be confined to study of 0 to 6 
transformation. Reproducible results could not be obtained with 
A141g alloys due to difficulties in scanning the reflections 
from (3 (Mg2A13). Transformation of &'to 6 followed the usual 

sigmoidal curve. ' Data regarding time required for transformation 
computed from these curves is reported in Table 4.3. 

ble"  
i 

Effect of prior plastic deformation on 6 to B transformation 

. 'p0' E.lc 	temperature (cc)  I 

Al's!. 	4 Cu 190 0.55 
210 0.21 
230 0.92 

Al- l..71% Cu 190 0.63  
210 0.34 
230 0.95 
250 1.07 

Al "L 82% Cu 190 0.6? 
220 0.49 
240 l*l2 
260 1.04 

Table continued. 



pvwi~~y 

Alloy 	emperaturo(OC ) 
~~~I~~wwwlrrl rM11lYlw 

A11,96% Cu 	190 
210 

230 

250 

270 

to/to 

0,76 

0.52 

0,44 
0.97 

1.10 

A1.»3.5% Cu 	190 
	

3.11 
230 	3.56 

270 
	

3.37 

310 
	

1*33 

11'3.0% Cu 	190 
	4*64 

23D 
	 4.62 

270 
	

5.17 
320 
	

0095 

Al' 3, 5% Cu 	190 	8.38 

240 	9.81 
290 	7.6? 

340 	1.20 

to a Time required for transformation of 6 to & in as-quenched 
Al-CU alloys. 

to a Time requir.d for transformation of 8 to B in quenched, worked 
Al'-Cu alloys, 
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M r 

As already pointed out, effect of cold working on 

precipitation has to be studied in two steps; namely, the effect 

on precipitation of intermediate phase and the effect on trans-

formation of the intermediate phase to equilibrium phase. 

r ~ 	s ~ 	: t 	A 	• t .. 	• 	♦ 	• rt 

a 
It has been observed by4number of worker (40,96,145* -147) 

that in general, dislocations act as potential sites for 

precipitation of a second phase from parent matrix: a The 

particular case of precipitation of 9'from 	so114 solution 

preferentially on dislocations has been reported by Roberge 

et al (171). Since dislocations are creat Las result of 

plastic deformation$ increased number of nucleation sites are 

provided and the process of precipitation of &1 from h solid 

solution should got accelerated as a result of prior plastic 

deformation. 

Existence of strong interaction between dislocations and 

solute atoms is an estabU*hed fact. This force of Interaction 

ha torigin in elastic (172) end electrical interaction (173) and 

has formed the basis of explanation for formation of atmospheres 

around dislocations and consequent appearance of yield point 

phenomenon. Although this concept was initially developed by 

Cottrell for interstitial atoms, it was later extended to 
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substitutional atoms (174) and in turn explains the appearance of 

serrations on deformation i,e. the Portevin-LeCbateliir phenomenon. 

The fact that serrations have been observed in Al-Cu (175) and 

A1-Mg (176) alloys, proves that there is strong interaction between 

these solute atoms and dislocations. 

As a result of these interactions*  the solute atoms get 	1  t 
entrapped and their mobility decreases. bog  the rate of 

precipitation is retarded. Dijkstra (177) has observed such 

decrement in the rate of precipitation of Nitrogen from oLr-iron 

as a result of cold working. Similar observations have been made 

by Wilson (178) with respect to precipitation of carbides during 

the process of tempering of quenched plain-carbon steel. 

As a consequence of formation of atmospheres around dis-

locations$  there is depletion of solute atoms In rest of the 

solid solution. Since the driving force for precipitation is 

due to supersaturation, any depletion of the solute atoms 1s 

prone to have a retarding effect on precipitation of a 1. 
It may be argued that in light of experimental evidence 

presented by previous workers (179,180) there is strong evidence 

for dislocation climb in Al-Cu and Al-Mg alloys at about 15000 

arA hence there is little likelihood of effeat of cold working 

being observed in the range of ageing temperatures under study. 

