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ABSTRACT

The present investigation is concerned with the development of 
microstructure and mechanical properties in Al-Li-Cu-Mg-(Zr) alloys within the AA 
8090 specification. Microstructural development has been followed through 
homogenisation and extrusion employing a range of temperatures, extrusion ratios, 
ram speeds and subsequent heat treatment. Mechanical properties are related to the 
microstructural changes involved.

Detailed studies of the effects of variation in solution treatment temperature 
combined with natural ageing treatment upon the precipitation reactions have been 
studied in sheet LITAL A alloy which also lies within the AA 8090 specification. 
The microstructural changes have been investigated by transmission electron 
microscopy (TEM) and the age hardening characteristics have been characterised by 
hardness measurements. The results suggest that the vacancies play a major role in 
controlling the precipitation reactions in lithium containing Al alloys. The 
precipitation reactions in Al-Li based alloys have also been characterised by 
differential scanning calorimetry. The results detail the precipitation reactions 
which occur and confirm the effective role of vacancies in the development of 
appropriate precipitate phases in the material.

The cast material received in the form of DC cast billets for extrusion work 
has been characterised microstructurally by a combination of light microscopy, 
scanning electron microscopy (SEM) and TEM; additional phase and particle 
chemical analysis has been carried out using X-ray EDS micro-analysis and 
secondary ion mass spectrometry (SIMS). An optimum homogenisation schedule 
has also been established based on the thermal analysis data of the cast material.

The homogenised billets have been extruded over a wide range of extrusion 
processing variables. The as extruded material has been examined 
microstructurally by a combination of light microscopy (using polarised light 
techniques on anodised surfaces) and TEM. The as extruded mechanical properties 
have been evaluated by hardness measurements and longitudinal tensile tests; the 
mechanical properties have been correlated with the extrusion processing 
conditions.



The microstructures of the heat treated extrudates have been examined by 
TEM. The corresponding mechanical properties have been evaluated by hardness 
measurements, longitudinal tensile tests and transverse fracture toughness tests. 
The fracture surfaces of the tensile and fracture toughness test specimens have been 
characterised by SEM. The tensile properties have been correlated with the 
extrusion processing conditions. The tensile failure modes, however, change only 
with ageing conditions and such changes have been correlated with the development 
of typical phases in the matrix and at the grain boundaries. Variation in extrusion 
temperature has not found to have any effect on the toughness. Toughness, however, 
changes both with ageing times, and with variation in preageing treatments, viz. a 
preageing stretch, and a prior natural age. The beneficial effect associated with a 
prior natural age on the mechanical properties of the material has been correlated 
with the modification in the matrix precipitation characteristics.
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CHAPTER ONE 

INTRODUCTION

Lithium is the lightest metallic element and the only one which when 
alloyed with aluminium increases the elastic modulus and significantly decreases 
the density. For every weight percent lithium added to aluminium, the density is 
reduced approximately 3 % and the elastic modulus is increased about 6 % (1). 
Therefore, aluminium alloys that contain lithium as a primary alloying 
constituent offer great potential for improving the structural efficiency of aircraft 
components.

The attempts to realise the potential benefits of increased modulus and 
reduced density of Al-Li alloy date back over sixty years; although, it was not until 
the 1950’s when the Al-Cu-Li alloy, AA 2020 was developed in the USA by the 
Aluminium Company of America (ALCOA). Compared to 7075, AA 2020 has had 
approximately 3 % lower density and a 7 % higher elastic modulus; commercial 
application of this alloy was found and it was used in a Mach-2 fighter and the RA- 
5C 'vigilante' by the U.S. Navy. However, further research revealed that the alloy 
was notch sensitive and had a lower fracture toughness than 7075; new U.S. 
airplane damage tolerance requirements could not be met and the result was the 
withdrawal of AA 2020 from commercial production, although it continued to fly 
successfully in existing aircraft.

In the U.S.S.R., at about the same time, VAD 23, an alloy similar in 
composition to AA 2020 was developed. Later the Soviets investigated and developed 
a series of Al-Mg-Li alloys referred to as 01420. However, these alloys too exhibited 
poor ductility and fracture toughness properties. Attempts to improve thegmechpical properties were made, but, without any success. It is now understood that 
the development work was carried out in those days without a proper understanding 
of the strengthening and deformation mechanisms in lithium - containing 
aluminium alloys.

In the early 70's, several important factors combined to accelerate activity 
in the Al-Li technology area. They included mainly the increased importance for
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Improved aircraft materials, the changing economics of commercial and military 
aircraft fleet operation costs and the advent of carbon fibre composities. The total 
combined effects have been catalytic and the development work on Al-Li alloys was 
promoted in the U.S. by ALCOA and simultaneously in Great Britain by the British 
Aluminium Company (later absorbed within British ALCAN) and the Royal Aircraft 
Establishment (RAE). The emphasis of those investigations was to improve the 
commercially unacceptable low ductility and fracture toughness of Al-Li alloys (2).

In the mid and late 70's, the deformation mechanisms and the primary 
technical factors responsible for the brittle behaviour of Al-Li alloys were 
identified. This very substantial technical progress together with continuing large 
scale development programme inspired the aluminium producers to examine and 
produce more complex Al-Li alloys via both ingot and powder metallurgy routes. In 
1983, British ALCAN international in association with RAE developed via ingot 
metallurgy route the first of the new generation of Al-Li alloys referred to as DTD 
XXXA (Aluminium Association designation being AA 8090). This XXXA alloy was 
designed to replace medium strength 2014-T6 and 2024-T3 plate and sheet in 
aircraft. In the following years, a higher strength alloy DTD XXXB was also 
developed in UK to substitute for 7000 series aluminium alloys. Since the 
introduction of these two alloys, several other Al-Li alloys of varying compositions 
have been developed by other leading aluminium producers in US and France. The 
chemical composition of current commercial 'ingot route' Al-Li alloys together with 
their trade names and the associated other details are described (3) in Figure 1.1.

Recently, commercial production of the new generation quaternary Al-Li 
alloys has begun, although, the problems associated with poor ductility and fracture 
toughness properties of these alloys have only been partially overcome. However, 
the fundamental metallurgical concepts which are responsible for the strength and 
ductility characteristics of these alloys are more clearly understood today and they 
suggest that both the alloy composition and hence control of heat treatment 
conditions to develop appropriate precipitate phase distributions as well as a 
control over the materials' grain structure are of extreme importance.

The current industry assessment is that for a large modem transport 
aircraft the extrusion product form may be as high as 28 wt.% of the total product 
form (1). So, studies in detail on the extrusion processing of Al-Li alloys are



Figure 1.1. Composition Ranges for Commercially Registered Al-Li-Cu-Mg-(Zr) Alloys
Chemical Composition (weight per cent)

Aluminium Company Trade Names/ Li Cu Mg Zr Si Fe Cr T1 Zn Mn A 1 Substitute
Association of other designations for
designation origin
8090 Alcan/Pechiney F92 (RAE) 2.20 1.00 0.60 0.04 0.00 0.00 0.00 0.00 0.00 0.00 2014-T3 &T851

DTD — A (RAE) to to to to to to to to to to Bal. 2024-T4
LITAL 'A' (Alcan) 2.70 1.60 1.30 0.16 0.20 0.30 0.10 0.10 0.25 0.10 7475-T73
CP271 (Pechiney) 7075-T73

X8090A Alcoa Alithalite A 2.10 1.10 0.80 0.08 0.00 0.00 0.00 0.00 0.00 0.00 2024-T3 &T351
to to to to to to to to to to Bal.
2.70 1.60 1.40 0.15 0.10 0.15 0.05 0.15 0.10 0.05

8091 Alcan DTD — B (RAE) 2.40 1.60 0.50 0.08 0.00 0.00 0.00 0.00 0.00 0.00 7075-T76
LITAL 'B' (Alcan) to to to to to to to to to to Bal. 7475-T76

2.80 2.20 1.20 0.16 0.20 0.30 0.10 0.10 0.25 0.10 7050-T7651
7010-T7651

X8192 Alcoa Alithalite C 2.30 0.40 0.90 0.08 0.00 0.00 0.00 0.00 0.00 0.00 Low density
to to to to to to to to to to Bal. Medium strength
2.90 0.70 1.40 0.15 0.10 0.15 0.05 0.15 0.10 0.05

X8092 Alcoa Alithalite D 2.10 0.50 0.90 0.08 0.00 0.00 0.00 0.00 0.00 0.00 7075-T73
to to to to to to to to to to Bal.2.70 0.80 1.40 0.15 0.10 0.15 0.05 0.15 0.10 0.05

2090 Alcoa Alithalite B 1.90 2.40 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 7075-T6
to to to to to to to to to to Bal. 7075-T73
2.60 3.00 0.25 0.15 0.10 0.12 0.40 0.15 0.10 0.05 (forgings)

2091 Pechiney CP274 1.70 1.80 1.10 0.04 0.00 0.00 0.00 0.00 0.00 0.00 2024-T351
to to to to to to to to to to Bal. 7475-T7351
2.30 2.50 1.90 0.16 0.20 0.30 0.10 0.25 0.10 7175-T731

Pechiney CP276 1.90 2.50 0.20 0.04 0.00 0.00 0.00 0.00 0.00 0.00 7050-T6 &T851
to to to to to to to to to to Bal. 7010-T6 &T851
2.60 3.30 0.80 0.16 0.20 0.30 0.10 0.10 0.25 0.10

ro
o
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necessary. An additional advantage in using extrusion processing route is that a 
variety of grain structures may be produced through varying the extrusion 
processing variables such that optimisation of the processing conditions can lead to 
improved microstructures and properties.

The present research study concerns AA 8090 Al-Li all oys and the aim is to 
design initially a series of suitable heat treatment conditions to develop typical 
phases within the microstructure, investigate the effect of extrusion processing 
variables on the variation in structure and properties of the material and finally to 
investigate the combined effects of the use of suitable heat treatment and optimum 
processing conditions upon the strength, ductility and the fracture toughness 
characteristics of the material.
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CHAPTER TWO 

LITERATURE REVIEW

2 .1 . THE PHYSICAL METALLURGY OF Al-Li ALLOYS

2.1 .1 . P hase T ransform ations in  Al-Li A lloys

2 .1 .1 .1 . Binary Al-Li system

In common with conventional heat-treatable aluminum alloys e.g. Al-Cu- 
Mg, Al-Zn-Mg-Cu, Al-Mg-Si etc., Al-Li alloys rely upon the ageing heat treatments 
producing precipitation hardening behaviour for increased strength. The 
aluminum rich comer of the equilibrium Al-Li phase diagram reviewed in detail by 
McAlister (4) is presented in Figure 2.1(a). The figure shows that a simple eutectic 
reaction liquid -►  a (Al) + 8 (AlLi) takes place at about 600°C; additionally, the 
solubility of lithium in aluminum decreases rapidly with decrease in temperature 
such that an alloy containing more than about 6 at % lithium may be quenched 
from the single phase field and aged in the two phase field to obtain the whole 
amount of excess lithium available in the form of precipitates.

In the early 1960's Silcock (5) detected the presence of 8(AlLi) phase in Al-9 at 
% Li alloys aged at 240°C. Silcock confirmed that 8 has a B3 2  (NaTl) type of 
structure with lattice parameter a = 6.37 ± 0.01 A and maintains an orientation 
relationship with the matrix as follows:

(100)511(110)^; (0 1 1 )511(1 12)a1;(011)511(11 Da i, a (111) matrix habit plane 
was also suggested. At a lower ageing temperature of 165°C, a simple LI2 

superlattice of the face centered cubic matrix occurred; it was identified to be due to 
8'(Al3 Li) phase with lattice parameter a = 4.038 A. This precipitate is spherical and 
yields a very low a / 8' mismatch value ~ -0.3 % (6). It is coherent with the matrix and 
is responsible for age hardening in the binary Al-Li system.

Although 8 ' was extensively studied by both x-ray diffraction (5) and 
Transmission Electron Microscopy (6,7) for several years after its discovery, it was 
not until 1971 that the 8' solvus was first defined by Noble and Thompson (8) using 
transmission electron microscopy and resistivity measurements. Their (8) work
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Weight Percent Lithium

Figure 2.1. (a) The equilibrium Al-Li phase diagram (afterMcAlister(4)) and (b) experimentally determined solvus
lines for both 8 and 8' (8, 9, 10, 11).
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together with that of Costas and Marshall (9), Nozato and Nakai (10) and Williams 
and Edington (11) is included in Figure 2.1 (b) showing the solvus lines for both 8 

and 8’. In addition to the metastable solvus line, Williams and Edington (11) 
inferred the presence of a coherent solvus line just below the 8’ solvus from the 
heterogeneous precipitation of 8’ on dislocations and the absence of homogeneously 
precipitated matrix 8 '. Further work by Ceresara et al (12) using small angle x-ray 
scattering (SAXS) to define the 8 ' coherent solvus agreed well with that due to 
Williams and Edington (11). This line was termed the thermodynamic solvus, to 
distinguish it from the apparent solvus lines shown in Figure 2.1 (b). Additional 
SAXS work by Cocco et al (13) extended the thermodynamic S’ solvus line to define 
the coherent miscibility gap over the full range of the 8 ' phase field to -25 at % 
lithium. Extrapolation of this line agrees closely with the apparent solvus lines of 
Williams and Edington (11) indicating that the difference between the coherent and 
incoherent solvus lines is very small over the entire phase field. This is well 
understood in view of the small amount of lattice strain generated by 8' formation. 
The full Al-Li phase diagram showing the 8 solvus and the apparent coherent 8 ' 
solvus lines as determined by TEM (8,11) and SAXS (12,13) is shown in Figure 2.2. 
The metastable a + 8' solvus plays a significant role ensuring that heat treatment of 
alloys of commercial interest involves compositions and temperatures lying within 
it. A simple miscibility gap, produced by connecting the experimentally determined 
a and 8’ solvi, (Figure 2.2) was generally accepted until recently. However, Gayle and 
Vandersande (14) pointed out that such a miscibility gap involving two distinct 
crystal structures (disordered a and LI2 ordered 8 j violates thermodynamic 
restrictions: since LI2 ordering is a first order transformation it is necessary that 
the two phase regions be bordered by the two single phase fields. These authors have 
proposed several possible forms of metastable phase diagrams (14, 15), the latest 
being shown in Figure 2.3(a). A theoretical model concerning the stable and 
metastable Al-Li phase diagram has been recently developed by Sigli and Sanchez 
(16). The developed metastable diagram is shown in Figure 2.3(b). The a-S’ 
relationship is similar to that proposed by Gayle and Vandersande but the diagram 
additionally predicts another miscibility gap viz. (dj + a 2) within the (a + 8j phase 
field. The presence of such second level of metastability within the (a + 8 j phase 
field has been claimed through the interpretation of data from differential 
scanning calorimetry which shows low temperature endotherms and exotherms 
consistent with GP zones formation and dissolution (10, 17). Microstructural 
investigations, however, have been unable to confirm the existence of such zones.
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Figure 2.2. Phase diagram of Al-Li showing the 8 solvus, and the 
apparent and coherent 5’ solvus lines (8 , 11, 13).
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Weight °/0 Li

Weight %  Li
0  5  10 15 2 0

Figure 2.3. The metastable a -5' system(a) as proposed by Gayle and Vander Sande (14)(b) as predicted by Sigli and Sanchez (16)
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B alm u th  (18) also observed low te m p e ra tu re  d isso lu tio n  p eak s in  th e rm a l an a ly s is  
e x p e rim e n ts  b u t  h a s  a t t r ib u te d  th e se  to  th e  re v e rs io n  of fine 5 ' p ro d u c e d  on  
q u en ch in g .

T he nuclea tio n  of 8 ' h a s  b e e n  s tu d ied  in tensively  by  n u m e ro u s  investiga to rs 
(8 , 11, 19, 20). The a u th o rs  (2) show ed th a t  b ec a u se  of th e  sm all coherency  s tra in s , 
th e  p a rtic le s  ten d  to b e  sp h e ric a l a n d  th e  p a rtic le s  p rec ip ita te  by  h o m ogeneous 
n u c le a tio n  b e c a u se  of very  low in te rfac ia l en erg y  b e tw een  5 ’ a n d  th e  m a trix , 
re su ltin g  in  a  un iform  d is trib u tio n  of 8 ' w ith  m o st of th e  decom position  occu rring  
ap p aren tly  d u ring  th e  quench . Even th e  n u c lea tio n  could  no t be p reven ted  by  step  
quench ing  above the  8 ' solvus, to rem ove excess vacan c ies  (11), a lthough , S u zu k i et 
al (2 1 ) observed  th a t  th e  ex cess  v a c an c ie s  ex ert a n  im p o rta n t role on  8 ’ n u c le i 
form ation. In all cases, th e  alloy stren g th en in g  w as fo und  to be due  to th e  very g rea t 
p re c ip ita tio n  of 8 '. T he s tre n g th e n in g  fad es off s h a rp ly  a t  ageing te m p e ra tu re s  
above 2 0 0 °C ; th is  is a t tr ib u te d  to  th e  decrease  in  8 ' vo lum e frac tio n  a n d  rap id  
coarsen ing  of 8 ' p artic les in  acco rdance  w ith th e  L ifshitz-W agner k inetics  show ing a 
c la ss ic a l c h an g e  in  average  size y w ith  (time)1 /^  (8 , n ,  22). A dditionally , 
p referen tia l coarsen ing  h a s  b een  observed a t d is locations (1 1 ) a n d  g ra in  b o u n d a rie s  
(23); th e  form er effect c a n  be acco u n ted  for by rap id  pipe diffusion a t d is locations 
w h ilst th e  la tte r  case  is  a  good exam ple of a  d isc o n tin u o u s  c o a rsen in g  reac tio n , 
p rov id ing  th e  la m e lla r a  + 8 ' to  grow  a t th e  e x p en se  of fine h o m o g en eo u s 8 ’- 
d ispersion . The driving force for su ch  a  d isco n tin u o u s  reaction  w ould be expected to 
be sm all in view of reported  sm all surface energy v a lu es (e.g. 0 .24  Jm "2 (8 ), 0 .18  J m ‘2 
(6 )). The reaction  w as show n to te rm in a te  rapidly a s  8 form ed.

T he exact m ech an ism  of 8 fo rm ation  h a s  b e e n  th e  su b jec t of g rea t debate . 
N ozato a n d  N akai (10) p roposed  th a t  8 form s from  th e  m e ta s ta b le  8 '. A sim ila r 
m ech an ism  du e  to Schegoleva a n d  Rybalko (24) w as th a t  th e  form ation  of 8 phase  
c o n sis ts  in  th e  rea rran g em en t of f.c.c. to NaTl type s tru c tu re  by collective sh e a rs  of 
g ro u p s  of {1 1 1 } f.c.c. p la n e s  s im ila r to  th e  m a r te n s itic  tra n s fo rm a tio n  p ro cess . 
However, failure to produce diffraction evidence to  su p p o rt su ch  a  p ro cess w eakened  
th e  a rg u m e n t for th e  p roposed  m ech an ism . N isk an en  et al (25) suggested  th a t  th e  
fo rm ation  of 8 on the  g ra in  b o u n d a rie s  is a s  a re su lt of p referen tia l coarsen ing  of 8 ' 
su c h  th a t  th e  b o u n d a rie s  provide th e  energy re q u ired  to overcom e th e  in terfac ial 
energy b a rr ie r  of th e  8 * - 8 tra n sfo rm a tio n . However, W illiam s (26), S a n d e rs  et al



(27) a n d  J h a  et a l (28) show ed evidence in  favour of th e  8  n u c lea tio n  in d e p e n d e n t of 
6 ' a n d  g row th  of 8 -p h a se  p a rtic le s  acco m p an ied  by  d isso lu tio n  of su rro u n d in g  
m e ta s tab le  8 '.

2.1.1.2. Ternary Al-Li-Mg system

In  th e  early  s ta g e s  of th e  developm ent of lith iu m  c o n ta in in g  a lu m in iu m  
alloys, basically  te rn a ry  ad d itio n s e.g. copper a n d  m ag n esiu m  by  J o n e s  an d  D as (29) 
w ere m a d e  w ith  th e  a im  of in c re a s in g  th e  s tr e n g th  w ith o u t sac rific in g  m u c h  
ductility  a n d  density ; p rom ising  re su lts  w ere ob ta in ed , th o u g h , it is  now  a p p a re n t 
th a t  th o se  developm ents w ere carried  o u t w ith  a n  incom plete u n d e rs ta n d in g  of th e  
s tren g th en in g  m ech an ism  a n d  th e  role of m e ta s tab le  8 ' phase.

A deta iled  s tu d y  o n  th e  equ ilib rium  p h a se  re la tio n s  in  th e  Al-Li-Mg sy stem  
w as in itia lly  carried  o u t by  L evinson a n d  M cP herson  (30). The iso th e rm a l p h ase  
sec tio n  of th e  Al-Li-Mg sy s tem  for a  typ ica l ageing  te m p e ra tu re  of 2 0 0 °C  (31) is 
p re se n te d  in  F igure 2 .4 . A t th e  sam e tim e I.N. F rid y lan d er e t al (32) s tu d ie d  th e  
p h a se  eq u ilib ria  a n d  m e c h a n ic a l p ro p e rtie s  of Al-Mg-Li alloys a n d  finally  th e ir  
w ork  re su lte d  in  a n  alloy d es ig n a ted  0 1 4 2 0  in  th e  m id  1960 's w ith  a  n o m in a l 
c o m p o sitio n  of A l-5M g-2Li-0.5  M n. T he a u th o r s  ex p la in ed  th e  p re c ip ita tio n  
sequence  of th e  following type:

su p e rsa tu ra te d  so lu tion  (ss)— GP zones—Al2LiMg

Little s tre n g th e n in g  w as a sso c ia te d  w ith  th e  zone fo rm ation  b u t ageing a t 160 - 
180°C produced  a su b s ta n tia l increase in streng th . Al2LiMg p h ase  w as claim ed to be 
th e  m a jo r  s tre n g th e n in g  p h a se  in  th is  alloy sy s tem . T he ex ac t p re c ip ita tio n  
re a c tio n s  in  th is  alloy sy s te m  w ere n o t kno w n  u n ti l  T h o m so n  a n d  Noble (33) 
exam ined  in  detail th e  p rec ip ita tion  ch arac te ris tic s  of Al - (1.5 - 2 .0  w t %) Li - (1-6 w t 
%) Mg alloys an d  show ed th e  prec ip ita tion  sequence  to  be

053—8 ' (Al3 Li)—Al2 LiMg

The au th o rs  (33) suggested th a t the S'lA^Li) p h a se  is th e  m a jo r s tre n g th e n in g  p h ase  
in  th e se  te rn a ry  alloys a n d  th e  equ ilib rium  Al2 LiMg p h a se  a p p e a rs  in  alloys w ith  a 
h igh  m ag n esiu m  c o n te n t (g reater th a t  2  w t %) w h e n  aged a t  te m p e ra tu re s  above
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Figure 2.4. Iso th e rm a l s e c tio n  of th e  AI-Li-Mg sy s tem  a t  2 0 0 °C  
(after S c h u rm an n  an d  G eissler (31)).
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1 7 0 °C ; A l2 L iM g  phase  is  c o a rs e ly  d is p e rse d  p ro d u c in g  l i t t le  s tre n g th e n in g  a n d  
o c c u rs  as ro d s  w ith  < 110>  g ro w th  d ire c t io n s  a n d  m a in ta in s  a n  o r ie n ta t io n  
re la t io n s h ip  o f th e  fo llo w in g  type :

(1 iOJppt. 11 ( I  IOIa P [110]pp t 11 [11 Ua i -

T he  e q u i l ib r iu m  A ^ L iM g  phase  possesses a f.c .c . s t r u c tu re  w ith  la t t ic e  
pa ram e te r a = 19.9 A (20 .2 A  acco rd ing  to  Lev in son  a n d  M cPhe rson  (30)). Schegoleva  
and  R yba lk o  (34) sugges ted  th a t  th e  fo rm a tio n  o f  e q u il ib r iu m  p re c ip ita te  A ^ L iM g ,  
w h ic h  th e y  m is le a d in g ly  te rm e d  S, w a s  p rece  ded  b y  th a t  o f a n  in te rm e d ia te  
m e ta s ta b le  phase S'; S ' w a s  fo u n d  to  have a face cen te red  m o n o c lin ic  la t t ic e  w ith  
la t t ic e  p a ra m e te rs  a = c= 20 .0 0 4  A, b=  19 .797  A, p = 8 8 ° 5 0 ' a nd  a n  o r ie n ta t io n  
re la t io n s h ip  w ith  th e  m a t r ix  o f th e  fo llow in g  type :

(ioi)s . 11(110)̂ ; (ioi)s . i id I Dai.

H ow eve r, no  o th e r l i te ra tu re  is  a va ila b le  in  s u p p o r t  o f  th e  e x is tence  o f  a n y  s u ch  
m e ta s ta b le  p re c u rs o r to  A ^ L iM g  phase.

T h o m p s o n  a n d  N ob le  (33) sugges ted  th a t  th e  p r im a ry  c o n t r ib u t io n  o f  
m agne s ium  to  s tre n g th  is  in  its  so lid  s o lu t io n  h a rd e n in g . A lso , i t  has  been  suggested  
(35, 36) th a t  m a g n e s ium  reduces  th e  s o lu b il i t y  o f  l i t h iu m ,  th e re b y  in c re a s in g  th e  
v o lu m e  f ra c t io n  o f  8 ' fo r  a g iv e n  l i t h iu m  c o n te n t .  A d d it io n a l s tre n g th e n in g  
in v o lv in g  p oss ib le  in c o rp o ra t io n  o f m a g n e s iu m  in to  8 ' has  a lso been suggested (36, 
37, 38).

2.1.1.3. Ternary Al-Li-Cu system

A d d it io n  o f c o ppe r to  b in a ry  A l-L i a llo y s  p ro d u ce s  phases w h ic h  are p a r t ly  
re la te d  to  th e  A l-C u  s y s tem  a n d  p a r t ly  to  th e  A l- L i s ys tem ; a lso , fo rm a t io n  o f  
seve ra l te rn a ry  phases is  feas ib le  depend ing  on  th e  a llo y  com po s it io n . In  th e  ea rly  
stages o f th e  d eve lopm en t o f  these  a llo ys , th e  s tu d ie s  b y  H a rd y  a nd  S ilc o c k  (39) 
co n c e rn in g  phase  re la t io n s h ip s  in  A1 r ic h  A l-C u -L i a llo y s  w e re  m o s t e n cou rag ing . 
A n  is o th e rm a l phase se c tio n  a t 3 5 0 °C  o f th e  A l-L i-C u  sys tem  (39) is  sh ow n  in  F ig u re  
2.5(a). T he  fig u re  show s th e  p resence o f th ree  te rn a ry  phases (viz. T g , T ^  a n d  T 2 ) in  
a d d it io n  to  the  b in a ry  8 (A lL i) a nd  0(A l2Cu) phases.
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F igu re  2.5. Is o th e rm a l sec tions  o f th e  A l-L i-C u  sys tem
(a) phases  id e n t if ie d  a t 3 5 0 °C  (a fte r  H a rd y  a nd  

S ilc o c k  (39)).
(b) phases id e n t if ie d  a fte r 16 h o u rs  a t 165 °C  (sifter 

S ilc o ck  (5)).
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T he crysta llograph ic  d a ta  of th ese  te rn a ry  p h a se s  w ere ev aluated  a s  follows: 
T q  = Al7  5  CU4 U , cu b ic , C aF2  s tru c tu re ; a= 5 .8 3  A; th e  o rien ta tio n  re la tio n sh ip  
being, (100)yB I I (110)a i ; [ 0 0 1 ] ^  11 (OOll^y; T]_ = A ^C uL i, hexagonal; a  = 4 .97 , c =
9 .35  A; th e  o rien ta tio n  re la tio n sh ip  being (OOOlfj^ I I ( l l l)A l;  [lOlOJy^ I I [1 1 0 ] ^ ;  
T2  = AlgCuLig, s tru c tu re  undeterm ined . [The s tru c tu re  o fT 2  p h ase  w as found la te r 
(40) to be icosahedra l exhibiting po in t g roup  sym m etry  M35. C assad a  et al (41) also 
observed th e  icosahedra l p h ase  an d  found  th a t  a t 190°C  th e  m ajority  o fT 2  pa rtic les 
w ere b .c.c. w ith a  lattice  p a ram e te r of 13.9 A ;th is is c o n s is te n t w ith th e  s tru c tu re  of 
T2  de term ined  by  C h erk ash im  et al (42).]. Later, u s in g  x -ray  tech n iq u es, Silcock (5) 
in v e s tig a te d  th e  s t r u c tu r a l  ageing  c h a ra c te r is t ic s  o f th e se  alloys. T he p h a s e s  
observed  in  Al-Cu-Li alloys after ageing a t 165°C  for 16 h o u rs  are show n  in  Figure 
2.5(b); th e  prec ip ita tes observed in  alloys con tain ing  u p  to 2.5 w t % Li a n d  5 wt % Cu 
w ere, therefore, 8 ’ (AlgLi) , 0 (CuAl2 ) an d  its  p recu rso rs , an d  T j (A^CuLi) phase.

In  th e  U.S.A., a  com m ercial alloy 2 0 2 0  of th e  A l-Cu-Li alloy se rie s  w as 
developed following Silcocks' w ork w ith  a  com position  Al-4.5 w t % C u - 1.1 w t % Li - 
0 .5  w t % Mn - 0 .2  w t % Cd. The precip ita tion  seq u en ces in  th ese  alloys described by 
S an d ers  et al (27, 43) are  a s  follows:

GP zones ► 9" *-0:-^0 (CuA^)
/

a SS
V 5 ’ (Al3 L i) -5  (AlLi)

P eak  s tre n g th  in  th is  se ries  of alloys h a s  b een  a ttr ib u te d  to th e  fo rm ation  of 0" an d  
8 ’ .

In the  U .S.S.R., th e  com m ercial alloy VAD 23 b a sed  on th e  Al-Cu-Li system  
w as developed a t th e  sam e tim e b u t w ith in c reased  copper a n d  lith ium  con ten t. The 
p h a s e s  p re s e n t w ith in  th e se  alloys w ere fo u n d  to  be s im ila r  to  th o se  found  by 
Silcock (5), b u t, th e  m ajo r s tren g th en in g  of VAD 23 w as a ttr ib u te d  to  th e  p h ases  T g  
a n d  T j .  Schegoleva a n d  Rybalko (44) rep o rted  in  c o n tra s t  to  S ilcock (5) th a t  T]_ 
p rec ip ita tio n  is possib le  in  Al-Cu-Li alloys w ith  h ig h  co p p er c o n te n t (-5 .0 7  wt %) 
a n d  held  T]_ an d  T g  p h a se s  responsib le  for th e  m ajo r s tren g th en in g  in th ese  alloys.
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M eanw hile, G ayle (45) ex am in ed  Al-Li-Cu alloys w ith  in c re a se d  lith iu m  
(2 . 2 2  w t %) a n d  d ec reased  copper (2 . 0 1  w t %) a n d  rep o rted  sign ifican tly  g rea te r 
p rec ip ita tio n  of 5 ’ to g e th e r w ith  th e  ex istence of (A^CuLi) p rec ip ita tion . Gayle 
a lso  suggested  th a t  th is  te rn a ry  p h ase  m ay  form  e ith e r from  solid so lu tio n  o r from  a 
tra n sfo rm a tio n  of 0' a fte r diffusion of lith ium  in to  th e  Al-Cu p h ase  h ad  ta k e n  place. 
T he effects of lith iu m  ad d itio n s (0.4 - 1.5 w t % Li) to  a n  Al- 4 .5  w t % copper alloy 
w ere sy s te m a tic a lly  s tu d ie d  by  Noble et al (46). T he a u th o rs  have show n  th a t  
lith iu m  ad d itio n s m odify th e  s tru c tu re  of th e  hom ogeneously  n u c lea ted  GP zones. 
T he p re sen ce  of GP zo n es (Cu-Li) add itionally , su g g ested  th a t  th e  p rec ip ita tio n  
reac tio n s of th e  b in a ry  Al-Li an d  Al-Cu sy stem s are  very m u ch  in te r-re la ted  in  th e  
Al-Li-Cu system .

Recently, J o  a n d  H irano (47) have su m m a rise d  th e  p rec ip ita tio n  seq u en ces 
of A l-C u-Li a llo y s a s  a  fu n c tio n  of copper: li th iu m  c o n c e n tra tio n  (wt %) a s  
investigated  by several investigations (5, 19, 39 , 46, 48) an d  being show n as  follows:

C u/L i > 4; su p ersa tu ra ted  solid so lu tion  (SSS) ■ ► GP zo n es-^
—  0 ^ 0 '

C u/Li = 2 .5-4; SSS-^GP zones
-► (GP zones + 5 ’)-^(0" + 5 ’) ■ ► (0' + 5')
— (S’ +Tx)—T X

C u/Li = 1 -2 .5 ; S.S.S.—(GP zones + 5’)
— (0, + 8 ,) - ( 8 , + T 1)—T X

C u/L i < 1: S.S.S.—(S’ + Tx)—T x

A detailed  s tu d y  on th e  m ech an ism  of Tx p rec ip ita tio n  a s  a  fu n c tio n  of alloy 
com position  w as carried  ou t by Noble a n d  T hom pson  (19). The a u th o rs  show ed th a t  
in  th e  alloy co n ta in in g  high copper (3.5 w t %) an d  low lith iu m  (1.5 w t %) Tx p h ase  
w as h o m o g en eo u sly  d is tr ib u te d  in  th e  m atrix ; th e  n u c le a tin g  s ite s  being  th e  
h o m ogeneously  n u c le a te d  GP zones. W h ereas ,in  th e  alloy co n ta in in g  low copper 
(2.5 w t %) a n d  h igh lith iu m  (2.0 w t %) Tx p h ase  fo rm ed  h e te ro g en eo u sly  a t th e  
m a trix  d islocations; th e  en rich m en t of in trin sic  s tack in g  fa u lts  (produced  due  to
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th e  d isso c ia tio n  of 1 /2  <110> d is lo ca tio n s in to  1 / 6  < 2 1 1> S hockley  partia ls) by 
copper an d  lith ium  p roduced  a  th in  layer of th e  T]_ p h a se  on  a  {1 1 1 } h a b it plane.

Until recently , th e re  w as no  reference of an y  m eta s tab le  p re c u rso rs  to T j an d  
T2  p h a se s  in  th e  lite ra tu re . Rioja an d  Ludw ickzak (49) have p roposed  on  th e  b a s is  of 
d iffraction  evidence th e  existence of ad d itio n a l in te rm ed ia te  m e ta s tab le  p h a se s  viz. 
T j /  a n d  T2 '. T]_' p h a se  h a s  b e e n  p ro p o sed  to  h av e  a  s im ila r  m orpho logy  a n d  
iden tica l h a b it  p lan e  to b u t  u n like  it p o sse sse s  a n  o rth o rh o m b ic  s tru c tu re ; 
w h ils t, T 2 h a s  b e e n  p ro p o sed  to  form  by  th e  in c o rp o ra tio n  of lith iu m  in to  0 ' 
(AI2 CU). However, th e se  o b serv a tio n s are  co n tro v ersia l a n d  th e  in te rp re ta tio n  of 
the  diffraction d a ta  h ad  been  criticised  by o th e r w orkers (40, 50, 51).

T he influence of add itiona l p h a se s  from  th e  te rn a ry  Al-Li-Cu sy stem  on th e  
5' p rec ip ita tio n  h a s  b een  s tu d ied  by several investiga to rs. T osten  e t al (40, 51) a n d  
H uang an d  Ardell (50) have show n th a t  8 ’ c a n  grow o n  th e  faces of 0' - p la tes. T osten  
et al have also show n th a t  a t  low Li:Cu ra tio , T^ c a n  com pete  w ith  8 ' for availab le  
lith iu m  su c h  th a t  he te ro g en eo u s p rec ip ita tio n  of T^ p h a se  a t  th e  g ra in  b o u n d a rie s  
re su lte d  in  a  8 ' p re c ip ita tio n  free zone w ith in  th e  Al-2 % Li - 3  w t % C u alloy 
w h ereas  no  su c h  PFZ’s w ere observed w ith in  th e  alloy co n ta in in g  2 .6  w t % lith ium  
an d  1 w t % copper. The fo rm ation  of PFZ in  th is  m a n n e r  h a s  b e e n  show n  to be 
re la ted  to th e  copper: lith ium  ratio  of the  Al-Li-Cu alloys.

2.1.1.4. Al-Li-Cu-Mg system

M agnesium  add itio n  to  te rn a ry  Al-Li-Cu sy s tem  fo rm s th e  b a s is  for to d ay s 
com m ercial Li co n ta in in g  Al b a sed  alloys. The p re c ip ita tio n  re a c tio n s  w ith in  th e  
Al-Li-Cu-M g sy stem  a re  com plex a n d  also  th e  p h a se  d iag ram  of th e  q u a te rn a ry  
system  h a s  n o t b een  determ ined. However, recen t s tu d ie s  (52-57) have show n th a t  
th e  p h a se s  p re sen t w ith in  th e  q u a te rn a ry  Al-Li-Cu-M g sy stem  are  s im ila r to th o se  
p re sen t w ith in  the  te rn a ry  Al-Li-Cu, Al-Li-Mg an d  Al-Cu-M g sy stem s a n d  th e  choice 
of p h a se s  m ay be ob ta ined  v ia o p tim isa tion  of th e  alloy  com position  a n d  th e  ageing 
co n d itio n s .

T he b enefic ia l effect of Mg a d d itio n  is  p rim a rily  tw o fold: firstly , it c a n  
re p la c e  so m e  p e rc e n ta g e  of c o p p e r  w h ich  is  a d v a n ta g e o u s  from  d e n s ity  
co n sid e ra tio n  an d  secondly p rec ip ita tio n  of ad d itio n a l p h a se s  viz. A ^C uM g b ased
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S p h a se  a n d  A lg C u M g ^  b a se d  T  p h a se  in  th e  A l-Cu-M g sy s te m  a re  feasib le . 
P rec ip ita tio n  of T  p h a se  req u ire s  a  h igh  su p e rs a tu ra tio n  of m ag n esiu m  a n d  so to 
allow it to  form  w ould also s im u ltan eo u sly  encourage  fo rm ation  of A ^L iM g p h ase  
in  th e  Al-Li-Mg system ; form ation  of coarse  a n d  in te rg ra n u la r  A ^LiM g p h a se  w as 
show n (33,36) to p roduce dele terious effects on  th e  m echan ica l p ro p erties  of th e  
Al-Li-Mg alloys a n d  hence th e  form ation  of T  p h ase  ca n n o t be encouraged  in  th e  Al- 
Li-Cu-M g sy stem . However, fo rm atio n  of A ^ C u M g  b a se d  o n  S p h a se  re q u ire s  
relatively  le ss  m ag n esiu m  for its  form ation . A n iso th e rm a l sec tio n  of th e  te rn a ry  
Al-Cu-Mg system  (57, 58) is show n in  Figure 2.6. It is  th e  te rn a ry  S (A^CuMg) p h ase  
w hich  ex is ts  over m u c h  of th e  te rn a ry  sec tio n . P rec ip ita tio n  in  th e  Al-Cu-M g 
sy s te m  w a s  in itia lly  in v e s tig a te d  by  B a g a ry a tsk y  (59) a n d  th e  p re c ip ita tio n  
sequence  afte r h is  w ork is  a s  follows:

a s s -^ G P  zones S '-^S (A^CuMg)

The in te rm ed ia te  S" an d  S’ are  s im ila r to S in  s tru c tu re  a n d  o rien ta tio n  b u t have 
d iffe ren t la ttic e  p a ra m e te rs ; B a g a ry a tsk y  sh o w ed  th a t  th e  S p h a s e  h a s  a n  
o rtho rhom bic  s tru c tu re  an d  its  o rien ta tio n  re la tio n sh ip  w ith  th e  m a trix  a s  follows:

[ to o ls 'I 1 UOOJa i ; [010]s * I I [0 21 ]^ ; [00US- I I [0121a !.

S p h a se  grow s a s  rods along <110> d irections; th e  ro d s  w iden an d  form  la th s  on 
{210} planes. The lattice param eters of S' were found to  be, a  = 4 .04 A, b = 9.25 A, and  
c = 7 .18  A, w h ereas  th e  equilib rium  S w as rep o rted  (60) to have th e  following u n it 
cell d im ensions viz. a  = 4.04 A, b = 9.23 A, and  c = 7 .14 A.

L ater s tu d ie s  by Lorim er (61) reconfirm ed th e  p rec ip ita tion  sequence  an d  th e  
S '/ a  o r ie n ta tio n  re la tio n sh ip  ex cep t th e  a u th o r  d id  n o t find  a n y  m e ta s ta b le  
p re c u rso r to  S' p h ase . Only recen tly  th e  ex istence of su c h  p re c u rso rs  (viz.S") h a s  
received su p p o rt from  C u isia t et al (62). Unlike th e  e stab lish ed  co rre la tion  betw een 
th e  GP zones a n d  fo rm ation  of o th e r  m e ta s ta b le  a n d  s tab le  p h a se s  in  th e  Al-Cu 
system , th e  connection  betw een th e  GP zones a n d  th e  S p h ase  is q u estio n ab le  (63). 
Even, to d a te , no m ic ro s tru c tu ra l evidence is available to ju s tify  th e  tra n s itio n  from 
S' to S p h a se . In  lith iu m  co n ta in in g  A l-Cu-M g alloys, a t  th e  ty p ica l ageing 
te m p e ra tu re s ,  th e  A ^ C u M g  b a se d  p re c ip ita te  is  g en era lly  te rm e d  S' p h ase ;
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Weight % Mg
Phase boundaries a t 500°C  --------
Possible phase boundaries a t 1 9 0 ° C -------
A I2CuMg S
A I6CuMg4 T
C om position ranges in L ita l A and 
L ita l B resp ec tive ly

Figure 2.6. Iso th e rm a l s e c tio n s  of th e  A l-C u-M g sy s te m  (after 
Silcock an d  P arso n s (58)).
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fo rm a tio n  o f A l-Cu-M g GP zones h a s  n o t b een  re p o rte d  a n d  th e  p o ssib ility  of 
lith iu m  inco rp o ra tio n  in to  th ese  p rec ip ita te s  h a s  n o t b een  evaluated . A dditionally, 
no precise lattice  p a ram e te r m easu rem en ts  of th e  p rec ip ita tes have b een  carried  out. 
U nder th e se  c ircu m stan ces, it is unw ise to  d is tin g u ish  betw een S' a n d  S p rec ip ita tes 
in  q u a te rn a ry  Al-Li-Cu-Mg alloys.

At th e  typical ageing tem p era tu res , p rec ip ita tio n  of S' p h a se  in  th e  Al-Cu-Mg 
alloys ta k e s  p lace hetero g en eo u sly  u p o n  th e  q u e n c h e d  in defects (viz. d islocation  
loops a n d  helices) w h ich  a re  p re s e n t in  h igh  d e n s ity  w ith in  th e  a s  q u e n c h e d  
m ic ro s tru c tu re . W hilst, in  th e  li th iu m  c o n ta in in g  a lloys th e  e x te n t of su c h  
p rec ip ita tio n  is lim ited  by th e  low d en sity  of s u c h  defects a n d  th e  only availab le  
h e te ro g en eo u s n u c lea tio n  s ite s  a re  g ra in  an d  su b g ra in  b o u n d aries . C eresa ra  e t al
(64) a ttr ib u te d  th is  phen o m en o n  to th e  h igh  lith ium -vacancy  b in d in g  energy w hich  
in h ib its  v acan cy  c o n d e n sa tio n  u p o n  quen ch in g . However, W ilson  a n d  P artrid g e
(65) su g g ested  th a t  in  th e  ab sen ce  of su c h  defects, hom ogeneous n u c lea tio n  of S 
p hase  is prom oted; b u t, in  a  recen t investigation  by G regson an d  Flower (6 6 ) no trace  
of h o m o g en eo u s n u c le a tio n  of S p h a se  w as d e tec ted  even a fte r  ageing a t  120°C  
en su rin g  th a t  GP zones solvus w as n o t exceeded. They suggested  th a t  hom ogeneous 
n u c lea tio n  m igh t be su b s ta n tia lly  delayed o r even p reven ted  by  low diffusion ra te s  
aris in g  from  th e  lith ium -vacancy  b ind ing  energy. T he a u th o rs  also suggested  th a t  
ex tended  h e a t- tre a tm e n t to allow for th is  w ould  n o t be com m ercially  viable. So, 
they  in tro d u ced  a  pre-ageing s tre tch  in o rder to in c rease  the  d islocation  density  an d  
h e n c e  e n c o u ra g e  th e  w id e sp re a d  h e te ro g e n e o u s  p re c ip ita t io n  of S p h a se . 
F u th erm o re , a  finer a n d  uniform  S p h ase  p rec ip ita tio n  w as o b ta in ed  by  using  a  two 
step ageing process.

In  com m ercial Al-Li-Cu-Mg alloys, th e  m a jo r m a trix  p re c ip ita te s  observed  
a re  8 ' (A^Li), T ^ A ^ C u L i) an d  S (A^CuM g). S ince, b o th  T]_ an d  S p h a se s  involve 
copper, a  c ritica l ba lan ce  betw een copper an d  m ag n esiu m  c o n cen tra tio n  h a s  b een  
found to be a  deciding factor a s  to op tim isa tion  of a  p a rtic u la r  p h ase  w ith in  th e  aged 
m ic ro stru c tu re . Peel e t al (54) suggested  th a t  th e  b a lan ce  betw een  T j  an d  S p h a se s  
d ep en d s u p o n  th e  Cu:Mg ratio  a n d  from  com m ercial po in t of view it is  im p o rtan t to 
m a in ta in  a Mg co n ten t of 0 .7  wt % in  o rd er to e n su re  th e  op tim um  d is trib u tio n  of S 
p h a se , m ay  be p ro d u ced  d u rin g  th e rm o m e c h a n ic a l p ro cessin g . In  th e  alloys 
co n ta in ing  2 .6  wt % Li, 1.20 w t % C u, 0 .5  w t % Mg a n d  0 .13  w t % Zr, th e  a u th o rs  
show ed th a t  a  slight red u c tio n  in  th e  Mg co n ten t lim its  S p rec ip ita tio n  an d  allows



for T i  p rec ip ita tion . G regson an d  Flow er (62) add itiona lly  su g g ested  th a t  a  Cu:M g 
ra tio  of 2 .6:1 (com position of S p h ase  being 44 .8  w t % C u, 17.1 w t % Mg, b a lan ce  A1 
(53)) w ould  m axim ise S p rec ip ita tio n  providing all Cu a n d  Mg is availab le  for th e  
fo rm ation  of th e  te rn a ry  p hase .

W ith  d u e  c o n s id e ra tio n  of th e  role of C u a n d  Mg o n  th e  r e s u l ta n t  
m ic ro s tru c tu re  to g e th e r w ith  th e  know ledge of th e  p rac tica l lim it (from d u c tility  
co n sid e ra tio n ) of lith iu m  c o n te n t (< 3 w t %), a  se rie s  of Al-Li alloys have b een  
developed in  recen t years. C om positional d e ta ils  of th e se  com m ercial Al-Li alloys 
have b een  sum m arised  by Sm ith (63) an d  are included  in Figure 1.1.

2.1.2. The role of grain refining additions and impurities on the grain structure 
and the precipitation reactions in Al-Li alloys.

2.1.2.1. Grain Refining Additions

S u p erla ttice  alloys w ith  a  co arse  g ra in  size do exhib it a  low d u c tility  a s  a 
re su lt of w ork  h a rd en in g  an d  s tre s s  co n cen tra tio n s  a t  th e  g ra in  b o u n d a rie s . Al-Li 
alloys a re  n o  exception . Also, d esp ite  th e  choice  of v a rio u s  th e rm o m ech an ica l 
p rocessing  ro u tes , w hich them selves m ay vary  th e  g ra in  s tru c tu re  considerably , th e  
f in a l Al-Li a llo y  p ro d u c t  w as  a lw ay s  re c ry s ta l l is e d . U n d e r  c o m m e rc ia l 
developm ent of Al-Li alloys, therefore, contro l of g ra in  s tru c tu re  via g ra in  refining 
ad d itio n s w as a n  im m ediate task .

C hrom ium  ad d itio n s  w ere stric tly  lim ited s in ce  it w as proved to be h ighly 
ineffective in  in h ib itin g  rec ry s ta llisa tio n  in Al-Li a lloys (53). W hilst, m an g an ese  
ad d itio n s were stud ied  by m an y  investigators (22, 67 , 6 8 ) a s  a  possib le g ra in  refiner 
via th e  A lgM n d isp e rso id  w hich  form s on  so lid ifica tion  a n d  in  th e  solid  s ta te . 
However, th e  re s u lt  w as a  fully rec ry s ta llised  s t ru c tu re  in  th e  so lu tio n  so ak ed  
m ate ria l. T h is w as a ttr ib u te d  to th e  d isso lu tio n  of fine in co h eren t A lgM n d u rin g  
so lu tio n is in g  tre a tm e n t to g e th e r w ith  th e  loss of m a n g an ese  to w ard s fo rm ation  of 
co a rse  in te rm eta llic s  like A l^ F e M n J g S i,  A lgM nSi etc. d u rin g  so lid ification  (69). 
F u rth e rm o re , p rom otion of u n w an ted  5(AlLi) fo rm ation  by th e  d isp e rso id s  w as also 
rep o rted  (70). C onsequen tly , Mn ad d itio n s  received  little  a tte n tio n  in  th e  la te r  
s tag es  of com m ercial developm ent of Al-Li alloys.
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In  re c e n t y e a rs , th e  effectiveness of z irco n iu m  in  Al-Li alloys a s  a  p o te n t 
g ra in  re fin er a n d  rec ry sta llisa tio n  in h ib ito r h a s  b e e n  widely recogn ised  (71). S uch  
b e h a v io u r  is a sso c ia te d  w ith  th e  p re sen ce  of fine , b u t  u n ev en , d isp e rs io n s  of 
sp h e ric a l, c o h e re n t a n d  o rd e red  (L I2  s tru c tu re )  A lgZ r (()') p a r tic le s  (72). The 
d isp e rs io n s a re  very s tab le  a t th e  so lu tion  tre a tm e n t te m p era tu re  m ain ly  du e  to th e  
sm all a / p '  m isfit value a n d  slugg ish  diffusivity of z irco n iu m  (73, 74). D uring  th e  
m ig ra tio n  of a  g ra in  b o u n d a ry , th e  A ^ Z r  p a rtic le s  m u s t  ch an g e  from  co h eren t to 
in co h eren t a n d  th e  energy involved in  th is  p ro cess  w ould  acco u n t for th e  very high 
re c ry s ta llisa tio n  te m p e ra tu re  a sso c ia ted  w ith  z irco n iu m  ad d itio n s  to a lu m in iu m  
(71, 75).

T h e  c o h e re n t A l^ Z r  p a r t ic le s ,  a d d it io n a lly ,  p ro v id e  h e te ro g e n e o u s  
n u c lea tio n  s ite s  for 5' (AI3 U) p recip ita tion  (76, 77, 78). T his re su lts  in  a n  a p p a re n t 
acceleration  of th e  ageing p rocess a s  5'- coated  AlgZr behave a s  a  popu la tio n  of large 
8 ' p a rtic le s . T he c h a ra c te r is tic  a p p e a ra n c e  of th e  co m p o site  p re c ip ita te s  h a s  
recen tly  led to  a  g rea t deal of re se a rch  to  u n d e rs ta n d  th e  exact n a tu re  of th e se  
p re c ip ita te s .  G ayle a n d  V a n d e rsa n d e  (76) h a v e  p ro p o se d  th a t  l i th iu m  is 
in c o rp o ra te d  in to  th e  P ' im ply ing  a  co re  c o m p o s itio n  of th e  ty p e  A lgfL iZ r). 
U n fo rtu n a te ly , it is n o t p o ssib le  to an a ly se  li th iu m  u s in g  TEM te c h n iq u e s  a n dbyhence conflicting resu lts  have b een  reported  (79, 80). H ow ever,.recent s tu d ies  (81, 82, 
83) u s in g  a tom -probe field-ion m icroscopy, lith iu m  in co rp o ra tio n  in to  th e  P' h a s  
been  clearly  estab lish ed , th o u g h  quan tifica tion  of lith iu m  p resen t in  each  p h ase  on 
a n  ab so lu te  scale w as not possible.

T here is no evidence th a t  coheren t P' p a rtic le s  in fluence 8 p h a se  form ation , 
a lth o u g h , M iller et al (84) recen tly  repo rted  th a t  in c o h e re n t P' p a rtic le s  ac t a s  th e  
p rin c ip a l n u c le a tin g  s ite s  for m a trix  8 p re c ip ita tio n  in  rec ry s ta llised  s tru c tu re s . 
U n fo rtu n a te ly , th e  a u th o rs  p rov ided  in su ffic ien t ev idence  in  s u p p o r t  of th e ir  
observations. However, in creased  8 fo rm ation  in  th e  rec iy s ta llised  s tru c tu re s  m ay 
be in te rp re ted  on  the  b a s is  of m ore he terogeneous s ite s  (in te rm s of h igh  angle g ra in  
bo u n d aries) available for 8 fo rm ation  com pared  to  th e  u n rec ry s ta llised  m ateria l.

F inally , G ayle e t al (85) have sh o w n  th a t  la rg e r  a n d  m ore  u n ifo rm  P' 
d isp e rs io n s  inh ib it d islocation  cu ttin g  of p a rtic le s  in  th e  m a trix  a s  a  conseq u en ce  
of th e  h igh  a n tip h a se  b o u n d a ry  (APB) energy a sso c ia te d  w ith  P ’. P ’ a lso  re s u lts  in 
s tre n g th e n in g  of 8 ’ p rec ip ita te  free zones by p ' p a rtic le s . T his re su lts  in  im proved 
com bina tion  of s tre n g th  a n d  to u g h n ess  in  Al-Li alloys.
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2.1.2.2. Impurities

T he ch ief so u rce  of th e  m ajority  of th e  im p u ritie s  (e.g. sod ium , p o tassiu m , 
ca lc iu m , iron , silicon) w hich  are  com m only fo u n d  in  Al-Li alloys a re  th o se  w hich 
a re  a lread y  p re se n t in  th e  raw  m ate ria l. T h is  w as  p a rtly  a t t r ib u te d  to  th e  very 
reac tiv e  n a tu re  of l i th iu m  (71). D epend ing  on  th e  ch em ica l n a tu re  a n d  solid  
so lu b ility  in  a lu m in iu m  th e  im p u rities  m ay  form  a lu m in iu m  rich  d isp e rso id s  a n d  
c o a rs e  in te rm e ta ll ic s  (iron , silicon) o r g ra in  b o u n d a ry  film s (e.g. so d iu m , 
po tassiu m ).

Im p u rities  like iron  an d  silicon often com bine w ith  o th e r  alloying e lem ents 
(e.g co p p e r a n d  m agnesium ) from  th e  m elt early  d u rin g  th e  so lid ification  p ro cess 
a n d  p re c ip ita te  a s  in so lu b le  c o n s t i tu e n t  p h a s e s  a lo n g  th e  h ig h  ang le  g ra in  
b o u n d a rie s . Also, in  th e  p resence  of m an g an ese  a s  a n  alloying elem ent, iron  an d  
s ilic o n  o ften  co m b in e  w ith  th is  e lem en t to  form  in so lu b le  d isp e rso id s  (69). 
D ep en d in g  on  th e  size of th ese  co a rse  in te rm e ta llic s  a n d  d isp e rso id s , p a rtic le  
in d u ced  recry sta llisa tio n  m ay  well o ccu r giving rise  to  fo rm ation  of u n w an ted  high 
angle g ra in  b o u n d a rie s  (69). Also, red u c tio n  in th e  so lu te  (viz. copper, m ag n esiu m  
a n d  m an g an ese ) c o n c e n tra tio n  in  so lu tio n  d u e  to  th e ir  fo rm atio n  re d u c e s  th e  
n e c e s s a ry  driv ing force for th e  fo rm atio n  of age h a rd e n in g  p h a s e s  a n d  g ra in  
re fin in g  d isp e rso id s . A ttem p ts are m ade, therefo re, to  keep  th e  iro n  an d  silicon 
levels low w ith in  the  m ateria l; a lthough , it h a s  b een  repo rted  (71) th a t  th e  p resence 
of sm all a m o u n ts  of iron  an d  silicon is often  d esirab le  a s  th ey  so a k  u p  harm fu l 
e le m e n ts  like so d iu m  a n d  p o ta ss iu m  p rev en tin g  fo rm atio n  of em b rittlin g  g ra in  
b o u n d a ry  film s.

Segregation  of a lk a li-im p u ritie s  like so d iu m , p o ta ss iu m  a n d  ca lc ium  h a s  
b een  d em o n stra ted  to reduce  to u g h n ess  of Al-Li alloys (8 6 ). D ue to th e ir  insoluble 
n a tu re , th ey  are  p re se n t a s  g ra in  b o u n d a ry  film s a n d  liqu id  p h a se  em brittlem en t 
m ay  be occurring . W eb ste r e t al (87, 8 8 ) exam in ed  in  d e ta il th e  effect of th e se  
im p u ritie s  a n d  conc luded  th a t  th e  p resen ce  of th e se  im p u ritie s  is  n o t th e  m ajo r 
c au se  of poor to u g h n ess  in Al-Li alloys. The p resence  of any  of th e se  im purities does 
n o t affect th e  g ra in  s tru c tu re  an d  n e ith e r of th e  p rec ip ita tio n  re a c tio n s  w ith in  the  
alloy sy s tem  is affected. However, th e  p resence  of th e se  im p u ritie s  is u n d esirab le  
s in c e  th e y  only  affect th e  m e c h a n ic a l p ro p e r tie s  (viz. d u c til i ty  a n d  f ra c tu re  
toughness) of th e  m ateria l adversely.



2 .1 .3 . Grain Boundary Precipitation Within the Heat treated Al-Li 
alloys

T he g ra in  b o u n d a ry  p re c ip ita te s  o bserved  w ith in  th e  h e a t  t re a te d  Al-Li 
a lloys m ay  be g ro u p ed  in to  two categories: firstly , th e  co a rse  iro n  a n d  silicon  
b earin g  co n s titu e n t partic les w hich form  early  in  th e  solidification p rocess, survive 
th e  p ra c tic a l  h o m o g en iz in g  a n n e a lin g  t r e a tm e n t  (an d  re m a in  a t  th e  g ra in  
b o u n d a rie s  of th e  hom ogenised m aterial) an d  secondly , th e  p rec ip ita te s  w hich form  
d u rin g  th e  artificial ageing h e a t trea tm en t. W hilst fo rm ation  of th e  form er types of 
p re c ip ita te s  a re  con tro lled  by  th e  im p u rity  c o n te n t of th e  orig inal c a s t  m a te ria l, 
fo rm atio n  of th e  la tte r  types of p rec ip ita te s  d e p e n d s  on  th e  ageing te m p e ra tu re s , 
ageing  tim es, alloy com position  a n d  to  a n  ex te n t th e  p reage ing  tre a tm e n ts  th e  
m a te ria l receives (89, 90, 91). Inform ation  on th e  fo rm er types of p rec ip ita te s  h a s  
b een  provided in  sec tion  2 .1 .2 .2 . The p re se n t sec tio n  will co n sid e r only th e  o th er 
types of p rec ip ita tes. A dditionally, th e  age h a rd en in g  p h a se s  like T]_ a n d  S w hich 
form  a t th e  low angle g ra in  b o u n d aries  will no t be d iscu ssed .

In  b in a ry  Al-Li alloys, fo rm atio n  of th e  e q u ilib riu m  8 (AlLi) p h a se  a t th e  
g ra in  b o undaries h a s  been  docum ented by m any  investigators (11, 92, 93). Due to its 
reac tive  n a tu re , re te n tio n  of 8 d u rin g  th e  p re p a ra tio n  of th in  foils fo r TEM is 
d ifficult a n d  hence  only  a  few in v es tig a to rs  (89, 94) have b een  ab le  to provide 
e lec tro n  d iffrac tion  evidence of its  p resen ce ; it is  u su a lly  id en tified  by  x -ray  
diffraction m eth o d s (5, 11).

In  m ag n esiu m  co n ta in in g  Al-Li alloys, H a rris  e t al (95) iden tified  co arse  
A ^LiM g p rec ip ita tes a t th e  g ra in  b oundaries; th e  a u th o rs  also no ted  a n  increase  in  
its  c o n cen tra tio n  w ith  in creasin g  m ag n esiu m  c o n ten t. S a n d e rs  (96) also  reported  
fo rm ation  of su c h  p h a se  w ith in  Al-Li-Mg alloys, b u t  th e  fo rm ation  of 8 p h ase  w as 
n o t rep o rted . G rain  b o u n d a ry  p rec ip ita tio n  in  Al-Li-Cu alloys was investiga ted  
initially  by  S ta rk e  et al (71) & Lin et al (89). The a u th o rs  rep o rted  th e  presence  of 
m ain ly  two coarse  p rec ip ita te s  viz. T2  a n d  8 p h a se  a t  th e  g ra in  b o u n d a rie s  of th e  
alloys in  th e  p eak  aged condition . Low d u c tility  in  th e  alloys w as co rre la ted  w ith 
th e  p resen ce  of th e se  p rec ip ita te s  to g e th e r w ith  th e  s tr a in  lo ca lisa tio n  in  PFZs. 
T o sten  et al (51) recen tly  investiga ted  g ra in  b o u n d a ry  p re c ip ita tio n  in  Al-Li-Cu 
alloys; th e  a u th o rs  suggested  th a t  8 ’ PFZs w ere a lw ays a sso c ia ted  w ith  b o u n d a rie s  
co n ta in in g  8 p a rtic le s . The a u th o rs  ad d itio n a lly  n o ted  a n  in c re a se  in  8 ’ PFZ
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fo rm ation  to g e th e r w ith  th e  g ra in  b o u n d a ry  p rec ip ita tio n  d u e  to  a n  in c rease  in  th e  
co p p er co n ten t in  th e  alloy. U nfortunately , th e  a u th o rs  did  n o t provide any  electron  
d iffrac tion  evidence to  prove th a t  th e  m a jo r g ra in  b o u n d a ry  p re c ip ita te  w as th e  
eq u ilib riu m  5 p h ase ; ra th e r  th e  m a jo r g ra in  b o u n d a ry  p rec ip ita te  in  th e ir  alloys 
w as assum ed  to be 8 m ain ly  b ecau se  of its  s trik ing  resem blence to 5 p h ase  of b in a ry  
Al-Li alloys b o th  in  a p p e a ra n ce  (i.e. s u rro u n d e d  b y  m isfit d islocations) a n d  its  
o ccu rren ce  in  a sso c ia tio n  w ith  8 ' PFZs. R ecently, C a ssa d a  e t al (41) u sing  electron  
m ic ro d iffrac tio n  te c h n iq u e s  show ed  th a t  in  A l-Li-Cu alloys aged  a t 190°C  or 
h igher, 8 p h a se  p artic les  w ere no t observed  a t  g ra in  b o u n d a rie s ; ra th e r  th e  g ra in  
b o u n d a ry  p re c ip ita te s  w ere reco g n ised  to  be a  T 2  (Alg C u U 3 ) p h a se  a n d  a n  
ic o sah ed ra l p h a se  (I phase). The a u th o rs  co n c lu d ed  th a t  w h en  Al-Li alloys a re  
fu r th e r  alloyed w ith  e lem en ts su ch  a s  C u an d  Mg th e  g ra in  b o u n d a ry  p rec ip ita te s  
form ed d u rin g  typical ageing h e a t tre a tm e n ts  m u s t n o t be  m is in te rp re ted  in  te rm s  
of 8 ph ase-p artic les.

G ra in  b o u n d a ry  p rec ip ita tio n  in  com m ercial Al-Li-Cu-M g alloys h a s  b e e n  
recen tly  in v estig a ted  by  severa l w orkers. M iller e t al (91) a n d  P e te rs  e t al (97) 
reported  th e  presence of 8 p h ase  partic les a t th e  g ra in  b o u n d a rie s  associa ted  w ith  8 ’ 
PFZ in  th e  p e a k  a n d  overaged AA 8 0 9 0  alloys; b u t, ag a in  th e ir  o bserva tions w ere 
n o t su p p o rte d  by  e lec tron  diffraction  evidence. R ecently , O w en (90) ca rried  o u t a 
d e ta iled  in v estig a tio n  of th e  g ra in  b o u n d a ry  p re c ip ita tio n  w ith in  th e  AA 8 0 9 0  
alloys. U sing  q u a n ti ta t iv e  x -ra y  ED S a n a ly s is  to g e th e r  w ith  th e  e le c tro n  
d iffraction  tech n iq u es  th e  a u th o r  found  no  evidence of s tab le  8 p h a se  p artic les  a t 
th e  g ra in  b o u n d a rie s  in  th e  p eak  an d  overaged conditions; it w as concluded  th a t  a n  
icosahedra l p h ase  sim ilar to I p h ase  repo rted  by C assad a  et al (41) is th e  m ajor g ra in  
b o u n d a ry  precip ita te  a n d  responsib le  for 8 ' PFZ form ation . T he a u th o r  also n o ted  a 
decrease  in  g ra in  b o u n d a ry  p rec ip ita tio n  w hen  th e  m a te ria l w as given a  preageing  
s tre tc h . T h is  o b se rv a tio n  w as ex p la in ed  o n  th e  b a s is  of p ro m o tio n  of m a trix  
p rec ip ita tio n  w hich red u ced  th e  so lu te  availab le for fo rm atio n  of g ra in  b o u n d a ry  
p rec ip ita tion . S u ch  o bserva tions seem  very logical a n d  p ara lle l th o se  by Lin e t al 
(89) ea rlie r in  Al-Li-Cu alloys an d  m ore recen tly  by M iller e t a l (91) in  Al-Li-Cu-Mg 
a lloys. H ow ever, d e fin ite  q u a n ti ta t iv e  in fo rm a tio n  is  c le a rly  re q u ire d  to 
s tre n g th e n  th ese  observations.
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2J2. Physical and Mechanical Properties of Al-Li Alloys

2.2.1. Density

L ith iu m  is  th e  lig h te s t m eta llic  e lem en t a n d  h a s  a  s ig n ifican t effect on 
d en sity  w h en  alloyed w ith  a lum in ium . F or every w eigh t p e rcen t lith iu m  ad d ed  to 
a lu m in iu m  (up to  th e  lim it of solid solubility) th e  d en sity  is red u ced  3 %(56). Al-Li 
alloys are , therefo re, recognised  to  be  po ten tia lly  very  u se fu l m a te ria ls  for a irc ra ft 
s tru c tu re s . R ecently , Peel et al (54) derived a  form ula of following type:

Density (gm/c.c.) = 2.71 + 0.024 Cu + 0.018 Zn + 0.022 Mn 
- 0.079 Li - 0.01 Mg - 0 .004 (wt %) Si

in  o rd e r to  p red ic t th e  density  from  know n com positions of th e  alloys: th e  negative 
co n trib u tio n  of lith iu m  is appreciab le.

2.2.2. M odulus

C oincident w ith  decreasing  density , for each  w eight p e rcen t of lith ium  added  
to a lu m in iu m  (up to a  lith iu m  c o n te n t of a b o u t 4  %) th e  e las tic  m o d u lu s  is also 
in c reased  a b o u t 6  % (56). However, th e  e x p lan a tio n  for th e  in c reased  stiffn ess  
observed in  th ese  alloys is n o t so stra igh tfo rw ard . S a n k a ra n  & G ran t (56) initially  
m isin te rp re ted  a n d  a ttr ib u te d  su c h  h igh stiffness to  th e  h igh elastic  m o d u lu s  of th e  
5 ' partic les du e  to its  o rdered  n a tu re . Noble et al (98) also  fo und  a  h igh value (~96 
GPa) for th e  e las tic  m o d u lu s  of 8 ’, b u t ,  for th e  ra n g e  of a lloys of co m m ercia l 
im portance  they  show ed th a t  th e  m ajo r co n trib u tio n  to th e  m o d u lu s  a rise s  from  th e  
lith iu m  in  solid  so lu tio n , n o t due  to  th e  sh o rt ra n g e  o rd erin g  o r s tr a in  energy  
effects. A ccordingly th ey  successfu lly  explained th e  observed  decrease  in  stiffness 
d u rin g  ageing in  te rm s  of th e  p rec ip ita tio n  of lith iu m  o u t of solid  so lu tio n  d u rin g  
age h arden ing . Figure 2.7(a) show s th e  effect of lith iu m  co n ten t on  th e  m o d u lu s  of 
alloys in  th e  so lu tio n  tre a te d , an d  in  th e  so lu tio n  tre a te d  a n d  aged cond itions; a  
m u ch  g rea te r co n trib u tio n  of th e  solid  so lu tio n  re la tive  to 8 ' to w ard s th e  observed 
m o d u lu s  is clearly  depicted . Noble e t al (98) rep o rted  th a t  lith iu m  in  solid so lu tion  
m odifies th e  electronic s tru c tu re  of th e  alloy an d  c o n s titu te s  th e  b a s is  for th e  large 
increase  in  m odulus.
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Figure 2.7. V ariation  of tensile  p ro p ertie s  w ith  lith iu m  con ten t.
(a) Y o u n g ’s  m o d u lu s  o f s o lu t io n  t r e a te d ,  a n d  

so lu tion  trea ted  a n d  aged m ate ria l
(b) C o n t r ib u t io n  o f  d i f f e r e n t  s t r e n g th e n in g  

m ec h a n ism s  a fte r ageing  to  n e a r  p e a k  s tre n g th  
(after Noble and  co-w orkers (98. 99).
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2.2.3. Strength and Deformation Mechanisms

In te ra c tio n  be tw een  p re c ip ita te s  a n d  m oving d is lo ca tio n s c o n s ti tu te s  th e  
b a s is  for s tre n g th e n in g  in  a n y  p re c ip ita tio n  h a rd e n e d  sy stem . In  Al-Li alloys 
(contain ing  m ore  th a n  ~ 1 . 6  w t % lithium ), th e  m a jo r s tre n g th  increm en t is  afforded 
by S' p rec ip ita tion . Since, th e  slip p lan es of co h eren t 8 ' p a rtic le s  a n d  th e  m atrix  are  
id e n tic a l, th e  p a r tic le s  a re  s h e a re d  by  th e  m oving  d is lo ca tio n s . W here, th e  
d is lo c a tio n s  c u t  a n d  deform  th e  p a rtic le s , th e  s tre n g th e n in g  m e c h a n ism s , a s  
suggested  by  D ecker (100) are  a s  follows: (a) o rder h a rd en in g  (b) la ttice m ism atch  (c) 
m o d u lu s  h a rd en in g  an d  (d) Peirls force m ism atch . Noble e t al (99) exam ined  each  of 
th e se  s tre n g th e n in g  m ech an ism s a n d  concluded  th a t  s tren g th en in g  in  Al-Li alloys 
is c a u se d  b y  a  co m b in a tio n  of (i) o rd e r h a rd en in g  su c h  th a t  a n tip h a se  b o u n d a ry  
energy  is  sig n ifican t (ii) m o d u lu s  h a rd en in g  w h ich  a r is e s  from  th e  difference in  
e la s tic  m o d u lu s  b e tw een  p re c p ita te  a n d  m a trix . T h e  in c re m e n t in  s tre n g th  
a sso c ia ted  w ith  la ttice  m ism a tch  b e tw een  8 ' a n d  th e  m a trix  is sm all d u e  to low 
coherency  s tra in s  assoc ia ted  w ith  8 '; a lso  th e  energy  req u ired  to c rea te  new  su rface  
w h en  th e  p a r tic le s  a re  sh e a re d  by  th e  d is lo c a tio n s  is  sm a ll d u e  to  low a / 8 ' 
in te rfac ia l energy. S an d e rs  e t al (22) explained th e  s tre n g th en in g  m ec h a n ism s  in 
th e se  alloys in  te rm s  of 8 ' p rec ip ita te  size a n d  sp a c in g  as  a  fu n c tio n  of artific ia l 
ageing cond itions. The a u th o rs  (22) show ed th a t  th e  d islocations sh e a r  th e  partic les 
in  th e  early  s ta g e s  of ageing w h en  th e  p a rtic le s  a re  sm all a n d  closely  sp aced , 
w hereas, a s  th e  p rec ip ita tes grow an d  th e ir  spac ings in c rease  w ith  ageing, less  force 
is  re q u ire d  fo r th e  d is lo c a tio n s  to  bow  a n d  loop a ro u n d  th e  p re c ip ita te s . 
C om petition  be tw een  sh e a rin g  a n d  looping re s u lts  in  th e  c la ss ica l ageing curve, 
w here, th e  s tre n g th  initially  in c reases  w ith  in c reasin g  partic le  size a s  th e  p artic les  
are sh ea red  an d  th e n  decreases a s  th e  particles are looped.

T he possib ility  of add itio n a l s tren g th en in g  d u e  to  lith iu m  in  solid  so lu tio n  
w as investiga ted  by Noble et al (99); however, th e  a u th o rs  rep o rted  very little solid 
so lu tio n  s tren g th en in g  a n d  a ttr ib u te d  th is  to th e  low atom ic size fac to r th a t  ex ists  
b e tw een  a n  a lu m in iu m  a to m  a n d  a  lith iu m  a to m  (considering  so lid  so lu tio n  of 
lith iu m  in  alum in ium ). Also, recently , F u ru k aw a  e t a l (100) an d  M iura e t al (101) 
have su g g es ted  th a t  b es id es  o rd e r h a rd en in g , th e  m a in  c o n tr ib u tio n  to c ritica l 
resolved s h e a r  s tre s s  in  th e  cu ttin g  stage com es from  th e  frictional s tre sse s  resisting  
d is lo ca tio n  m o tio n s in  th e  8 ' p a rtic les. However, no  d irec t evidence for su c h  a 
m ech an ism  h a s  b een  p u t forward.



46

P lastic  d efo rm ation  in  p rec ip ita tio n  h a rd e n e d  Al-Li alloys o c c u rs  th ro u g h  
th e  m o tion  of d islocations on close packed  {1 1 1 } p lan es in  closed p ack ed  d irections. 
The s tre n g th  a n d  m icro  deform ation  ch a ra c te ris tic s  of su c h  a n  alloy, therefore, are  
d o m in a ted  by th e  in te rac tio n  of m obile d is lo ca tio n s a n d  th e  co h e ren t, o rdered  5' 
partic les. The s tren g th en in g  effect a sso c ia ted  w ith  8 ’ p a rtic le s  an d  th e  asso c ia ted  
w ork -so ften ing  th a t  c a n  re su lt  w h en  th ey  a re  d estro y ed  by  in tensive  slip , c a n  be 
e s tim a ted  a s  follows: th e  m otion  of a  u n it d islocation  th ro u g h  th e  o rdered  lattice  of 
the  8 ' p rec ip ita te  will n o t recreate  th e  s tru c tu re  in  its  w ake, b u t  c re a tes  d iso rd er in  
th e  form  of a n  a n tip h a se  b o u n d ary . To elim inate  th e  ex tra  energy  n e c e ssa ry  to 
c rea te  a n  a n tip h a se  b o u n d ary , d islo ca tio n s in  Al-Li alloys (6 , 22, 109) have b een  
fo u n d  n o rm ally  to  m ove in  p a irs  co n n ec ted  by  a  s tr ip  of a n  a n tip h a se  b o u n d a ry  
su c h  th a t  th e  passag e  of a  second  d islocation  re c re a te s  th e  o rd e r d is tu rb e d  by  th e  
first. T he sep a ra tio n  of two u n it d islocations is  d e te rm in ed  by  a  b a lan ce  betw een  
th e  force im posed  by  th e  s tru c tu re  to m a in ta in  its  o rd e r a n d  th e  rep u lsiv e  force 
b e tw e e n  th e  two d is lo c a tio n s  of sam e  sign . W h en  o rd e r h a rd e n in g  is  th e  
d o m in a tin g  m ech an ism , in c rease  in  s h e a r  s tre s s  m ay  b e  w ritten  in  th e  following 
form  (109),

t CRSS a  TAPB3 /2  r 1 /2 - f l / 2

w here, is th e  APB (an tiphase  boundary) energy of th e  partic le , r  is th e  m ean
partic le  ra d iu s  an d  f  is th e  volum e fraction  of th e  p artic les. W hen, n  d islocations of 
B u rg ers vecto r b  sh e a r  a  given partic le , th e  c ro ss  sec tio n  of th e  partic le  in  th e  slip 
p lan e  is  red u ced  by a n  am o u n t nb; a ssu m in g , p a rtic le s  a re  sh e a re d  a c ro ss  th e ir  
d iam eter, th e  sh e a r  s tre ss  required  for fu rth e r sh e a r becom es (103)

tocyapb^ 2  • (Y- nb ) 1/ 2

su c h  th a t  once slip o ccu rs  on a  p a r tic u la r  slip  p lan e  fu r th e r  s lip /d e fo rm a tio n  is 
en co u rag ed  along th e  sam e slip p lane . Slip b ecom es c o p la n a r a n d  th e  slip  p lane  
becom es th u s  w ork  so ftened . Up to th e  p e a k  aged  con d itio n , w here  d islo ca tio n  
m o tio n  o c c u rs  by  p a rtic le  sh e a r in g  m e c h a n ism , s u c h  p la n a r  d e fo rm a tio n  is 
typically observed in  Al-Li alloys (6 6 , 99, 104). A fter exam ining  each  of th e  possib le 
s tren g th en in g  m ech an ism s S an d e rs  (22) a n d  Noble (99) conc luded  th a t  o rd er an d  
m o d u lu s  h a rd e n in g  w ere th e  m a in  s tre n g th e n in g  m e c h a n ism s  in  b in a ry  Al-Li
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alloys. However, Noble (99) in  ag reem en t w ith  la te r  w orkers (100, 101, 105, 106) 
co n c lu d ed  th a t  o rd er h a rd e n in g  is th e  d o m in an t s tre n g th en in g  m ech an ism  (Figure 
2.7(b)).

2.2.4. Ductility and Fracture Toughness

2.2.4.1. Role of slip coplanarity, precipitate free zones and associated grain 
structure

E vidence  of c o p la n a r  slip  w ith in  Al-Li a lloys h a s  b e e n  p re s e n te d  by  
n u m e ro u s  investigations (6 6 , 99, 104). As a  re su lt  of p la n a r  deform ation, described 
in  earlie r section , d islocations pile up  a t th e  g ra in  b o u n d aries . S ince th e  n u m b e r of 
d islo ca tio n s w hich  are  piled u p  a t th e  b o u n d a ry  is  p rop o rtio n a l to th e  slip  length , 
a n  in c rease  e ith er in  th e  n u m b e r of p artic les  or th e  g ra in  size will a lso  increase  th e  
n u m b e r  of d is lo c a tio n s  on  th e  glide p la n e ; th e  r e s u l t  is  in c re a s in g  s t r e s s  
co n c e n tra tio n s  a t th e  b o u n d ary . C rack  n u c le a tio n  c a n  o ccu r a t  slip  b a n d  - g ra in  
b o u n d a iy  in te rse c tio n s  (107) a n d  s u b s e q u e n t p ro p a g a tio n  c a n  o c c u r  re su ltin g  
finally  in  in te rg ra n u la r  fa ilu re  (96). P lan ar defo rm ation  h a s  also  b e e n  observed in  
o th e r  a lu m in iu m  alloys (e.g. A l-Cu, Al-Zn, etc.) w h ere  th e  sh e a r in g  m ech an ism  
o ccu rs  (108); however, th e  p ropensity  tow ards p la n a r  slip in  th ese  alloys is reduced  
b e c a u se  th e  d islo ca tio n s c a n  c ro ss  slip. In Al-Li alloys, c ro ss  slip is  n o t a  viable 
p ro cess  for th e  su p e rd is lo ca tio n s  (96); add itionally , th e  co herency  s tra in s  a ro u n d  
th e  p a rtic le s  are low (19). G regson an d  Flow er (6 6 ), S an d e rs  a n d  S ta rk e  (104) an d  
Noble et al (99) have suggested  th a t  su c h  slip co -p lan arity  is th e  m ajo r cau se  of poor 
ductility  a n d  frac tu re  to u g h n e ss  in  Al-Li alloys.

D epend ing  on  th e  age h a rd e n in g  c o n d itio n s  (especially  in  th e  p eak ag ed  
conditions), th e  ex istence of p rec ip ita te  free zones (PFZ) along g ra in  b o u n d a rie s  of 
Al-Li alloys h a s  b een  a lso  docu m en ted  (22, 96). S a n d e rs  e t a l (22) p roposed  th a t  
PFZs o ccu rs  in  th ese  alloys a s  a  re su lt of p re fe ren tia l ripen ing  of 5' p rec ip ita te s  in 
th e  g ra in  b o u n d a rie s  b y  e n h a n c e d  d iffusion  in  th e s e  reg ions. T he a u th o rs  also  
show ed th a t  th e  PFZ developed a n d  grew  w ith  ageing  tim e. In  b in a ry  Al-Li alloys, 
s u c h  PFZs a re  a lw ays p re s e n t in  a sso c ia tio n  w ith  e q u ilib riu m  6 (AlLi) p h a se  
fo rm ation  a t th e  g ra in  b o u n d aries . The PFZ is so fter com pared  to th e  neighbouring  
m a trix  a n d , th erefo re , th e  local d efo rm ation  in  th e  PFZ c a n  be h igh  enough  to 
in itia te  a  c ra c k  a t a  g ra in  b o u n d a ry  or a t  a  g ra in  b o u n d a iy  tr ip le  p o in t before



s u b s ta n tia l m acroscopic deform ation c a n  occur. T he re su lt is  a  m ic ro s tru c tu re  w ith  
low m acroscopic ductility  (104, 108).