however, it should be noted that: (1) Even if recovery is to 

take place by a process of climb of dislocations„ the process is 



not .nnstanteneous; 8o the cold working will be effective In the 

initial stages of precipitation. if the time for recovery and 

that required for precipitation of 0 is of the same order of 

magnitude,then the effect of cold work is present thoroughout 

the process of precipitation; (2) As far as the accelerating 

effect of cold working is concerned the effect will be conspicuous 

even if the dislocation climb takes place Just after nucleation 

of B'  is completed; (3) Climb of dislocation does not necessarily 

result is redissolution of solute atmosphere back into matrix. 

The electron micrographic evidence by Gane and Parkins (32) 

shows that the atmospheres that are formed around dislocations 

are stable to much higher temperatures even after dislocation 

climb is completed. 

In summary, therefore, the effect of prior cold working 
S 

on precipitation of 9 iss 

(n) Acceleration due to potential sites created by dislocations, 

(b) 	Retardation due to trapping of solute atoms ,around the 

dislocations; a,.w( 

(o) Retardation due to depletion of solute atoms from solid . 

solution* 

it is the accelerating effect that normally predominates 

and the overall effect is acceleration of the process of 

precipitation of • due to cold working. The $rtarding effect 

can be of significance only when substantial traction of solute 



atoms available for precipitation get entrapped at dislocations 
and consequently there is an appreciable extent of depletion of 
solute concentration. This, in turn s  is possible only when 
degree of supersaturation is small. Degree of supersaturation 
is a function of composition of alloy and temperature of ageing; 
lower the solute concentration and higher the ageing temperature, 
smaller is the degree of supersaturation. The fact that retarding 
effects  if present is observeable only at higher ageing temperatures 
for a given alloy (fig. 4.1 and 4.2) is in confirmity with these 
disu►essions. 

This brings in the concept of "critical degree of super► 
saturation". If, for a given alloy, at the given temperature of 
ageing„ the degree of supersaturation is higher than the criticall 
value, then the result is acceleration of the process of precipitat-
ion of 0'. For 'degree of supersaturation' lower thea the critical 
value, the effect of cold work is to retard the precipitation of 

B I .. 

It is also seen that the alloys, with relatively higher 
-solute concentrations, fail to show the retarding effect. The 
obvious reasons for this behaviour Is that reorystallization sets 
in these alloys at a temperature which is lower than that required 
for change over from accelerating to retarding effect. Once rew 
crystalliz,tion sets in, the effect of cold working Is lost. 

Further support to these postulates is obtained by analysis of 
resistivity data. 
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4.4.2 Anasis of ReastIvttv yatp 

As already pointed out, the analysis of resistivity data 

shows three distinct processes which may be identified in light 

of known data in this system. 

Process AZ  It may be noted thats 

	

) 	This is the only process that accompanies ageing in 
alloys which have not been cold worked and is coma n 

to both the cold worked and unoold worked alloysi 

	

(b) 	The activation energy associated with the process is 
In close agreement with the activation energy for 

precipitation of e1  reported by Hardy ( )? enoe 
It may be Concluded., that this process denotes 

precipitation of 61. 

Process 8 Is associated with an activation energy 

which is in good agreement with the reported value (iO, li) of 

activation energy for migration of vacancy/solute atom ( ►) In 
the system mer study. On the basis of reported values of 

activation energies associated with the process of recovery on 
annealing of a number of cold worked metals#  Mott (181) has 

concluded that the activation energy associated with recovery is 
the one requied for motion of solute atoms* Recent resistivity 

studios made by Roach • al (170) on the recovery of cold worked 

Platinum also confirms the same. Hence it is reasonaibe to 



identify Process 'B' as the one involving Climb of dislocations. 

Additional support to this conclusion is provided by noting that 

both the process under consideration and recovery process 

observed by Roach eC'al (170) represent second order reaction, 

Rowever, these workers have reported that the initial stage of 

recovery in cold worked Platinum does not fall into a second 

order reaction. 	lysis.of Process B, on the other hand, failed 

to show any deviation from second order even in the early stage. 

This is to be expected since the initial stage of recovery#  

determined on the basis of resistivity measurements, is attributable 

(1829183) to annihilation of excess vacancies created during cold. 