S everal a p p ro a c h e s  have  b e e n  m ad e  to  re d u c e  th e  p ro p e n s ity  to w ard s  
c o p la n a r  slip . T h ese  in c lu d e , p rim arily , m o d ifica tio n  of 8 ’/ a  m isfit th ro u g h  
te rn a ry  add itions; so th a t  d is locations will c ro ss  slip  a ro u n d  th e  p a rtic le s  ra th e r  
th a n  s h e a r  them . B a u m a n n  an d  W illiam s (37) show ed th a t  te rn a ry  ad d itio n s of 
silver a n d  zinc c a u se  a  significant in crease  in  8 ' / a  m isfit. However, th e se  e lem ents 
b esid es  being  relatively  heavy, w ere a lso  found to  low er th e  so lubility  of lith ium  in  
th e  m atrix ; th e se  fac to rs  in  tu r n  c o u n te ra c te d  th e  benefic ia l effects of lith iu m  
a d d itio n s . E n co u rag em en t of c ro ss  slip  u s in g  co m b in a tio n  of v a rio u s  alloying 
ad d itio n s to p roduce  a  fine d isp e rs io n s of n o n sh ea rab le  partic les w as a ttem p ted  by 
P alm er e t al (109) an d  S a n k a ra n  et al (56). P alm er et al (109) ob ta in ed  lower yield 
s tre n g th  in  th e ir  alloys w ith o u t an y  im provem ent in  ductility ; w hilst, in  th e  la tte r  
ca se , a n  in c rease  in  e longations in  th e  alloys w as  o b ta in ed  b u t  a t th e  co st of a 
sign ifican t red u c tio n  in  yield s tre n g th . T hough , lim ited  m ic ro s tru c tu ra l evidence 
w as p u t forw ard in  favour of reduced  p la n a r slip, it is  an tic ip a ted  th a t  th is  m ight be  
d u e  to th e  red u ced  8 ' - p re c ip ita tio n  a s  a  r e s u lt  of s u b s t i tu t io n  of lith iu m  for 
d isperso id  form ing elem ents.

S ince p la n a r  defo rm atio n  is  m ore p ro n o u n c e d  a t  large g ra in  sizes, Al-Li 
alloys co n ta in  sm all ad d itio n s of z ircon ium  (see S ection  2 .1 .2 .1) in  o rd er to refine 
th e  ingot g ra in  size an d  contro l th e  rec iy sta llisa tio n  in  w rough t p ro d u c ts . D insdale 
e t a l (36) added  z ircon ium  a s  a g ra in  re fin er to a n  alloy Al-2 Li-2 w t % Mg. They 
n o ted  th a t  th e  a m o u n t of g ra in  b o u n d a ry  fa ilu re  w as d ec re a sed  a s  a  re s u lt  of

«
fo rm ation  of su b g ra in  s tru c tu re s . However, th e  e sse n tia l fra c tu re  m ode in  th e se  
alloys still rem a in ed  severely  in te rg ra n u la r  w ith  som e a lte ra tio n  of th e  fra c tu re  
su rfa c e  following a  ch an g e  in  g ra in  sh a p e . L ater, S ta rk e  a n d  Lin (110) u se d  
th e rm o m e c h a n ic a l p ro cess in g  to  s tu d y  th e  in flu en ce  of g ra in  s tru c tu re  on  th e  
d u c tility  of 2 0 2 0  p late . They observed sign ifican t im provem ent in  ductility  in th e  
u n rec ry s ta llised  m a te ria ls  a sso c ia ted  w ith  th e  t ra n s g ra n u la r  d uctile  type frac tu re  
m ode co m p ared  to  th a t  of re c ry s ta llise d  m a te r ia ls  w h ich  a g a in  fa iled  via a  
p red o m in an tly  in te rg ra n u la r  frac tu re  m ode. S uch  a  change in  frac tu re  m ode w as 
a ttr ib u te d  to th e  sh a rp  tex tu re  observed in  th e  u n rec ry sta llised  m ateria ls , w hich, in 
tu r n  p rev en ts  th e  b u ild  u p  of localised  s tre s s  c o n c e n tra tio n s  a n d  e n h a n c e s  slip  
ac ro ss  g ra in  b o u n d aries . The a u th o rs  suggested  th e  u se  of z ircon ium  in  preference
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to  m an g an ese  a s  a  g ra in  refining add itio n  in  o rd er to  re ta in  a  pro n o u n ced  tex tu re ; 
th e  p re se n c e  of s u c h  s tro n g  te x tu re , how ever, r e s u l ts  in  severely  an iso tro p ic  
p ro p ertie s .

2.2A.2. Role of majrix precipitation

In  th e  p re s e n t  g e n e ra tio n  of Al-Li alloys, b e s id e s  th e  8 ’, th e  m a jo r  
s tre n g th e n in g  p h a se , close  co n tro l of alloy  co m p o sitio n  e n a b le s  fo rm a tio n  of 
several m a tr ix  age h a rd en in g  p h a se s  (see sec tion  2 .1 .1 .4 .). C onsiderab le  re se a rch  
in te rest h a s  b een  show n  in  recen t y ea rs  to  evaluate  th e  effectiveness of each  of th ese  
p h a se s  in  d isp ers in g  co p lan a r slip.

F o rm a tio n  of 0 ' p h a se  w h ich  o c c u rs  only in  c o p p e r rich  alloys, h a s  n o t 
proven  benefic ia l in  exerting  a  con tro lling  in fluence o n  slip  b eh av io u r (1 1 1 , 1 1 2 ). 
At o th e r  co m position  levels, fo rm ation  of ad d itio n a l p re c ip ita te s  viz. S a n d  is 
possible.

T he th in  p la te s  of h exagona l (A^CuLi) p h a se .w h ic h  form  on  th e  (111) 
slip p lan es, a re  n o t effective in  d isp ersin g  slip (6 6 ). Also, a  recen t investigation  by 
Sainfort a n d  G uyot (106) revealed th a t  Tj_ p h ase  is u n sh e a ra b le  by d islocations an d  
m ay, th e re fo re , lead  to  slip  lo ca lisa tio n  by  d e fo rm atio n  c h a n n e llin g  in  reg io n s 
w here  Tj_ p h a se  is  a b se n t. S u ch  h e te ro g e n e o u s  d e fo rm a tio n  w ould  o th erw ise  
co u n te ra c t th e  beneficial effect of slip hom ogen isa tion  d u e  to  d islocation  b y p assin g  
of th e  p recip ita te . However, G regson a n d  Flower (6 6 ) have show n th a t  un like  Tj_, 
S p h ase  is a n  effective slip d ispersing  agent. The a u th o rs  n o ted  th a t  since th e re  a re  
no u n ifo rm  d en se ly  p ack ed  p o ten tia l slip  p la n e s  w ith in  th e  S p h a se  w h ich  lie 
paralle l to th e  m a trix  slip p lanes, th e  la th s  of S p h ase  a re  unlikely  to  be p e n e tra ted  
by d islo ca tio n s. Bow ing a ro u n d  S p h a se , will, th e re fo re , in c rease  th e  local w ork  
h a rd e n in g  ra te  a n d  p rev en t developm ent of b a n d s  of c o p la n a r slip . A un ifo rm  
d isp e rs io n  of S p h a s e  th ro u g h o u t  th e  m ic ro s tru c tu re  is  how ever, th e re fo re  
n e c e s sa ry . G reg so n  a n d  F low er (6 6 ) e n c o u ra g e d  th e  w id e sp re a d  u n ifo rm  
h e te ro g e n e o u s  p re c ip ita tio n  of fine la th s  of S p h a s e  v ia  a  p reag e in g  s tr e tc h  
com bined  w ith  a two s te p  ageing h e a t tre a tm e n t. T hey ob ta in ed  a n  ap p rec iab le  
im provem en t in  d u c tility  a n d  to u g h n e ss  p ro p e rtie s  to g e th e r  w ith  a  c o m p arab le  
yield s tre n g th  va lu e  (see F igure 2.8). A n im p o rtan t ch an g e  in  fa ilu re  m e ch an ism
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Figure 2.8. A su m m a ry  of n o tc h  ten s ile  s tre n g th /y ie ld  s tre n g th  
ra tio  a s  a  fu n c tio n  of yield s tre n g th  for te rn a ry  an d  
q u a te rn a ry  Al-Li b a se d  a llo y s (L-T o rien ta tio n ) a s  
co m p ared  w ith  7 000  se ries co m m ercia l a irc ra ft alloys 
(after G regson (52)).
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from  one of th e  long range p la n a r  sh e a r  observed in  b o th  u n d erag ed  a n d  peakaged  
c o n d itio n s  to  one  c o n s is te n t w ith  in te r s u b g ra n u la r  type fra c tu re  m ode in  th e  
overaged cond ition  w as also no ted . S uch  a  ch an g e  in  failure m ech an ism  h a s  been  
a ttr ib u te d  to  th e  h o m o g en eo u s defo rm ation  in d u c e d  by th e  te rn a ry  A ^C uM gfS ) 
p h a se . A un ifo rm  defo rm atio n  w ith in  th e  s u b s tru c tu re  c a u se d  by  S p h a se  also  
en ab led  th e  m ate ria ls  to  d isp lay  isotropic p ro p erties  even th o u g h  th e  p resen ce  of a  
s tro n g  te x tu re  is typical of a  z ircon ium  refined sh e e t p ro d u c t. However, a lth o u g h  
th e  developm ent of su c h  a n  alloy is a sign ifican t s te p  to w ard s th e  developm ent of 
Al-Li alloys, th e  u til isa tio n  of a  p reageing  s tr e tc h  in  ach iev ing  th e m  is n o t a 
com m ercially  viable ro u te , w here  v ario u s o th e r form ing o p e ra tio n s  a re  concerned  
su c h  th a t  contro l of th e  d is trib u tio n  of deform ation becom es questio n ab le  a n d  also, 
th e  p ro d u c ts  m igh t n eed  re so lu tio n  tre a tm e n t. A dditionally , in  th e  u n s tre tc h e d  
m ateria l (e.g. in  AA 809 0  alloys) th e  sluggish  p rec ip ita tio n  k inetics of th e  S p h a se  in 
Al-Li alloys im ply th a t  th is  m ech an ism  can n o t be exploited.

2.2.4.3. Role of Grain Boundary Precipitation

T he m ajo r g ra in  b o u n d a ry  p rec ip ita te s  w h ich  form  w ith in  th e  com m ercial 
Al-Li alloys have b e e n  d esc rib ed  in  de ta il in  se c tio n  2 .1 .3 . R ecen t s tu d ie s  have 
show n  th a t  b esid es  th e  in h e re n t problem  asso c ia ted  w ith  slip co p lan arity  th e  g ra in  
b o u n d a ry  p rec ip ita te s  are  add itionally  responsib le  for th e  p re m a tu re  in te rg ra n u la r  
failure a n d  low ductility  an d  to u g h n ess  of th ese  alloys.

T he effect of co a rse  iro n  b ea rin g  c o n s ti tu e n t p h a s e s  on  th e  m ech an ica l 
p ro p erties  of Al-Li alloys h a s  b een  ch arac te rised  recen tly  by Owen et a l (113). The 
a u th o rs  conc luded  th a t  th ese  in term eta llic  p a rtic le s  a re  resp o n sib le  for reducing  
g ra in  b o u n d a ry  to u g h n e ss  a t  all ageing cond itions, su c h  th a t ,  th e se  p a rtic le s  are 
fra c tu re d  by  co p la n a r slip im pingem ent a n d  early  void in itia tio n  o cc u rs  a t  th ese  
c a u s in g  p re m a tu re  in te rg ra n u la r  fa ilu re . A dd itionally , d u rin g  fa b r ic a tio n  th e  
co arse  in te rm eta llic s  a re  aligned  to form  s tr in g e rs  in  th e  d irec tio n  of m eta l flow; 
th is  c a u s e s  an iso tro p y  in  m ech an ica l p ro p erties  su c h  th a t  in  th e  sh o r t tran sv e rse  
d irec tion  in  w hich s tre s s  a c ts  no rm al to th e  s tr in g e rs  of in te rm eta llics , th e  tensile  
ductility  is least. The deleterious effects of th ese  p a rtic le s  on  th e  frac tu re  to u g h n ess  
of o th e r a lum in ium  alloys were docum ented  before (114,115) an d  a  good correlation  
w as o b ta in e d  b e tw een  d e c reas in g  p lan e  s t r a in  f ra c tu re  to u g h n e s s  v a lu e s  a n d
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in c re a s in g  (Fe + Si) level w ith in  th e  Al-Cu-M g alloys (116). In  com m ercia l Al-Li 
alloys, therefore, a ttem p ts  are  m ade to keep th e  Fe + Si level a  m in im um .

P rec ip ita tio n  of 5 p h a se  p a rtic le s  a t  th e  g ra in  b o u n d a rie s  of b in a ry  Al-Li 
alloys h a s  b een  d ocum en ted  by m an y  investiga to rs (see sec tion  2.1.3). V asudevan  
a n d  D oherty  (93) in  a  recen t investigation , co n c lu d ed  th a t  th e  low er d u c tility  in  
b in a ry  Al-Li alloys is d u e  to th e  fo rm ation  of 5 p a rtic le s  of m u c h  la rg e r size an d  
q u a n ti ty  a t  th e  g ra in  b o u n d a rie s . T he a u th o rs  n o ticed  a  c h a n g e  in  fra c tu re  
b eh av io u r from  classica l ductile  tra n sg ra n u la r  failu re in  th e  a s  q u en ch ed  condition  
to  a  p re d o m in a n tly  in te rg ra n u la r  fa ilu re  in  th e  6 ' rev e rted  sam p le  from  th e  
overaged  condition ; su c h  a  ch an g e  w as a ttr ib u te d  to  th e  a b se n c e  of an y  g ra in  
b o u n d a ry  6 p re c ip ta te s  in  th e  a s  q u en ch ed  co n d itio n  to in itia te  g ra in  b o u n d a ry  
f ra c tu re  a n d  th e  p re se n c e  of m a in ly  g ra in  b o u n d a ry  6 p re c ip ita t io n  w ith  no  
sh e a ra b le  8 ' p a rtic le s  w ith in  th e  m a trix  in  th e  la t te r  case . W h ils t th e se  two 
m ic ro s tru c tu re s  revealed a lm ost th e  sam e yield s tre n g th , th e  a u th o rs  show ed th a t  
th e  la tte r  m ic ro stru c tu re  w as accom panied by  a  to u g h n e ss  value low er by  m ore th a n  
50 % com pared to th a t due to the form er m icrostruc tu re .

In  Al-Li-Mg alloys, fo rm atio n  of 5 p h a se  a t  th e  g ra in  b o u n d a rie s  h a s  no t 
b e e n  re p o rted  b u t  H arris  e t al (95) show ed th a t  fo rm atio n  of c o a rse  a n d  b rittle  
A ^L iM g  p h a se  p a rtic le s  a t th e  g ra in  b o u n d a r ie s  en co u ra g e s  th e  in te rg ra n u la r  
frac tu re  p rocess. The a u th o rs  also show ed th a t  th e  to u g h n e ss  value d ecreases  w ith 
increasing  am o u n t of th ese  coarse  g ra in  b o u n d a ry  particles.

In  Al-Li-Cu alloys, th e  observed low ductility  in  th e  p eak  aged condition  w as 
ex p la in ed  on  th e  b a s is  of s tr a in  localiza tion  in  PFZs a n d  a ro u n d  c o a rse  g ra in  
b o u n d a ry  p rec ip ita tes like T2  (AlgCu Lig) an d  8 (AlLi) (89, 71). The a u th o rs  (89) also 
n o ted  a d ec rease  in  g ra in  b o u n d a ry  p re c ip ita tio n  w h en  a  p reag e in g  s tre tc h  w as 
em ployed b u t th is  did n o t re su lt in any  in crease  in  ductility . T he d e le terious effect 
of g ra in  b o u n d a ry  p rec ip ita te s  on  th e  d u c tility  of th e se  alloys w as  no t, therefore, 
co rre la ted . T osten  et al (51) recently  s tu d ied  th e  g ra in  b o u n d a ry  p rec ip ita tio n  in  Al- 
Li-Cu alloys b u t th e  ductility  an d  to u g h n ess  of th e se  alloys were no t co rre la ted  w ith 
th e  g ra in  b o u n d ary  p recip ita tes.

In fo rm ation  on th e  g ra in  b o u n d a ry  p re c ip ita tio n  a n d  its  co rre la tio n  w ith  
th e  d u ctility  an d  to u g h n ess  of Al-Li-Cu-Mg-Zr is so fa r lim ited. O wen (90) recently
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ex am in ed  th e  g ra in  b o u n d a ry  p rec ip ita tio n  in  Al-Li-Cu-M g alloys a n d  co n c lu d ed  
th a t  th e  d ram atic  ch an g e  in  frac tu re  m ode w ith ageing  is p rim arily  a sso c ia ted  w ith 
th e  in c re a s e  in  g ra in  b o u n d a ry  p re c ip ita tio n  o f th e  I -p h a se  w h ic h  c a u s e s  
e m b rittlem en t of th e  g ra in  an d  su b g ra in  b o u n d a ry  s tru c tu re s . T he a u th o rs  also  
observed th a t  th e  m echan ica l p roperties  im proved w h en  th e  m ate ria l w as s tre tc h e d  
p rio r to a rtific ia l ageing; th is  w as a ttr ib u te d  to th e  re d u c tio n  in  g ra in  b o u n d a ry  
p rec ip ita tio n  d u e  to stre tch in g . A sh ton  et al (117) a lso  rep o rted  red u c tio n  in  g ra in  
b o u n d a ry  p re c ip ita tio n  a n d  th e  a sso c ia te d  PFZ s in  A l-Li-Cu-M g a lloys w ith  
increasing  levels (3-7 %) of preageing stre tch ; th e  a u th o rs  ob ta ined  a  com bination  of 
h igher s tre n g th  an d  to u g h n ess  in  th e ir  alloys due to th e  u se  of h ig h er levels (7 %) of 
s tre tc h  to g e th e r w ith th e  u se  of low er ageing tem p e ra tu re s . The u se  of su c h  duplex  
tre a tm e n t m in im ised  th e  g ra in  b o u n d a ry  p rec ip ita tion  b u t  a t th e  sam e  tim e refined 
th e  m atrix  p rec ip ita tio n  (viz. S p h ase  dispersion) to a  g rea te r extent; th is  p a rtic u la r  
s itu a tio n  is, therefore, un likely  to  d em o n stra te  exclusively  th e  de le te rio u s effect of 
g ra in  b o u n d a ry  p rec ip ita tion  on  th e  frac tu re  to u g h n e ss  of Al-Li-Cu-Mg alloys.

S ince , th e  g ra in  b o u n d a ry  p re c ip ita te s  in  Al-Li alloys a re  a lm o st alw ays 
accom panied  by  th e  soft PFZ, it is difficult to quan tify  th e  effect due  to  each  of them  
individually . However, since voids a t g ra in  b o u n d a ry  p a rtic le s  a p p e a r  to  be form ed 
by s t r e s s  c o n c e n tra tio n s  even in  th e  ab sen ce  of a PFZ (118) a n d  have also  b een  
rep o rted  in  a  sam ple show ing hom ogeneous s tra in  (119), the  p h en o m en o n  of g ra in  
b o u n d a ry  du c tile  fa ilu re  m ay  still o ccu r in  th e  a b se n c e  of a  soft PFZ. It seem s 
reaso n ab le  to  predict, therefore, th a t  a n  alloy w ith  th e  g ra in  b o u n d a ry  p rec ip ita te s  
b u t no  PFZ, th o u g h  capab le  of show ing g ra in  b o u n d a ry  failu re sh o u ld  be to u g h e r 
an d  m ore  ductile  th a n  a  s im ilar alloy w ith a  finite PFZ.

2.3. Extrusion processing and recrystallisation in Al-Li alloys

2.3.1. Hot Deformation via Extrusion

2.3.1.1. Introduction

H igh te m p e ra tu re  th e rm o m e c h a n ic a l tr e a tm e n t  of s t r u c tu r a l  a lu m in u m  
alloys v ia  ex tru sio n  p rocessing  is m ost widely ca rried  ou t. It is  p rim arily  b ecau se  
e x tru s io n  is sim ple in  opera tion  an d  a  variety  of com plex  sh a p e s  m ay  be p ro d u ced
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easily; also , con tro l over th e  te m p era tu re , ra te  a n d  degree of s tra in in g  d u rin g  th e  
p ro cess  en ab les  th e  form ation of a  range of s tru c tu re s  a t th e  end  of h o t deform ation 
w hich  m ay  have a  recovered (polygonised), rec ry sta llised  or a  m ixed type (partially  
reco v ered  a n d  p a r tia lly  re c iy s ta llise d ) s t ru c tu re .  M oreover, o ften  w h en  th e  
op tim u m  te m p e ra tu re  range of ho t deform ation is th e  sam e a s  th a t  of so lu tion ising  
tre a tm e n t, th e  h o t deform ed m a te ria l m ay  be p re s s  q u en ch ed  a n d  d irectly  aged. 
S u c h  a  p ro c e ss , w h ich  co m b in es h o t d e fo rm a tio n  w ith  so lu tio n  tre a tm e n t  is 
u n d o u b te d ly  profitab le. However, w h en  th e  d efo rm atio n  te m p e ra tu re  is low, th e  
m a te ria l req u ire s  so lu tio n  tre a tm e n t before ageing. T he recovered s tru c tu re  a t th e  
end  of h o t d efo rm ation  provides a driving force for s ta tic  rec ry s ta llisa tio n  d u rin g  
s u c h  so lu tio n  tre a tm e n t;  to  avoid th is , r e c ry s ta ll is a tio n  in h ib ito rs  s u c h  a s  
m an g an ese  an d  zirconium  are  often added  to th e  alloy. S uch  e lem ents also prom ote 
th e  fo rm ation  of u n recry sta llised  s tru c tu re s  on  h o t deform ation.

High stren g th -lo w  density , a lu m in iu m -lith iu m  alloys co n ta in in g  z ircon ium  
are  being  cu rren tly  developed a s  a  m ajo r su b s titu te  for conventional 2 000  a n d  7000 
se ries a lu m in iu m  a irc ra ft alloys. In  a  typical m o d e m  tra n sp o r t a ircraft, th e  u se  of 
ex tru d ed  p ro d u c t m ay  be a s  high a s  28 % of to ta l p ro d u c t form s (1). Also, th e  h o t 
deform ed m a te ria l m ay  be  p re ss  q u en ch ed  a n d  d irec tly  aged w ith o u t involving a 
s e p a ra te  so lu tio n  h e a t tre a tm en t; in  lith iu m  c o n ta in in g  a lu m in iu m  alloys su c h  a 
s tep  is  sig n ifican t in  p reven ting  th e  fo rm atio n  of lith iu m  dep le ted  lay e rs  in  th e  
p ro d u c t by oxidation d u rin g  high tem p era tu re  an n ea lin g  trea tm en ts . (120). O f m ore 
im p o rtan ce , th e  developm ent of a n  u n rec ry sta llised  s tru c tu re  on ex tru sio n  an d  its 
re te n tio n  d u rin g  su b se q u e n t ageing h e a t tre a tm e n ts  w ould  be expected  to affect 
significantly  th e  ductility  an d  to u g h n ess  of th ese  alloys; becau se  it h a s  b een  show n 
e a rlie r  th a t  a re d u c tio n  in  slip  len g th  by  re d u c in g  g ra in  size (1 2 1 , 1 2 2 ) o r by 
p ro c e sse s  th a t  re s u lt  in  u n re c ry s ta llise d  s t r u c tu r e s  im prove th e  d u c tility  a n d  
to u g h n ess  of a m ateria l (1 1 0 ).

2.3.1.2. The Hot Working Equations

M ost a lu m in u m  alloys are ex truded  a t hom ologous tem p era tu res  of over 0 .55 
since th e  s tre s s  to deform  a m ateria l a t  a given s tr a in  ra te  d ec reases  owing to  th e  
in creased  ease  of d islocation  m otion. The m o st im p o rta n t fea tu re  of th e  flow s tre ss  
is its  te m p e ra tu re  a n d  s tra in  ra te  dependency , w here  for a given te m p e ra tu re , th e  
h igher th e  s tra in  ra te , th e  grea ter is th e  flow s tre ss  developed.



T h e in te rd e p e n d e n c e  o f th e  s te a d y  s ta te  flow s tre s s ,  s t r a in  r a te  a n d  
te m p e ra tu re  in h o t defo rm ation  h a s  b een  reviewed (123-125) extensively. Available 
h o t w ork in g  d a ta  c o n s is ts  m o stly  of c o m p re ss io n  a n d  to rs io n  re s u l ts  a n d  th e  
following re la tio n sh ip s  have b een  estab lish ed  u sin g  th e se  data.

A t low s tre s s  levels a n d  c o n s ta n t te m p e ra tu re s  th e  stead y  s ta te  flow s tre s s  
can  be described by:

e = A i  a  w here, n ' a n d  A i a re  a ssu m e d  to  be te m p e ra tu re  in d ep en d en t 
c o n s ta n ts .

At high s tre ss  levels a n d  c o n s ta n t te m p era tu re

e = A2  exp (Pa) , w here, A2  and  p are  a ssu m e d  to be tem p era tu re  independen t 
c o n s ta n ts .

E xpressions of th is  form  have also b een  applied  to creep p h en o m en a  an d  th e  
sim ilarity  be tw een  s tead y  s ta te  creep a n d  stead y  s ta te  h o t w orking led S ellars an d  
T egart (125) to propose a  re la tionsh ip  of th e  following form:

e = A (sinh (a a ) ln  exp (-AH/RT), w here , A, a  a n d  n  w ere d esc rib ed  a s  
te m p e ra tu re  in d ep en d en t c o n s ta n ts  a n d  AH a s  th e  ac tiv a tio n  energy  of th e  h o t 
w orking p rocess. At h igh  a n d  low s tre s se s  th is  eq u a tio n  red u ces to th e  respective 
pow er a n d  exponen tia l fu nc tions. The sam e eq u a tio n  c a n  be rew ritten  in th e  form  
of a  te m p e ra tu re  c o m p e n sa te d  s tr a in  ra te , o rig in a lly  p ro p o sed  by  Z ener a n d  
H ollom on (127):

Z = e exp [AH/RT] = A [sinh (aa)]n , 

w here, Z is th e  Zener-H ollom on param eter.

T he d e p e n d e n c e  of a  on  te m p e ra tu re  in d ic a te s  th a t  h o t w ork ing  is a 
th e rm a lly  ac tiv a ted  p ro c e ss  w ith  AH eq u a l to  th e  ac tiv a tio n  energy  of th e  ra te  
con tro lling  process.
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2.3.1.3. Restoration Processes

H ot defo rm atio n  in c re a se s  th e  d en sity  of d is lo ca tio n s an d  p ro d u ces  a h o t 
s t r a in  h a rd e n in g  effect w h ich  c a n  be  p a rtia lly  o r fu lly  rem oved ow ing to  th e  
deve lopm en t of th e  re s to ra tio n  m e c h a n ism s  viz. dynam ic  recovery a n d  dynam ic  
rec ry sta llisa tio n . The s tru c tu ra l  c h a ra c te ris tic s  of a  h o t w orked m a te ria l d epend  
p rim arily  on  th e  s tack in g  fau lt energy  of a  m ateria l; su c h  th a t ,  in  h igh  s tack in g  
fau lt energy (S.F.E.) m a te ria ls  th e  s tead y  s ta te  s tru c tu re s  are u su a lly  ch a rac te rised  
by su b g ra in s  of low m iso rien ta tio n s  (127) w h ilst in  low S .F.E . m a te ria ls  a  s tead y  
s ta te  s tru c tu re  com prising  of rec ry sta llised  g ra in s  is  fo u n d  (128). A lum in ium  is 
c h a ra c te r is e d  by a  h igh  S .F .E . so th a t  in  a lu m in iu m  an d  its  alloys recovery c a n  
occur qu ite  easily. The ex trusion  p rocess, therefore, re su lts  in  a  very well recovered 
s t r u c tu r e  in  a lu m in iu m  alloys. T he fo rm a tio n  of a reco v ered  s t r u c tu r e  is 
ad d itio n a lly  favoured  by a n  in c re a se d  te m p e ra tu re , re d u ced  ra te  a n d  degree of 
d e fo rm a tio n . D y n am ic  re c o v e ry  r e d u c e s  th e  d riv in g  fo rce fo r d y n am ic  
rec ry s ta llisa tio n  w hich  is  co n seq u en tly  lim ited.

D u rin g  s te a d y  s ta te  d e fo rm atio n  th e  s u b g ra in  size a n d  th e  d is lo ca tio n  
density  rem a in  c o n s ta n t (127). The m ean  su b g ra in  size in c reases  w ith  in crease  in 
tem p e ra tu re  an d  decrease  in  s tra in  ra te  (125, 129, 130). In a lu m in iu m  alloys, th e  
su b g ra in s  are  rep o rted  to  co n sis t of very  sh a rp  b o u n d a rie s . T he m iso rie n ta tio n  
betw een  th em  is sm all ranging  from  less th a n  1° to 7 °  (127, 129-131). In  ex tru d a tes  
p ro cessed  below 0 . 5 Tm  (where, Tm  is th e  m elting  p o in t of th e  m eta l o r alloy) th e  
s u b g ra in s  te n d  to be e lo n g a ted  in  th e  e x tru s io n  d ire c tio n  w h ils t above th is  
te m p e ra tu re  th e  su b g ra in s  a re  equ iaxed  a lth o u g h  th e  g ra in s  in  w hich  th e y  are  
em bedded  are e longated  in  acco rdance  w ith th e  im posed  m acroscopic  s tra in  (123, 
124). Recently, th e  effect of s tra in  on  th e  su b g ra in  m orphology h a s  b een  recognised 
(132) su c h  th a t  w ith in creasing  s tra in  th e  su b g ra in s  becom e m ore elongated  in  th e  
ex tru s io n  d irection.

T he effects of alloying ad d itio n s  on  th e  re s to ra tio n  m ec h a n ism s  have b een
re p o rte d  re c e n tly  by  m an y  in v e s tig a to rs . In  g en e ra l, a n  in c rease  in  alloying
a d d itio n s  in c re a se s  th e  s tr a in  u s u a lly  re q u ire d  to  e s ta b lish  th e  s te a d y  s ta te
s u b s tru c tu re , w hich is  u su a lly  le ss  recovered th a n  th e  unalloyed  m eta l (127). In

0so lu tion  a n  increase in  th e  so lu te  co n ten t h a s  also b een  reported  (133) to decr^se the  
S.F.E. in  low S.F.E. m ateria ls , a lth o u g h  there  is no rea l evidence to suggest th a t  th is
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is th e  c a se  for h igh  S .F .E . m a te ria ls . Also, so lu te  ad d itio n s  c a n  h a m p e r  clim b 
p ro cess  th ro u g h  th e  b in d in g  energ ies th a t  tie  v acan c ie s  to so lu te  a to m s (139). In 
m a te r ia ls  of low S .F .E ., th e  ra te  of dynam ic  recovery  is low a n d  s te a d y  s ta te  
defo rm atio n  re s u lts  in  dynam ic rec ry s ta llisa tio n  (125). However, in  re c e n t y ea rs  
m a n y  in v e s tig a to rs  h av e  re p o rte d  d y n am ic  re c y s ta llisa tio n  to  o c c u r  in  Al-Mg 
alloys. T ruszkow sk i e t a l (135), T ensi et a l (136) a n d , G ard n er a n d  G rim es (137) 
re p o rte d  th a t  m a g n e s iu m  a d d itio n s  re d u c e  th e  S .F .E . of a lu m in iu m  su c h  th a t  
dynam ic rec ry sta llisa tio n  m ay  be expected. However, th e  m e a su re m e n ts  of S.F.E. 
ta k e n  by th e  a u th o rs  w ere b ased  on  th e  m e a su re m e n t of tex tu re  in ten sity  ra tio s  an d  
since th e  re la tio n sh ip  be tw een  S.F .E . a n d  te x tu re  c a n  n o t be s u b s ta n tia te d  fully, 
th e ir  re su lts  are n o t considered  to  be reliable. M oreover, th e  a u th o rs  did  no t repo rt 
o b se rv a tio n s of ex ten d ed  d islo ca tio n s in  th is  alloy sy stem  (using  TEM) w hich  are  
o therw ise observed in  m a te ria ls  of low S.F.E .. S h e p p a rd  et al (138, 139) exam ined 
th e  h o t d e fo rm atio n  b e h a v io u r  of Al-Mg a lloys a n d  show ed  th a t  th e  degree of 
dy n am ic  re c ry s ta llis a tio n  in c re a se s  w ith  in c re a s in g  m a g n e s iu m  co n te n t. The 
a u th o rs  suggested  th a t  th e  h igh  so lu te  c o n te n t h in d e rs  th e  m o tion  of d islocations 
a n d  re c iy s ta llisa tio n  n u c le i form  w h en  a  large n u m b e r  of d is lo ca tio n s c lu s te r  a t 
o b s ta c le s  fo rm ed  b y  o th e r  d is lo c a t io n s  o r  a t  sm a ll s u b m ic ro m e tre  size  
in term eta llics , p ro d u c in g  tan g le s  of d islocations, lead ing  to th e  e s tab lish m en t of a 
high angle g ra in  boundary . Kalu an d  H um phreys (140) took due  considera tion  of th e  
second  p h a se  partic le  sizes an d  th e  defo rm ation  cond itions quo ted  by  S h ep p ard  et 
al (138, 139) a n d  M cQ ueen et al (141) show ed th a t  th o se  pa rtic le s  c a n n o t be  held  
responsib le  for n u c lea tio n  of new  g ra in s  d u rin g  h o t deform ation  of Al-Mg alloys. It 
is  a  p re requ isite  th a t  th e  partic les m u s t be asso c ia ted  w ith la ttice  ro ta tio n s  in  order 
for rec ry sta llisa tio n  n u c lea tio n  to  o ccu r a t a p artic le  (142) an d  th e  partic le  sizes are 
too sm all for th is  to o ccu r in  th e  Al-Mg alloys. L ater, H u m phreys a n d  D rury  (143) 
s tu d ie d  th e  defo rm ation  a n d  re s to ra tio n  m e c h a n ism s  in  Al-Mg alloys a t elevated 
te m p e ra tu re s .  T he a u th o r s  c a rr ie d  o u t d e ta ile d  m ic ro s tru c tu ra l  a n d  la ttic e  
m is o r ie n ta tio n  s tu d ie s  a n d  c o n c lu d e d  th a t  th e  m e c h a n is m s  re sp o n s ib le  for 
re c ry s ta llis a tio n  d u r in g  h o t d e fo rm a tio n  of Al-M g a lloys do n o t re sem b le  th e  
co n v en tio n a l m odel of dynam ic  re c ry s ta llisa tio n  su c h  a s  have b e e n  p roposed  for 
copper. T he a u th o rs  (143), p roposed  th a t  th e  new  g ra in s  an d  high angle b o u n d aries  
are form ed by several m ec h a n ism s  viz. fo rm ation  of h igh  ang le  g ra in  b o u n d a rie s  
due  to  defo rm ation  b a n d s , trip le  p o in t folds, p rog ressive  la ttice  ro ta tio n  and , by 
g ra in  im pingem ent. T he a u th o rs  suggested  th a t  n u c lea tio n  of new  g ra in s  ad jacen t
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to  th e  orig inal g ra in  b o u n d a rie s  o ccu rs  by  progressive la ttice  ro ta tio n s . R o ta tion  
re c ry s ta llisa tio n  m ay  b e  a ttr ib u te d  to  th e  low g ra in  b o u n d a ry  m obility  in  th is  
m ateria l: th is  c o n tra s ts  w ith  p u re  a lu m in iu m  in  w hich  th e  g ra in  b o u n d a rie s  will 
m ig ra te  rap id ly  a n d  co n su m e  th e  ad jacen t reg ions of h igh  d islocation  d en sity  a n d  
th u s  p rev en t th e  b u ild  u p  of inho m o g en eo u s d efo rm ation  in  th e  g ra in  b o u n d a ry  
reg io n s. A m a g n e s iu m  so lu te  d ra g  m e c h a n ism  se e m s to  b e  re sp o n s ib le  for 
decreasing  b o u n d a ry  m obility. T h u s  it a p p e a rs  th a t  th e  recry sta llisa tio n  p ro cesses  
d esc rib ed  by  H u m p h rey s a n d  co-w orkers a re  m ore rea listic  th a n  th o se  w hich rely 
on  u n su b s ta n tia te d  low stack in g  fau lt energy in  Al-Mg alloys.

T he a s  q u e n c h e d  h o t w o rk ed  s t r u c tu r e s  a re  ex am in ed  w ith  a  b a s ic  
a s s u m p tio n  th a t  little  o r no  ch an g e  in  th e  s tru c tu re  o ccu rs  before or d u rin g  
q uench ing . However, a s  soon  a s  th e  h o t defo rm ation  ceases, th e  re lease  of s to red  
energy  in  th e  form  of s u b s tru c tu re  in tro d u ced  d u rin g  w orking a c ts  a s  th e  driving 
fo rce  fo r  s ta t i c  r e s to r a t io n  p ro c e s s e s  viz. s ta t i c  re c o v e ry  a n d  s ta t ic  
rec ry s ta llisa tio n . If th e  critica l s t r a in  for re c ry s ta llisa tio n  is  n o t reach ed  or th e  
deform ation  te m p era tu re  is n o t h igh  enough, th e  s ta tic  recovery p ro cess w hich does 
n o t req u ire  an y  in c u b a tio n  period  (unlike s ta tic  recrysta llisa tion ) will be th e  only 
so ften ing  m e ch an ism  a fte r deform ation , a lth o u g h , full so ften ing  is  never achieved 
by s ta tic  recovery a lone (145). The effect of alloying add itio n s on th e  occurrence of 
s ta tic  recovery is no t fully und ersto o d . However, th e  so lu tes  or p rec ip ita tes ten d  to 
p in  d islo ca tio n s th e reb y  m ak ing  s ta tic  recovery m ore difficult (146). O n th e  o th e r 
h a n d , in h ib itio n  of s ta tic  rec ry s ta llisa tio n  d u e  to  th e  p resen ce  of so lu te s  o r fine 
p rec ip ita te s  is clearly  u n d e rs to o d  su c h  th a t, in  th e ir  p resen ce  th e  m otion  of high 
angle g ra in  b o u n d a rie s  or th e  rea rran g em en t of th e  su b -b o u n d a rie s  leading to th e  
fo rm ation  of b o u n d a rie s  of h ig h er m iso rien ta tio n  becom e extrem ely  difficult.

W ith in  th e  a s  q u en ch ed  m ateria l h o t deform ed via ex trusion , bo th  s ta tica lly
re c ry s ta llis e d  a n d  d y n am ica lly  re c ry s ta llis e d  g ra in s  m ay  b e  p re s e n t. T he
fo rm ation  of dynam ically  recrysta llised  g ra in s  d e p en d s  on  th e  n a tu re  of th e  alloy, thew hilst^presence of s ta tica lly  recrysta llised  g ra in s  m ay  be a ttr ib u te d  to th e  fact th a t  
th e  h o t defo rm ed  e x tru d a te s  c a n n o t be p re s s  q u e n c h e d  im m ed ia te ly  w ith o u t 
avoiding a delay  of a b o u t a  few seco n d s  su c h  th a t  s ta tic  re c ry s ta llisa tio n  cou ld  
alw ays o ccu r d u rin g  th is  period  u n d e r  ap p ro p ria te  defo rm ation  cond itions. Using 
TEM, th e  d is tin c tio n  betw een  th e  s ta tica lly  rec ry sta llised  g ra in s  a n d  dynam ically
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rec ry sta llised  g ra in s  is  ca rried  ou t a s  follows. T he s ta tica lly  rec ry s ta llised  g ra in s  
a re  ideally  free of a n y  d is lo ca tio n s  w h ils t w ith in  th e  dynam ica lly  re c ry s ta llise d  
g ra in s  a n  in ten se  d islocation  activity  m ay alw ays be observed; th is  is  b e c a u se  th e  
dynam ically  rec ry sta llised  g ra in s , once n u c lea ted , ge t rep eated ly  deform ed d u rin g  
th e  d e fo rm atio n  cycle. T h is  is  th e  re a so n  w hy th e  dynam ica lly  re c ry s ta llise d  
g ra in s  are  alw ays m u c h  sm alle r in  size th a n  th e  sta tica lly  recry sta llised  g ra in s. In 
o rd e r to  avoid delay  before  q uench ing , a lte rn a tiv e  defo rm ation  p ro c e sse s  su c h  a s  
h o t to rs io n  tes tin g  is often carried  out. In th is  p rocess, deform ation m ay  be stopped  
w ith  im m ediate  quench ing ; alternatively , th e  m a te ria l m ay  be q u en ch ed  f irs t a n d  
th e n  th e  defo rm ation  m ay  be stopped . In  th e  la tte r  case , th e re  is  no  tim e available 
for th e  s ta tic  rec ry s ta llisa tio n  to occur; th is  p a r tic u la r  te s t is  o ften  ca rried  o u t in  
o rder to ch eck  th e  ten d en cy  of a  m ateria l to u ndergo  dynam ic rec iy sta llisa tio n .

2.3.1.4. Substructure strengthening

A lum in ium  a n d  its  alloys have u su a lly  b een  considered  to  be  high s tack in g  
fa u l t  en e rg y  m a te r ia ls  in  w h ich  h ig h  te m p e ra tu re  d e fo rm a tio n  in v o lv es, 
p rincipally , dynam ic recovery. In  su c h  m a te ria ls  th e  room  te m p e ra tu re  s tru c tu re  
c o n s is ts  o f e q u ia x e d  s u b g ra in s  p rov id ing  th a t  d e fo rm a tio n  c o n d itio n s , alloy 
com position  an d  cooling a re  contro lled  so th a t  s ta tic  re c iy s ta llisa tio n  is  prevented . 
T he b a la n c e  b e tw een  d is lo ca tio n  g e n e ra tio n  a n d  a n n ih ila tio n  in  th e  deform ing 
m a te r ia l r e s u l ts  in  la rg e r  su b g ra in s  a t h ig h e r  te m p e ra tu re s  a n d , since  th e se  
su b g ra in s  are  re ta in ed  in  th e  final s tru c tu re , th ey  m ay  have considerab le  in fluence 
on  properties. R ela tionsh ips for s u b s tru c tu ra l s tren g th en in g  have b e e n  estab lish ed  
(127, 146) an d  m ay be w ritten  in  th e  form  of a  m odified H all-Petch equation:

a y = a A + k d _m (1)

where, dy  is  th e  room  te m p e ra tu re  yield o r proof s tre ss , d  is th e  su b g ra in  size, a A is 
th e  yield s tren g th  of th e  coarse  grained  m ateria l in  th e  absence  of su b -b o u n d a rie s , k  
is  a  c o n s ta n t a n d  th e  exponen t h a s  b een  rep o rted  to  have a  v a lue  in  th e  range 1-2  
(131). It is  a lso  e s ta b lish e d  (127) th a t  th e  re la tio n sh ip  b e tw een  th e  su b g ra in  
d iam eter a n d  th e  high tem p era tu re  flow s tre s s  c  is of th e  form

d ' 1 = a  + b  In (sinh oca) (2)



w h ere , a  a n d  b  a re  c o n s ta n ts  a n d  a  is  rep o rted  to  b e  a  c o n s ta n t  eq u a l to  th e  
rec ip rocal s t r e s s  a t w hich  th e  tem p e ra tu re  co m p en sa ted  s tra in  ra te  Z ch ange from  
pow er to exponentia l s tre s s  dependence.

S ince th e  Z is  also  a  fun c tio n  of th e  hyperbolic s tre ss , su b g ra in  size c a n  be 
re la ted  to  Z by  a  re la tionsh ip  (148, 149) of the  form

d‘m  = a  + b  In Z (3)

co n s id e ra tio n s  of eq u a tio n  (1) a n d  (3) su g g est th a t  m ech an ica l p ro p e rtie s  c a n  be 
re la te d  to  th e  e x tru d e d  s u b s tru c tu re  a n d  th is  in  tu r n  c a n  be re la te d  to  th e  Z 
p a ram ete r. S h ep p ard  (149) h a s  show n th a t  th e  re la tionsh ip  ta k e s  th e  form:

Gy = c' + e' In Z, w here c' an d  e’ are  c o n s ta n ts  su c h  th a t  p rocessing  conditions 
a re  im p o rtan t in  th e  con tro l of s tru c tu re  a n d  p roperties  of a lu m in iu m  alloys. L ater 
w o rk  by  S h e p p a rd  e t a l (150) show ed  th a t  su c h  sim ple  re la tio n sh ip s  b e tw een  
p ro p ertie s  a n d  p ro cessin g  p a ram e te rs  c a n  no t be estab lish ed  in  m a te ria ls  su c h  a s  
Al-Mg a lloys w h ich  ex h ib it d u p lex  d efo rm atio n  m e c h a n ism s  (i.e. b o th  dynam ic  
recovery a n d  rec iysta llisa tion ) d u rin g  high tem p e ra tu re  deform ation .

2.3.2. Extrusion Processing of Aluminium-Lithium Alloys

R e p o rte d  w o rk  on  th e  e x tru s io n  p ro c e s s in g  of l i th iu m  c o n ta in in g  
a lu m in iu m  alloys w as initially due to P a rso n  an d  S h ep p ard  (151, 152). The a u th o rs  
investiga ted  in  detail th e  effect of p rocessing  variab les on  th e  a s  ex tru d ed  a n d  h e a t 
trea ted  m ech an ica l p roperties  of te rn a ry  Al-(3.5 - 3.8) Mg - (2.1 - 2.3) w t % Li alloys 
a n d  q u a te rn a ry  Al - 3 .4  Mg - 2 .4  Li - 0 .8  w t % Cu alloys; z ircon ium  (-0 .1 5  wt %) w as 
u sed  in  th ese  alloys a s  a  g ra in  refining addition.

In  Al-Mg-Li alloys, th e  a u th o rs  (151, 152) show ed  th a t  th e  s u b s tru c tu re s  
p ro d u ced  on  h o t defo rm ation  c a n  be  re ta in e d  in  th e  fully h e a t tre a te d  condition . 
Accordingly, th e  a s  ex truded  an d  th e  h e a t trea ted  proof s tre s s  v a lu es  w ere re la ted  to 
th e  p ro cessin g  p a ra m e te rs ; a t  low er ex tru s io n  ra tio s  w here  th e  rec ry s ta llisa tio n  
w as le ss  th e  p ro o f s tr e s s  in c re a se d  w ith  in c re a s in g  Z v a lu e s  (lower e x tru d a te  
tem p era tu res ) su c h  th a t  s u b s tru c tu ra l  s tren g th en in g  w as p red o m in an t. At h igher
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rcufcio/*, th e  s tre n g th  w as  fo u n d  to d ec rease  w ith  b o th  in c re s in g  z p a ra m e te r  a s  well a s  
e x tru s io n  ra tio s . T he a u th o r s  a lso  sh o w ed  th a t  th e  m a x im u m  p e rm iss ib le  
te m p e ra tu re  of h o t defo rm ation  w as ad eq u a te  to avoid a  sep a ra te  so lu tio n  so a k  so 
th a t  th e  m a te ria l m ay  be p re ss  quen ch ed  an d  d irectly  aged. However, th e  v aria tio n  
in  su b g ra in  size w as found  to have only a  w eak  effect on th e  ductility . In  copper 
co n ta in in g  Al-Mg-Li alloys, co rre la tio n  be tw een  th e  p ro cessin g  v a riab les  a n d  th e  
m ech an ica l p ro p erties  w as n o t so stra igh tforw ard . At lower ex tru s io n  ra tio s, th e  as  
ex tru d e d  s tre n g th  show ed  only a w eak  re sp o n se  to  th e  v a r ia tio n  in  Z v a lu es , 
a lth o u g h , th e  vo lum e frac tio n  rec iy sta llised  th ro u g h o u t th e  w orking te m p e ra tu re  
ran g e  w as sm all. In  th e  h e a t tre a te d  co n d itio n s, it w as sh o w n  th a t  for h ig h er 
ex tru s io n  ra tio s  th e  proof s tre s s  increased  w ith increasin g  ex tru s io n  tem p era tu res . 
It w as rea lised  th a t  su c h  a n  effect cou ld  n o t b e  a sso c ia te d  w ith  th e  v a ria tio n  in  
su b g ra in  size o r vo lum e frac tio n  rec ry s ta llised . T he a u th o rs  a n tic ip a te d  th a t  
p ro cess  h ea tin g  so lu tio n ised  a p roportion  of th e  c a s t  S p h ase  (A^CuM g) p a rtic le s  
rem ain in g  afte r hom ogen isa tion  su c h  th a t  h ig h er te m p e ra tu re  com bined  w ith  th e  
h ig h er s tre s s  (due to  h ig h er ex trusion  ratio) allowed m ore copper a n d  m ag n esiu m  to 
go in to  so lu tio n  an d  th u s  a  g rea te r ageing resp o n se  w as p roduced . The q u a te rn a ry  
alloys exhib ited  h ig h er s tren g th  com pared  to  th e  te rn a ry  alloys b u t  over th e  range 
of v a rio u s  p ro cess in g  v a riab le s  inv estig a ted  th e  d u c tility  a n d  th e  n o tch  ten s ile  
v a lu e s  (in th e  ex tru s io n  direction) of th e  h e a t tre a te d  m a te ria l d id  n o t show  an y  
v a r ia t io n .

In  Al-Mg-Li alloys, th e  n o tc h  ten s ile  v a lu e s  d e c re a sed  w ith  d ec reas in g  
e x tru s io n  te m p e r a tu r e s  a n d  it w a s  a t t r ib u te d  to  th e  in c re a s in g  level of 
rec ry sta llisa tio n  observed  a t the  lower te m p e ra tu res . Relatively low er no tch  tensile  
v a lu e s  observed  in  th e  q u a te rn a ry  alloys w ere a ttr ib u te d  to  th e  in c reased  yield 
s tre s s  a n d  in c lu sio n  (iron an d  silicon) co n ten t of th e  alloys. T he a u th o rs  concluded  
th a t  th ese  alloys co n ta in  a  fu n d am en ta l g ra in  b o u n d a ry  w eak n ess  a n d  varia tio n  in  
su b g ra in  size c a n n o t be  u tilised  to im prove th e  d u c tility  a n d  to u g h n e ss  of th ese  
a llo y s.

A lthough P a rso n  an d  S h ep p ard  (151, 142) exam ined  in  de ta il th e  effect of 
ra n g e  of v a ria b le s  (en co u n te red  in  co m m ercia l p rac tice) o n  th e  s t ru c tu re  a n d  
p ro p e rtie s  of Al-M g-Li-Cu alloys, th o se  alloys h a d  a  co m p o sitio n  q u ite  d ifferen t 
from  th o se  cu rre n tly  being  p u rsu e d  com m ercially  (see sec tio n  2 .2 .1 .4 ). R ecently  
Reynolds an d  Creed (153) s tu d ied  ex trusion  processing  of AA 8090  (A1 - 2 .5  Li - 1.12
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C u - 0 .7 8  Mg - 0 .11  Zr) an d  AA 8091 (A1 - 2 .5  Li - 1.64 C u - 0 .7 5  Mg - 0 .14  w t % Zr) 
alloys. T he a u th o rs  d iscu ssed  th e  effect of p ro cessin g  v a riab le s  only  on  th e  h e a t 
tre a te d  s tru c tu re  a n d  p ro p erties  of th e  m ateria l. It w as show n  th a t  in  b o th  alloys 
th e  h e a t  tr e a te d  p ro o f s t r e s s  in c re a se d  lin e a rly  w ith  d e c re a s in g  e x tru s io n  
te m p e ra tu re s ; how ever, a t h ig h er e x tru s io n  ra tio s  th e re  w as a  sm a lle r ch an g e  in  
s tre n g th  w ith  e x tru s io n  cond itions. T his w as a ttr ib u te d  to  th e  in c rease  in  volum e 
p e rcen t rec iy sta llised  w ith  increasing  ex tru sio n  ra tios. It w as show n  th a t  little or 
no  im provem en t in  fra c tu re  to u g h n e ss  v a lu es  w o b ta in ed  d u e  to  a  ch an g e  in 
e x tru s io n  cond itions; how ever, defo rm ation  co n d itio n s w hich  prom ote or re su lt  
in  a  recrysta llised  s tru c tu re  alw ays cau sed  a  significant lo ss in  to u g h n ess .

2.3.3. Recrystallisation In Aluminium-Lithium Alloys

C ontrol of g ra in  s tru c tu re , size an d  sh ap e  in  a lu m in iu m -lith iu m  alloys is of 
ex trem e im p o rtan ce  a s  d irec t co rre la tio n s betw een  v a ria tio n  in  th e se  p a ra m e te rs  
w ith  th e  m ateria ls ' s tren g th , to u g h n ess  and  isotropy have b een  well docum ented  (91, 
110, 154). T odays com m ercial Al-Li alloys, therefore, alw ays c o n ta in  z irconium  a s  
a  s tro n g  re c iy s ta llis a tio n  in h ib ito r a n d  also  a s  a  p o te n t g ra in  re fin e r (see also  
se c tio n  2 .1 .2 .1 ). U n d er su ita b le  d e fo rm atio n  a n d  h e a t t r e a tm e n t  co n d itio n s  
z i r c o n iu m  a d d i t io n s  a c c o rd in g ly  h e lp  to  p re s e rv e  a n  u n r e c r y s ta l l i s e d  
m ic ro s tru c tu re  o r provide su p e rp la s tic  p ro p erties  in  a  fully rec iy sta llised  m ate ria l 
via. in h ib iting  g ra in  grow th an d  thereby  m ain ta in in g  a  fine g ra in  size (156).

D etailed  fu n d a m e n ta l s tu d ie s  on  th e  re c ry s ta llisa tio n  b eh av io u r of b in a ry  
Al-Li alloys co n ta in in g  zircon ium  w ere in itia lly  d u e  to  M akin  a n d  S to b b s (157). 
T he a u th o rs  show ed th a t  the  reaso n  why recrysta llisa tion  is g rea tly  inh ib ited  in  th e  
te rn a ry  Al-Li-Zr alloys is  th e  fact th a t  th e  energy req u ired  for n u c lea tio n  in c reases  
due  to th e  com bined effects of the  solu te drag  effect of lith iu m  on  th e  b o u n d aries  a n d  
p in n in g  of th e  b o u n d a rie s  by co h eren t A ^ Z r  p rec ip ita te s ; w h en  one of th e se  two 
effects w as a b s e n t e.g. in  Al-Li or Al-Zr alloys, re c ry s ta llisa tio n  occu rred . The 
o bserva tion  of recrysta llised  a n n u li form ed on  th e  su rfa c e s  of th e  h o t deform ed Al- 
Li-Zr alloy w as, therefore, explained on  th e  b a s is  of lo ss of lith iu m  from  th e  su rface  
by  oxidation . However, form ation  of su c h  rec iy sta llised  a n n u li on  th e  su rfaces  is 
also  observed d u rin g  h o t deform ation of o th e r a lu m in iu m  alloys a n d  it is a ttr ib u te d  
to  th e  h ig h  s t r a in  a n d  s tr a in  ra te  th e  su rfa c e  m a te r ia l  e x p e rie n c es  d u r in g



processing . H ence, it is  un likely  th a t  in  lith iu m  co n ta in in g  A1 alloys, m ere lo ss  of 
l i th iu m  from  th e  s u r fa c e  (by o x id a tio n ) c a n  b e  h e ld  re s p o n s ib le  fo r th e  
recry sta llised  a n n u li observed  o n  th e  su rfaces. T he a u th o rs  also  show ed th a t  th e  
b u lk  of th e  h o t deform ed m ic ro s tru c tu re  does n o t recrysta llise  d u rin g  conventional 
fu rn ace  an n ea lin g  tre a tm e n ts  desp ite  th e  u se  of a  very h igh  te m p e ra tu re s  an d  long 
an n ea lin g  tim es; th is  h a s  b een  a ttr ib u te d  to th e  ten d en cy  of th e  m ateria l to undergo  
recovery p ro cesses . However, it w as show n  th a t  s ta tic  rec ry s ta llisa tio n  w ith in  th e  
ho t deform ed m ic ro s tru c tu re  cou ld  be  in d u ced  u sin g  a  fa s te r  h e a t u p  rate; th is  h a s  
b e e n  a t t r ib u te d  to  re d u c e d  recovery  ta k in g  p lace  d u rin g  ra p id  h e a tin g  to  th e  
an n ea lin g  te m p era tu re .

T he fac to rs  affecting  th e  re c ry s ta llisa tio n  c h a ra c te r is t ic s  of com m ercial 
Al-Li-Cu-Mg-Zr alloys have b een  s tu d ied  recently  by  P alm er e t al (154). The a u th o rs  
show ed th a t  a  com ple te  ch an g e  in  th e  g ra in  s t ru c tu re  w ith in  th e  com m ercially  
p ro d u c e d  s h e e t m a te r ia l  m ay  be b ro u g h t a b o u t by  v a ry in g  th re e  s ig n ifican t 
p a ra m e te rs  viz. z irco n iu m  c o n te n t in  th e  alloy, p e rc e n ta g e  cold  w ork  before  
so lu tio n  h e a t tre a tm e n t a n d  th e  h e a t u p  ra te  d u rin g  so lu tio n is in g  h e a t trea tm en t, 
s u c h  th a t  a  tr a n s i t io n  fro m  u n re c ry s ta llise d  to a  fu lly  re c ry s ta llise d  s tru c tu re  
occu rs du e  to a  decrease  in  the  z irconium  co n ten t of th e  alloy from  0 .16  to 0 .05  w t % 
or a n  in crease  in th e  p re -so lu tion ising  p ercen tage  cold w ork  from  3 7 .5  to 87.5  % or 
a n  in c rease  in  th e  h e a t up  ra te  from  3°C  to 3 0 0 0 °C /m in u te . The a u th o rs  show ed 
th a t  m ore iso tropic  p ro p ertie s  of th e  m a te ria l cou ld  be  o b ta in ed  a s  a  re su lt of th e  
fraction  of a  fine recrysta llised  g ra in  s tru c tu re .

A lthough several o th e r ap p ro a c h e s  involving a n  overage prac tice  (154, 155), 
m o d ifica tions of alloy co m position  (viz. in c reas in g  co p p e r c o n te n t over a  c e rta in  
m in im u m  level) to  develop co arse  seco n d  p h a se  p a r tic le s  (155), etc. have b een  
p roposed  to d a te  to in d u ce  recry sta llisa tio n  in  th ese  alloys, fu n d am en ta l s tu d ie s  on 
th e  m ec h a n ism s  resp o n sib le  for re c iy s ta llisa tio n  in  Al-Li alloys are  so fa r lim ited. 
In  h o t ro lled  Al-Li-Zr alloys, M akin  a n d  S to b b s  (156) in d u c e d  re c ry s ta llisa tio n  
u sin g  fas te r h e a t u p  ra te s  to th e  so lu tio n  h e a t tre a tm e n t te m p e ra tu re  a n d  observed 
th a t  new  g ra in s  were alw ays n u c lea ted  along or in  th e  vicinity of original high angle 
g ra in  b o u n d a rie s  an d  th e  g ra in s w ere often  e longated  along  th e  rolling direction. It 
w as proposed  th a t  g ra in  b o u n d a ry  bu lg ing  an d  su b g ra in  coalescence were th e  two 
p r in c ip a l m e c h a n is m s  re sp o n s ib le  fo r th e ir  fo rm atio n ; th e  a u th o rs ,  how ever, 
su g g es ted  th a t  fo rm a tio n  of re c ry s ta llisa tio n  n u c le i v ia  a  su b g ra in  coa lescence
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p ro ce ss  w h ic h  n e c e s s a r ily  in v o lv e s  d is lo c a t io n  re a r ra n g e m e n ts , is  e x tre m e ly  
d i f f ic u l t  in  Z r  c o n ta in in g  A l- L i  a llo y s . U s in g  c o n v e n t io n a l fu rn a c e  a n n e a lin g  
tre a tm e n t P a rson  e t a l (152) a lso  obse rved  th a t th e  h o t de fo rm ed  e x tru d e d  m a te r ia l 
is  e x tre m e ly  re s is ta n t  to  s ta t ic  r e c ry s ta ll is a t io n .  W h ile  th e  p e r ip h e ry  o f  th e  
e x tru d a te s  w a s  re c ry s ta ll is e d  u n d e r  a l l im posed  p ro cess  c o n d it io n s  (and  i t  w as  
a tt r ib u te d  to  th e  h ig h  s t ra in  a n d  s t r a in  ra te  th e  su rfa ce  m a te r ia l expe riences as i t  
tra ve rses  th e  d e fo rm a tio n  zone) th e  a u th o rs  a lso  observed presence o f re c ry s ta llis e d  
g ra in s  w ith in  th e  b u lk  o f th e  p ress  quenched  e x tru d a te s  and  show ed th a t  th e  degree  
o f r e c ry s ta ll is a t io n  obse rved  w i th in  th e  b u lk  m a te r ia l is  d ire c t ly  re la te d  to  th e  
e x tru s io n  p a ra m e te rs  (see s e c tio n  2 .4 .2 ) ; s u c h  c o r re la t io n  to g e th e r  w i th  th e  
re lu c ta n c e  o f th e  m a te r ia l to  u n d e rg o  re c r y s ta l l is a t io n  d u r in g  s o lu t io n is in g  
t re a tm e n t led  th e  a u th o rs  to  p ropose th a t th e  re c ry s ta ll is a t io n  to o k  p lace d u r in g  th e  
d e fo rm a tio n  p rocess . In  ag re em en t w ith  th e  o b s e rv a tio n s  m ade  b y  M a k in  a n d  
S tobbs (156), P a rson  a nd  S heppa rd  (152) a lso no ted  th a t  th e  new  g ra in s  were a lw ays  
n u c le a te d  in  re g io n s  a d ja c e n t to  th e  o r ig in a l h ig h  ang le  b o u n d a r ie s  a n d  th e  
re c ry s ta ll is a t io n  appea red  as a b a n d e d  s tru c tu re  c o rre s p o n d in g  to  th e  e x tru s io n  
d ire c tio n ; however, th e  a u th o rs  d id  n o t d is cu ss  th e  poss ib le  n u c le a tio n  m echan ism s  
and  p ro v id ed  no  ev idence to  c o n f irm  th a t  those  g ra in s  n u c le a te d  d yn am ic a lly .

In  A l- L i a llo ys , re c ry s ta ll is a t io n  due  to  coa rse  second  phase  p a r t ic le s  ha s  
been re p o rte d  re c e n tly  b y  seve ra l in ve s tig a to rs . P a r tic le  in d u ce d  re c iy s ta l l is a t io n  
in  A l a llo ys  is  w e ll u n d e rs to o d  (142) a nd  in  ag reem en t w ith  th is  th e o ry , i t  h a s  been  
show n  b y  S r iv a ts a n  (69) and  L in  e t a l (89) th a t  th e  coarse  c o n s t itu e n t phases lik e  
A l i 2 (FeM n)3 S i a nd  A l7 C u 2 Fe p a r t ic le s  in  A A  2020  a llo y s  a nd  A l7 C u 2 Fe p a ric le s  in  
A l - 3 L i - 2 C u  - 0 .2  w t %  Z r  a llo ys  a c t as n u c le a tin g  s ite s  fo r  re c iy s ta ll is a t io n . A lso , 
th e  p ra c t ic a l h om og e n is a tio n  t re a tm e n t re com m ended  fo r  c om m e rc ia l A l- L i a llo ys  
o f low  coppe r a n d  m agnes ium  is  in a dequa te  fo r  s im ila r  a llo ys  h a v in g  h ig h e r coppe r  
and  m a g n e s iu m  (157), s u ch  th a t  as a re s u lt  o f in c o m p le te  h om o g e n is a tio n , th e  
coppe r r ic h  p a r t ic le s  re m a in  in  th e  m a te r ia l a nd  these  have been  re p o rte d  (90) to  
encourage re c ry s ta ll is a t io n  in  th e  w ro u g h t s tru c tu re .
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CHAPTER THREE 

EXPERIMENTAL PROCEDURE

3.1. Introduction

I n i t ia l ly  in  th is  in v e s t ig a t io n  th e  m ic r o s t r u c tu re  a n d  p ro p e r ty  c h ange s  
w ith in  a n  A l-L i-C u -M g -Z r  a llo y  in  th e  shee t fo rm  w e re  s tu d ie d  as a fu n c t io n  o f h ea t  
t re a tm e n t; th e rm a l a n a ly s is  s tu d ie s  w e re  a lso  c a r r ie d  o u t to  c h a ra c te r is e , in  
gene ra l, th e  p re c ip ita t io n  re a c tio n s  in  a lu m in iu m - l i t h iu m  a llo ys . L a te r  s tu d ie s  
conce rned  e v a lu a tio n  o f s t ru c tu re -p ro p e r ty  re la t io n s h ip s  w ith in  a n  A l-L i-C u -M g -Z r  
a llo y  in  th e  e x tru s io n  fo rm  as a fu n c t io n  o f a w id e  ra nge  o f e x tru s io n  p ro cess ing  
v a r ia b le s  a n d  m od if ie d  h e a t tre a tm e n t c o n d it io n s  deve loped  in  th e  f i r s t  p a r t  o f th is  
in v e s t ig a t io n .

M ic r o s t r u c u t r a l c h a ra c te r is a t io n  w as  m ade  u s in g  a c o m b in a t io n  o f l ig h t  
m ic ro s c o p y , s c a n n in g  a nd  t ra n s m is s io n  e le c tro n  m ic ro s c o p y . T h e rm a l a n a ly s is  
s tu d ie s  w e re  c a rr ie d  o u t u s in g  d if fe re n t ia l s c a n n in g  c a lo r im e try  a n d  a d d it io n a l  
phase  a n d  p a r t ic le  a n a ly s is  w e re  c a rr ie d  o u t u s in g  x - ra y  m ic ro -a n a ly s is  a n d  
seconda ry  io n  m ass  spec trom e try .

M e chan ica l p ro p e rty  s tu d ie s  u s in g  ha rdness , te n s ile  and  f ra c tu re  to ughness  
te s ts  w e re  c a rr ie d  o u t to  assess th e  e ffec ts o f e x tru s io n  p ro cess ing  p a ram e te rs  and  
v a r ia b le  h e a t t re a tm e n t c o n d it io n s  o n  th e  s tre n g th  a n d  f ra c tu re  to u g hne ss  o f th e  
m a te r ia l .

3.2. Materials

The  c o m p o s it io n s  o f th e  a llo y s  used  in  th is  in v e s t ig a t io n  a re in c lu d e d  in  
Tab le  3 .1 . A llo y  A1 w as th e  m a te r ia l fo r  the  e x tru s io n  w o rk  a nd  w as su p p lie d  b y  the  
A lu m in iu m  C om pan y  o f  A m e r ic a  in  th e  fo rm  o f 75  m m  d ia m e te r b i l le ts  m a ch in e d  
o u t o f DC  (D ire c t C h ill)  ca s t in g o ts . A llo y  A 2  w as  D C  ca s t a n d  h o t ro lle d  to  3 m m  
s h e e t b y  B r i t i s h  A LC A N ; th is  a l lo y  w a s  u s e d  e x te n s iv e ly  fo r  th e  p ha se  
t r a n s fo rm a t io n s  a n d  th e rm a l a n a ly s is  s tu d ie s  in  th e  f i r s t  p a r t  o f  th e  p re se n t  
in v e s tig a tio n . A llo y s  A 3  to  A 5  were a lso DC cas t a n d  h o t ro lle d  to  1.6 m m  sheet b y



Table 3.1. Composition of the Alloys Used in the Present Investigation

A llo y  Code
E lem en ts , w t % (balance a lum in ium )

(Cu + Mg) C u : Mg

L i Cu M g Zr Fe S i T i

A 1 2 .50 1.04 1. 11 0 .1 2 0 .04 0 .04 0 .0 1 2.14 0.93

A 2 2.57 1.24 0 .6 8 0.13 0 .06 0 .06 0 .015 1.92 1.82

A 3 2 .80 - - - - - - - -

A 4 2.60 - - 0 .1 - - - - -

A 5 - 2 .0 0 .80 - - - - 2 .80 2.50

A 6 - 1.24 0 .6 8 - - - - 1.92 1.82

A 7
1.2 - - - - - - - -
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B r it is h  ALC AN  a nd  a llo y s  A 6  a n d  A 7  we re  ca s t u n d e r  a rgon  fro m  h ig h  p u r i t y  m e ta ls  
an d  w e re  h o t ro lle d  to  1 m m  shee t. A llo y  A 7  w a s  used  fo r  s o lu te  ( l i th iu m )  - 
d is lo c a t io n  in te ra c t io n  s tu d ie s .

3.3. Alloy Deformation Routes

3.3.1. Introduction

The  p r in c ip a l p ro d u c t io n  ro u te  w as e x tru s io n . However, th e re  is  in e v ita b ly  a 
s h o r t de la y  be tw een  th e  end  o f d e fo rm a tio n  a n d  th e  q u e n ch in g  o f th e  m a te r ia l. To  
c h e c k  i f  th is  d e la y  a ffe c ts  th e  m ic ro s t ru c tu re  a d d it io n a l h o t to rs io n  te s ts  w e re  
c a rr ie d  o u t a t e q u iv a le n t s t ra in  ra te s  and  s tra in s ; in  th is  case q u e n c h in g  in  v e ry  
r a p id  p o s t d e fo rm a tio n . M ic ro s t r u c tu re s  w e re  com p a re d  w ith  th e  e q u iv a le n t  
e x tru d e d  m a te r ia l. In  th e  fo llow in g  sub se c tio n s  th e  range  o f p ro cess ing  p a ram e te rs  
used  in  each d e fo rm a tio n  ro u te  to g e th e r w ith  a b r ie f  d e s c r ip t io n  on  th e  p re h e a tin g  
an d  q u e n c h in g  fa c i li t ie s  o f th e  m a te r ia l re la te d  to  each d e fo rm a tio n  p ra c t ic e  a re  
desc rib ed . F u ll d e ta ils  o f e x tru s io n  p ress  des ign  a nd  o p e ra tio n , a nd  in fo rm a tio n  on  
th e  to rs io n  m a ch in e  des ign  a nd  o pe ra tio n  can  be fo u n d  in  re fe rence 158.

3.3.2. Extrusion

The  e x tru s io n  p re ss  u sed  in  th is  in v e s t ig a t io n  w as  a n  EN EFC O  v e r t ic a l  
a c tin g  5M N  p ress  w ith  fa s t ra m  a p p ro a ch  fa c i li ty .  A  75 m m  d ia m e te r c o n ta in e r  
l in e r  w a s  used  fo r  th e  e xp e r im e n ta l w o rk  w ith  a b i l le t  le n g th  o f 100 m m . The  ra m  
speeds used  were in  th e  range o f 3 -1 5  m m /s e c . a n d  th e  e x tru s io n  ra t io  w as v a r ie d  
f ro m  20 :1  to  80 :1 . I n i t ia l  b i l le t  te m p e ra tu re s  w e re  v a r ie d  fro m  4 0 0  to  5 0 0 °C .  
H ea tin g  fo r  e x tru s io n  w as b y  in d u c t io n  g iv in g  a h e a t u p  ra te  o f 125 °C /m in u te  a nd  
on  re a c h in g  i t  th e  m a te r ia l w a s  g iven  a 5 m in u te  soak . T he  e le c tr ic a lly  hea ted  
c o n ta in e r  w a s  m a in ta in e d  a t 3 0 °C  be low  th e  in i t ia l  b i l le t  te m p e ra tu re  to  p re ve n t  
excessive h e a tin g  a t th e  d ie  face w h ils t  a vo id in g  s ig n if ic a n t h ea t loss fro m  th e  b i l le t  
p r io r  to  e x tru s io n . A ll th e  e x tru s io n s  were o f ro u n d  b a r  se c tio n  a nd  u n le s s  spec ified  
as a ir  coo led a ll th e  e x tru ded  p ro d u c ts  were p ress quenched  in  o rd e r to  re ta in  th e  h o t  
w o rke d  s tru c tu re . E x t ru s io n  d a ta  in  th e  fo rm  o f lo a d -d is p la c e m e n t c u rve s  w e re  
re co rded  u s in g  an  IB M  m ic ro c o m p u te r lin k e d  th ro u g h  a d ig ita l ana logue  in te rfa ce .
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3.3.3. Torsion

S pec im en  fo r  to rs io n  te s t in g  w e re  m a ch in e d  fro m  hom ogen ised  b ille ts . The  
te s t in g  m a ch in e  w as  capab le  o f su rfa ce  sh ea r s t r a in  ra te s  o f u p  to  50  sec ' 1 on  th e  
sp e c im ens  used  w h ic h  h a d  a 1 0  m m  gauge le n g th  a n d  5  m m  gauge ra d iu s  (see 
re fe rence  158 fo r  th e  spec im en  geom e try  de ta ils ) . T he  spec im ens  w e re  c lam ped  in  
th e  m a ch in e  a nd  a n  in d u c t io n  c o il a ro u n d  th e  gauge sec tion  hea ted  th e  spec im ens to  
th e  te s t tem pe ra tu re  c o n tro lle d  b y  a E u ro th e rm  p rog ram m e  co n tro lle r . O n  re a ch in g  
th e  te s t te m p e ra tu re , th e  m a te r ia l w as  g ive n  a 5 m in u te  so a k  a n d  u n ifo rm ity  in  
te m p e ra tu re  to  w i t h in  ± 2 °C  a lo n g  th e  gauge  le n g th  w a s  th e re b y  m a in ta in e d .  
T e s tin g  c o n d it io n s  in v o lv e d  o n ly  one d e fo rm a tio n  te m p e ra tu re  v iz . 5 0 0 °C  a nd  tw o  
su rfa ce  sh ea r s tra in s  ra te s  v iz . 0 .1  a nd  0 .3  sec '^ . Tes ts  were s topped  and  th e  h o t  
de fo rm ed  m a te r ia ls  w e re  im m e d ia te ly  quen ched  w i th in  th e  p ro ce ss in g  c h a m b e r to  
re ta in  th e  h o t w o rked  s tru c tu re . Some te s ts  were a lso  s topped  a fte r th e  m a te r ia l was  
quenched ; in  a ll cases te s ts  were s topped  w e ll a fte r th e  s teady s ta te  d e fo rm a tio n  w as  
ach ie ved .

3.4. Heat Treatments

I n  e x t r u s io n  w o rk ,  a l l  th e  h ig h  te m p e ra tu re  t r e a tm e n ts  s u c h  as  
hom ogen isa tio n , s o lu t io n  hea t tre a tm e n ts  w e re  c a rr ie d  o u t in  a la rge  a ir  c ir c u la t in g  
fu m a  ce. A f te r  h o m o g e n is a tio n  th e  b i l le ts  w e re  sca lped  to  rem ove  th e  o x id ise d  
la y e rs . Low  te m p e ra tu re  a r t i f ic ia l  age ing  h e a t tre a tm e n ts  w e re  c a rr ie d  o u t in  
s m a lle r  fa n  d r iv e n  a i r  c ir c u la t in g  ovens . A  s ta n d a rd  s o lu t io n  h e a t t re a tm e n t  
te m p e ra tu re  o f 5 3 0 °C  w as u sed  th ro u g h o u t .  E x tru d a te s  m ade  a t 5 0 0 °C  w e re  
s o lu t io n is e d  fo r  20  m in u te s  w h ile  4 0  m in u te s  w as  em p loyed  fo r  th e  p ro d u c ts  o f  
low e r tem pe ra tu re  e x tru s io n . A ll th e  age ing tre a tm e n ts  were pe rfo rm ed  a t 190°C .

D u r in g  phase tra n s fo rm a tio n  s tu d ie s  a m u ch  sm a lle r spec im en  size w as  used  
an d  a l l  h ig h  te m p e ra tu re  s o lu t io n  t r e a tm e n ts  a n d  lo w  te m p e ra tu re  age ing  
tre a tm e n ts  were c a rr ie d  o u t in  th e  re s is ta n ce  hea ted  tu b e  fu rn a ce s . Th ree  d if fe re n t  
s o lu t io n  t re a tm e n t te m p e ra tu re s  v iz . 5 4 0 , 5 6 0  a n d  5 8 0 °C  w e re  used  u s in g  a 
re com m ended  s o lu t io n  t re a tm e n t t im e  o f 20  m in u te s  fo r  th is  a llo y  (viz. a llo y  A2) 
fo llo w in g  a c o n s ta n t low  tem pe ra tu re  age ing  t re a tm e n t a t 190 °C . K eep ing  in  m in d  
th e  p resence  o f l i t h iu m  dep le ted  su rfa ce  la ye rs , b o th  s ides o f  th e  te s t p ieces were



m e ch a n ic a lly  p o lis h e d  to  a n  equa l leve l f in a l ly  to  be  le f t w ith  0 .3  m m  o f m a te r ia l o f  
th e  c e n tra l p o r t io n  o f th e  o r ig in a l h ea t tre a te d  p ieces.

F o r  th e rm a l a n a ly s is  s tu d ie s , sp e c im en s  w e re  a lso  h e a t t re a te d  in  th e  
s im i la r  e n v iro n m e n t b u t  s a m p le s  w e re  s o lu t io n  h e a t tre a te d  a t 5 4 0 °C  fo r  2 0  
m in u te s  (excep t a llo y  A 2  w h ic h  w as s o lu t io n  h ea t tre a te d  a t 5 80 °C ) a n d  quenched  
in to  w a te r. T h e rm a l a n a ly s is  w a s  u n d e r ta k e n  im m e d ia te ly  a fte r  q u e n c h in g  (AQ), 
a fte r  n a tu ra l age ing  fo r  3 m o n th s  a t ro om  te m p e ra tu re  (NA) a n d  a fte r  a n  a r t i f ic ia l  
ageing tre a tm e n t a t 185°C  fo r  8  h o u rs  (AA).

3.5. Thermal Analysis Study

The  spec im ens  fo r  th e  th e rm a l a n la y s is  s tu d ie s  were p ro d u ce d  b y  th e  s p a rk  
e ro s io n  o f 5 m m  d iam e te r d is cs  fro m  th e  1 m m  th ic k  h e a t tre a te d  spec im ens . T he  
s p a rk  e ro s io n  te c h n iq u e  w a s  u sed  to  e n su re  th a t  n o  i l l -d e f in e d  m e c h a n ic a lly  
de fo rm ed  re g io n  o f th e  a llo y  w a s  p re se n t in  a n y  spec im en . T he  d is cs  were l ig h t ly  
p o lis h e d  o n  s il ic o n  c a rb id e  p a p e r to  rem ove  th e  o x id e  su rfa ce  la y e rs  p ro d u c e d  
d u r in g  hea t tre a tm en t, w ashed  in  m e th a n o l and  w e ighed  to  an  a ccu ra cy  o f ±0 .0 1  m g. 
Such  hea t tre a ted  sam p les w e igh ing  60  m g  were used  fo r  each a lloy.

A  P e rk in  E lm e r D S C -2  c a lo r im e te r  w a s  u se d  in  a l l  e x p e r im e n ts  a t a 
s ca n n in g  ra te  o f 1 0 ° C /m in u te  a n d  s e n s it iv i ty  o f  10 m c a l/s e c . .  T e m p e ra tu re  
c a lib ra t io n  o f th e  c a lo r im e te r w as  ca rr ie d  o u t u s in g  s ta n d a rd  in d iu m  sam p le .

F o r each sam p le  th e  base lin e  ove r th e  te m p e ra tu re  range 5 0 -4 0 0 °C  w as f i r s t  
de fin e d  w ith  th e  ce ll c o n ta in in g  a n  e m p ty  a lu m in iu m  sam p le  p a n ; a s a p p h ire  
s ta n d a rd  w as th e n  in se rte d  in to  one ce ll o f th e  DSC a n d  scanned  a g a in s t the  em p ty  
pan . F in a lly , th e  a llo y  spe c im en  w as scanned  a g a in s t th e  sam e e m p ty  p a n  a fte r  
rem ova l o f th e  s a p p h ire  s ta n d a rd . Be fo re  p e r fo rm in g  each scan  th e  s ys tem  w as  
a llow ed  to  e q u ilib r ia te  a t 4 0 °C  fo r  45  seconds. F rom  th e  e x p e r im e n ta l d a ta  th re e  
d is p la c e m e n ts  c o u ld  be m e a su re d  fo r  b a s e lin e , s a p p h ire  re fe re n ce , a n d  a llo y  
spec im en , D l ,  D2 a nd  D 3  re spe c tive ly  ove r th e  e n tire  te m p e ra tu re  range . Spec ific  
hea t c a p a c ity  d a ta  were th e n  m easu re d  u s in g  th e  fo llo w in g  equa tio n :

Cp(alloy) = w(sapphire)/w(alloy) x  (D 3 -D 1 )/(D 2 -D 1 ) x  Cp(sapphire)
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Cp(alloy) a n d  C p (sapph ire ) a re  th e  sp e c ific  h e a t c a p a c it ie s  o f th e  a llo y  sam p le  a n d  
sa p p h ire  s ta n d a rd  re spe c tive ly  a t a g iven  tem p e ra tu re ; w (a lloy ) a nd  w (sapph ire ) are  
th e  w e ig h ts  o f spec im en  a nd  s ta n d a rd  re spec tive ly . T he  re la t io n s h ip s  be tw een  Cp 
and  te m pe ra tu re  were p lo tte d  w ith  th e  a id  o f a second p rog ram m e .