working. In the present study, there is little likelihood of this 

early stage being observed because the vacancies that are created 

as a result of cold working (which as a matter of fact should be 

negligible compared to the thermally trapped vacancies) should 

have got annihilated even during the process of heating the alloys 

to the ageing temperature, 

Process G.:  The activation energy associated with this process4in 

close agreement with the reported value,  (184) of activation energy 

for diffusion of copper of In Aluminium. So$  the process should 

be one involving diffusion of copper atoms in Aluminium lattice* 

Taking into account the fact that whenever process C occurs, it is 

always preceded by process i (denoting dislocation climb) and 

followed by process A (associated with precipitation of 
i 
 ), and 

in light of the arguments advanced with regard to stability of 

solute atmospheres even after the occurrence of dislocation climb# 
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this process can be associated with redissolution of solute 

atmospheres back into solvent matrix after climb of dislocation 

has taken place. 

In the light of that has been discussed so far, the 

sequence of processes that take place during ageing of cold 

worked alloy, at different temperatures may be idr atified as 
follows: 

1. Range of temperature over which the plot of log to/to Ys 

hae zero slope  t Effect of prior plastic deformation on 
precipitation of 6' is fully retained. The accelerating effect 

is appreciably predominant and nucleation and growth of major 

part of &' is completed before the process of climb of d10 

locations comes into operation* 

2. Range of temperature over which the plot of log to/to  has 
tea, Roo-itiyeestones This part is itself capable of being 

Subdivided into two parts 

(a) Log to/to is greater than zeros This part denotes a 
situation where both the accelerating and retarding factors 

are operative. With increase in temperature the process 

B (dislocation climb) starts overlapping larger part of 
process A (precipitation of B f ). However s  process B is 

always preceded by nucleation of 19 1* Hence the adoelsrat«► 

ing effect Is present over the complete range, With 



0 

increasing temperature, the degree of supersaturation 

decreases steadily thereby increasing the predominance of 

retarding effect. 

(b) Log to/to is less than zeros The overall, effect In this 
temperature range is retardation. The process of dislocation 
climb starts taking place even before 8' nucleates. Hence 

importance of accelerating effect is gradually lost. However, 

the retarding effects associated with depletion of solute 

atoms in the parent matrix, assumes greater significance 
due to decreasing supersaturation. 

It may be observed from fig. 4.1 that in this region%, there 
is a reversal in the slope of the plot of log to/to versus~100 r 
and the plot tapers off towards sero. This precisely is the 

region wherein process C (redissoiution of solute atmosphere into 

the matrix) is observable. Meneef the sequence of processes that 
possibly takes place in this temperature range Is climb of 1" 
dislocations (resulting in loss of accelerating effect), redissolut-
ion of solute atmospheres that had formed earlier around dislocations 

(resulting in loss . retarding effect) and then precipitation of B 
without either accelerating or retarding effect. 

4.4. 	1 

It may be observed from fig, 4.1 that for every alloy, 

there is7particular minimum ageing temperature above which the 
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t 
•ffoct of cold working on the kinetics of precipitation of & is 

absent. This, coupled with the fact that, above these aging 

temperatures, the initial hardness and resistivity of cold worked 

material drops down to the same level as that of material which has 
not been cold worked, establishes the identity of these temperatures 
as recrystallization temperatures for the respective alloys. 
Recrystallization temperature determined on this basis (from fig.4.l) 

is plotted as a function of solut* concentration in fig. 4.3. 
These rearystallisation temperatures are in good agreement with 

reported values. 

The results obtained in the Al g alloys where hardening 

effect is due to precipitation of Iii, can also be discussed on the 

same .lines as for the Al-Cu system. 

4.4.4 	eotof Prior De 	to &TransformatiQn  

From the observations made by a number of workers, there 

seem# to be two distinct modes of transformation of 8'to . 
They are 

(i) Direct transformation bq an allotropic modifi cation (36~ l62 ); P*i 
(ii) Dissolution of 0~ platelets into the matrix and reprecipitat-

ion of ® (l630185,l86 . 

Effect of prior plastic deformation on these two modes of 

transformation should be evaluated separately and the conditions 
under which one or the other transformation mode that operates 
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effect of cold working on the kinetics of precipitation of B' is 

absent. This, coupled with the fact that, above these ageing 
temperatures, the initial hardness and resistivity of cold worked 

material drops down to the same level as that of materia,, which has 
not been cold worked, establishes the identity of these temperatures 

as recrystallization temperatures for the respective alloys. 