3.6. Microstructural Characterisation

3.6.1. Light Microscopy

F o r th e  u n d e fo rm ed  m a te r ia l spec im ens fo r  l ig h t  m ic ro s co p y  w e re  p repa re d  
u s in g  s ta n d a rd  m e ta llo g ra p h ic  te c h n iq u e s  v iz . th e  su rfa ce  w as g ro u n d  f la t  o n  8 00  
and  1200 g r i t  s ilic o n  ca rb id e  pape rs , po lished  on  3 pm  and  1 pm  d iam ond  pas te  a nd  
e tch e d  in  K e lle rs  re a g en t. F o r  e x a m in a t io n  o f  th e  d e fo rm ed  s t r u c tu re ,  th e  
sp e c im e n s  w e re  n o t e tc h e d  in  K e lle rs  re a g e n t; in s te a d , th e  s p e c im e n s  w e re  
e le c tro p o lis h e d  u s in g  a s o lu t io n  o f  3 0  % n it r ic  a c id  a n d  70 % m e th a n o l (by vo lum e ) 
a t -2 0 °C  and  20 V  and  were th e n  anod ised u s ing  B a rke rs  reagent (3.5 gm  H 3 BO 3  + 23  
m l H B F 3  + 4 85  m l H 2 O fo r  5 00  m l s o lu tio n ) a t ro om  te m pe ra tu re  a n d  a t a p o te n tia l 
o f 2 0  V . T h e  a n od is e d  s p e c im e n s  w e re  th e n  e xam in e d  u s in g  p o la r is e d  l ig h t  
te c h n iq u e s .

3.6.2. Scanning Electron Microscopy (SEM)

A  JE O L  T -2 0 0  s c a n n in g  e le c tro n  m ic ro scope  f i t te d  w ith  a q u a lita t iv e  ene rgy  
d is p e rs iv e  x - ra y  m ic ro -a n a ly s is  (EDX) sys tem  a nd  a JE O L  JS M  -35C F  SEM  f it te d  
w ith  L IN K  8 6 0  fu l ly  q u a n t ita t iv e  E D X  m ic ro a n a ly s is  s ys tem  w e re  used  in  b o th  
S econda ry  E le c tro n  Im ag in g  (SEI) a nd  B a ck  S ca tte red  E le c tro n  Im ag in g  (BEI) m odes  
to  c h a ra c te r is e  th e  as ca s t m a te r ia l a nd  th e  f ra c tu re d  su rfa ces  o f th e  fa ile d  te n s ile  
and  fra c tu re  toughness te s t spec im ens.

3.6.3. Transmission Electron Microscopy (TEM)

T h in  fo ils  fo r  t ra n s m is s io n  e le c tro n  m ic ro s c o p y  w e re  p re p a re d  b y  s p a rk  
c u t t in g  3  m m  d iscs  fro m  0 .2  m m  th ic k  spec im ens. Be fo re  e le c tro po lis h in g , th e  d iscs  
were l ig h t ly  g ro u n d  on 1200  g r it  s il ic o n  ca rb ide  p a p e r and  w ashed  in  m e th a n o l. The  
d iscs  w e re  th e n  e le c tro ly t ic a lly  th in n e d  o n  a S tru e rs  T e n u p o l J e t p o lis h in g  m a ch in e  
ope ra tin g  a t 20  V  u s in g  a s o lu t io n  o f 3 0  % n it r ic  a c id  and  70 %  m e th a no l (by vo lum e)  
a t -30°C .
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T E M  w as c a r r ie d  o u t o n  a P h il ip s  E M  301  a n d  JE O L  120  C X  TE M S C A N  
ope ra ting  a t 100 kV , and  on  a JE O L  2000  FX  STEM  ope ra ting  a t 200  kV .

3.6.4. Quantitative Chemical Analysis

Q u a n t i ta t iv e  c h e m ic a l a n a ly s is  b y  x - r a y  ED S  (e n e rg y  d is p e rs iv e  
spec troscopy) w as c a rr ie d  o u t on  b u lk  sam p les  u s in g  JE O L  JS M -3 5C F  SEM  and  on  
t h in  fo ils  u s in g  a JE O L  2 0 00  FX  STEM . B o th  these  m ic roscopes  w e re  equ ipped  w ith  
L IN K  a n a ly t ic a l p ro g ra m m e  fo r  ZA F  [a to m ic  n u m b e r  (Z). a b s o rp t io n  (A) a n d  
flu o re scen ce  (F)] c o rre c t io n s  o n  b u lk  a nd  ZA  c o rre c t io n s  on  th in  fo ils  re spec tive ly . 
A d d it io n a lly ,  to  e n su re  a c cu ra c y  a nd  con s is te n c y  o f  th e  EDS a n a ly s is  a ll s ca n n in g  
e le c tro n  im a g in g  a n d  b u lk  sam p le  a n a ly s is  w e re  c a rr ie d  o u t o n  p o lis h e d  b u t  
une tched  sam p les . A lso , com po s itio n s  are a lw ays  g iven  in  w e ig h t pe rcen tage .

3.6.5. Secondary Ion Mass Spectrometry (SIMS)

C o n ve n tio n a l in v e s tig a t io n  te ch n iq u e s  (e.g. l ig h t  m ic ro scop y , e le c tro n  p robe  
m ic ro  a n a ly s is ) a re  l im ite d  in  th e i r  a p p lic a t io n s  to  c o m m e rc ia l A l - L i  a llo y s , 
because o f th e  low  o p t ic a l c o n tra s t o f  seve ra l phases  a nd  th e ir  s tro n g  te n d en cy  to  
o x id ise , as w e ll as th e  in a b i l i t y  o f EPM A  to  p e r fo rm  a n a ly s is  o f l i t h iu m .  These  
l im i ta t io n s  c a n  be ove rcom e b y  u s in g  se co nda ry  io n  m ass  s p e c tro m e try  w h ic h  
a llow s  c h e m ic a l a n a ly s is  w ith  low  d e te c tio n  l im i ts  in  a d d it io n  to  th e  c a p a b ili ty  o f 
d ire c t im ag ing  o f a ll e lem en ts  (1 < Z  < 92) on  th e  su rfa ce  o f b u lk  sam ples .

S IM S  s tu d ie s  were ca rr ie d  o u t on  a CAM ECA  IM S  4F  Io n  M ic ro a n a ly se r. T he  
sam p le s  w e re  s p u tte re d  w ith  a m ass  filte re d  p r im a ry  io n  beam  o f 16 0 2 + w ith  an  
in c id e n t energy o f 10.5 kV . T he  p r im a ry  beam  w as focussed  in  a 50  pm  spo t w h ic h  
w as ra s te re d  ove r th e  su rfa ce  in  o rd e r to  p ro du ce  a u n ifo rm  c u r re n t  d e n s ity . Io n  
m ic ro g ra p h s , s h ow in g  e lem en ta l d is t r ib u t io n s  w e re  p ro du ced  ove r a 2 5 0  pm  w ide  
area on  po lished  su rfaces .
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3.7. Mechanical Testing

3.7.1. Hardness Tests

F o r ra p id  a p p ro x im a te  p ro p e r ty  d e te rm in a t io n  fo r  exam p le  in  e s ta b lis h in g  
th e  age ing  b e h a v io u r o f  th e  a llo y , h a rd n e s s  m ea su rem en ts  w e re  ta k e n  u s in g  th e  
V ic k e rs  h a rd n e ss  te s t in g  m a ch in e  o p e ra tin g  w ith  a 10 kg. w e igh t. T he  h ea t tre a te d  
te s t p ieces  w e re  m e c h a n ic a lly  p o lis h e d  v ia  s il ic o n  ca rb id e  p a pe rs  to  rem ove  th e  
l i t h iu m  dep le ted  su rfa ce  la ye rs  be fo re  th e  h a rd n e ss  te s ts  were m ade . T y p ic a lly  te n  
in d e n ta t io n s  w e re  m ade  fo r  each te s t. F o r th e  e x tru d e d  m a te r ia l,  h a rd n e s s  
m easu rem en ts  were a lw ays  ta k e n  a t th e  core o f th e  e x tru de s  a nd  a long  its  le ng th .

3.7.2. Tensile Tests

To ch a ra c te r is e  th e  s tre n g th  a nd  d u c t i l i t y  o f th e  as e x tru ded , n a tu ra l ly  aged  
and  a r t i f ic ia l ly  aged e x tru d e s  s ta n d a rd  H o u n s fie ld  -1 3  and  H o u n s fie ld  -12  (fo r th e  
e x tru d e s  p e rfo rm ed  a t e x tru s io n  ra t io  g re a te r th a n  50 :1 ) te s t p ieces w e re  m a ch in e d  
f ro m  th e  e x tru d e s  a nd  te s te d  on  a n  In s tro n  U n iv e rs a l T e s tin g  M a ch in e  u s in g  a 
c ross head  speed o f 0 .2  m m /m in u te  (co rrespond ing  in i t ia l s t ra in  ra te  be ing  1 .8  x  
1 0 '4  sec "1).

3.7.3. Fracture Toughness Tests

A  m o d if ie d  T e r ra te k  (159) s h o r t  ro d  f r a c tu re  to u g h n e s s  in d ic a to r  te s t  
p ro po sed  b y  A lu m in iu m  C o m pan y  o f  A m e r ic a  (ALCOA) w as u sed  to  assess th e  
f ra c tu re  to u g hne ss  p ro p e rtie s  o f  th e  h e a t tre a te d  e x tru de s . T he  fra c tu re  to ughne ss  
s p e c im e n s  w e re  m a c h in e d  f ro m  th e  lo n g i tu d in a l s e c t io n s  o f th e  ro u n d  b a r  
e x tru s io n s  to  th e  sp e c ific a tio n s  show n  in  F ig u re  3 .1 . The spec im ens we re  loaded  in  
th e  s p e c ia l m e c h a n ism  des igned  as a "F ra c k ja c k " . T he  lin e s  o f c o n ta c t in  th e  
F ra c k ja c k  g r ip  groove are  so des igned  th a t  th e  e ffec tive  load  does n o t change  as th e  
spec im en  m o u th  is  fo rced  open u n d e r load; in  a ll cases load was app lie d  a t 9 0 °  to  th e  
e x tru s io n  d ire c tio n . The fra c tu re  to ughness  w as th e n  ca lcu la te d  u s in g  th e  fo llow in g  
e q u a t io n :

k y  = A  x  F  x  B '3 /2 ,  where.
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F igu re  3 .1 . F r a c tu r e  to u g h n e s s  te s t  p ie c e  d im e n s io n s ;  a l l  
d im e n s io n s  in  in ches .
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A  = c a lib ra t io n  c o n s ta n t = 22 , a va lu e  u n iq u e  to  th e  spe c im en  geom e try  a n d  th e  
F ra c k ja c k  g r ip  des ign , F  = m a x im u m  load , a n d  B  = spe c im en  d ia m e te r (viz. 0 .5  
inch).

A l l th e  te s ts  were ca rr ie d  o u t on  an  In s tro n  U n iv e rsa l T e s tin g  M ach in e  u s in g  a c ross  
head speed o f 0 .2  m m /m in u te .
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CHAPTER FOUR

DEVELOPMENT OF MICROSTRUCTURE AND PROPERTIES THROUGH SUITABLE 
CONTROL OF HEAT TREATMENT CONDITIONS.

4.1. Introduction

The w o rk  p re sen ted  in  th is  c h a p te r  is  conce rned  w ith  th e  e ffec t o f v a r ia t io n  
in  s o lu t io n  h e a t t re a tm e n t te m p e ra tu re  com b in e d  w ith  n a tu ra l age ing  t re a tm e n t  
u p o n  the  p re c ip ita t io n  o f S fA ^C uM g ) phase  w ith in  a n  A l- 2 .5  L i - 1.2 Cu - 0 .6 8  M g - 
0 .1 2  w t % Z r  s ys tem  v iz . a llo y  A  2 (see F ig u re  3 .1 ). T he  a im  is  to  deve lop h e a t  
t re a tm e n t s ch edu le s  p ro d u c in g  u n ifo rm  d is t r ib u t io n s  o f S as a n  a lte rn a tiv e  to  a  
p reage ing  s tre tc h .

T he  e ffe c t o f quench  b a th  te m p e ra tu re  u p o n  th e  p re c ip ita t io n  o f S phase  is  
a lso d iscussed . T he  age h a rd en in g  ch a ra c te r is t ic s  o f th e  a llo y  are d iscussed  in  te rm s  
o f m ic ro s t ru c tu ra l changes w h ic h  ta ke  place.

4.2. Results

4.2.1. Age Hardening Behaviour

The  A l- L i based  a llo ys  re ly  u p o n  p re c ip ita t io n  h a rd e n in g  to  deve lop th e ir  
h ig h  s tre n g th  p o te n t ia l;  i t  w as , th e re fo re , n e cessa ry  to  c h a ra c te r is e  th e ir  age ing  
re s p o n se . T he  e ffe c ts  o f  v a r ia t io n  in  age ing  t im e s  a n d  s o lu t io n  t r e a tm e n t  
tem pe ra tu re s  w ith  a c o n s ta n t ty p ic a l age ing te m pe ra tu re  o f 190 °C  were in ve s tig a ted  
u s in g  h a rd ne ss  te s t in g  as th is  is  a ra p id  m e th o d  fo r  c h a ra c te r is in g  a llo y  b e h a v io u r.  
F ig u re  4 .1 show s th e  a r t i f ic ia l age ing response  o f th e  a llo y  due  to  th re e  s o lu t io n  
t re a tm e n t te m pe ra tu re s  viz. 540 , 560  a nd  580 °C . In  a ll cases care w as exerc ised to  
m in im is e  th e  t im e  la g  be tw een  q u e n c h in g  a nd  age ing . T he  fo rm  o f th e  age ing  
cu rves , and  p o s it io n s  o f  th e  ageing peaks were e s se n tia lly  th e  sam e in  a ll cases su ch  
th a t  th e  m a x im u m  h a rd n e s s  w as  a t ta in e d  a f te r  2 4  h o u rs  o f a r t i f ic ia l  age ing . 
However, the  h a rd ne ss  va lue  due  to  a p a r t ic u la r  age ing  tim e  in c reased  s lig h t ly  w ith  
an  inc rease  in  the  s o lu t io n  tre a tm e n t tem pe ra tu re .



F igu re  4.1. E ffe c t o f v a r ia t io n  in  s o lu t io n  tre a tm e n t te m p e ra tu re  on  
th e  a r t if ic ia l age ing response o f a llo y  A2 a t 190°C .

1 3 0 1 -

N a tu ra l age ing t im e  (h o u rs )

F igu re  4.2. T he  n a tu ra l age ing  response  o f a llo y  A 2  a fte r  s o lu t io n
t re a tm e n t  a t 5 3 0 ° C a n d  w a te r  q u e n c h  a t ro o m  
tem pe ra tu re  (RT).



77

S ince , th e  n a tu ra l age ing response o f m a n y  age h a rd e n in g  a lu m in iu m  a llo ys  
has  been fo u n d  (160) to  b r in g  a b o u t in te re s t in g  m o d if ic a t io n s  in  th e ir  p re c ip ita t io n  
m echan ism s , th e  n e x t s tep o f th is  in v e s tig a t io n  w as to  e xam ine  th e  n a tu ra l age ing  
c h a ra c te r is t ic s  o f th e  a lloy . F ig u re  4 .2 . show s th e  n a tu ra l age ing response  o f th e  
a llo y . T he  F igu re  c le a r ly  d em ons tra te s  th e  a b i l i t y  o f  th e  p re sen t a llo y  to  re spond  to  
th e  n a tu ra l age ing tre a tm e n t b u t  o n ly  a fte r an  in c u b a t io n  p e rio d  o f a b o u t 2 4  h o u rs ;  
beyond  th a t  p o in t th e  h a rd n e ss  d a ta  in c reased  ve ry  ra p id ly  u p  to  a p la te a u  w ith in  
4000  hou rs .

In  o rd e r to  de te rm in e  th e  e ffects o f n a tu ra l age ing u p o n  subsequen t a r t i f ic ia l  
age ing, th e  a llo y  w as sub je c ted  to  a n a tu ra l age ing  tre a tm e n t fo r  24  h o u rs  be tw een  
th e  q u e n c h in g  o p e ra t io n  a f te r  s o lu t io n  h e a t t re a tm e n t a n d  th e  f in a l a r t i f ic ia l  
age ing  h e a t t re a tm e n t .  F ig u re  4 .3  show s  s u c h  a ge in g  c u rv e s  o f  th e  a llo y .  
C o m pa r is o n  o f F ig u re s  4 .1  a nd  4 .3  show s th a t w ith  th is  s h o r t n a tu ra l age ing t im e  
th e  in i t ia l  age ing  re sponse  a t 1 9 0 °C  is  u n a lte re d ; how eve r, th e  n a tu ra l age ing  
in h ib ite d  th e  onse t o f ove rage ing o the rw ise  obse rved  a fte r  24  h o u rs  a t 190 °C  su ch  
th a t  p ro lo nged  a r t i f ic ia l age ing fo r  1 0 0  h o u rs  low e red  th e  h a rd n e ss  va lue s  o n ly  ve ry  
s l ig h t ly .

A l l  th e se  re s u lts  sugges t th a t  som e m o d if ic a t io n s  in  th e  p re c ip i ta t io n  
m e ch a n ism s  m u s t have been  o c c u rr in g  due  to  th e  in t r o d u c t io n  o f n a tu ra l age ing  
t re a tm e n t w h ic h , in  tu rn ,  de layed th e  onse t o f overage ing in  th is  sys tem . In  o rd e r to  
s tu d y  th e  c o rre s p o n d in g  m o d if ic a t io n s , a d e ta ile d  m ic ro s t r u c tu ra l e x a m in a tio n  o f  
th e  a llo y  w as necessa ry ; th e  re s u lts  o f th e  m ic ro s t ru c tu ra l s tu d ie s  are re p o rte d  in  
th e  fo llo w in g  sec tions .

4.2.2. Microstructure of the Alloy Without Natural Ageing Treatment

4.2.2.1. As Quenched Microstrucutre

T ra n s m is s io n  e le c tro n  m ic ro s c o p y  (TEM ) o f  f re s h ly  s o lu t io n  tre a te d  a n d  
w a te r q uenched  m a te r ia l revea led a ve ry  c le an  m ic ro s tru c tu re . F ig u re s  4 .4  (a), (b) 
and  (c) sh ow  th e  as quen ched  m ic ro s t ru c tu re s  o f  th e  a llo y  a fte r  th re e  d if fe re n t  
s o lu t io n  hea t tre a tm e n t te m p e ra tu re s  v iz . 5 40 , 5 60  a nd  5 8 0 °C  re spec tive ly . T he  
f ig u re s  show  th a t in  a ll cases the  a llo y  rem a in ed  u n re c iy s ta ll is e d  w ith  s u b g ra in  size
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F igu re  4.3 . E ffe c t o f v a r ia t io n  in  s o lu t io n  t re a tm e n t te m p e ra tu re ,  
a nd  24  h o u rs  n a tu ra l age ing  on  su b se q u e n t a r t i f ic ia l
age ing response o f a llo y  A 2  a t 190°C .
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F igu re  4.4. TE M  m ic ro g ra p h s  o f th e  as quenched  m a te r ia l
(a)-(c) B F  im ages s h o w in g  v a r ia t io n  in  s u b g ra in  size  

d u e  to  v a r ia t io n  in  s o lu t io n  t r e a tm e n t  
tem pe ra tu re  v iz. 540 , 560 a nd  5 8 0 °C  respective ly .

(d) D F  im age sh ow in g  8 ' p re c ip ita t io n ; im aged  u s in g  
(1 0 0 )  s u p e r la t t i c e  r e f le c t io n ;  < 1 0 0 >  A1 
o r ie n ta t io n .

(e) D F  im age  s h o w in g  s u p e rd is lo c a t io n s ; g = 222 . 
<112>A1 o r ie n ta t io n .

(f) B F  im age s h ow in g  in h om ogeneou s  d is t r ib u t io n  
o f p* p re c ip ita te s ; c lose to  <100>A1 o r ie n ta t io n .





in c re a s in g  w ith  s o lu t io n  t re a tm e n t te m p e ra tu re . A n y  s ig n  o f p re c ip ita t io n  u n d e r  
b r ig h t  f ie ld  im a g in g  c o n d it io n s  w as d i f f ic u l t  to  o b ta in , b u t ,  d a rk  f ie ld  im ages u s in g  
s u p e r la t t ic e  re f le c t io n s  c le a r ly  show ed  a n  e x trem e ly  f in e  hom ogeneous  d is p e rs io n  
o f m e ta s ta b le  S 'fA lgL i) p re c ip ita te s . F ig u re  4 .4  (d) show s su ch  5 ' p re c ip ita t io n . The  
m o tt le d  b a c k g ro u n d  o f F ig u re  4 .4  (e) in d ica te s  th e  p resence o f ve ry  f in e ly  d is tr ib u te d  
5 ' p a r t ic le s  a n d  a d d it io n a lly  th e  F ig u re  show s  th e  p re sence  o f s u p e rd is lo c a t io n s  
a ssoc ia ted  w ith  th e  co h e re n t o rde red  m e ta s ta b le  5 ’ d is p e rs io n . A p a r t  f ro m  th e  5 ' 
p a r t ic le s , th e  o n ly  o th e r p a r t ic le s  w e re  in  th e  fo rm  o f a n  u n e ve n  d is t r ib u t io n  o f  
A lg Z r  p a r t ic le s  (F igu re  4 .4  (f)). In  c o n tra s t to  m a n y  o th e r a lu m in iu m  a llo ys , th e  as  
quen ched  m ic ro s tru c tu re  o f the  p re sen t a llo y  d id  n o t show  an y  tra ce  o f q uenched -in  
d is lo c a tio n  de fec ts su ch  as d is lo c a tio n  loops o r  he lices .

4.2.2.2. Artificially Aged Microstructure

S u b s e q u e n t h e a t t re a tm e n t ,  in i t ia l l y  c a u s e d  a g e n e ra l g ro w th  o f th e  
in d iv id u a l 5 ' p a r tic le s . H owever, p ro lo nged  age ing  h e a t tre a tm e n ts  b ro u g h t a b o u t  
f u r t h e r  m ic r o s t r u c tu r a l  changes  in  te rm s  o f  a d d it io n a l p re c ip ita t io n .  In  th e  
peakaged  m a te r ia l th e  p re c ip ita te  phases w e re  c le a r ly  im aged  u s in g  TE M . F igu re  
4.5(a) shows the  8 ' d is t r ib u t io n  in  th e  peakaged m a te r ia l. U n lik e  th e  6 ' d is t r ib u t io n ,  
th e  d is t r ib u t io n  o f  a d d it io n a l phases w a s  fa r  f ro m  b e in g  hom ogeneous . A  few  T]_ 
(A l2 C uL i) phases, as show n  in  F igu re  4 .5  (b), w e re  observed a d ja cen t to  th e  s u b g ra in  
b o u n d a r ie s ; a lso , th e  p re c ip i ta t io n  o f  S phase  w a s  v e ry  l im ite d ,  ta k in g  p lace  
he te rogeneous ly  a long  s u b g ra in  b o u n d a r ie s  (F igu re  4 .5  (c)). P ro longed  age ing fo r  72  
h o u rs  coa rsened  th e  p re c ip ita te s  p re v io u s ly  obse rved  a n d  a d d it io n a lly  revea led th e  
e x is te n c e  o f  f in e ly  d is t r ib u te d  h o m o g e n e o u s ly  n u c le a te d  S p r e c ip i ta t io n .  
H o m o g e n e o u s ly  n u c le a te d  S p re c ip i ta t io n  w a s  e v id e n t a f te r  a l l th re e  d if fe re n t  
s o lu t io n  h ea t t re a tm e n t tem pe ra tu re s ; how eve r, th e  p re c ip ita te  d e n s ity  decreased  
w ith  d ec reas ing  s o lu t io n  h ea t tre a tm e n t te m p e ra tu re . F ig u re s  4 .6  (a-c) and  (d-f) 
s h o w  th e  h o m oge n e o u s  S p r e c ip i ta t io n  in  [1 1 0 ] a n d  [1 0 0 ] A1 o r ie n ta t io n  
re s p e c tiv e ly .
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F igu re  4.5. T E M  m ic ro g ra p h s  s h o w in g  p re c ip ita te  phases  in  th e  
peakaged  m a te r ia l.  M a te r ia l t re a tm e n t: ST  5 3 0 °C ,  
WQ(RT), and  AA  24 hou rs  a t 190°C ;
(a) D F  im age show ing  8' p re c ip ita t io n ; im aged  u s in g  

(100) s u p e r la tt ic e  re fle c tio n
(b) B F  im age  s h o w in g  h e te ro g e n e o u s  a n d  S 

p re c ip ita t io n ; <110>  A1 o r ie n ta t io n
(c) B F  im age show ing  he te rogeneous S (and a few  T  

p re c ip ita t io n ; <110>  A1 o r ie n ta t io n .
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F igu re  4.6. T E M  B F  m ic ro g r a p h s  s h o w in g  h o m o g e n e o u s  S 
p re c ip ita t io n . M a te r ia l tre a tm e n t: s o lu t io n  tre a te d  (ST) 
a t 580[(a) and  (d)], 5 60  [(b) and  (e)] a nd  540°C [(c ) a nd  (f)], 
w a te r q u e n ch ed  (WQ) a t ro om  te m p e ra tu re  (RT) a n d
a r t i f ic ia l ly  aged (AA) 72 h o u rs  a t 190°C . (a) -(c) <110>  A1 
o r ie n ta t io n  a nd  (d) - (f) <100> A1 o r ie n ta t io n .
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4.2.3. Effect of Natural Ageing

4.2.3.1. Quenched Microstructure

In  o rd e r to  exam ine  th e  e ffect o f n a tu ra l age ing  u p o n  th e  quenched  m a te r ia l,  
spe c im ens  w e re  s o lu t io n  h ea t tre a te d , w a te r q uen ched  a n d  w e re  a llow ed  to  age a t  
ro om  te m p e ra tu re  fo r  24  h o u rs . No de tec tab le  change  in  th e  S' d e n s ity  o r  size was  
observed ; b u t ,  in  c o n tra s t to  th e  as quenched  m ic ro s tru c tu re , p re c ip ita t io n  o f a few  
lo op s  a n d  he lices  (F igu re  4 .7  (a)) w as observed. In  a spec im en  n a tu ra l ly  aged fo r  120  
h o u rs , la rg e r n u m be rs  o f loops a nd  he lices were de tec ted  (F igu re  4 .7  (b)). In  o rd e r to  
fo llo w  th is  t re n d  spec im ens were a llow ed  to  age fo r  1440  h o u rs  a t ro om  tem pe ra tu re  
a fte r  s o lu t io n  h e a t t re a tm e n t. T he  c o rre s p o n d in g  m ic ro s t r u c tu re  as s h ow n  in  
F ig u re  4 .7  (c) c le a r ly  re vea led  a n  in c re a sed  n u m b e rs  o f  d is lo c a t io n  lo o p s  a nd  
he lice s , th u s  in d ic a t in g  va can cy  p re c ip ita t io n  a t ro o m  tem pe ra tu re .

4.2.3.2. Artificially Aged Microstructure

The quenched  sam p les  aged fo r  24  h o u rs  a t ro om  tem pe ra tu re  were sub jec ted  
to  e le va ted  te m p e ra tu re  a r t i f ic ia l  age ing. H o ld in g  th e  q uen ched  sam p le s  fo r  24  
h o u rs  a t ro om  te m p e ra tu re  p ro d u ce d  a s ig n if ic a n t change  in  th e  p re c ip ita t io n  
b e h a v io u r  w i th in  th e  a r t i f ic ia l ly  aged m ic ro s t ru c tu re .  A f te r  2 4  h o u rs  a t 190 °C  
sam p le s  s o lu t io n  tre a te d  a t 5 8 0 °C  revea led  a n  in h om oge n e o u s  d is t r ib u t io n  o f 
d is lo c a t io n  lo o p s  (F ig u re  4 .7  (d)) w ith  b ro a d  lo o p - fre e  zones  n e a r  s u b g ra in  
b o u n d a r ie s . In  a d d it io n , a d is p e rs io n  o f h om ogeneou s ly  n u c le a te d  S phase  w as  
obse rved  to  be w e ll deve loped (F igu re  4 .8  (a)), th e  S phase  la th s  b e in g  la rg e r th a n  
th ose  p ro d u ce d  b y  age ing  fo r  72 h o u rs  w ith o u t th e  p r io r  n a tu ra l age ing  tre a tm en t. 
P ro lo n g e d  a r t i f ic ia l  a ge in g  fo r  72  h o u rs  a lm o s t d o u b le d  th e  d e n s ity  o f  
h o m o g e n e o u s ly  n u c le a te d  S p hase  a n d  re vea led  a w e ll d e ve loped  p ic tu re  o f  
hom ogeneous S p re c ip ita t io n  (F igures 4 .8  (b)).

T he  e ffec t o f p ro lo nged  n a tu ra l age ing w as w o r th  n o tin g ; th e  m ic ro s tru c tu re  
o f a spec im en , s o lu t io n  tre a te d  a t 5 80 °C  and  n a tu ra l ly  aged fo r  1440 h o u rs , w hen  
s u b s e q u e n t ly  aged fo r  2 4  h o u rs  a t 1 9 0 °C  re v e a le d  a c le a re r  p ic tu re  o f  
hom ogeneou s ly  n u c le a te d  S phase ; th e  S phase d e n s ity  be ing  n e a r ly  d oub le  th a t  
p ro d u c e d  b y  24  h o u r  n a tu ra l age ing (F igu re  4 .8  (c)). A d d it io n a lly ,  th e  a r t i f ic ia l ly
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F igu re  4.7. T E M  B F  m ic ro g r a p h s  s h o w in g  p r e c ip i t a t io n  o f  
d is lo c a t io n  lo ops  a n d  h e lic e s ; <110>A1 o r ie n ta t io n .  
M a te r ia l tre a tm e n t:
(a) ST 580°C , WQ(RT), NA 24 h o u rs
(b) ST 580°C , WQ(RT), NA 120 h o u rs
(c) ST 580°C , WQ(RT), NA 1440 h o u rs
(d) ST 580 °C , WQ(RT), NA 24  h o u rs  a nd  A A  24  h o u rs  

a t 190°C.



5
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F igu re  4.8. T E M  B F  m ic ro g r a p h s  s h o w in g  h o m o g e n e o u s  S
p re c ip ita t io n ; <100>A1 o r ie n ta t io n . M a te r ia l t re a tm e n t:
(a) ST 5 8 0 °C , W Q (RT), n a tu ra l ly  aged (NA) fo r  24  

h o u rs  and  A A  24 h o u rs  a t 190°C .
(b) ST 580 °C , WQ(RT), NA  24  h o u rs  a nd  A A  72 h o u rs  

a t 190°C.
(c) ST 5 8 0 °C , W Q(RT), NA  1440  h o u rs  a n d  A A  2 4  

h o u rs  a t 190°C .





aged m ic ro s t ru c tu re  show ed  a m o re  u n ifo rm  d is t r ib u t io n  o f d is lo c a t io n  lo ops  a n d  
revea led  he te rogeneous  n u c le a tio n  o f S phase u p o n  th e  quenched  in  de fec ts  (F igu re

4 .9  (a)). The aged m ic ro s tru c tu re s  a fte r  s o lu t io n  t re a tm e n t a t 560  a n d  5 4 0 °C  a lso  
revea led a w e ll deve loped p ic tu re  o f hom ogeneous S p re c ip ita t io n  a nd  he te rogeneous  
S p re c ip ita t io n  u p o n  d is lo c a tio n  lo ops  (F igu res  4 .9  (b) &  (c)). However, th e  S phase  
d e n s ity  in c reased  w ith  in c re a s in g  p r io r  s o lu t io n  h e a t tre a tm e n t tem pe ra tu re .

4.2.4, Effect of Quench Bath Temperature

I t  w a s  re po rte d  e a r lie r in  se c tio n  4 .2 .2 .1 . th a t  th e  p re sen t a llo y  sys tem  is  n o t  
capab le  o f  p re c ip ita t in g  vacanc ie s  in  th e  fo rm  o f q u e n ch ed  in  d is lo c a t io n  de fec ts  
w ith in  th e  as quenched  m ic ro s tru c tu re . A n  a tte m p t w a s  th u s  m ade  to  fa c ilita te  th e  
re lease o f vacanc ie s  th ro u g h  ra is in g  th e  q uench  b a th  tem pe ra tu re . F o r th is  pu rpose  
five  d if fe re n t q u e n ch  b a th  te m p e ra tu re s  v iz . 30 , 4 5 , 60 , 80  a nd  100 °C  were  used  
(q u e n ch in g  m e d iu m  b e in g  w a te r). In  five  d if fe re n t e x p e r im e n ts , spec im ens  w e re  
s o lu t io n  h e a t tre a ted , d ire c t ly  quenched  to  a p a r t ic u la r  q uench  b a th  fo r  one m in u te ,  
w a te r quen ched  to  ro om  te m p e ra tu re  (~23°C ) a nd  f in a l ly  a r t i f ic ia l ly  aged a t 190 °C  
fo r  2 4  h o u rs .

T he  necessa ry  m ic ro s t ru c tu ra l d e ta ils  were th e n  c h a ra c te r is e d  u s in g  TEM . 
Up to  4 5 °C , no  change was detected w ith in  the  aged m ic ro s tru c tu re  com pared  to  th a t  
o f a spec im en  quenched  to room  tem pe ra tu re  and  su b se q u e n tly  aged. B u t, w hen  th e  
te m p e ra tu re  w as ra ised  to  6 0 °C , th e  c o rre sp o nd in g  a r t i f ic ia l ly  aged m ic ro s tru c tu re  
c le a r ly  revea led  h om ogeneous ly  n u c le a te d  S p re c ip ita t io n . F ig u re  4 .1 0  (a) show s  
su ch  hom ogeneous  S p re c ip ita t io n . F u r th e r , w h e n  th e  te m p e ra tu re  w as ra ised  to  
100 °C , th e  m ic ro s tru c tu re  showed a v e ry  h ig h  d e n s ity  o f hom ogeneous ly  n u c le a te d  
S p re c ip ita t io n  (F igu re  4 .10  (c)). The p resence o f hom ogeneous  S p re c ip ita t io n  was  
ev iden t w i th in  th e  aged m ic ro s tru c tu re s  due to  a ll th re e  d if fe re n t s o lu t io n  tre a tm e n t  
te m p e ra tu re s  a n d  a g a in  th e  p re c ip i ta t io n  d e n s ity  w a s  fo u n d  to  decrease w ith  
dec reas ing  s o lu t io n  h e a t tre a tm e n t te m pe ra tu re . P re c ip ita t io n  o f d is lo c a tio n  loops  
an d  s u b s e q u e n t he te ro geneou s  p re c ip ita t io n  o f S pha se  u p o n  th e m  w e re  a lso  
obse rved  w i th in  th e  m ic ro s t ru c tu re  to  a l im ite d  e x te n t. In  o rd e r to  in ve s tig a te  
f u r t h e r  th e  e ffe c t o f  p ro lo n g e d  p r io r  a n n e a lin g  a t 1 0 0 °C  u p o n  th e  S phase  
p re c ip ita t io n , th e  m a te r ia l w as s o lu t io n  tre a te d , d ire c t ly  q uenched  to  1 00 °C  fo r  14 
h o u rs  a n d  aged a t 190 °C  fo r  24  h o u rs . The c o rre s p o n d in g  aged m ic ro s t ru c tu re  
(F igu re  4 .1 0  (b)) c le a r ly  revea led hom ogeneous S p re c ip ita t io n  b u t  th e  d e n s ity  o f S
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F igu re  4.9. TE M  BF  m ic ro g ra p h s ; <110>A1 o r ie n ta t io n .
(a) D is t r ib u t io n  o f d is lo c a tio n  lo ops
(b) Hom ogeneous S p re c ip ita t io n
(c) H e te rogeneous  S p re c ip ita t io n  u p o n  d is lo c a t io n  

lo o p s
M a te r ia l t re a tm e n t: ST 5 8 0 °C  [ST 5 6 0 °C  fo r  4 .9 (b ) and  
(c)], WQ(RT), NA  1440 hou rs  and A A  24  h o u rs  a t 190°C .
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F igu re  4 .10. T E M  B F  m ic ro g r a p h s  s h o w in g  h o m o g e n e o u s  S 
p r e c ip i t a t io n ;  < 1 0 0 >  A1 o r ie n ta t io n .  M a te r ia l  
tre a tm e n t:
(a) ST 58 0 °C , W Q  (60 °C  fo r  1 m in u te ) , W Q(RT) and  

A A  24  h o u rs  a t 190°C .
(b) ST 5 8 0 °C , O il q u en ched  (1 0 0 °C  fo r  14 h o u rs ), 

WQ(RT) and AA  24 h o u rs  a t 190°C .
(c) ST 580 °C , W Q  (100 °C  fo r  1 m in u te ), W Q  (RT) and  

A A  24 h o u rs  a t 190°C .
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p rec ip ita te  w as no  d ifferen t from  th a t  ob ta ined  w ith  a  24 h o u r  n a tu ra l age p rio r to 
artificial ageing for th e  sam e tim e a n d  show ed a  2 5 0  % d ecrease  com pared  to th a t  
ob ta ined  in  a  1 m in u te /1 0 0 ° C  sam ple. A dditionally, th e  m ic ro s tru c tu re  show ed no 
trace  of q u en ch ed  in  defects. F or co m p ariso n , th e  d a ta  on  th e  h o m ogeneous S 
p rec ip ita te  d en sity  a n d  5' partic le  size du e  to som e typical h e a t tre a tm e n ts  u se d  in 
th is  s tu d y  are  given in  Table 4 .1 . T he deta ils  of v a rio u s  so lu tio n  h e a t tre a tm e n ts  
a n d  low te m p e ra tu re  ageing  h e a t tre a tm e n ts  u se d  in  th is  s tu d y  a re  ad d itiona lly  
show n in  Figure 4.11.

4.3. Discussion

4.3.1. Ageing Curves

The genera l sh a p e  of th e  cu rves, a s  show n  in  F igure 4 .1 , clearly  show s th e  
c lassica l ageing b eh av io u r for a  sy stem  p roducing  m e ta s tab le  co h eren t p rec ip ita tes. 
The early  s tag es  of ageing a re  c h a ra c te rise d  by  a  ra p id  in itia l h a rd n e s s  increase .
T h is  is d u e  to th e  in te ra c tio n  of glide d is lo ca tio n s w ith  th e  5 ' p re c ip ita te s  by  a 

sh ea rin g  m ech an ism . C o n tinued  ageing leads to co a rsen in g  a n d  a  g rad u a l loss of 
coherency  w ith  th e  m a trix , to g e th e r w ith  a n  in c rease  in  th e  in te rp a rtic le  spacing , 
w h ich  c h a n g e s  th e  h a rd e n in g  m e c h a n ism  from  sh e a r in g  to  one of d is lo ca tio n  
looping. The la tte r  stage is  accom panied  by  a g rad u a l loss of h a rd n e ss . In c o n tra s t 
to th e  sim ple n a tu re  of th e  curves of F igure 4 .1 ., F igure 4 .3  revealed som e in teresting  
fea tu res . At th e  very in itia l stage, sligh tly  in c reased  v a lu es  of h a rd n e s s  su g g es ts  
th a t  th e  m ateria l is able to respond  to th e  24  h o u rs  n a tu ra l  ageing trea tm en t; o th e r 
th a n  th is  24  h o u rs  of artificial ageing p roduced  no noticeable difference betw een th e  
two se ts  of curves. T he on se t of overageing, o therw ise observed  afte r 24 h o u rs  a t 
190°C, w as however, inh ib ited . T his m ay  be a ttr ib u te d  to th e  rap id  hom ogeneous S 
p rec ip ita tio n  in  th e  m a te ria l w ith  a  p rio r n a tu ra l age. N a tu ra l ageing acce lera ted  
hom ogeneous S p rec ip ita tio n  w hich re su lted  in  th e  h a rd n e s s  p eak  du e  to S p h ase  
m oving to  sh o r te r  tim es a n d  possib ly  in creasin g  in  m ag n itu d e : it overlapped th e  
peak  due to 8 ' a n d  th u s  inh ib ited  th e  on se t of overageing. The con tin u in g  increase  in 
h a rd n e s s  v a lu e s  u p  to  72 h o u rs  of p ro longed  a rtific ia l ageing  m ay  be ag a in  
a ttr ib u te d  to th e  in c reased  p rec ip ita tio n  of hom ogeneous S th ro u g h o u t the  m atrix , 
(see Table 4.1 for com parison). F inally, a fte r 72 h o u rs , th e  overageing b eg an  to 
dom inate accom panied  by  a g rad u a l loss in  h a rd n ess .