,Recrystallization temperature determined on this basis (from fig.4.l) 

is plotted as a function of solute concentration in fig. 4.3. 

These recrystallisation temperatures are in good agreement with 

reported values.. 

The results obtained in the Al-Mg alloys where hardening 

effect is due to precipitation of P~ can also be discussed on the 
same .lines as for the Al-Cu system. 

4.4.4 it,teot r Plastid Deformation n 8 to B 	t 

From the observations made by a number of workers, there 

seem f to be two distinct modes of transformation of 8'to B . 

They are 

(i) Direct transformation by an allotropic modifioation(36,162);a i 
(ii) Dissolution of 0' platelets into the matrix and reprecipitat' 

ion of ® (163$1859186), 

Effect of prior plastic deformation on these two modes of 

transformation should be evaluated separately and the conditions 

under which one or the other transformation mode that operates 



M r 

preferentially during ageing of an alloy is to be studied. 

(i) .j trsformattozb an alloti1c modifioat±ons 

In the first stage of growth of e all the interfaces between 
the matrix and B1 platelets are coherent, thereby rendering 

the platelets fully coherent with respect to matrix. Iowevsr, 

with growths the elastic strain energy associated with 

individual particles increases (25,28). As a result, at a 
particular stage of growth of 	partial coherency sets in* 

Loss of coherency of the interfaces is accompanied by appear-
ance of dislocation tangles around the platelets... These 

dislocation tangles known as Van der Merwe network (187-190) 
have been observed in many systems (191.193) including AlGGu. 

Laird and Aaronson (144) , have gone into theoretical details 

of appearancel~such. dislocation network. 

The role of dislocation network eu diffusion barriers 
for movement of solute atoms has been discussed by Garstone 

and Kilesbwar (161), and Is supported by observed suppression 
IQ of &to "- transformation by creep .loading. Tius crsatian 

of diffusion barrier is inherent tnibe vary  

growth ot 8 ..The.etfeet ot Drier plastic deformation  
shiftth 	a 	of diffusion barrier »i 
of royth 	1 	e . The stage at which dislocation 

network comes into existence is decided by(IZthe mismatch 

between the parent matrix and the precipitate, and 
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Li) the state of lattice $train present in the *atrix. 
.nee plastic deformation leads to increase in lattice strain, 
is diffusion barriers should appear at an earlier stage of 

Of towth of B platelets in a cold worked material. A a 
Psult, prior plastic deformation should lead to retardation 
C B tojtransformation by allotropic modification. 

fa 	o 
 

of 	to B i!r q, proces of edssotin9f 

id peoipittation o t „ By,. 	The type of transformation require 
aoleation of Las the first step. Since dislocations can 
rovido potential sites for nucleation of B j, the effect of 

yah. 	 6-• 
lactic deformation should be to enhance thsL ` 
tacleation of B has been observed to take place preferential] 
t A/9 'boundary (1+60,185 ,186) and prior plastic deformation 
elps to creat dislocation tangles at such boundaries (as 
lready discussed), it is evident that cold work should have 
n accelerating effect an to 0 transformation. 

In light of these discussions# it in clear that the 
verall affect of prior plastic deformation on $ "to B 

;ransfoxmation depends on mode of transformation, Since 

.t is probable that both the modes may be operative 
~imulteneously, it is the rolati,vw quantity of 0 that is 

:r'ansformed by one or the other mode, that will decide the 

Rsaultant effect. Of the two modes of transformation, 
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the driving force for the latter (namely the one involving 

dissolution of B and repreoipitatton of G from A•solid 

solution) is provided by the solute atoms present in solid 

solution and this decide; the kinetics of the tranetormation(160), 

lienee, the driving force for this mode of transformation is 

"degree of supersaturation" which, as already pointed out$  

is a function of composition and temperature of ageing. 

Hence for alloy with high degree of supersaturation, the 

overall of effect of cold working on 6' t+o B transformation 

should be acceleration due to predominance of latter mode 

of transformation,. On the other hand, for alloys with 

low degree of supersaturation the overall effect should be 

that of retardation due to predominance of former mode of 

transformation. This postulate is confirmed by the results 

reported in Table 4.3.. 

4*S 	 O1CWIO1S  

U As a result of cold vork, the process of precipitation of 

B f  from o4solid solution can be either accelerated or 
retarded. 