Table 4.1. Average a' (Al 3Li) * particle diameter and homogeneous S(Al 2CuMg) precipitate density 

Details of Heat Treatment Average a' particle Homogeneous S 
diameter (nm) preciP,itate density 

4 (x 10 per sq. em.) 

STat 580°C, WQ at 23°C and 24 Homogeneously nucleated 
AA at 190° C for 24 hours S precipitate could not be 

detected. 

STat 580°C, WQ at 23°C and 28 231 
AA at 190 °C for 72 hours 

STat 560°C, WQ at 23° C and 29 146 
AA at 19(11 C for 72 hours 

STat 540°C, WQ at 2SOC and 34 119 
AA at 19(fC for 72 hours 

ST at 580°C, WQ at 23°C, NA for 26 122 
24 hours and AA at 19CfC for 24 hours 

ST at 5800C, WQ at 23°C, NA for 26 252 
1440 hours and AA at 19(}JC for 
24 hours 



ST at 580°C, WQ at 23°C, NA for 
24 hours and AA at 190°C for 
72 hours

30 252

ST at 580°C, WQ at 60°C (for 1 
minute), WQ at 23°C and AA at 
190°C for 14 hours

26 145

ST at 580°C, WQ at 100PC (for 1 
minute), WQ at 23°C and AA at 
1 9 0 ^  for 24 hours

27 314

ST at 580°C, OQ at 100°C (for 14 
hours), WQ at 2 3 ^  and AA at 
1 9 0 ^  for 24 hours

28 120

ST at 560°C, WQ at 23°C, NA for 
1440 hours and AA at 1 90^  
for 24 hours

26 144

ST at 540nC, WQ at 23°C, NA for 1440 
hours and AA at 190°C for 24 hours 26 106

* Coarse 6 ' particles nucleated heterogeneously 
were not included for the diameter measurement on zirconium rich particles



Figure 4.11 Details of Heat Treatments

AA at 190° C for 24 and 72 hours

ST at 580, 560 and 5400 C

WQ (at 23°C) WQ at 30, 45, 60, 80 and 100°C for one minute OQ at 100°C for 14 hours

NA for 24, 120 and 1440 hours
AA at for 24 190°Chours AA at 190°C for 24 hours

AA at 190°C for 24 and 72 hours

ST : Solution Treated, WQ : Water Quenched, OQ : Oil Quenched, 
AA : Artificially Aged, NA : Naturally Aged
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T he m o st c o n s is te n t fea tu re  com m on to  b o th  se ts  of ageing cu rv es show n  in  
F igu res 4.1 a n d  4 .3  w as th a t  th e  h a rd n e ss  v a lu es  in  an y  stage of th e  ageing cu rv es 
in c reased  w ith  increasing  so lu tion  h e a t trea tm en t tem p era tu res ; su c h  a n  event m ay 
be exp la ined  prim arily  on  th e  b a s is  of h igher v acancy  su p e rsa tu ra tio n  co n trib u tin g  
to w a rd s  m ore  5 ' n u c le i form ing  in  a sso c ia tio n  w ith  h ig h e r so lu tio n  tr e a tm e n t 
tem p era tu res . A lthough no detectable changes were observed in  th e  8 ' d ensity  or size 
in  th e  q u en ch ed  m ic ro s tru c tu re s  due  to different so lu tio n  tre a tm e n t te m p e ra tu res , 
m e a s u re m e n t of 8 ’ p a r tic le  d ia m e te r  in  th e  c o rre sp o n d in g  a rtif ic ia lly  aged  
m ic ro s tru c tu re s  revealed  th a t  th e  8 ' p a rtic le  d iam e te r d e c re a ses  w ith  in c reas in g  
p rio r so lu tio n  h e a t tre a tm e n t tem p era tu re  (see T able 4.1). The p re se n t observation  
is in  close agreem ent w ith  th a t  of S uzuki et al (21). The a u th o rs  s tu d ied  in  detail th e  
role of excess vacancies in  S’ p rec ip ita tio n  in  b in a ry  Al-Li alloys; it w as show n  th a t  
th e  d e n s ity  of 8 ' p h a se  p re c ip ita te s  a fte r q u en c h in g  a n d  in  th e  in itia l s ta g e s  of 
ageing in c re a se s  w ith  in c reasin g  so lu tio n  tre a tm e n t te m p e ra tu re s . T he a u th o rs  
sug g ested  th a t  th e  excess vacancies no t only initially  increase  th e  d isp e rs io n  of th e  
lith iu m  a to m s in  th e  p a re n t p h ase , b u t  also by tem porarily  occupying lith iu m  atom  
positio n s in  th e  L I2  s tru c tu re , facilitate 8 ' n ucle i fo rm ation . However, in  Al-Li-Cu- 
Mg a lloys ad d itio n a l p re c ip ita tio n  re ac tio n s  a re  feasib le  a n d  th e  re s u l ts  of th e  
p re s e n t  s tu d y  c lea rly  show ed  th a t  th e  in flu en ce  of so lu tio n  h e a t  t r e a tm e n t 
te m p era tu re  on  th e  form ation of hom ogeneous S p h ase  is significant su c h  th a t  th e  S 
p r e c ip i ta te  d e n s i ty  in c re a s e s  w ith  in c re a s in g  p r io r  s o lu t io n  t r e a tm e n t  
te m p e ra tu re s .  It is, th e re fo re , su g g es ted  th a t  th e  in c re a se  in  s tre n g th  w ith  
in c reas in g  p rio r S.H.T. te m p e ra tu re s  in th e  p eakaged  (Figure 4.3) a n d  beyond th e  
peakaged  (Figures 4.1 a n d  4.3) cond itions is additionally  du e  to th e  in c reased  an d  
w idesp read  p rec ip ita tion  of hom ogeneous S w ith in  th e  m ic ro s tru c tu re .

T he role of ex cess v acan c ies  in  h o m ogeneous S p re c ip ita tio n  w ith in  th e  
p re se n t alloy system  is d iscu ssed  in  th e  following section . However, d iscu ssio n  on 
Figure 4 .2 , th e  n a tu ra l ageing curve of the  alloy will be  reserved u n til C h ap te r 5.

4.3.2. Effect of Natural Ageing, Solution Treatment Temperature and Quench Bath 
Temperature

In  th e  so lu tion  trea ted  condition  th e  lith iu m  free Al-Cu-M g alloys exhibit a 
w id esp read  d is tr ib u tio n  of d islocation  loops an d  helices typ ical of a lu m in iu m  a n d  
m an y  of its  alloys (161). D uring  ageing S p h a se  p re c ip ita te s  h e te ro g en eo u sly  on
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th e s e  s i te s  a n d  s p re a d s  a u to c a ta ly tic a lly  th ro u g h o u t  th e  m icro  s t ru c tu re .  In 
c o n tra s t ,  th e  lith iu m  b earin g  a lu m in iu m  alloys do n o t c o n ta in  a n y  q u en ch ed  in 
d is lo c a tio n  d e fec ts  in  th e  so lu tio n  tre a te d  c o n d itio n s  a fte r  q u e n c h in g  a t  room  
tem p e ra tu re  from  th e  te m p e ra tu re s  ranging  540  to  580°C  (see sec tion  4 .2 .2 .1). T his 
im plies th a t  th e  v acan c ies  are  b o u n d  by  lith iu m , a n d  th is  is  c o n s is te n t w ith th e  
h igh  lith iu m  to v acancy  b ind ing  energy (0.25 - 0 .26  eV) previously  repo rted  (64, 162) 
a n d  th e  an a lo g o u s  b e h a v io u r of ad d itio n  of silicon  (which h a s  a  s im ila r b ind ing  
energy) to Al-Cu-Mg alloys (161).

W eatherly  (161) reported  th a t  w ith in  a n  alloy com position  A1 - 2 .72  Cu - 1.34 
wt % Mg. th e  add ition  of 0 .2  w t % silicon converted  th e  age h a rd e n e d  m ic ro stru c tu re  
from  one c o n ta in in g  en tire ly  h e te ro g en eo u sly  n u c le a te d  la th s  of S p h a se  to one 
c o n s is tin g  of a  w id esp read  d is tr ib u tio n  of hom ogeneously  n u c le a te d  la th s . The 
re s u l ts  o f th e  p re se n t investiga tion  also show ed th a t  in lith iu m  co n ta in in g  Al-Cu- 
Mg alloys, w here  th e  h e te ro g en eo u s S p re c ip ita tio n  is  su p p re sse d , hom ogeneous 
n u c le a tio n  of S p h a s e  c a n  occur; b u t  th e  p ro c e s s  is  ex trem ely  s lu g g ish  a n d  
hom ogeneous S p rec ip ita tio n  w as only detec ted  a fte r p rolonged artificial ageing for 
72 h o u r s .  C learly  p ro lo n g ed  ag e in g  h e a t  t r e a tm e n t  c a n n o t  b e  p ra c tic e d  
com m ercia lly  w h en  th e  8 ' p a rtic le s  becom e apprec iab ly  co arsen ed . However, th e  
p re sen t re su lts  also show ed th a t  w hen th e  m ateria l w as sub jec ted  to a  n a tu ra l ageing 
tre a tm e n t for 24  h o u rs  p rio r to artificial ageing, p re c ip ita tio n  of hom o g en eo u s S 
p h a se  took  place only afte r 24  h o u rs  a t 190°C; th e  aged m ic ro s tru c tu re  additionally  
show ed  a n  in h o m o g en eo u s d is tr ib u tio n  of d islocation  loops w ith  b ro ad  loop free 
zones n e a r  su b g ra in  b oundaries.

T he re su lts  im ply th a t  th e  su p p re ss io n  by  lith iu m  of v acan cy  co n d en sa tio n  
on  q u en ch in g  in h ib its  he te ro g en eo u s S p rec ip ita tio n  by  rem oving th e  d islocation  
lo o p s a n d  h e lice s  u p o n  w h ich  it n o rm ally  fo rm s in  A l-Cu-M g a lloys a n d  th e  
r e s u l ta n t  h igh  v a can cy  co n c e n tra tio n  in  so lu tio n  w ould  in  tu rn , be expected  to 
p ro m o te  h o m o g en eo u s S p rec ip ita tio n . However, th e  p ro cess  is ex trem ely  slow, 
a lth o u g h , th e  in c rease  in  vacancy  c o n c en tra tio n  by  in c reasin g  so lu tio n  tre a tm e n t 
te m p e ra tu re  d o es re s u l t  in  th e  fo rm a tio n  of m o re  S n u c le i. N a tu ra l ageing 
even tu a lly  p ro d u ces  d islocation  loops in  th e  m a te ria l. T h is im plies th a t  vacancy  
co n d en sa tio n  ca n  take  place a t room  tem p era tu re  a s  th e  vacancies becom e u n b o u n d  
(the w ide loop free zones p re sen t a fte r ageing a t 190°C  re su lt  from  v acancy  loss to 
s u b g ra in  b o u n d a ry  sinks). T h is  in te rp re ta tio n  is su p p o rte d  by  th e  co n co m itan t
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ra p id  h o m o g en eo u s p rec ip ita tio n  of S p h ase . T his im plies th a t  a s  8 ' p rec ip ita te s  
grow th e  v acancies a re  re leased  b ack  into  solu tion . S u ch  a  p rocess is  unlikely  to be 
a sso c ia te d  w ith  b in d in g  to  ind iv idual lith iu m  a to m s, sin ce  th e  c o n c e n tra tio n  of 
lith iu m  rem ain in g  in so lu tio n  after ageing is o rd e rs  of m ag n itu d e  g re a te r  th a n  th e  
v a c a n c y  c o n c e n tra tio n  in h e r ite d  from  so lu tio n  tr e a tm e n t  a t  5 8 0 ° C, a n d  th is  
su g g e s ts  th a t  th e  vacan c ies  a re  m o st strongly  b o u n d  to  th e  lith iu m  a to m  c lu s te rs  
w hich  form  th e  8 ' nucle i. Rejection from  th ese  d u rin g  th e ir  g row th  in c re a se s  th e  
co n c e n tra tio n  of free vacan c ies  in  so lu tion . The effect of n a tu ra l ageing  m ay  th u s  
be to  re lease  v acan c ies  b a c k  in to  so lu tio n  a s  8 ' grow s, w hich c a n  e ith e r  c a u se  S 
p h a se  n u c le i to  form  a t  room  te m p e ra tu re  a n d  su b se q u e n tly  grow  a t 190°C  or 
sim ply  en h an ce  d irect n u c lea tio n  from so lu tion  a t th e  ageing tem p era tu re .

S m all-angle n e u tro n  sca tte rin g  (SANS) s tu d ie s  (163) have show n  th a t  th e  8 ' 
p re se n t a f te r  q u en ch in g  from  th e  so lu tion  tre a tm e n t grow s a t  room  te m p e ra tu re  
a n d  ach ieves volum e frac tio n s in  excess of those  a tta in ab le  a t 190°C  w ith in  1700 
h o u rs  of n a tu ra l ageing. The TEM observations show  th e  grow th of 8 ’ b u t it w as n o t 
possib le  to  d e term ine  th e  in crease  in 8 ' volum e frac tio n  a s  in d ica ted  by th e  SANS 
tech n iq u e . If, therefore, vacancies becom e freed d u rin g  p rec ip ita tio n  of 8 ’, it w ould 
b e  ex p ec ted  th a t  p ro lo n g ed  n a tu ra l  ageing  sh o u ld  in c re a se  th e  free v acan cy  
c o n c e n tra tio n  availab le  for fo rm atio n  of S p h a se  d u rin g  s u b s e q u e n t  ageing a t 
190°C (unless the  8 ' redissolves on heating  to 190°C, b u t recen t s tu d ie s  (164) indicate 
th a t  th is  w ould  n o t be th e  case  a t th is  lith ium  concen tration). T he p re se n t re su lts  
c lea rly  sh o w  th a t  th e  h o m o g en eo u s S p re c ip ita te  d e n s ity  (see T ab le  4.1 for 
co m p ariso n  of th e  S p rec ip ita te  density) in  a  m a te ria l a fte r a  p rio r n a tu ra l  age of 
1440 h o u rs  w as double th a t  observed in  m ateria l w ith  a  sh o rt n a tu ra l age of
24  h o u rs . T h ese  re s u l ts  ag a in  im ply th a t  e ith e r  th e  e a rlie r  av a ilab ility  of th e  
m ax im u m  co n cen tra tio n  of free vacancies prom otes th e  fo rm ation  of hom ogeneous 
S p h a se  o r GP zones of th e  Al-Cu-Mg system , p ro d u ced  (but n o t detected) a t room  
te m p e ra tu re , m igh t survive on  heating  to 190°C  a n d  a c t a s  S n u c lea tio n  sites. In 
e ith e r  ca se , it is  a  p re req u is ite  th a t  fo rm ation  of free v acan c ies  m u s t  ta k e  place 
d u rin g  n a tu ra l  ageing; it is  e ssen tia l b ec a u se  fo rm atio n  of an y  p rec ip ita te  p h a se  
d u rin g  n a tu ra l  ageing is also  dep en d en t on th e  availability  of su c h  free vacancies, 
w hich, in  tu rn  con tro l th e  d iffusion p rocess a t room  te m p e ra tu re . T he d istinctive  
fea tu re  of th e  p re sen t alloy system  is, therefore, the  v acancies initially  b o u n d  to th e  
lith iu m  a to m  c lu s te rs  w hich  form  th e  8 ' nuclei are  freed a s  8 ' grow s an d  can  th e n
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Influence S p h a se  form ation . T he slugg ish  n a tu re  of hom ogeneous S p rec ip ita tio n  
in  lith iu m  co n ta in ing  Al-Cu-M g alloys, m ay, therefo re, be  explained.

The re su lts  on  th e  u se  of h igher quench  b a th  tem p e ra tu re s  a n d  prom otion  of 
h o m o g en eo u s S p rec ip ita tio n  d u rin g  su b se q u e n t artific ia l ageing h e a t tre a tm e n ts  
a d d itio n a lly  re flec t th e  c rit ic a l role of v a c a n c ie s  in  h o m o g e n e o u s  S p h a s e  
fo rm atio n  in  th is  m a te ria l. H om ogeneous S p re c ip ita tio n  cou ld  n o t b e  d e tec ted  
w ith in  th e  m a te ria l w ith  a  p rio r q u en ch  b a th  te m p e ra tu re  of le ss  th a n  60°C ; it 
im plies th a t  th e  vacan c ies  a re  m o st strongly  b o u n d  to  th e  5' p a rtic le s  an d  also  a 
critica l co n cen tra tio n  of free vacancies is  clearly req u ired  in o rd e r to  encourage  th e  
m a trix  p rec ip ita tio n  of S p h ase . F u r th e r  in v estiga tions show ed th a t  hom ogeneous 
n u c le a tio n  of S p h a se  w as sign ifican tly  en h a n c e d  w h en  th e  m a te ria l w as d irectly  
q u en ch ed  to  100°C for 1 m in u te  com pared to th a t  in  a  m ateria l q u en ch ed  to 100°C 
fo r 14 h o u rs .  T h is  m ay  b e  ex p la in ed  a s  follow s: v a c a n c y  lib e ra tio n  a n d  
co n d e n sa tio n  is  rap id  a t  100°C. Holding for only one m in u te  re su lts  in  su b s ta n tia l 
l ib e ra tio n  b u t  little  c o n d e n sa tio n , h en c e  S p h a s e  is  g rea tly  p ro m o te d  u p o n  
s u b s e q u e n t  artific ia l ageing. In  c o n tra s t ,  h o ld in g  for 14 h o u rs  p e rm its  m ore 
c o n d e n sa tio n  to  o ccu r. A lso o b se rv a tio n s  show  loops a n d  h e lice s  only in  th e  
cen tra l regions of su b g ra in s  suggesting  th a t  long range diffusion a t 100°C  re su lts  in  
v acan cy  loss to su b g ra in  b o u n d a ry  sin k s. C o nsequen tly  th e  co n c e n tra tio n  of free 
v acan c ies  w ith in  th e  m a trix  is  reduced  a n d  less p rom otion  of S p rec ip ita tio n  c a n  
occur. All th e se  re s u lts  ind ica te  th a t  th e  effects of so lu tio n  tre a tm e n t v aria tion , 
n a tu ra l  an d  low te m p era tu re  ageing u p o n  S p rec ip ita tio n  b eh av io u r a t  190°C m u s t 
involve a lte ra tio n s  in  th e  co n cen tra tio n  of free v acan c ies  in so lu tion .

4.4. Summary

1. L ith ium  b earin g  alloy A 2 w hen  so lu tio n  tre a te d  a n d  q u e n c h e d  from  th e  
range 540  to 580°C  co n ta in s  no loops an d  helices w hich is o therw ise typical 
of a lu m in iu m  a n d  its  alloys. T he ev idence su g g e s ts  th a t  m a n y  of th e  
n o n e q u ilib r iu m  ex cess  v a c a n c ie s  a re  co n fin ed  to  th e  5 ' p h a se  (AlgLi) 
p artic les  p roduced  d u rin g  or im m ediately  a fte r q u en ch in g  ra th e r  th a n  being 
b o u n d  to in d iv id u a l lith iu m  a to m s still rem a in in g  in  so lu tio n . B esides 
hom o g en eo u sly  d is tr ib u te d  8 ' p a r tic le s  TEM  rev ea led  on ly  a n  u n e v e n  
d is trib u tio n  of AlgZr p artic les w ith in  th e  a s  q u en ch ed  m ic ro s tru c tu re s .
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2. In  th e  peakaged  cond ition  (24 h o u rs  a t 190°C), p rec ip ita tio n  of ad d itio n a l 
p h a s e s  viz. S(Al2 CuMg) a n d  T ^ A ^ C u L i)  ta k e s  p lace; b u t  u n lik e  8 ’, th e ir  
d is tr ib u tio n  is  fa r from  hom ogeneous. P rec ip ita tion  of S p h a se  w hich re lies 
o n  h e te ro g en eo u s n u c lea tio n  is necessarily  sp a rse  in  th is  sy stem  due  to th e  
s u p r e s s io n  of v a c a n c y  c o n d e n s a t io n  o n  q u e n c h in g  w h ich  p re v e n ts  
fo rm ation  of th e  d islocation  loops a n d  helices. However, th e  re su lta n t h igh 
v a c a n c y  c o n c e n tra tio n  in  so lu tio n , in  tu rn ,  e n c o u ra g e s  h o m o g en eo u s S 
p rec ip ita tio n  w ith in  th e  m ateria l. A lthough, th e  p ro cess  is  extrem ely  slow  
a n  in c re a se  in  v a c a n c y  c o n c e n tra tio n  re s u lt in g  fro m  in c re a s in g  p r io r  
so lu tio n  tre a tm e n t te m p e ra tu re  is observed  to  refine th e  h om ogeneous S 
p h a se  d ispersion . It is suggested  th a t  du rin g  age h a rd en in g  p rocesses a s  8 ’ 
grow s, vacan c ies are released  b a c k  to  so lu tio n  an d  prom ote hom ogeneous S 
p re c ip ita tio n .

3. H om ogeneous S p rec ip ita tio n  c a n  be ach ieved  a n d  it is  a ttr ib u te d  to th e  
a tta in m e n t of a  critical co n cen tra tio n  of free v acan c ie s  in  so lu tion . D uring  
n a tu ra l  ageing, 8 ’ grow s an d  th e  re lease  of b o u n d  v acan c ies  clearly occurs a s  
ev id en ced  b y  th e  d is lo ca tio n  loop a n d  h e lix  fo rm a tio n . C o n seq u en tly  
n a tu ra l  ageing in creases  th e  n u m b ers  of free vacan c ies p re se n t a t th e  s ta r t  of 
a r t i f ic ia l  a g e in g  a n d  a c c e le r a te s  h o m o g e n e o u s  S p re c ip i ta t io n ;  
a lte rn a tiv e ly , S em bryos a re  c re a ted  d u rin g  n a tu ra l  ageing  a n d  su rv ive 
h e a tin g  to  190°C . O n th e  b a s is  of th e  p re se n t re su lts , it is n o t feasible to 
d is tin g u ish  betw een  th ese  two possibilities.

4. N a tu ra l ageing  p rio r to  a rtific ia l ageing  in d u c e s  ra p id  h o m o g en eo u s  S 
p rec ip ita tio n  an d  in h ib its  th e  o n se t of overageing, o therw ise  observed after 
24  h o u rs  a t 190°C  in  a  sam ple w ithou t a p rio r n a tu ra l  age. It is suggested  
th a t  th e  acce lera ted  hom ogeneous S p rec ip ita tio n  re s u l ts  in  th e  h a rd n e s s  
p e a k  d u e  to  S p h a se  m oving to sh o r te r  tim es  a n d  p o ssib ly  in c reas in g  in 
m ag n itu d e : it overlaps th e  p e a k  d u e  to 8 ' a n d  th u s  in h ib its  th e  o n se t of 
overageing.

5. W ith increasing  p rio r so lu tion  h e a t tre a tm e n t te m p e ra tu re s , th e  s tre n g th  of 
th e  m a te ria l alw ays increases. It is suggested  th a t  th is  is  p rim arily  d u e  to 
th e  h ig h  v a can cy  s u p e rs a tu ra t io n  c o n tr ib u tin g  to w a rd s  m ore  8 ' n u c le i



105

form ing  in  a sso c ia tio n  w ith  h ig h e r so lu tio n  h e a t tre a tm e n t te m p e ra tu re s . 
T he in c re a se  in  s tr e n g th  in  th e  p e a k a g e d  a n d  b ey o n d  th e  p ea k a g e d  
co nd itions (depending on th e  preaging h e a t trea tm en t) is  additionally  due to 
th e  in c re a se d  p re c ip ita tio n  of h o m o g en eo u s S; in c reas in g  p r io r  so lu tio n  
h e a t tr e a tm e n t  te m p e ra tu re  in c re a se s  th e  to ta l  v a can cy  c o n c e n tra tio n  
w hich in  tu rn  co n trib u te s  tow ards m ore S nuc le i form ing.

6 . C on tro lled  low te m p e ra tu re  ageing  re le a se s  b o u n d  v acan c ie s  re su ltin g  in  
th e ir  c o n d e n sa tio n  a s  d islo ca tio n  loops. T he p re se n c e  of loops prov ides 
heterogeneous n u c lea tion  s ite s  in  th e  absence  of stre tch . Also, if th e  released 
v a c a n c ie s  c a n  be he ld  in  su ffic ien t c o n c e n tra tio n  in  so lid  so lu tio n  th ey  
p rom ote hom ogeneous S p rec ip ita tion . However, tre a tm e n ts  w hich  involve 
loss of v acan c ies  to s in k s  lim it hom ogeneous p rec ip ita tio n  of S an d  a lm o st 
com pletely  in h ib it he te rogeneous S p rec ip ita tion .
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CHAPTER FIVE

THERMAL ANALYSIS STUDY OF THE PRECIPITATION REACTIONS 
IN Al-Li-Cu-Mg-Zr ALLOY

5.1. Introduction

T he w ork  p resen ted  in  th is  c h a p te r  is concerned  w ith  th e  c h a rac te risa tio n  of 
th e  p re c ip i ta t io n  r e a c t io n s  w ith in  th e  A l-L i-C u-M g-Z r a llo y  of AA 8 0 9 0  
sp e c if ic a tio n s  (viz. alloy A2) by  d iffe ren tia l s c a n n in g  ca lo rim e try  (DSC). The 
p re c ip ita t io n  re a c tio n s  w ith in  th e  q u a te rn a ry  sy s te m  a re  com plex. To avoid 
co n fu sio n , som e se lec ted  b in a ry  a n d  te rn a ry  sy s te m s (viz. Al-Li, Al-Li-Zr an d  Al- 
C u-M g sy s tem ) a re  in itia lly  e x am in ed  v ia  DSC follow ing e x a m in a tio n  a n d  
in te rp re ta tio n  of th e  DSC d a ta  for th e  q u a te rn a ry  system .

In th e  prev ious ch ap te r, th e  effect of n a tu ra l  ageing u p o n  th e  p rec ip ita tio n  
reac tio n  w ith in  th e  q u a te rn a ry  system  w as d iscu ssed  in  detail. It w as suggested  th a t  
d u rin g  n a tu ra l  ageing form ation  of S em bryos (m ight well be in  th e  form  of GP zones 
of th e  Al-Cu-M g system ) is possible. However, TEM cou ld  n o t detect developm ent of 
any  su ch  p h ase  w ith in  a  n a tu ra lly  aged m aterial; it m ay  be  due to very low so lu te (Cu 
+ Mg) s u p e rs a tu ra t io n  in  th e  p re se n t m a te ria l. T he p re s e n t w ork, th ere fo re , 
a d d it io n a lly  in v e s tig a te s  th e  m o d ifica tio n s in  p re c ip ita tio n  re a c tio n s , if any , 
w ith in  th e  n a tu ra l ly  aged  m a te r ia l v ia  h ig h  se n s itiv ity  d iffe ren tia l sc a n n in g  
ca lo rim e try . In  ligh t of th e  DSC re s u lts ,  th e  n a tu r a l  ageing  re sp o n se  of th e  
q u a r te m a ry  sy stem  is also  d iscussed .

5.2. Results

5.2.1. Aluminium-Lithium (Alloy A3)

Specific h e a t (S) m ea su re m e n ts  on th e  b in a ry  Al-Li alloy in  th e  a s  quen ch ed  
(AQ), n a tu ra lly  aged (NA) an d  artificially aged (AA) co n d itio n s are  sh o w n  in  F igure
5.1. The a s  q u en ch ed  specim ens were unavoidably  delayed for be tw een  30  an d  150 
m in u te s  a t room  te m p e ra tu re  p rio r to th e rm a l an a ly s is . In  F igure 5 .1 , th e  do tted  
line is a n  estim atio n  of th e  b ase  line, rep resen ting  th e  alloy 's specific h e a t (ZCp) a s  a
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a  function  of tem p era tu re  u sing  th e  N eum ann-K opp pred iction  (165). W hen S > LCp, 
a n  endotherm ic reaction  is tak ing  place, an d  w hen  S < LCp a n  exotherm ic p ro cess is 
occurring . In  th e  case  of age h a rd e n in g  alloys fo rm atio n  of p rec ip ita te  p h a se s  is 
n o rm a lly  a n  ex o th e rm ic  p ro c e s s  w h ils t th e ir  d is so lu tio n  is  a n  en d o th e rm ic  
re ac tio n .

In  th e  a s  q uenched  condition  in  Figure 5.1, th e  specific h e a t a p p e a rs  to  move 
in  a n  exotherm ic d irection  d u rin g  th e  earliest s ta g e s  of hea ting  (A). T h is beh av io u r 
is te rm in a ted  by th e  endo therm ic  reac tio n  a t 130°C  (B) w hich h a s  prev iously  b een  
in te rp re te d  in  te rm s  of th e  d is so lu tio n  of GP z o n e s  of Al-Li sy s te m  (17) or 
re tro g ressio n  of fine 8 ' (18) w hich form  rap id ly  a t room  tem p e ra tu re  or d u rin g  th e  
q u ench ing  p rocess. The su b se q u e n t exotherm  a t 170°C  is sim ilar to th o se  observed 
in  p rev ious w ork  (10, 17, 18) a n d  is  generally  co n sid e red  to be asso c ia ted  w ith  8 ’ 
fo rm ation , b u t  th e  m ag n itu d e  of th e rm a l f lu c tu a tio n  d ep en d s critica lly  u p o n  th e  
exact position  of th e  N eum ann-K opp base lin e  (LCp) w hich  is  difficult to de term ine  
a c c u ra te ly . T he en d o th e rm  "peaking" a t 3 0 0 °C  (D2 ) is ag a in  c o n s is te n t w ith  
p rev ious th e rm a l an a ly s is  s tu d ie s  on  b in a ry  Al-Li alloys an d  it is a ttr ib u te d  to 8 ’ 
d isso lu tio n .

TEM  s tu d ie s  of th e  a s  q u e n c h e d  m a te r ia l  rev ea led  th e  p re se n c e  of 
su p e r la ttic e  re flec tions in  e lectron  diffraction  p a tte rn s  p rio r to an y  h ea tin g  in  th e  
DSC; how ever, no 8 ’ p a rtic le s  cou ld  be clearly  im aged  in  d a rk  field a t  th is  stage. 
P revious w orkers have im aged partic les of 8 ’ an d  quo ted  sizes variously  a s  1.5 or 3 
n m  in  s im ila r alloys (20, 164). T his su g g es ts  th a t  th e  ra te  of q u en ch in g  is very 
im p o rta n t in  d e te rm in in g  th e  room  te m p e ra tu re  8' size a n d  d is tr ib u tio n . A fter 
being hea ted  to 250°C  in  th e  DSC an d  quenched , sam p les con tained  a  hom ogeneous 
d is tr ib u tio n  of 8 ’ partic les (- 10 n m  in  diam eter). S im ilar TEM s tu d ie s  after heating  
to 300°C  revealed fewer 8 ’ p artic les  of 35 n m  in  d iam e te r an d  also  very fine 8 ’ (< 4 
nm ) d is t r ib u te d  th r o u g h o u t  th e  m a tr ix , p re s u m a b ly  h a v in g  fo rm ed  from  
s u p e rs a tu ra te d  so lu tio n  d u rin g  th e  q u en ch  from  3 0 0 °C . T hese  o b se rv a tio n s a re  
co n sis ten t w ith  endo therm  D2  being due  to 8 ' d isso lu tion .

M icroscopic  o b se rv a tio n s  of th e  n a tu ra l ly  aged  alloy  rev ea led  s im ila r  
fea tu res  to th e  as  quenched  m ateria l b u t th e  8 * could  now  be c learly  im aged (~ 5 n m  
partic les). The DSC tra c e s  show ed som e n o tab le  differences. T he en d o th e rm  a t 
130°C becam e m ore p ronounced  and  contained  two m axim a (B^ a n d  B2 ) a s  show n in
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Figure 5.1.

Figure 5.2.

Specific h e a t capacity  vs. T em p era tu re  curves for b in ary  
Al-Li sy stem  (alloy A3).

S pecific  h e a t  c a p a c ity  vs. T e m p e ra tu re  c u rv e s  for 
te rn a ry  Al-Li-Zr system  (alloy A4).
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F ig u re  5 .1 . In  a  s im ila r  fa sh io n  th e  8 ’ d is so lu tio n  p e a k  is  b ro a d e n e d  b y  th e  
ap p earan ce  of a  sh o u ld e r on  th e  curve a t ab o u t 250°C  (D jb These curves are  sim ilar 
in  form  to th o se  of N ozato an d  N akai (10). They a ttr ib u te  to  th e  d isso lu tion  of a n  
ad d itio n a l GP zone p h a se  a n d  D j to th e  d isso lu tio n  of 8 ' p a rtic le s  h av in g  sh o r t  
range  order. T his in te rp re ta tio n  will be d iscu ssed  la te r in  th e  d iscu ssio n  section.

A rtificial ageing  p rio r  to  th e rm a l a n a ly s is  re s u lts  in  th e  d isa p p e a ra n c e  of 
th e  d isso lu tio n  reac tio n s occurring  early  in  th e  co n tin u o u s  h eating  cycle (B^ an d  B2  
< 150°C ) w h ilst th e  en d o th e rm ic  p e a k  is m ore p ro m in e n t a n d  e x te n d s  dow n to 
~220°C  (i.e. betw een an d  D2 ). The change in  sh ap e  of th e  endo therm  from  th a t of 
th e  a s  q u e n c h e d  m a te r ia l (D2 ) on  artific ia l ageing is  also c learly  ev iden t in  th e  
p rev io u s s tu d ie s  of b in a ry  alloys. It is generally  a sso c ia ted  w ith  th e  8 ' d isso lu tio n  
a lth o u g h  th e  re a so n s  for th e  change in  th e  p eak  sh a p e  have n o t b e e n  satisfacto rily  
resolved. TEM observation  show ed th a t th e  8 ' p re sen t after age-harden in g  rem ained  
essen tia lly  u n ch a n g e d  in  size (~ 20 nm) d u ring  c o n tin u o u s  h ea tin g  u p  to 250°C  in  
th e  DSC, a lthough  th e  volum e fraction  m ay have b een  reduced.

5.2.2. Aluminium-Lithium-Zirconium (Alloy A4)

T he add ition  of 0.1 % Z r to th e  b in a ry  alloy gives rise to  su b s ta n tia l ch an g es 
in  th e  th e rm a l a n a ly s is  tra c e s  (Figure 5.2). In  th e  a s  q u en ch ed  cond ition  th e  low 
te m p e ra tu re  ex o th e rm s a n d  en d o th e rm s (< 150°C) se e n  in th e  b in a ry  alloy are  no 
longer evident, b u t th e  exotherm ic reaction  (C) a t 170°C  is m u ch  m ore p ronounced . 
The endo th erm ic  re a c tio n  (D2 ) a sso c ia ted  w ith  8 ' d isso lu tio n  is  m ore sym m etrica l 
w ith  th e  p e a k  m oving below  3 0 0 °C  to a b o u t 2 7 0 °C . A gain th is  8 ’ d is so lu tio n  
en d o th erm  b ro ad en s w ith  n a tu ra l ageing an d  develops a  p la teau  betw een  D  ̂ an d  D2  
a fte r artificial ageing ex tend ing  down in  te m p era tu re  to ~220°C  a s  observed in  th e  
b in a ry  alloy. Artificial ageing also  su b s tan tia lly  red u ces  th e  8 ' fo rm atio n  exo therm  
(C) a t 170°C.

The m ic ro s tru c tu ra l effects of zircon ium  are  two fold. T he so lu tio n  tre a te d  
m ic ro s tru c tu re  is  ch an g ed  from  th e  recrysta llised  equiaxed  form  of th e  b in a ry  alloy 
to a n  u n re c ry s ta llis e d  s t ru c tu re  co n ta in in g  s u b g ra in s  a n d  c o h e re n t ZrAl3 (P') 
p a r tic le s . T he la t te r  a c t a s  ex ce llen t h e te ro g e n e o u s  n u c le a tio n  s i te s  for 8 ' 
p rec ip ita tion  u p o n  n a tu ra l  a n d  artificial ageing (166). O ther th a n  th a t  there  w ere no
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obvious differences in  th e  8 ' d is tr ib u tio n  co m p ared  to  th e  b in a ry  alloy on  artificial 
ageing a t 185°C. However, TEM of sam p les  h ea ted  in  th e  DSC to 300°C  an d  w a te r 
q u e n c h e d  revea led  th a t  w hile  m u c h  of th e  h o m o g en eo u sly  n u c le a te d  8 ' h a d  
d isso lved  an d  th e n  reform ed a s  a  very  fine d isp e rs io n  d u rin g  th e  q u en ch , th e  8 ’ 
nucleated  on  the  P' partic les w as re ta ined .

5.2.3. Aluminium-Copper-Magnesium (Alloy A5 & A6)

T herm al a n a ly s is  d a ta  from  th e  Al-Cu-M g sy stem  (having th e  sam e copper 
a n d  m ag n esiu m  c o n te n t a s  AA 8091) is  s im p ler in  form  (Figure 5.3). In  th e  a s  
q u en ch ed  cond ition  th e  alloy initially  show s lim ited  in stab ility  b u t th e n  re m a in s  
s tab le  du ring  co n tin u o u s  h ea tin g  up  to 200°C ; the  in itia l in stab ility  w as found to be 
m ore ev iden t in  alloy A6  (having th e  sam e  copper a n d  m ag n esiu m  co n ten t a s  AA 
8090). A n en d o th e rm  (E) p eak  a t 220 °C  is followed by  a  s u b s ta n tia l exotherm  a t 
270 °C  (F). S im ilar o bserva tions have previously  b een  in te rp re ted  (167) in  te rm s of 
d isso lu tion  of GP zones an d  th e  su b seq u en t precip itation  of S' a n d  S phases.

In  th e  n a tu ra l ly  aged  c o n d itio n  th e  GP z o n e s  e n d o th e rm  (E) is  m ore  
p ro n o u n ced  a s  a  re su lt of th e  increased  GP zone fo rm ation  occurring  du rin g  n a tu ra l 
ageing (and  a sso c ia tio n  w ith  s u b s ta n tia l  h a rd en in g  of th e  alloy). Artificial ageing 
(8 h o u rs  a t 185°C) com plete ly  s u p p re s s e s  fu r th e r  re a c tio n  d u rin g  c o n tin u o u s  
h ea tin g  to ju s t  u n d e r  400°C ; com plete p rec ip ita tion  of S p h ase  h a d  occurred  during  
th e  ageing tre a tm e n t. TEM observ a tio n s (see F igure 5.4) w ere c o n s is te n t w ith th e  
DSC re su lts . Alloy A6 , having equivalen t copper a n d  m ag n esiu m  co n cen tra tio n s to 
AA 8090  b u t w ithou t an y  lith ium , show ed identical fea tu res  to  alloy A5.

5.2.4. Aluminium-Lithium-Copper-Magnesium-Zirconium (Alloy A2)

T h e rm a l a n a ly s is  d a ta  from  th e  q u a te rn a ry  a llo y  A2 of AA 8 0 9 0  
co m p o sitio n s a re  sh o w n  in  F igure 5 .5 . In  th e  a s  q u e n c h e d  co n d itio n  th e  alloy 
show ed s ig n s of exo therm ic reac tio n s  a t  - 9 0 ° C (G) a n d  170°C  (H) followed by a n  
endo therm ic reac tio n  having two m axim a a t 230°C  (I) a n d  250°C  (J). The d om inan t 
exotherm ic reaction  (K) occurs a t 320°C .



Figure 5.3. Specific  h e a t  c a p a c ity  vs. T e m p e ra tu re  c u rv e s  for 
te rn a ry  Al-Cu-Mg system  (alloy A5).
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Figure 5.4. (a) TEM DF m ic ro g rap h  sh o w in g  p re c ip ita tio n  of 
d is lo c a t io n  lo o p s  in  a llo y  A 5. M a te r ia l
treatm ent: ST 540°C  and  WQ(RT).

(b) TEM BF m ic ro g rap h  show ing  h e te ro g e n e o u s  S 
p re c ip ita tio n  in  alloy A5; <110> A1 o rien ta tio n .
M ateria l tre a tm e n t:  ST 5 4 0 °C , WQ(RT), NA 1 
m on th  an d  AA 24 ho u rs a t 190°C.





Figure 5.5. S pecific  h e a t  c a p a c ity  vs. T e m p e ra tu re  c u rv e s  for 
q u a te rn a ry  Al-Li-Cu-Mg-(Zr) system  (alloy A2).
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In  th e  n a tu ra lly  aged cond ition  th e  low te m p e ra tu re  exotherm ic reac tio n  (G) 
is  rep laced  by  a  p ro n o u n ced  h e a t ab so rp tion  p ro cess  a t 130°C (L). T he en d o th erm  
labelled  I is  s im ila r to th a t  in  th e  a s  q u en ch ed  m ate ria l, b u t  th e  seco n d  p e a k  (J) 
o ccu rs  a t a  position  of lower specific heat. The exotherm ic reaction  (K) is un a lte red .