2. 
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the driving force for the latter (namely the one involving 

dissolution of B and repreoipitatton of G from A�solid 

solution) is provided by the solute atoms present in solid 

solution and this decide; the kinetics of the tranetormation(160), 

lienee, the driving force for this mode of transformation is 

"degree of supersaturation" which, as already pointed out$  

is a function of composition and temperature of ageing. 

Hence for alloy with high degree of supersaturation, the 

overall of effect of cold working on 6' t+o B transformation 

should be acceleration due to predominance of latter mode 

of transformation,. On the other hand, for alloys with 

low degree of supersaturation the overall effect should be 

that of retardation due to predominance of former mode of 

transformation. This postulate is confirmed by the results 

reported in Table 4.3.. 

4*S 	 O1CWIO1S  

U As a result of cold vork, the process of precipitation of 

B f  from o4solid solution can be either accelerated or 
retarded. 

Effect of cold working on the process of precipitation 
of B is critically depends  on the 'degree of the super-

saturation' of the alloy at the given temperature of ageing. 

3. On the other hand, effect of cold working on B to B 
transformation seems to depend on mode of transformation 

and independent of its effect on precipitation of 0 . 



m the basis of hardness curves* the conclusions arrived 

t for precipitation of Band transformation of 0' to B 
a Al-Cu alloys can be extended to precipitation of 

rd transformation of /3 1  to /3 In AI. 	alloys. 

tae possibility of suppression of precipitation of B i 
rom k-solid solution can form the basis of development 
f a suitable thermomechanical treatment for high 
smperat ur. use of these alloys. 



JUDLE ON PORTEVIN-LeChATZ1.IE1t PIEN924LNGN• 

Cl SOME 	 AND A341gA 



The first systematic study of appearance of serrated 

stress-strain curve in case of steel was made by Portevin and 

LeChateller (196) in 1923. Renee the phenomenon is named as 

Portevin•LsChatelier effect' . The phenomenon of repeated. yield 

is also termed as Type 8 yield. Type B yield is to be distinguish-

ed clearly from the usual sharp yield*  termed as Type A yield#  

that occurs at the end of elastic deformation. Occurrence of 

repeated yield has been reported in a large number of systems 

like Soft iron (196), Al Cu (175), Al-Mg (197,198)!  Al-Zn (139) 

and Duralumin alloys (1769200-202) $  oC-,mass (203) , 3n-bronze 

(304,208) and Uranium (206) . 

With extension of theory of yield to include both the 

interstitial (172,207) and substitutional (174) solid solutions, 

the phenomenon of serrated yielding In every system can be 

explained in terms of simultaneous yielding and strsinrageing. 

The important condition to be satisfied Is that formation of 
atmosphere around the dislocation Is so fast that when a dislocation 

gets released from an atmosphere and travels ahead, it is 

su oundId by next atmosphere resulting In repeated yields. Thus# 

for repeated $yield to take place the solute atoms should have 

very high diffusion rate. The rate of diffusion of substitutional 

solute atoms can be enhanced substantially by increasing vacancy 

concentration. In majority of the cases that have been cited$  the 

high level of vacancy concentration is achieved by plastic 

101 
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deformation. This, in turns  necessitates occurrence of some 

amount of plastic deformation before the appearance of repeated 

yield. The investigation presented in this paper which concerns 

with Al-Cu and Al-Mg alloys is based on the thermal vacancies 

trapped by a process of quenching from elevated temperature. 

The aim of these experiments was to evaluate activation energies 

of formation and migration of vacancies for the two systems 

under consideration. 

0• 	' 

 

1ib 	 M t 	t 	 li .;t 

Binary Al-CU and Al-Mg alloys of composition given in 

Tables 5.1 and 8.2 were cast as ar ind#rioal rods and then forged 

and annealed. Tensile specimens with gauge length of 160 mm were 

machined out from these rods. The tensile specimens were given 

initial solution treatment of 48 hrs. at 620*C for Al-Cu alloys 

and 450O'0 for Al-Mg alloys. Further homogenization at appropriate 

temperature was carried out by step.quenching. 

lloy No. I Alloy .l Alloy 2 Alloy 3 Alloy 41 Allay 51 Alloy 0 

topper 0.46 0.65 1  0.88 1.02 [1.42  1  1.67 



ETA 

Alloy No. I Alloy 1 f Alloy 21 Alloy 3* Alloy 41 Alloy 51 Alloy 6 

j (Attoomi  %)1 0.107 	4.156 	0.194 1 0.243 	0.32? 1 0.361 

5.2.2 !en? 	f n„S 

A constant strain'rate apparatus similar to the one described 

by Krupnik and Ford (208) was constructed to give a constant strain 

rate of - 1.4x10 Sec.1  . Load on the tensile speotmen was 
evaluated in terms of strain measurements made on a mild steel 
rod connected in series with the specimen. Appropriate arrangements 
were made for circulating water around the specimen  so as to 
carry out the experiment at different temperatures, 

Two types of experiments were conducted. One of them 

aonsigred in keeping the temperature of homogenization (Tg) constant 

and increasing the temperature of tensile testing (which is also 
the temperature of strain-ageing, T ) In steps of 3''C till 

serrations appeared without any prior plastic deformation. Thus, 
the minimum temperature of strain-ageing, that is required for 
producing serrations in the as« quenched alloy for a given iomogsni. 
zation temperatures  was determined, The other Bret of experiments 
consisted of keeping the temperature of strain ageing (tensile 

testing) constant and increasing the temperature of homogenization 



(in steps of 1O•C for Al-Cu alloys and 5''C for Al-Mg alloys) till. 
a cations appeared in as-quenched alloys. Thus the minimum  

temperature of homogenization that is required for producing 
serration in the as-quenched alloy for a given strain-ageing 

temperature was determined. 

Figs. 5.1 to 5.4 summarizes the results obtained on the 
binary Al-Cu and Al-Mg alloys. 

5.4. 	 ___ TQ_ 
The diffusion coefficient that is required to initiate Type 

8 yielding in a given alloy is given by the expression (174,0; 

 (5.. i) 

where D a Diffusion coeffioientt  
E = Strain rate, 
p a Solute concentration in the alloy (expressed In atomic 

fraction) 
and 	Klz Constant, 

K1  tales into account the Interaction between the Solute 
atoms and dislocations. The interaction has elastic (192) and 

electrical (173) origin. Higher the force of interaction, 
smaller is the value of K1 . 



Li 

I 

0 

0 

0 
0 

ot1 

4 



i 
o Q 	 o 

0) 	0 
I 

0 

r•' 

0 

0 	0 	0 
J 	 I 	 d 

0 	0 	0 	 0 

M 

X01 p~~  
0  

0 



o 
o 
o 0 	 0 

0 
0 	 0 

U) 	 C) 	 0 
Q 

! 

U) 

0 

N 	N 

0 

0 
J) 
V 



r. 

Et o 

0 
0 
N 

m 

0 	0 	0 
0 	0 	0 
0 	0  
Nr 	n1 

0 	0 
o 0 
N 	~n 

0 

6'0-► 



105 

If diffusion coefficient is vacancy controlled (which is 

time for the alloys under consideration since the solute atoms 
are substitutional in nature), then diffusion coefficient D of the 

solute atoms can be expressed as a function of vacancy concentration 

Cy by the relation; 

U a &2 Y 1A Cy €.p. 	 k 4&f 	 '' (5.2) 

where a Interatomic spacing? 
* Frequency of atomic vibrations 

Z = Co-ordination number of the lattice,# 
Em Activation energy for migration of vaoanoies/solute atoms 
k a l3oltzmexan' a constants 
Tam Temperature In •Kr 

Vacancy concentration C that is produced by quenching from 
homogenization temperature TR is given by the relation : 

A ezp. (*Ef/k Tj) 	 (5.3) 

where A = Entropy factors 
and 	S f e Activation energy for formation of vacancy. 

Substituting equation (5.3) in equation (5.2); 

Aa2Y Z exp. (-Ef/k TB) exp, E p/k Ta)-. ftd%.M(5.4) , 

Hence serrations will occur when 

Lal)) Z sup. (-1f/k 1g) exp, (..E/k Ta) gl 	 .~.,...~5.8) 



where TH and Ta refer to a set of j3jg 	homogenization and 

strain+ageing temperatures required for producing serrations without 

any prior plastic deformation. 