TEM s tu d ie s  revealed  th e  p re sen ce  of su p e r la ttic e  re flec tio n s  in  th e  a s  
q u en ch ed  m ateria l, a n d  th e  individual 8 ' p a rtic les cou ld  be resolved in  th e  n a tu ra lly  
aged co n d itio n  (as in  th e  Al-Li-Zr alloy). D uring  c o n tin u o u s  h ea tin g  u p  to 250°C , 
th e  8 ' p a r tic le s  c o a rse n e d  a n d  th e  n u m b e rs  of lo o p s a n d  h e lice s  in c re a se d , 
p a r tic u la r ly  in  th e  p rev iously  n a tu ra lly  aged  sam p les . At 2 7 0 °C , th e re  w as a n  
evidence of som e 8 ' d isso lu tio n  (this being delayed a t th e  P ' sites) to g e th e r w ith  S 
p h a se  p rec ip ita tio n  a t d islocation  s ite s  an d  hom ogeneously  th ro u g h o u t th e  m atrix .

A fter a rtific ia l ageing low te m p e ra tu re  re a c tio n s  a re  s u p p re s s e d  b u t  th e  
endo th erm ic  reac tio n  h a s  a  g rea te r m agn itude. 'J ' is  reduced  to a  po in t of inflection 
b u t  th e  m ajo r exotherm ic reac tio n  (K) rem a in s  u n a lte re d  by  artificial ageing, even 
up  to  72 h o u rs a t 190°C.

5.3. Discussion

5.3.1. Al-Li System

The exotherm ic sh ift in  th e  specific h e a t a t  th e  s ta r t  of th e  h ea tin g  (A) of th e  
a s  q u e n c h e d  m a te r ia ls  in d ic a te s  in s ta b ility  w ith in  th e  alloy. T h is  w ould  be 
c o n s is te n t b o th  w ith  GP zone form ation  a t room  te m p e ra tu re  p roposed  by Nozato 
a n d  N akai (10) a n d  w ith  8 ' g row th w hich  is observed  to  o ccu r in  th is  alloy. The 
en d o th e rm  a t 130°C (B) h a s  previously  b een  a ttr ib u te d  to 8 ' d isso lu tio n  (18) or GP 
zone d isso lu tio n  (10, 17). Referring to th e  w ork  of B a u m a n n  an d  W illiam s (164) 
sh o w s, in  ag reem en t w ith  P ap az ian  e t al (17), th a t  even th e  sm a ll (~ 1 nm) 8 ' 
o b se rv ed  a t  room  te m p e ra tu re  will be s tab le  a g a in s t rev e rs io n  to  m u c h  h ig h er 
te m p e ra tu re s  (e s tim a te d  to  be ~ 1 7 0 °C  for a  2 .5  w t % Li alloy). T h is  view is 
re in fo rced  by  th e  o b se rv a tio n  of th e  sam e 130°C  en d o th e rm  in  n a tu ra lly  aged 
sa m p le s  w h en  th e  8 ' is  m u ch  la rg er (5 nm) for w hich  rev ersio n  is  p red ic ted  a t a 
te m p e ra tu re  close to th e  8 ' so lvus (~290°C). T herefore, it m u s t be concluded  th a t  
th e re  is indeed  a  second  m e tastab le  p recip ita te  p h a se  p re se n t in  ad d itio n  to th e  8 '. 
T h is  m ay  well be in  th e  form  of GP zones w hich a re  n o t im aged in  TEM b ecau se  of
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th e  p re sen ce  of th e  very  fine 8 ' w hich  d o m in a tes  th e  m ic ro s tru c tu re . T he re s u lts  
im ply  th a t  8 ' a n d  GP zo n es grow com petitively  a t  room  te m p e ra tu re  since  n a tu ra l  
ageing en larges th e  130°C  en d o th e rm  a n d  is observed to  produce la rger 8 ' partic les.

fckeT he ab se n c e  of/<s130oC en d o th e rm  in artificially  aged m ate ria l im plies th a t  th e  GP 
zones have b een  com pletely rep laced  by 8 '. T his is c o n s is ten t w ith  th e  ca lcu la ted  GP 
solvus w hich lies well below  185°C (17).

T he 170°C  exo therm  (C) h a s  previously  b een  a ttr ib u te d  to 8 ' p re c ip ita tio n  
a n d  th e  c u rre n t re s u lts  a re  in  ag reem en t w ith  th is  view. B a u m a n n  a n d  W illiam s 
p ro p o sed  th a t  8 ' g row s from  th a t  p re se n t a s  q u en ch ed : if so  th is  sh o u ld  be a 
c o n tin u o u s  p ro c e ss  o n  h ea tin g . As th e  te m p e ra tu re  rise s  th e  d riv ing  force for 
c o n tin u e d  p re c ip ita tio n  (i.e. th e  su p e rsa tu ra tio n )  fa lls  b u t th e  d iffusiv ity  rises; 
1 7 0 °C  m u s t  re p re s e n t th e  te m p e ra tu re  a t w h ich  th e se  two fa c to rs  re s u lt  in  a 
m ax im u m  p rec ip ita tio n  ra te .

T he 8 ’ d is so lu tio n  p e a k  a t D2  is above th e  8 ' so lv u s, a s  exp ec ted  for 
co n tin u o u sly  h ea ted  m ateria l, an d  is possibly  tru n c a te d  a t th e  h igh  tem p era tu re  end  
by th e  exotherm ic 8 (AlLi) fo rm ation  reaction . O n ageing (n a tu ra l o r artificial) th e  
p e a k  b ro a d e n s  to a  p la teau  betw een  an d  D2 . As n o ted  earlier, Nozato an d  N akai 
a ttr ib u te  th is  to d isso lu tio n  of 8 ' w ith  sh o r t ran g e  o rd e r a t a n d  d isso lu tio n  of 
m ore fully o rdered  8 ' a t  D2 . B a lm u th  (18) im plies th a t  th e  d isso lu tio n  tem p era tu re  
range reflects a  range of partic le  sizes. N either ex p lan a tio n  is  sa tisfacto ry . There is 
no evidence for differing degrees of o rd er w ith in  8 ' p a rtic le s  a n d  in  an y  case  o rder 
sh o u ld  be in c re a se d  by  ageing. The ca lcu la tio n  of B a u m a n n  a n d  W illiam s (164) 
show  th a t  only very sm all 8 ’ p artic les could dissolve a t th e  tem p era tu re  of D j (which 
is below th e  8 ' solvus) a s  a  re su lt of cap illarity  a n d  th e  partic les p re se n t after ageing 
greatly  exceed th is  value. H ence a rg u m en ts  b ased  o n  a range of 8 ' sizes c an n o t be 
su s ta in ed .

The ex p lan a tio n  for 8 ' d isso lu tio n  m oving to  lower te m p e ra tu re s  on  ageing 
c a n  be fo u n d  by  co n sid erin g  th e  co n c e n tra tio n s  of lith iu m  rem a in in g  in  so lu tio n  
com pared  w ith  th e  position  of th e  8 ' solvus. In  a s  quenched  m ateria l a  low er volum e 
frac tio n  of 8 ' is p re se n t on  h ea tin g  in  th e  DSC above 185°C  th a n  in  e ith e r  of th e  
o th er two cases. H ence the^concentration  of lith ium  in  so lu tion  is g rea te r an d  closer 
to th a t  of th e  8 ' so lvus: th e  driv ing force for d is so lu tio n  of 8 ' is  le a s t. In  th e
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artific ia lly  aged  co n d itio n , th e  vo lum e frac tio n  of 5 ' sh o u ld  d ec rease  by  a  fac to r 
g re a te r  th a n  2 betw een 20 0  a n d  250°C  to  m a in ta in  th e  equilib rium  co n cen tra tio n  of 
lith iu m  in  so lu tio n  so  th e re  is  th e  g re a te s t driv ing force for d is so lu tio n  in  th is  
co n d itio n . T he TEM o b se rv a tio n s  su g g e s t a  d e c re a se  in  5 ' fra c tio n  a lth o u g h  
rem ain in g  partic les re ta in  th e ir  size o r even coarsen .

5.3.2. Al-Li-Zr system

T he m o st su rp r is in g  o b serv a tio n  in  th is  alloy is th e  to ta l a b se n c e  of th e  
130°C  GP zone d isso lu tio n  endo therm . If GP zone fo rm ation  is  com petitive w ith  8 ' 
p rec ip ita tio n  it is possib le  th a t  e ith e r (i) th e  q uench  ra te  in  th is  case  w as slow an d  
m o re  8 ' form ed on  q u en ch in g , o r (ii) m ore 8 ' form ed on  q u en ch in g  a s  a  re s u lt  of 
n u c le a tio n  o n  th e  P' a n d  th e  s u p e rs a tu ra t io n  of l ith iu m  w a s  th e re b y  re d u c e d  
su ffic ien tly  to  in h ib it GP zone fo rm atio n  a t room  te m p e ra tu re . H ow ever, no 
defin ite  TEM o b se rv a tio n s have b een  m ade to su p p o rt th is  sug g estio n . The m ore 
obvious 8 ' exo therm  (C) is c o n s is ten t w ith  th e  grow th of a  la rger n u m b e r  (or la rger 
size) of 8 '^ p re se n t a s  q u e n c h e d . T he rem a in in g  en d o th e rm ic  a n d  ex o th erm ic  
b eh av io u r is essen tia lly  s im ilar to th a t  repo rted  a n d  d iscu ssed  for th e  b in a ry  alloy.

5.3.3. Al-Cu-Mg system

T he re s u l ts  a re  b ro ad ly  in  a g reem en t w ith  th o se  of Howe (167). T he 
en d o th e rm  (E) observed  a n d  a ttr ib u te d  to GP zone d isso lu tio n  im plies th a t  then- 
fo rm a tio n  m u s t  have ta k e n  p lace  d u rin g  th e  q u e n c h . T he s lig h t ex o th erm ic  
in stab ility  observed in  th e  p resen t w ork below 100°C  su g g es ts  co n tin u ed  form ation  
of zones in  th is  te m p era tu re  range an d  th is  w as, in  fact, m ore sign ifican t w ith  lower 
so lu te  su p e rsa tu ra tio n .

5.3.4. Al-Li-Cu-Mg-Zr system

A n o tab le  fe a tu re  in  th e  q u a te rn a ry  sy s tem  c o n ta in in g  z irco n iu m  is  th e  
p resen ce  of a n  exo therm  (G) a t ~90°C . It w ould ap p e a r th a t  th is  is  a n  ex tension  of 
th e  exo therm ic  tre n d  observed  in  th e  sam e te m p e ra tu re  ra n g e  in  th e  Al-Cu-M g 
alloys. It h a s  no p a ra lle l in  th e  Al-Li-Zr alloy sy s te m  a n d  it is  p re su m a b ly  
asso c ia ted  w ith th e  fo rm ation  of th e  GP zones of th e  Al-Cu-M g system . T he re su lts  
im ply  th a t  th e  p re se n c e  of lith iu m  in h ib its  th e  fo rm atio n  of th e se  zo n es d u rin g
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q u en ch in g . T he h igh  v acan cy -lith iu m  b in d in g  energy  (166) m a y  red u ce  th e  free 
v acan cy  c o n c e n tra tio n  a n d  th u s  slow dow n th e  d iffusion  of so lu te s  req u ired  for 
zone form ation. N a tu ra l a n d  artificial ageing e lim inate  th is  exo therm , p resu m ab ly  
since GP zone fo rm ation  is  com plete.

In  th e  a s  q u e n c h e d  condition , th e  5 ' ex o th erm  observed  in  o th e r  lith iu m  
co n ta in ing  alloys is  still p resen t. It is followed by  a n  en d o th erm  (I) a t  ~230°C  w hich 
co rresp o n d s to  th e  low er tem p era tu re  range 5' d isso lu tio n  a n d  GP zone d isso lu tio n  
in  th e  Al-Cu-M g alloys. T he th erm al f lu c tu a tio n  labelled  J  ca n n o t be in te rp re ted  in  
th e  te rm s  of a  sing le reac tio n  b u t m u s t in s tead  be considered  a s  th e  re su lt of th e  
s u p e rp o s i t io n ^ ' d isso lu tio n  an d  S p rec ip ita tio n  reac tio n s . O ver th e  range of th e  
ex o th e rm ic  p e a k  (K), th e  S p re c ip ita tio n  e x o th e rm  a lso  o v e rla p s  a t  h ig h e r 
te m p e ra tu re s  w ith  th e  6  fo rm ation  exo therm  observed a t  a b o u t 3 3 0 °C  in  th e  Al-Li- 
Z r alloy.

In  th e  n a tu ra l ly  aged  co n d itio n , th e  m o s t n o ta b le  fe a tu re  b e s id e s  th e  
d isa p p e a ra n c e  of th e  exo therm  (G) is th e  fo rm ation  of th e  en d o th e rm  (L) a t a b o u t 
130°C . T h is is  s im ila r in  form  a n d  position  to  th a t  occu rrin g  in  th e  Al-Li alloys 
a n d  a ttr ib u te d  to  th e  d isso lu tio n  of GP zones. G iven th e  p re se n c e  of Z r in  th e  
q u a te rn a ry  alloys, it is  su rp ris in g  th a t  th is  p e a k  is  p re se n t sin ce  th e  z ircon ium  
rem oves it in  th e  b in a ry  system . In th a t  in stan ce  it w as suggested  th a t  it m igh t be 
due to p referen tia l 5' fo rm ation  during  th e  q uench  reducing  th e  driving force for GP 
zone fo rm atio n . M agnesium  is rep o rte d  to  re d u c e  li th iu m  so lid  so lu b ility  in  
a lu m in iu m  a n d  to  re s to re  th e  li th iu m  s u p e r s a tu ra t io n  n e e d e d  fo r GP zone 
fo rm ation  in  th e  q u a te rn a ry  alloy. However, it seem s unlikely  th a t  th e  m ag n esiu m  
a d d itio n  co u ld  effect a  su ffic ien tly  la rg e  ch an g e . T he ro le  of z irco n iu m  in  
su p re s s in g  th e  130°C  en d o th e rm  a n d  of co p p er a n d  m a g n e s iu m  in  re sto rin g  it 
rem a in s  a  m a tte r  of specu lation .

A rtific ia l ag e in g  d e s tro y s  th e  low te m p e ra tu re  re a c t io n s  leav ing  th e  
d isso lu tio n  p e a k  (I); th is  m u s t be asso c ia ted  w ith  8 ' d isso lu tio n  a n d  is  u n like ly  to 
also involve GP zones of th e  Al-Cu-Mg system  since  artificial ageing is observed to 
prom ote th e  fo rm ation  of S. However, after 8  h o u rs  a t 185°C , TEM in d ica tes th a t  S 
p rec ip ita tio n  is incom plete; fu rth e r  p rec ip ita tio n  of S p h a se , is therefo re, possib le  
d u rin g  DSC h ea tin g  a s  evidenced by th e  co n tin u ed  p resen ce  of th e rm a l f lu c tu a tio n
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(J) ra th e r  th a n  th e  b ro ad  D j -D2  p la te a u  of th e  Al-Cu-M g alloys In w hich  a  s im ila r 
artificial ageing h a s  re su lted  a  com plete p rec ip ita tio n  of S p h ase . T he DSC re su lts , 
th ere fo re , provide ad d itio n a l ev idence for th e  view  th a t  th e  p re sen ce  of lith iu m  
delays th e  form ation  of S phase.

5.3.5. Natural Ageing Response of Al-Li-Cu-Mg-Zr Alloy

The n a tu ra l  ageing curve for alloy A2 (AA 8 0 9 0  specifications) w as sh o w n  in  
th e  p rev io u s c h a p te r  (see F igure 4.2). However, th e  c h a ra c te r is tic s  of th e  ageing 
cu rv e  co u ld  n o t be  ex p la in ed  b e c a u s e  of la c k  of in fo rm a tio n  on  th e  ex ac t 
p rec ip ita tio n  reac tio n s w hich o ccu r w ith in  th e  m ate ria l d u rin g  n a tu ra l  ageing. The 
in te rp re ta tio n  of th e  DSC d a ta  for the  q u a te rn a ry  alloy A2 su g g ests  th a t  a  n u m b e r of 
fac to rs  co n tr ib u te  to th e  h a rd en in g  of th e  m ateria l d u rin g  n a tu ra l  ageing a n d  they  
a re  a s  follows: grow th of 8 ’ p artic les, grow th of GP zones of th e  b in a ry  Al-Li system  
and , n u c lea tio n  a n d  grow th of GP zones of the  te rn a ry  Al-Cu-M g system .

C om parison  of th e  n a tu ra l  ageing curve for b in a ry  Al-Li (alloy A3) w ith  th a t  
due  to q u a te rn a ry  alloy A2 su g g es ts  th a t  d u rin g  n a tu ra l  ageing  th e  in c rem en t in  
s treng th  due to the grow th of 8' an d  th a t  due to  th e  GP zones of b in a ry  Al-Li system  is 
insignificant. The su p erio r n a tu ra l ageing response  of Al-Li-Cu-Mg sy stem  m u s t be 
largely d u e  to  th e  developm ent of GP zones of th e  Al-Cu-M g sy s tem  d u rin g  room  
tem p era tu re  ageing.

It sh o u ld  be recalled th a t  w ith in  th e  a s  q u en ch ed  m ic ro s tru c tu re s  of lith ium  
c o n ta in in g  a lu m in iu m  alloys th e  v acan c ie s  a re  co n fin ed  to  th e  8 ’ p a rtic le s  a n d  
th ese  v acan c ies  are  eventually  freed a s  8' grow s d u rin g  su b se q u e n t n a tu ra l  ageing 
tre a tm e n t. T hese free vacancies a re  th e n  available to  p rom ote  th e  fo rm ation  of GP 
zones of th e  Al-Cu-Mg system  a s  well a s  th e  grow th of th e  existing p h a se s  w ith in  th e  
m ic ro s tru c tu re . The vacancy  libera tion  is a  s lugg ish  p ro cess  a n d  th is  c o n s titu te s  
th e  in c u b a tio n  period  being  sh o w n  in  th e  F igure  4 .2 . W ith  co n tin u in g  n a tu ra l  
ageing m ore b o u n d  vacancies are  re leased  an d  a s  a  re su lt, fo rm ation  a n d  grow th of 
GP zones of th e  Al-Cu-M g sy stem  a re  accelera ted . The rap id  in c rease  in  s tre n g th  
after th e  in cu b a tio n  period d em o n stra tes  su ch  a  p rocess. However, a fte r ab o u t 1000 
h o u rs  th e  h a rd n e s s  in c reases  very slowly in  F igure 4 .2 . T h is c a n  be explained as  
follows. The n u m b e r  of free v acan c ies  in  so lu tio n  will in c rease  in itia lly  a n d  will 
p rom ote fo rm ation  a n d  grow th of GP zones. However, b ec a u se  of th e  p resen ce  of
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la rge  n u m b e rs  of s in k s  (in te rm s  of loose d is lo c a tio n s , g ra in  a n d  s u b g ra in  
b o undaries) w ith in  th e  m ic ro s tru c tu re , together w ith  th e  p rocess of co n d en sa tio n  of 
v acan c ie s  form ing d isloca tion  loops, th e  n u m b e rs  o f free v acan c ies  will g rad u a lly  
decrease  a n d  so will th e  ra te  of diffusion. The la tte r  is  evidenced by  th e  p la teau  after 
about 4000 hours.

5 .4 . S um m a ry

tf-e1. In te rp re ta tio n  of DSC d a ta  fo r^ q u a te m a ry  Al-Li-Cu-Mg-(£r) sy s tem  is n o t 
p o ss ib le  in  th e  a b se n c e  of d a ta  for th e  c o n s ti tu e n t b in a ry  a n d  te rn a ry  
sy s te m s  a s  a  c o n seq u en ce  of th e  overlapp ing  of severa l exo therm ic  a n d  
end o th erm ic  peaks.

2. DSC re su lts  a re  c o n sis ten t w ith  previous s tu d ie s  ind icating  th e  fo rm ation  of 
GP zones in  b in a ry  Al-Li alloys. The GP zo n es a re  form ed s im u ltan eo u sly  
w ith  th e  5 ' d u rin g  th e  q u en ch in g  p ro cess  a n d  grow com petitively  w ith  5' 
d u rin g  n a tu ra l  ageing. U pon artificial ageing  a t 190°C , th e  GP zones a re  
rep laced  by  5'; th is  is  c o n s is te n t w ith th e  GP zone d isso lu tio n  te m p e ra tu re  
(~130°C) ob ta ined  in  th is  investigation  to g e th e r w ith th e  ca lcu la ted  GP zone 
so lv u s p rev iously  rep o rted  (17). It a p p e a rs  th a t  z ircon ium  su p re sse s , a n d  
co p p er a n d  m ag n esiu m  res to re  Al-Li GP zone form ation . The re a so n s  for 
th is  are no t clear.

3. L ith ium  slow s dow n b o th  th e  p rec ip ita tio n  of Al-Cu-M g GP zo n es d u rin g  
q u en ch in g  an d  h e te rogeneous S p h ase  d u rin g  ageing com pared  w ith  th a t  in 
Al-Cu-M g alloys. In  th e  q u a te rn a ry  system , th e  form ation  a n d  grow th of Al- 
Cu-M g GP zones c a n  occu r d u rin g  n a tu ra l ageing. However, th e  p ro cess is 
slow  b ec a u se  th e  free v acan c ies  req u ired  for rap id  d iffusion  only becom e 
availab le  a s  a  re s u lt  of g row th  of 5 ' p a r tic le s  w h ich  re lea se  th e  b o u n d  
v acan c ies .

4. The n a tu ra l ageing resp o n se  in  th e  q u a te rn a ry  Al-Li-Cu-Mg-Zr sy stem  is due  
to a  co m b in a tio n  of grow th  of 5* p artic les , grow th of Al-Li GP zones, and  
fo rm atio n  a n d  g row th  of GP zones of th e  A l-Cu-M g sy stem . U nlike th e  
lith iu m  free Al-Cu-Mg system , th e  n a tu ra l  ageing curve for th e  q u a te rn a ry  
sy stem  is accom pan ied  by  a n  in cu b a tio n  period  of a b o u t 24  h o u rs; th is  is
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a t tr ib u te d  to  th e  ab se n c e  of a  free v a c a n c y  s u p e rs a tu ra t io n  in itia lly  in 
so lu tio n  to allow  ra p id  diffusion. However, in  com m on w ith  th e  n a tu ra l  
ageing  cu rv es for o th e r  a lu m in iu m  alloys, th e  p re se n t ageing  cu rv e  also  
te rm in a te s  to a  p la teau  {after -4 0 0 0  hours). T his is  a ttr ib u te d  to  th e  loss of 
free  v a c a n c ie s  v ia  a n n ih i la t io n  in  s in k s  to g e th e r  w ith  v a c a n c y  
co n d e n sa tio n  form ing d islocation  loops.
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CHAPTER SIX

AS CAST MICROSTRUCTURE AND HOMOGENISATION

6.1. Introduction

M ateria ls  for e x tru s io n  w ork  w ere received in  th e  form  of DC c a s t  b ille ts. 
Initially, it w as therefore, n ecessa ry  to  ch a ra c te rise  th e  c a s t m ic ro s tru c tu re  a n d  to 
develop a  hom ogen isa tion  schedu le  for th e  ca s t m ateria l.

U nder in d u s tr ia l cond itions, eq u ilib rium  c ry s ta llisa tio n  of solid  so lu tio n  is 
n ever ach ieved  a n d  th is  re s u l ts  in  n o n -eq u ilib riu m  ch an g es  w ith in  th e  m a te ria ls  
viz. den d ritic  segregation  (coring) a n d  cry sta llisa tio n  of excess p h a se s  from  th e  m elt 
(whilst, no  su c h  p h a se s  exist u n d e r equilib rium  conditions) w ith th e  s tru c tu re  of th e  
alloy ch an g in g  from  single  p h a se  to m u ltip h ase . T hese  n o n  equ ilib riu m  ch an g es , 
u n le s s  rem oved from  th e  m ate ria l, c a n  c a u se  se rio u s  p rob lem s d u rin g  th e rm a l or 
m ech an ica l p rocessing  of th e  m a te ria l an d  th e  inevitab le re su lt is  poor m ech an ica l 
p ro p e rtie s  of th e  p ro d u c ts . Clearly, e lim ination  of th e  s tru c tu ra l  defec ts p re se n t 
w ith in  th e  c a s t m a te ria l is n ecessa ry  an d  th is  is u su a lly  carried  o u t via th e  p rocess 
of h o m o g e n isa tio n . H o m o g en isa tio n  involves d is so lu tio n  of n o n  e q u ilib riu m  
ex cess  p h a s e s  to g e th e r  w ith  eq u ilisa tio n  of c o n c e n tra tio n  in side  g ra in s  of solid 
so lu tio n . The se lec tio n  of h o m o g en isa tio n  te m p e ra tu re s  d e p en d s  on  th e  so lid u s 
p o in t  o f th e  m a te r ia l  w h ils t  th e  a n n e a l in g  tim e  re q u ire d  fo r c o m p le te  
h o m o g en isa tio n  d e p e n d s  on  th e  size of th e  ex cess  p h a se  p a rtic le s  a n d  th a t  of 
d e n d ritic  cells. T he a n n e a lin g  tim e  m ay  be re d u c e d  by su ita b ly  ra is in g  th e  
te m p e ra tu re  for hom ogen isa tion . From  th e  com m ercial po in t of view, accordingly, 
a  com prom ise betw een  th e  hom ogen isa tion  te m p e ra tu re  a n d  tim e is alw ays m ade. 
In  lith iu m  co n ta in in g  a lu m in iu m  alloys w here  lith iu m  lo ss by  ox idation  a t  h igh 
te m p e ra tu re  is  a  c ru c ia l fac to r, o p tim isa tio n  of th e  h o m o g en isa tio n  sc h e d u le  
a p p e a rs  to  be extrem ely im portan t.

T he w ork p re sen ted  in  th e  following sec tio n s is in itially  co n cern ed  w ith  th e  
m orphology, com position  an d  th e  cry sta llo g rap h ica l d e ta ils  of th e  p h a se s  p re se n t 
w ith in  th e  c a s t m a te ria l (i.e alloy A l) following d e te rm in a tio n  of th e  so lid u s po in t 
of th e  alloy  via th e rm a l a n a ly s is  a n d  d es ig n  of a n  o p tim u m  h o m o g e n isa tio n  
sch ed u le  for th e  c a s t m ateria l.
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6.2. Results

6.2.1. Characterisation of As Cast Microstructure

F igure  6.1(a) sh o w s a  ligh t m icro g rap h  of th e  c a s t m a te ria l. The F igure 
reveals th a t  th e  m a te ria l h a s  a n  equiaxed g ra in  s tru c tu re  an d  d u rin g  solidification 
e lem en ta l partitio n in g  h a s  occu rred  resu ltin g  in  second  p h ase  p rec ip ita tio n  w ith in  
th e  g ra in s  a s  well a s  a t  th e  b o u n d a rie s  betw een  th e  g ra ins. The strik in g  fea tu re  of 
th e  m ic ro s tru c tu re  is  th e  a b sen ce  of a  d en d ritic  s tru c tu re  w h ich  is typ ica lly  
observed  in  m o st of th e  c a s t m ic ro s tru c tu re s . It im plies th a t  th e  p a r tic u la r  rap id  
cooling p rac tice  ad o p te d  d u rin g  ca s tin g  con tro lled  th e  g ra in  size p rin c ip a lly  by 
cau s in g  d en d rite s  to  b re a k  u p  th u s  m ultiplying th e  n u m b e rs  of seed  c ry sta ls  giving 
rise  to  a n  equ iaxed  g ra in  s tru c tu re . The average g ra in  size w as fo und  to  be ~90 
m icrons. The p rec ip ita te  size w ith in  th e  g ra in s  is  m u ch  finer. O n th e  o th e r h an d , 
seco n d  p h a se  p rec ip ita tio n  h a s  occu rred  form ing a  c o n tin u o u s  th ic k  p rec ip ita te  
layer a long  th e  g ra in  b o u n d a ry . In  th e  following su b se c tio n s , th e  p re c ip ita te s  
p re sen t a t th e  in te rg ran u la r sites  (designated a s  "G rain B oundary  Phases") an d  those  
w ith in  th e  g ra in s  (designated  a s  "M atrix Phases") are described  separate ly .

6.2.1.1. Grain Boundary Phases

F ig u res  6.1(b) a n d  (c) show  sc a n n in g  e lec tro n  m ic ro g ra p h s  of th e  c a s t  
m ic ro s tru c tu re  in  th e  secondary  e lectron  m ode a n d  in  th e  b a c k  sc a tte re d  electron  
m ode respectively . F igure 6.1(b) show s th e  ex ten t of in te rg ra n u la r  p rec ip ita tio n  of 
th e  seco n d  p h a se  p a rtic le s  w hilst F igure 6.1(c) reveals th a t  th e re  a re  two d is tin c t 
p h a se s  a t  th e  g ra in  b o u n d a ry  (labelled P I an d  P2). The first p h a se  P I (the la rger of 
th e  two a n d  w hich  a p p e a rs  m ottled) is alw ays p re se n t in  th e  form  of a d ivorced 
eu tec tic  along  th e  g ra in  b o u n d a ry  in te rfaces b u t  a t  th e  trip le  p o in t ju n c tio n s  th e  
p h a se  is  c o n ta in e d  in  w h a t re sem b les  a  la m e lla r eu tec tic . A s im ila r eu tec tic  
s tru c tu re  is b e tte r  illu s tra ted  in  Figure 6.2(a). R ecently  Sm ith  (168) suggested  th a t  
th e  d a rk  fe a tu re s  (of lam ella r eu tec tic  ap p earan ce) a t th e  trip le  p o in t ju n c tio n s  
m igh t possib ly  be m ere su rface dep ressions p roduced  due  to preferen tia l d isso lu tion  
of specific p a rtic le s  d u rin g  etch ing . However, in  th e  p re se n t in v estiga tion , as- 
polished  sam ples w ere exam ined an d  th e  p resence  of fea tu res  like lam ellar eu tec tic  
a t th e  trip le  po in t ju n c tio n s  w as com m on. C om p ariso n  of F igure  6.2(a) w ith  th e
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Figure 6.1. M icro stru c tu res  of th e  as  c a s t m ate ria l (alloy A l)
(a) L ight m icrog raph
(b) A n SEM m icro g rap h  im aged  in  th e  se c o n d a ry

elec tron  m ode
(c) A n SEM  m ic ro g ra p h  im ag ed  in  th e  b a c k

sca tte red  m ode.
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Figure 6.2. (a) A n SEM m icrograph  in  th e  b a c k  sca tte red  m ode 
show ing th e  p h a se s  a t th e  g ra in  b o u n d a ry  trip le  
p o in t ju n c tio n s .

(b) - (e) E lem ent X-ray m ap s of 6.2(a); (b) A lu m in iu m , the
c o u n t level is a d ju s ted  to show  only th e  m atrix  
a lu m in iu m  d i s t r i b u t io n ,  (c) c o p p e r  (d) 
m agnesium  an d  (e) iron.
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SEM m icrograph  of th e  sam e a re a  In th e  secondary  e lectron  m ode to g e th e r w ith  th e  
elem ent d ig im apping of th e  sam e region [shown in  F igures 6.2(b) - (e)] revealed  th a t  
th e  oval sh a p e d  d a rk  fe a tu re s  a t  th e  trip le  po in t ju n c tio n s  a re  n o t du e  to  su rface  
d ep ressio n s; th e  lam ella r eu tec tic  a t th e  trip le  p o in t ju n c tio n s  m ay, th erefo re , be 
considered  to co n sist of a  (alum inium ) an d  P I p h ase .

T he o th e r  g ra in  b o u n d a ry  p h a se  P2 w h ich  a p p e a rs  b rig h t in  th e  b a c k  
sc a tte re d  m ode (see F igures 6.1(c) an d  6.2(a)) w as found  to be unevenly  d is tr ib u te d  
an d  w as alw ays p re se n t in  sm all volum es; th e  P2 p h ase  m ain ly  p o ssessed  a  p la te  
like m orpho logy  a lth o u g h  it w as  a lso  p re se n t in  th e  form  of a  sm a ll ro u n d  
p rec ip ita te .

E lem ent dig im apping to g e th e r w ith  x -ray  EDS an a ly s is  of P I a n d  P2 p h a se s  
revealed th a t  P I is  a  copper rich  Al-Cu-Mg b a sed  p h a se  w h ilst P2 is  a n  iron  rich  Al- 
Fe-Cu b a sed  phase . The com position  of P I p h ase  w as found to  be two fold: along th e  
g ra in  b o u n d a ry  in terfaces P I p h ase  h ad  a  com position  range of 16-18 % copper, 4 -5  
w t % m ag n esiu m  a n d  ba lan ce  a lu m in iu m  w hilst a t th e  trip le  po in t ju n c tio n s  P I h a d  
an  average com position  range of 2 4 -26  % copper, 6 - 8  % m agnesium , ~1 wt % silicon 
an d  b a lan ce  a lu m in iu m . The com position  ran g e  for P2 w as found  to  be 15-16 % 
iron, 7-9  % copper, 3 -4  % m agnesium , ~1 w t % silicon a n d  ba lan ce  a lu m in iu m . In 
th e  l i te ra tu re ,  n o  re fe ren ce  of an y  iro n  rich  p h a s e  c o n ta in in g  m a g n e s iu m  is 
availab le; it is su sp e c te d  th a t  th e  sm alle r vo lum e of P2 p h a se  in  th is  m a te ria l 
to g e th e r w ith  its  p resen ce  in  a sso c ia tio n  w ith  Al-Cu-M g b a sed  P I p h a se  m ad e  th e  
a n a ly s is  e rro n e o u s ; th e  ex ac t co m p o sitio n  of P2 p h a s e  re m a in e d , th e re fo re , 
u n k n o w n .

It m ay  be reca lled  th a t  u s in g  energy  d isp ers iv e  x -ra y  a n a ly s is  facility , 
de tec tion  of e lem ents having atom ic n u m b e r less  th a n  11 c a n  no t be m ade. L ithium  
(atom ic n u m b e r  3) is, therefore, u n d e tec tab le  u sin g  th is  equ ip m en t a n d  hence  th e  
com positions specified above exclude th is  elem ent, a lth o u g h  a  n o rm alised  (1 0 0  %) 
re a d  o u t w as a lw ays given. T he n ex t s tep  of th is  in v estig a tio n  w as, th ere fo re , 
c o n c e rn ed  w ith  th e  d e tec tio n  of lith iu m , if p re s e n t w ith in  th e  g ra in  b o u n d a ry  
p h a se s  via seco n d ary  ion  m a s s  spectroscopy  (SIMS). Line sc a n  d a ta  of th e  c a s t 
m a te ria l a re  p re sen ted  in  F igure 6.3 . The F igure show s th a t  all th e  m a jo r alloying 
e lem en ts includ ing  lith iu m  are  segregated  a t th e  g ra in  b o u n d a ry  w ith  copper being 
p re s e n t  in  th e  h ig h e s t c o n c e n tra tio n  (com pare  th e  re la tiv e  p e a k  in ten s ity ).
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Figure 6.3. S eco n d ary  Ion M ass S p ec tro m etry  (SIMS). Line sc a n  
traces  show ing th e  d is tr ib u tio n  of e lem ents a t th e  g ra in  
b o u n d a rie s  of th e  c a s t m ate ria l A l.
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Figure 6.4. E lem en t SIMS m a p s  of th e  g ra in  b o u n d a ry  p h a se s  in 
c a s t m a te ria l A l. All im ages are  from  th e  sam e  area.
(a) Copper, 63 q u +
(b) L ithium , 7
(c) M agnesium , 24  Mg+
(d) Iron, 56 p e+
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A m ongst th e  im p u ritie s , iro n  w as evident, w h ilst th e  ho rizon ta l in te n s ity  line d u e  
to  s ilico n  ru le d  o u t th e  p re se n c e  of an y  m ajo r silico n  rich  p h a s e  a t  th e  g ra in  
b o u n d a ry  a s  w ell a s  lim iting  th e  possib ility  of i ts  a sso c ia tio n  w ith  o th e r  g ra in  
b o u n d a ry  p h a se s ; s u c h  a n  in ference  is ju s tif ie d  in  view of a  low level of silicon  
p re s e n t in  th e  c a s t  m a te r ia l to g e th e r  w ith  th e  x -ra y  EDS a n a ly s is  of th e  g ra in  
b o u n d a ry  p h a se s  rep o rted  earlie r in  th is  section . T he line s c a n  d a ta  also  revealed  
th e  la rge  sca le  seg reg a tio n  of tra m p  e lem en ts  to  th e  b o u n d a rie s . F igu re  6 .3  
d e m o n s tra te s  th a t  even w ith in  a  c lean  alloy su c h  a s  th e  p re se n t m a te ria l, so d iu m  
segregation  to g ra in  b o u n d a rie s  c a n  be readily  detected  usin g  th is  techn ique . SIMS 
ion  m ic ro g ra p h s  d u e  to  th e  m a jo r alloying e le m e n ts  (viz. lith iu m , c o p p e r a n d  
m agnesium ) to g e th e r w ith  iron  are  p re sen ted  in  F igure  6.4; th e  F igure  show s th e  
d is tr ib u tio n  of alloying e lem en ts w ith in  th e  g ra in  b o u n d a ry  p h a se s . In  accordance  
w ith  th e  line sc a n  d a ta  (Figure 6.3), F igure 6 .4  reconfirm ed th e  p resen ce  of lith iu m  
a t th e  g ra in  b o u n d a ry  im plying th a t  th e  P I p h a se  co n ta in s  s u b s ta n tia l  a m o u n ts  of 
lith iu m  a n d  is  a  q u a te rn a ry  Al-Cu-Li-Mg p h ase . E x am in a tio n  a n d  co m p ariso n  of 
th e  SIMS ion m icrograph  of iron  w ith  th a t  due  to lith iu m  an d  m ag n esiu m  suggested  
th a t  th e  iro n  rich  p h a se  P2 c o n ta in s  n e ith e r of th ese  two elem ents.

In  o rd e r to e s ta b lish  th e  crysta llog raphy  of th e  g ra in  b o u n d a ry  p h a se s  th in  
foils of th e  c a s t  m a te ria l w ere p rep a red  for ex am in a tio n  by  tra n sm is s io n  e lec tron  
m icroscopy  (TEM). F igure 6.5(a) show s two g ra in  b o u n d a ry  p a rtic le s  (labelled 
a n d  G 2 ) s ittin g  close to  one an o th e r. Q uan tita tiv e  x -ray  EDS an a ly s is  from  th ese  
p a r tic le s  sh o w ed  th a t  b o th  a re  Al-Cu-M g b a se d  p h a se  h av in g  co m p o sitio n  a s  
follows: 17.0  % copper, 3 w t % m ag n esiu m  an d  b a lan ce  a lu m in iu m  (G^), an d  16 % 
copper, 4  w t % m a g n e s iu m  a n d  b a lan ce  a lu m in iu m  (G2 ). A typ ica l d iffraction  
p a tte rn  d u e  to  partic le  G^ is show n  in  F igure 6.5(b); th e  d iffraction  p a tte rn  w as 
found  to be c o n sis ten t w ith  a face cen tered  cubic  s tru c tu re  w ith  a  la ttice  p a ram e te r 
a 0  = 19 A. F igure 6.5(c) show s a n o th e r p a ir  of in te rg ra n u la r  partic les. Q uan tita tive  
x -ray  EDS an a ly sis  from  th e  particle  G3  suggested  th a t  it is a lso  a n  Al-Cu-Mg b ased  
p h a se  hav ing  15 % copper, 5 w t % m ag n esiu m  a n d  b a lan ce  a lu m in iu m . A typical 
d iffrac tion  p a tte rn  from  G3  is  show n  in  F igure 6.5(d); th e  d iffrac tion  p a tte rn  w as 
c o n s is te n t w ith  a  face cen te red  cubic s tru c tu re  w ith  a  lattice p a ra m e te r  a 0  = 26 .0  A. 
In th e  p re se n t investigation , a  few m ore g rain  b o u n d a ry  p rec ip ita tes w ere exam ined. 
The com position  range of th ese  p rec ip ita tes were found  to be 15-18 % copper, 3-5 wt 
% m ag n esiu m  an d  b a lan ce  a lum in ium , an d  it w as found  th a t  all th e se  p rec ip ita tes 
co u ld  be indexed  a s  F .C .C . w ith  la ttice  p a ra m e te r  a 0  ran g in g  from  19 to  26 A;
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Figure 6.5. TEM m icro g rap h s of th e  g ra in  b o u n d a ry  p h a se s  in  ca s t
m a te ria l A 1
(a) B F  m ic ro g ra p h  sh o w in g  g ra in  b o u n d a r y  

partic les (labelled G i an d  G2 )
(b) SADP from  partic le  G]_; close to [013] FCC. LX = 

42 .44  m m  A.
(c) B F  m ic ro g ra p h  sh o w in g  g ra in  b o u n d a r y  

partic les (labelled G3 ).
(d) SADP from G3 ; close to [100]FCC. LX = 398 m m  A.
(e) BF m ic ro g rap h  show ing  lam e lla r e u te c tic  a n d  

silicon  rich  p h ase , P3 (show n by arrow s) a t th e  
g ra in  b o u n d ary  triple po in t ju n c tio n s .
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a lth o u g h , no  two d ifferen t d iffraction  p a tte rn s  d u e  to  th e  sam e  p a rtic le  co u ld  be  
indexed b o th  a s  F.C.C. A reg u la r fea tu re  of all th e  g ra in  b o u n d ary  partic les w as th a t  
th ey  alw ays co n ta in ed  p la n a r  defects ru n n in g  n o rm al to  th e  leng th  of th e  partic les. 
T he n a tu r e  of s u c h  d e fec ts  (w hich w as a lso  o b se rv ed  la te r  w ith in  th e  m a tr ix  
p recip itates) is illu s tra ted  in  sec tion  6 .2 . 1 .2 .