If the strain rate is constant, equation (5.5) reduce* to; 

p Kg exp. ( Ef/k TR) exp. ( /'k Te) 	,»~w(5.6) 

where K* Constant. 

1a and E f can be evaluated by plotting log p Vs. 1/Ta 
(with Th a constant) and log p Vs, 3,/''h (with Ta a constant) 
respectively. Figs. 5.1 to 5.4 are such plots from which the 

activation energies have been evaluated. 

In the analysis carried out$, .t is assumed that E and Ef 

are constant over the range of compositions and temperatures 
investigated. This assumption seems to be quite valid in light 

of the recent observations made by Berry and Orehotsky (14*). 

The variations, if any, in the activation energies are negligible 
compared with the inaccuracies inherent in the measurement. 

Table 5,3 summarizes the activation energies of migration. 
of vaoanoies/solute atoms estimated on the basis of present study 
and the values already reported. 



Table-5.3 Activation energies of migration (Es) of vaoenol.s/solut• 
atoms in bin 	Alm &d A2- 	. 

Al-Cu ES w 0.51 eV 

Al -Cu Em= 0.:1 0.05 aV 

Al-Cu Em a 0*40 t 0*02 eV 

Al-Mg %x0.35aV 
Al-Mg +a, 	= 0.37 + 0.03 eV 

Present study 
(209,,210,211) 

Present study 

The value of activation energy of formation of vacancy 

(Es) has been estimated as 0,60 0.05 eV and 0. 	' 0.02 eV in the 
Al-Cu and A144g system respectively. The binding energy between 

the respective solute atom and vacancy can be evaluated on the lines 
suggested by Isomer (14). Value of Er = 0.76 eV in pure 4lwdniue 
(212, 213) is assumed for these calculations* The binding energies 
so evaluated are compared with reported values in Table 5.4. 
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System x Bond 	gb 	I Reference 

,A1-Cu-Mg Vao. «4g 

A1r44g - -Y aor. -Mg 
X41-Zr1u Mg Vac. 44g 

A1.'Zn-Mg Vac. 41g 
A141g 	Vac, *Mg 

A1-Cu 	Vao. u 
A1-Cu 	'lac. *:u 

A1-Cu 	Vac.-Cu 
Al-Cu  

0446 eV 	(108) 

0.20,- eV 	(214) 

0.54 eV 	(72) 

0.36 eV (134) 

0.32 10.02eV Present study 

0.10 evo (143)  
0012 eV* (141)  

0.10 eV* (142)  

0,016 0,O5e ' Present study 

* These values are based on solute diffusion coefficients 
at 500'C. 

6.4.2 	t fGri S 	1d 

It has been reported by a number of vorkire that there is 

considerable effect of grain siz* on Typo A and Type D yielding. 

Theoretical considerations and experimental observations (214-218) 

show that grain size is a critical factor which decideat 

(a)  The possibility of appearance of Type A yield4I 
(b)  The activation energy associated with Type B yield. 



MoReynold (175) has observed that increase in grain size 

results in decrease of the plastic strain required for initiating 

serrations in Aluminium base alloys. Munn and 	(219) 

and Vohringer and Maaherauch (220) have also reported that the 

activation energy associated with appearance of serrations decreases 

with increasing grain size in t4Brass. In a recent paper 

Charnook (221) has explained the apparent grain size 01 dependence 

of the activation energy in terms of dependence of dislocation 

density, produced by plastic deformation, on the grain size (222). 

Charnock has further arrived at the conclusion that activation 

energy derived from experiment in which the critical strains 

involved are smaller than 0,1, are the most reliable. Since, no 

plastic deformation precedes appearance of serrations in the 
present experiments$  the activation energies estimated in the 
present investigations are independent of grain eiz•. 

5.5. 	 QON [J4L.IVL! 

It is possible to initiate Type 8 yielding in Al CU and 
Al-Mg alloys without prior plastic deformation. The level of . 
vacancy concentration*  that is required for this process, can be 

produced by trapping thermal vacancies. Necessary degree of 

mobility of vacancies can be achieved by controlling the 

temperature of strain-ageing. From such sets of  n  u 

homogenization and strain-ageing temperatures)  activation energies 

of formation and migration of vacancies can be estimated. 
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