F igure 6.5(e) re p re se n ts  a  TEM m icrograph  of th e  trip le po in t ju n c tio n s . The 
lam ellar eu tec tic  a t  th e  trip le  po in t ju n c tio n s  m ay  clearly  be noted . Q u an tita tiv e  x- 
ray  ED S a n a ly s is  su g g ested  th a t  th is  region h a s  a n  average com position  of 24  % 
copper, 8  % m agnesium , ~3 % silicon an d  6 6  w t % a lum in ium . The an a ly sis  ca rried  
o u t a t  th e  sam e a rea  u sin g  b u lk  sam p les  o n  SEM (reported  earlie r in  th is  section) 
w as id e n tic a l to  th e  p re s e n t a n a ly s is  except th a t  th e  p re s e n t a n a ly s is  sh o w s 
re la tiv e ly  h ig h e r  p e rc e n ta g e  (3 w t % co m p ared  to  ~ 1 %) of s ilico n . C lose 
ex am in a tio n  of F igure 6.5(e) revealed  th a t  very sm all d a rk  p rec ip ita te s  (show n by 
arrow s) a re  p re s e n t a t  th e  tr ip le  p o in t ju n c t io n s .  X -ray  EDS m ic ro a n a ly s is  
suggested  th a t  th ese  p rec ip ita te s  (P3) h ad  a n  average com position  of 18 % copper, 8  
% silicon , 3 w t % m a g n e s iu m  a n d  b a lan ce  a lu m in iu m . T he p re c ip ita te s  w ere 
sm alle r in  volum e a n d  w ere s ittin g  in  th e  th ic k e r reg ion  of th e  foil in  a sso c ia tio n  
w ith  th e  lam ella r eu tec tic  a t  th e  trip le  po in t ju n c tio n s ; it is  su sp e c te d , therefo re , 
th a t  d u e  to  p h a se  overlap th e  an a ly s is  m igh t be e rro n eo u s  a n d  th e  a c tu a l silicon  
co n ten t m ay  be very  h igh w ith in  th e se  p rec ip ita tes. A ttem p ts  to  o b ta in  su ita b le  
d iffraction p a tte rn s  from  th ese  partic les were also n o t su ccessfu l due  to th e  re a so n s  
specified above.

It m ay  be recalled th a t  lith ium  could not be analysed  usin g  x -ray  EDS; b u t, in 
view of th e  SIMS a n a ly s is  on  th e  g ra in  b o u n d a ry  p h a s e s  p re sen ted  ea rlie r in  th is  
sec tio n  it is c lea r th a t  all th e  g ra in  b o u n d a ry  p h a s e s  (except P2 phase) c o n ta in  
v a rio u s a m o u n ts  of lith ium .

6.2.1.2. Matrix Phases

W ith in  th e  m atrix  of th e  a s  c a s t m ateria l, a  fine d isp e rs io n  of p a rtic le s  w as 
found  (Figure 6 .6 (a)). T he p rec ip ita te s  p o ssessed  e ith e r  a  p la te  o r a  rh o m b o h ed ra l 
m orphology. Figure 6 .6 (b) show s a  typical rh o m b o h ed ra l sh a p e d  particle . As w ith 
th e  g ra in  b o u n d a ry  p a rtic le s  one of th e  m ost re g u la r  an d  s trik in g  fea tu re  w as th a t  
all p a r tic le s  d isp lay ed  g ro ss  s t ru c tu ra l  inhom ogeneity . H igh re so lu tio n  im ages
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Figure 6 .6 . D etails of m atrix  p h a se s  in c a s t m ate ria l A l.
(a) BF m ic ro g rap h  show ing  d is tr ib u tio n  of m a trix  

p h ases.
(b) BF m icrograph  show ing a  typ ical rh o m b o h ed ra l 

sh ap ed  particle.
(c) H igh re so lu tio n  im age revealing  m o d u la tio n  of 

p la n a r  defects norm al to th e  length  of a  particle.
(d) SADP of 6 .6  (c); s treak in g  a b o u t th e  d iffraction  

spo ts due to p lan ar defect s truc tu re .
(e) Matrix Particles (labelled and M^)
(f) SADP from of 6.6(e); close to 

[100] FCC. LA = 42.44 mm A
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(Figure 6 .6 (c)) show ed a  m o d u la tio n  of p la n a r  defects ru n n in g  n o rm al to  th e  leng th  
of th e  p rec ip ita tes. The period of th e  p la n a r defect w as found  to be of th e  o rd er of 24  
A. Selected  a rea  d iffraction  p a tte rn s  su c h  a s  th a t  in  F igure 6 .6 (d) d e ta il th e  defect 
s tru c tu re , w hich  is  d isp layed  a s  a  se rie s  of paralle l s tre a k s  n o rm al to  defect p lan es 
in  th e  partic le . Q u an tita tiv e  x -ray  EDS ana lysis , sug g ested  th a t  th e se  p rec ip ita te s  
w ere Al-Cu-M g b a sed  p h a se s  having a  com position  range  of 15-19 % copper, 2 -5  w t 
% m a g n e s iu m  a n d  b a la n c e  a lu m in iu m . No o th e r  type of p re c ip ita te  p h a se  w as 
recogn ised  w ith in  th e  m atrix  w hich h a d  a  com position  beyond th is  specified range. 
F igure 6 .6 (e) show s a  p a ir  of p la te  sh ap ed  partic les (labelled a n d  M2 ). A typical 
d iffraction  p a t te rn  from  is show n  in  F igure 6 .6 (f); th e  d iffraction  p a t te rn  w as 
co n sis ten t w ith a  face cen tered  cubic s tru c tu re  w ith a  lattice p a ram e te r a G = 19.33 A 
A se rie s  of o th e r  d iffraction  p a tte rn s  were p ro d u ced  by  tilting  th e  pa rtic le  M]_, b u t 
th e  p a tte rn s  w ere n o t found  to be co n sis ten t w ith  th e  F.C.C. s tru c tu re . D iffraction 
p a tte rn s  from  a  few o th e r  partic les were exam ined a n d  it w as found  th a t  th ese  could  
be indexed  a s  F.C .C . w ith  la ttice  p a ra m e te rs  ran g in g  from  18.5 to  2 0 .0  A. T he 
d iffraction  p a t te rn s  co u ld  n o t be indexed  conclusively  a s  cub ic  o r hexagonal a n d  
hence  it w ould ap p e a r th a t  th ese  partic les have e ith e r a te tragonal, o rthorhom bic  or 
o th e r low sym m etry  s tru c tu re .

6.2.1.3. Homogenisation

Figure 6 .7  show s th e  th e rm al an a ly sis  curve for th e  p re se n t c a s t  m a te ria l a s  
de te rm in ed  by  d ifferen tial scan n in g  calorim etry . The F igure reveals a  p ro n o u n ced  
d isso lu tion  p eak  a t ab o u t 547°C. Up to 600°C  no fu rth e r change w as observed in  the  
DSC curve . U n fo rtu n a te ly , from  th e  safe ty  p o in t of view, th e  p a r t ic u la r  DSC 
eq u ip m e n t co u ld  n o t b e  u se d  bey o n d  600°C . In  o rd e r to  exam ine th e  th e rm a l 
b eh av io u r of th e  c a s t  m a te ria l above 600°C , th e  m a te ria l w as exam ined  in  a  DTA 
(differential th e rm a l analysis) u n it. The DTA curve  (not p re se n te d  here) show ed a 
p ro n o u n ced  d isso lu tio n  p e a k  a t a b o u t 6 2 2°C  im plying th a t  th e  m a te ria l s ta r ts  to 
m elt a t  th is  te m p e ra tu re . T hese re su lts  im ply th a t  a lth o u g h  th e  a c tu a l m elting  
po in t (i.e. th e  equ ilib riu m  so lid u s point) of th e  m a te ria l is h igh , th e  m a te ria l h a s  a 
n o n  equ ilib riu m  so lid u s  po in t a t  a b o u t 547°C ; co n seq u en tly , th e  h o m o g en isa tio n  
tem p e ra tu re  for th e  c a s t  m ate ria l c a n n o t exceed 547°C  if p a rtia l m elting  w ith in  th e  
m a te ria l is to be avoided. In  o rd e r to  ch eck  th is  theory , th e  c a s t  m a te r ia l w as 
a n n e a le d  a t  5 5 0 °C  fo r a  few h o u rs . The co rresp o n d in g  ligh t m ic ro s tru c tu re  is
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Figure 6.7. DSC trace of the  c a s t m ateria l A l.
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p re s e n te d  in  F igu re  6 .8 (a). T he F igure clearly  rev ea ls  th a t  p a r tia l  m e ltin g  h a s  
o ccu rred  w ith in  th e  m a te ria l b u t  a n  in te restin g  observ a tio n  is  th a t  th e  m elting  is 
co n fin ed  on ly  to  th e  tr ip le  p o in t ju n c t io n s  of th e  c a s t  m ic ro s tru c tu re .  T he 
significance of su ch  a n  observation  will be d iscu ssed  la te r in  th e  d iscu ss io n  section.

L ig h t m ic ro g ra p h s  of th e  c a s t  m a te r ia l w h e n  a n n e a le d  a t  d iffe ren t 
te m p e ra tu re s  an d  tim es are p resen ted  in  F igures 6 .8 (b-d). The F ig u res d em o n stra te  
th e  ch an g e  in  m ic ro s tru c tu re  of th e  m ateria l d u rin g  h o m ogen isa tion  tre a tm e n ts ; a  
g rad u a l red u c tio n  in  th e  volum e of th e  in te rg ran u la r p h ase  fraction  w ith  in creasing  
hom ogen isation  tem p era tu re  an d  tim e m ay clearly be noted . F igure 6 .8 (d) suggested  
th a t  th e  m a te ria l becom es alm ost com pletely hom ogenised w hen  an n ea led  a t 537°C  
for 2 4  h o u rs . The co rresp o n d in g  TEM m icrog raph  in  F igure 6.9(a) reveals a  very 
c le a n  m ic ro s tru c tu re  show ing  g ra in  b o u n d a rie s  free of an y  p rec ip ita tio n  an d  th e  
ab sen ce  of in te rg ra n u la r  c a s t p h ases . Only a n  u n ev en  d is tr ib u tio n  of very fine (3' 
(AlgZr) p a rtic le s  is p re se n t w ith in  th e  g rains.

A lthough  F igure 6.9(a) d id  n o t show  th e  p re se n c e  of a n y  g ra in  b o u n d a ry  
p rec ip ita tio n , de ta iled  m ic ro s tru c tu ra l s tu d ie s  of th e  w ro u g h t (extruded) m a te ria l 
c a rr ie d  o u t la te r  in  th is  investig a tio n  show ed th a t  th e  iro n  b e a rin g  p h a s e s  P2 
su rv iv ed  th e  h o m o g en is in g  a n n e a lin g  tre a tm e n t a n d  re m a in e d  m a in ly  a t th e  
orig inal g ra in  b o u n d a rie s . F igure 6.9(b) show s su c h  a n  iron  b ea rin g  p h a se  w ith in  
th e  w ro u g h t m a te ria l. A typ ical d iffraction  p a t te rn  d u e  to th is  p a rtic le  is  also  
show n  in  Figure 6.9(c). Q uan tita tive  x-ray  EDS an a ly sis  in d ica ted  th a t  th e  particle  
h a d  a  co m p o sitio n  of 22 % iron , 7 w t % co p p er a n d  b a la n c e  a lu m in iu m . The 
diffraction  p a tte rn  w as found to be co n sis ten t w ith  a n  o rthorhom bic  s tru c tu re .

6.3. Discussion

6.3.1. Grain Boundary Phases

Table 6 .1 su m m arise s  th e  com position of all th e  p h a se s  fo und  in  th e  p resen t 
c a s t  m a te ria l. The su m m ary  reveals th a t  th e  com position  of P 1 p h a se  is  two fold 
su c h  th a t  along th e  g ra in  b o u n d ary  in terfaces th e  p h a se  co n ta in s  m u ch  less copper 
a n d  m ag n esiu m  com pared  to th a t  p resen t a t th e  trip le  po in t ju n c tio n s ; it is evident, 
th ere fo re , th a t  th e  Al-Cu-Li-M g b a sed  p h a se s  p re se n t along  th e  g ra in  b o u n d a ry  
in te rfaces  (viz. P 1 (I)) a n d  th a t  a t  th e  trip le  po in t ju n c tio n s  (viz. P1(T)) a re  n o t th e  
sam e phase.



Figure 6.8. L ight m ic ro g ra p h s  show ing  th e  effect of a n n e a lin g  
te m p e ra tu re s  a n d  tim es on  th e  c a s t m a te r ia l A l. The 
h e a t  t r e a te d  m a te r ia ls  w ere  a ir  coo led . M a te ria l 
T re a tm e n t:
(a) 8  ho u rs a t 550°C
(b) 10 hours a t 525°C
(c) 8  hou rs a t 537°C
(d) 24 hours a t 537°C
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Figure 6.9. (a) BF m icrograph of th e  hom ogenised  m ateria l
(b) BF m ic ro g rap h  sh o w in g  a n  A l-F e-C u  b a s e d  

p artic le  a t th e  g ra in  b o u n d a ry  of th e  w ro u g h t 
s tru c tu re .

(c) SADP from the  Al-Fe-Cu b a se d  p artic le  of 6.9(b);
close to [001] orthorhobm ic; LX= 47.75 m m  A.

(d) BF m icrograph  show ing m a trix  p a rtic le s  in  c a s t  
m a te ria l A l.

(e) SADP from  p artic le  M3 of 6.9(d); close to  [034]
orthorhom bic. LX= 42.24 m m  A.

(f) SADP from  p artic le  M3 of 6.9(d); close to [001] 
orthorhom bic; LX = 42.24 m m  A.





Table 6.1. Phases Detected in the Cast Material A1

Phases present at the
Composition, wt % [balance aluminium)

Grain Boundary
Copper Magnesium Iron Silicon Lithium

1. PI 
(i) PI (T)At the triple point junctions

24-26 6 - 8 Nil 1 - 3 Not determined

(h) PI (I)Along the grain boundary 
interfaces

15-18 3 - 5 Nil ~ 1 Not determined

2. P2 7 - 9 3 - 4 15-16 ~ 1 Not present
3. P3 18 3 Nil 8 Not determined
Phases Present in the Matrix
1. P4 15-19 2 - 5 Nil Nil Not determined
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T he P1(T) p h a se  observed  in  th is  investig a tio n  is  iden tica l in  m orphology 
a n d  chem ical com position  to th a t  exam ined by O w en et al (113) u sing  b ack sca tte red  
e lec tro n  an a ly s is  an d  x -ray  EDS m icroanalysis. T he a n a ly s is  for th e  P1(T) p h ase  
b e a rs  a  s trik ing  resem blence to the  T2  (AI0 CUU3 ) p h a se  (26.9 % copper, 8  % lith ium  
an d  b a lan ce  alum in ium ) as  identified by H ardy a n d  Silcock (39). A sim ilar ana ly sis  
h a s  been  perform ed on a n  as cast alloy (Al-2.5 Cu - 3 Li - 1.4 w t % Mg) by D ubost et al 
(169); th e ir  alloy con ta in ed  a n  in terdendritic  p h ase  of com position  29 % copper, 6 .5  
w t % m ag n esiu m  a s  determ ined  by EPMA. SIMS an a ly sis  revealed tra c e s  of lith ium  
in  the  com pound a n d  so they considered it to be a n  ex tension  of th e  te rn a ry  T2  p h ase  
(28.8 % copper, 9 .6  % lithium ) w ith m agnesium  a to m s su b s titu tin g  for lith ium  up  to 
th e  com p o u n d  fo rm ula  T2  (Al0 CuLi3 _x Mgx) w ith  x  <: 1. Owen e t al (113) u sed  x-ray  
EDS an d  a  b ack sca tte red  electron im age c o n tra s t tech n iq u e  to  analyse th is  p h ase  in 
a n  AA 8090  alloy; th e  a u th o rs  m e asu red  the  atom ic n u m b e r  of th e  p h a se  an d  found 
it to be 17.0 and  found the  phase to con ta in  29 % copper an d  9 wt % m agnesium . The 
co m p u ted  atom ic n u m b e r  of th e  T2  p h a se  (based o n  th e  com position  of T2  p h ase  
repo rted  by  H ardy an d  Silcock) is  16.0, an d  th a t  o fT 2  p h ase  (reported by D ubost et 
al) w ith  m a g n e s iu m  a to m s s u b s t i tu te d  for l i th iu m  is b e tw een  16.0 an d  17.0. 
T herefore, th e  P1(T) p h a se  found  in  th is  investiga tion  cou ld  be  co n sid ered  a s  a n  
ex ten sio n  of th e  T2  p h ase . S uch  a n  in te rp re ta tio n  is  fu r th e r  su p p o rted  by th e  DSC 
re s u lts  of th e  c a s t m a te ria l rep o rted  earlie r in  sec tio n  6 .2 .1 .3 . T he p re se n t c a s t 
m a te ria l h a s  a  n o n  equ ilib rium  so lid u s po in t a t ~547°C  su c h  th a t  p a rtia l m elting  
o cc u rre d  w ith in  th e  m a te ria l w h en  th e  m a te ria l w as  h e a te d  above 547°C ; b u t  
m elting  w as only confined  to th e  trip le  po in t ju n c tio n s  [Figure 6.10(a)] w hich  is 
co inciden t w ith th e  s ite s  for th e  P1(T) p h ase . Rao a n d  S e k h a r (170) have recently  
repo rted  th a t  th e  T2  p h ase  (27.9 % copper, 6 .07 % L ith ium  an d  ba lan ce  alum inum ) 
u ndergoes m elting a t 545°C . It w ould, therefore, a p p e a r from  th e  th ree  ind ep en d en t 
a n a ly s is  te c h n iq u e s  viz. x -ray  EDS, SIMS a n d  DSC th a t  th e  P1(T) p h a se  closely 
resem b les  th e  T2  p h a se  w ith m ag n esiu m  a to m s su b s itu tin g  for lith iu m  a to m s in 
vary ing  a m o u n ts  u p  to  a  co n cen tra tio n  of 8  %. T he m ic ro s tru c tu ra l form  of th e  
P1(T) p h a se  add itionally  su g g ests  th a t  it form s to g e th e r w ith  a  a lu m in iu m  an d  th e  
Si r ich  p h a se  by  a  te rn a ry  e u tec tic  reac tio n  in  th e s e  A l-Li-Cu-M g alloys; th e  
so lid ification  p a th  c learly  m isses  th e  eu tec tic  re a c tio n s  of th e  te rn a ry  Al-Cu-M g 
sy stem  a t th is  lith iu m  concen tra tion .
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T he ch em ica l co m p o sitio n , th e rm a l b e h a v io u r  a n d  th e  c ry s ta llo g ra p h ic  
n a tu re  of th e  PI(I) p h a se  p a rtic le s  form ed along th e  g ra in  b o u n d a ry  in terfaces, on  
th e  o th e r  h a n d , su g g est th a t  th e  PI(I) p h a se  h a s  no  p a ra lle l w ith  th e  e s tab lish ed  
p h a se s  in  th e  c a s t  Al-Li-Cu-M g b a se d  alloys. The c ry sta llo g rap h ic  n a tu re  of th e  
PI(I) p h ase  is  a s  follows: no two PI(I) partic les h a d  the  sam e  la ttice  p a ram ete r; th is  
m ay  b e  a t tr ib u te d  to th e  v a ria tio n  in  com position  from  one p a rtic le  to  a n o th e r  
im ply ing  th a t  fo rm a tio n  of th e s e  p a rtic le s  is a s  a  r e s u l t  of n o n  e q u ilib riu m  
c ry s ta llisa tio n  a n d  PI(I) is a  n o n  equ ilib rium  p h a se . The PI(I) p a rtic le s  m ay  be 
indexed a s  a  F.C.C. s tru c tu re  b u t no two diffraction p a tte rn s  from  th e  sam e particle  
cou ld  b o th  be indexed a s  F .C .C .; it im plies th a t  P 1 (I) p h ase  does no t have a  F.C.C. 
s tru c tu re . The d iffraction  p a tte rn s  cou ld  n o t be indexed  conclusively  a s  cub ic  or

ehexagonal a n d  it w ould, therefore, ap p e a r th a t  th e  p a rtic le s  have e ith er te trag o n a l or 
o rtho rhom bic  or o th e r low sym m etry  s tru c tu re . It m ay  be no ted  th a t  a  diffraction  
p a tte rn  (Figure 6.5(b) d u e  to a  P 1 (I) partic le  (viz. in  F igure 6.5(a) cou ld  be also 
indexed  a s  o rth o rh o m b ic . However, th e  exact c ry s ta l s t ru c tu re  of PI(I) p h a se  
rem ain ed  u n k n o w n  d u e  to th e  in a d e q u a te  d a ta  h e re  a n d  fu r th e r  w ork  is  clearly  
requ ired  to a sc e rta in  its  tru e  form.

T he o th e r  m ajo r g ra in  b o u n d a ry  p h ase  P2 w as found  to have a  com position  
range of 15-16 % iron, 3 -4  % Mg, 7-9 % copper, ~1 % silicon a n d  ba lance  alum inium . 
In view of th e  SIMS ana ly sis  a n d  reported  iron bearin g  p h a se s  in th e  lite ra tu re , it is 
u n d e rs to o d  th a t  th e  a n a ly s is  is  in a c c u ra te  a n d  th e  P2 p h a se  does n o t co n ta in  
m agnesium . An e rro r in  th e  ana ly sis  is  expected b e cau se  th e  iron b earing  P2 p h ase  
in  th is  m ateria l is p re sen t in  very sm all volum es a n d  in  asso c ia tio n  w ith  th e  copper 
rich  P1(T) a n d  PI(I) p h ases . It is  reaso n ab le , therefo re, to  co n sid e r th a t  th e  a c tu a l 
copper co n ten t will be less  w hilst th e  ac tu a l iron co n ten t w ith in  the  pa rtic le s  will be 
m u ch  higher. Table 6.2. provides a n  acco u n t of th e  estab lish ed  iron  b earin g  p h ases  
in  v a rio u s  c a s t a n d  hom ogenised  a lu m in iu m  alloys co n ta in in g  vaiy ing  a m o u n ts  of 
copper (as a n  alloying elem ent) a n d  iron  (as a n  im purity). It m ay be n o ted  th a t  th e  
p resence  of AlgFe p h ase  in th e  c a s t m ic ro s tru c tu re  is decided by th e  iro n  co n ten t of 
th e  m a te ria l w h ilst fo rm ation  of A lgCuFe p h a se  o r A lyC u2 Fe p h a se  d u rin g  ingot 
cooling  (and  h om ogen isa tion ) d e p e n d s  on  th e  availab le  c o p p e r i.e. th e  co p p e r 
c o n te n t of th e  m a te ria l a s  well a s  th e  cooling ra te  d u rin g  solid ifcation . In^case of 
th e  p re se n t m a te ria l th e  cooling ra te  w as very h igh a n d  also  w here b o th  th e  iron 
(0.04 wt %) an d  copper (1.0 w t %) co n ten ts  of the  m ateria l are low, none of th e  p h ases  
like Al3 Fe, A lgFeCu o r A lyC u2 Fe c a n  be p re se n t in  th e  c a s t  m ic ro s tru c tu re . It is



Table 6.2. A sum m ary  of Iron B earing P hases Form ed in  th e  C ast an d  H om ogenised A lum inium  B ased  Alloys as 
Functions of Alloy Composition and Cooling Rate

Alloy C om position  
(weight %)

Phases Present Copper: Iron ratio  
(O btained from the Reference

Copper Iro n C ast M aterial H om ogenised M aterial
Alloy C om position)

2.90 0 .1 0 AlgCuFe AlyCr^Fe 29 168
1.61 1 .1 0 A13Fe FeAlg(Cu) 1.46 168
1 .2 0 0.36 AlgFe -AlgCuFe 3.33 90
1 .2 0 0.06 ~ AlgCuFe AlgCuFe 2 0 90
4.90 0.29 AlgFe + AlgCuFe 

+ A lyC ^Fe 
(cooling ra te  : 
1 0 ° C /m inute)

Al7 Cu2Fe 17 171

4.50 0.16 Not m en tioned AlyCu2Fe 28 1 1 0
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su g g ested  th a t  th e  P2 p h ase  In th e  p re sen t c a s t m a te ria l is a n  in te rm ed ia te  form  of 
th e  FeAlg p h a se  (w hich alw ays d isso lves som e a m o u n t of copper) a n d  th e  s ta b le  
A lgC uFe p h ase ; in  o th e r  w ords, th e  P2 p h a se  m a y  b e  d esc rib ed  a s  a n  u n s ta b le  
version  (FeAlg(Cu)] of th e  AlgCuFe p h ase , w hich (P2 phase) c o n ta in s  le ss  copper b u t 
a  h igher or equal am o u n t of iron  to th a t  p re sen t w ith in  th e  stab le  A lgCuFe p h ase  [7- 
8  % copper, 22-25 % iron  an d  balance a lum in ium  (172)].

Very little d a ta  h a s  b een  g a th e red  on th e  silicon  bearin g  p h a se  (P3) w hich 
w ould a p p e a r to co n ta in  su b s ta n tia l a m o u n ts  of silicon. The fact th a t  it a p p e a rs  in  
a sso c ia tio n  w ith P1(T) p h ase  su g g es ts  th a t  it m ay  p rec ip ita te  v ia a  te rn a ry  eu tectic  
re ac tio n  following th e  b in ary  a  + P i (T) eu tectic  reaction . In  view of th e  p resence  of 
P1(T) p h a se  in  th e  b ack g ro u n d  of P3 p h ase , it is  su sp ec ted  th a t  th is  p h a se  does no t 
c o n ta in  m ag n esiu m ; a lso , in  th e  li te ra tu re  s in ce  no A l-Si-C u b a s e d  p h a se  is  
repo rted , it is likely th a t  P3 is a n  Al-Si-Li-(Cu) b a sed  p hase .

6.3.2. Matrix Phase

T he co m p o sitio n  ran g e  a n d  th e  s t ru c tu ra l  fe a tu re s  of th e  m a tr ix  p h a se  
p a rtic le s  (P4) b e a r  a  strik in g  resem blence to th a t  of th e  P1(I) p a rtic le s  form ed along 
th e  g ra in  b o u n d a ry  in te rfa c es ; on ly  th e  m o rp h o lo g y  o f th e s e  tw o ty p e s  of 
p rec ip ita te s  w ere d ifferen t a n d  th is  m ay  be a ttr ib u te d  to th e  two d ifferen t s ite s  a t 
w hich th ey  form. It m ay  be noted  (Figure 6 .6 (f)) th a t  th e  m atrix  p a rtic le s  m a in ta in  
a n  o rie n ta tio n  re la tio n sh ip  w ith  th e  m a trix . No tw o m a tr ix  p a r tic le s  h a d  a n  
id en tica l co m position  a n d  hence, a s  w ould  be  expected , no two p a rtic le s  h a d  th e  
sam e la ttice  p a ra m e te r  e ither. Also, since  no  tw o d iffrac tion  p a t te rn s  from  th e  
sam e particle  could b o th  be indexed as  F.C.C., it is conclusive th a t  th ese  partic les do 
n o t have a  F.C .C . s tru c tu re ; ra th e r  a  te trag o n a l o r a n  o rth o rh o m b ic  or a lower 
sym m etry  s tru c tu re  w ould  be its  tru e  cry ta llograph ic  form. A se rie s  of d iffraction 
p a tte rn s  d u e  to o rtho rhom bic  an d  te trag o n a l s tru c tu re s  w ere, therefo re , g en era ted  
u s in g  a  p rog ram m e developed a n d  m odified by  A eberli (173) a n d  K h ataee  (174) 
respective ly  a n d  th e  p a t te rn s  w ere th e n  co m p ared  w ith  th o se  o b ta in ed  from  th e  
m atrix  p artic les. F igure 6.9(d) show s m atrix  pa rtic le s  an d , F igu res 6.9(e) an d  (f) 
show  two different diffraction  p a tte rn s  ob ta ined  from  th e  partic le  Mg. It w as found 
th a t  th e  diffraction p a tte rn  in 6.9(e) could be indexed  roughly  a s  F.C.C. w ith  lattice 
p aram eter a 0  = 19.92 A or tetragonal with lattice p aram eters  a  = b  = 14.0 A an d  c = 16 
A; how ever, th e  d iffraction  p a tte rn  in  6.9(f) could  be indexed n e ith e r  a s  F.C.C. n o r
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te tra g o n a l. H ow ever, b o th  of th e se  d iffrac tion  p a t te rn s  w ere fo u n d  to  be q u ite  
c o n s is te n t w ith  a n  o rtho rhom bic  s tru c tu re  w ith  la ttice  p a ra m e te rs  a  = 8 .0 4  A, b =
10 .56  A a n d  c = 19.86 A. Recently, Loiseau a n d  L ap asse t (176) c h a ra c te rise d  th e  
p h a se s  p re se n t w ith in  a n  A1 - 2.5 Li - 1.3 C u - 1 wt % Mg w rough t alloy an n ea led  a t 
4 0 0 °C  fo r d iffe re n t tim e s . T he a u th o r s  ex a m in e d  in  d e ta il  a  p re v io u s ly  
u n d o cu m en ted  crysta lline  p h ase  viz. C -phase p re sen t in  th e  an n ea led  m ateria l. The 
a u th o rs  suggested  th a t  th e  C p h ase  h a s  a n  average com position  of 15 % copper, 4  % 
m a g n e s iu m , ~10 % lith iu m  a n d  b a lan ce  a lu m in iu m  a n d  th e  p h a se  h a s  a  face 
cen te red  te trag o n a l s tru c tu re  w ith lattice p a ram e te rs  a  = b  = 14 A a n d  c = 20 A. The 
a u th o rs  also  observed  th a t  th e  C p h a se  could  be rough ly  indexed  a s  F.C.C. w ith  a  
la ttic e  p a ra m e te r  a 0  = 20 A. The C p h a se  w as fo und  to b e  p re se n t a t  th e  g ra in  
b o u n d a rie s  a s  well a s  w ith in  th e  m atrix; th e  p rec ip ita tes  p re se n t in  th e  m atrix  were 
fo u n d  to  m a in ta in  a n  o r ie n ta tio n  re la tio n s h ip  w ith  th e  m a tr ix  a n d  all th e  
p rec ip ita te s  co n ta in ed  a  m odu la tion  of p la n a r defects.

In  view of th e  find ings of Loiseau an d  L ap asse t (175, 176) it a p p e a rs  th a t  in  
th e  p re se n t c a s t m a te ria l th e  m atrix  p h ase  (P4) a n d  th e  PI(I) p h a se  form ed along th e  
g ra in  b o u n d a ry  in te rfa c es  a re  very  s im ila r to  th e  c ry s ta llin e  C -p h ase . It a lso  
im plies th a t  th e  m a trix  p h a se  P4 co n ta in s  s u b s ta n tia l a m o u n ts  of lith iu m  an d  is  a  
q u a te rn a ry  Al-Cu-Li-Mg p h ase . A dditionally, th e  fact th a t  th e  la ttice  p a ra m e te rs  of 
C p h a s e  a n d  th a t  of P4 p h a se  (w hen indexed as  te tragonal) a re  very  sim ila r also  
su g g e s ts  th a t  it m ay  be th a t  in itia lly  th e  P4 p a r tic le s  h av e  a n  o rth o rh o m b ic  
s tru c tu re  a n d  th e n  th e  s tru c tu re  ch an g es  to h igh sym m etry  te trag o n a l s tru c tu re  
accom pan ied  by a  ch an g e  in  com position. V erification of th is  theo ry  w ould  clearly  
req u ire  exam ination  of a  slowly cooled c a s t s tru c tu re  or a  h e a t tre a te d  c a s t m ate ria l 
w here a  change from  a n  orthorhom bic to a  te tragona l s tru c tu re  is likely to occur.

6.3.3. Homogenisation

In  view of th e  p resence  of eu tec tics  w ith in  th e  c a s t m ate ria l, th e  u p p e r lim it 
of th e  h o m o g e n isa tio n  te m p e ra tu re  is re s tr ic te d  to  below  5 4 7 °C  (the m eltin g  
te m p e ra tu re  of th e  te rn a ry  eutectic). It w as found th a t  th e  m a te ria l could  be alm ost 
com plete ly  hom ogen ised  w ith o u t any  sign  of inc ip ien t m elting  d u e  to an n ea lin g  a t 
5 3 7 °C  for 24 h o u rs . However, la te r s tu d ie s  involving ex am in a tio n  of th e  ex truded  
m a te r ia l  show ed  th a t  th e  P2 p h a se  su rv ived  s u c h  h o m o g e n is in g  a n n e a lin g  
tre a tm e n t. The iron  b earing  p h ases  p resen t in  th e  w rough t s tru c tu re  w ere found to
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have  a n  o r th o rh o m b ic  s tru c tu re  w ith  a n  average c o m p o s it io n  o f  2 2  %  iro n , 7 %  
co ppe r a n d  ba la n ce  a lu m in iu m . The  com p o s it io n  a n d  th e  s t r u c tu ra l fo rm  o f these  
phases  sugges t th a t  these  are s tab le  A lgC uFe  phase w h ic h  is  o r th o rh o m b ic  h a v in g  a 
c o m p o s it io n  range  o f  2 2 -2 4  % iro n , 7 -8  %  coppe r a n d  b a la n ce  a lu m in iu m . The  
presence  o f  A lgC uF e  phase in  th e  w ro u g h t m ic ro s tru c tu re  o f th e  p re se n t m a te r ia l is  
c o n s is te n t w ith  th e  f in d in g s  o f o th e r  w o rk e rs  (see T a b le  6 .2 ) to g e th e r w i th  th e  
in te rp re ta t io n  o n  th e  n a tu re  o f P2 phase  in  th e  ca s t m a te r ia l d is cu ssed  in  s e c tio n
6.3.1.

6.4. Summary

1. T he  as ca s t m a te r ia l A1 (A1 - 2 .5  L i - 1.0 C u  - 1.1 Mg - 0 .1 2  w t  %  Z r) h ad  a n  
equ iaxed  g ra in  s tru c tu re  a n d  th e  average g ra in  size w as fo u n d  to  be a b o u t 90  
m ic ro n s . L ig h t m ic ro s tru c tu re  o f th e  ca s t m a te r ia l revea led  th a t  e lem en ta l 
p a r t i t io n in g  o c c u r re d  d u r in g  s o l id i f ic a t io n  r e s u l t in g  in  se co nd  pha se  
p re c ip ita t io n  w i th in  th e  g ra in s  as w e ll as a t th e  b o u n d a r ie s  b e tw een  th e  
g ra in s .

2. T he  th e rm a l b e h a v io u r o f th e  ca s t m a te r ia l w as  c h a ra c te r is e d  b y  d if fe re n t ia l  
s c a n n in g  c a lo r im e try  a n d  d if fe re n t ia l th e rm a l a n a ly s is  s tu d ie s . I t  w a s  
fo u n d  th a t  a lth o u g h  th e  e q u il ib r iu m  s o lid u s  p o in t  o f  th e  m a te r ia l is  a t a  
c o n s id e r a b ly  h ig h e r  te m p e ra tu re  ( - 6 2 2 ° C), th e  m a te r ia l h a s  a n o n  
e q u i l ib r iu m  s o lid u s  a t a b o u t 5 4 7 °C  im p ly in g  th a t  a e u te c t ic  h a s  fo rm ed  
d u r in g  s o lid if ic a t io n  as a re s u lt  o f n o n  e q u il ib r iu m  c ry s ta ll is a t io n .

3. A t th e  in te rg ra n u la r  s ites fo u r  phases (viz. P1(T), P I( I) , P2 a nd  P3) were fo u n d  
w h ils t  in  th e  m a tr ix  o n ly  one type  o f phase (viz. P4) w as p re sen t. The phases  
were  ch a ra c te r is e d  as fo llow s :

(a) P1(T) p h a se : i t  w as p re sen t a t th e  t r ip le  p o in t ju n c t io n s  in  th e  fo rm  o f a 
la m e lla r  e u te c t ic  [th e  o th e r  phase  b e in g  a  ( a lu m in iu m ) l.  I t  h a d  a 
c o m p o s it io n  range  o f 2 4 -2 6  % coppe r, 6 - 8  w t %  m a g n e s iu m  a nd  ba la n ce  
a lu m in iu m . S IM S ana ly s is  showed th a t i t  c o n ta in s  s u b s ta n t ia l a m o u n ts  o f  
l i t h iu m  an d  th e  th e rm a l c h a ra c te r is t ic s  o f th is  phase  w e re  fo u n d  to  be su ch  
th a t  i t  m e lts  a t 5 4 7 °C . These re s u lts  sugge s t th a t  P1(T) phase  m a y  be
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con s id e re d  to  be an  e x te n s io n  o f T 2 (A ^ C u L ig )  phase  (hav ing  a c o m p o s it io n  
o f 2 6 .9  %  coppe r, 8  w t  %  l i t h iu m  a nd  ba la n ce  a lu m in iu m , a n d  a m e lt in g  
te m p e ra tu re  o f 5 4 5 °C ) w i th  m a g n e s iu m  a to m s  s u b s t i tu t in g  fo r  l i t h iu m  
a tom s  u p  to  a c o n ce n tra tio n  o f  8  %.

(b) P I( I I  p h a se : T h is  phase  w as p re sen t a lo ng  th e  g ra in  b o u n d a ry  in te rfa ce s  
h a v in g  a c o m p o s it io n  range  o f 15 - 18 % coppe r, 3 -5  % m a g n e s iu m  and  
b a la n ce  a lu m in iu m . S IM S  a n a ly s is  revea led  th e  p resence o f  l i t h iu m  a t th e  
g ra in  b o u n d a r ie s  and  hence  i t  is  suggested th a t  P1(I) is  a q u a te rn a ry  A l-C u -  
L i-M g  based  phase . I t  w as  fo u n d  th a t th e  P I( I)  p a r t ic le s  m a y  be in dexed  as  
F .C .C . (a lth o u g h  n o t co nc lu s ive ly ) w ith  la t t ic e  p a ram e te rs  a0 ra n g in g  fro m  
19 to  2 6  A . T he  c o m p o s it io n a l and  th e  s t r u c tu ra l c h a ra c te r is t ic s  o f P I( I)  
phase  b e a r a s tro n g  resem b lence  to  th e  c ry s ta ll in e  C -phase  obse rved  in  th e  
hea t tre a te d  A A  8090  a lloys .

(c) P2 p h a se : T h is  phase  w as p re sen t in  sm a ll v o lum e s  in  a s so c ia tio n  w ith  
P1(T) a nd  P I( I)  phases. The P2 phase had  an  average c om po s it io n  o f 15 -16  %  
iro n , 7 -8  %  coppe r, 3 -4  %  m agne s ium  and  b a la n ce  a lu m in iu m . E lem en ta l 
S IM S  m a p p in g  revea led  th a t  th e  P2 phases do n o t c o n ta in  m ag n e s ium  and  
l i t h iu m  im p ly in g  th a t  th is  is  an  A l-F e -C u  based  phase . I t  is  sugges ted  th a t  
th e  P2 phase  is  a m e ta s ta b le  v e rs io n  o f A lg C u F e  phase . T h e  P2 phase  
p a r t ic le s  w e re  d if f ic u l t  to  f in d  in  a th in  fo il fo r  T E M  s tu d y  a n d  hence  th e  
c ry s ta llo g ra p h ic  d e ta ils  o f th is  phase rem a in ed  unspe c ifie d .

(d) P3 pha se : T h is  phase  w as p re sen t in  a s so c ia tio n  w ith  th e  P1(T) phase  a t 
th e  t r ip le  p o in t  ju n c t io n s  in  v e ry  s m a ll v o lu m e s . I t  h a d  a n  ave rage  
c o m p o s it io n  o f 18 % coppe r, 3 % m a g n e s iu m , 8  %  s il ic o n  a n d  b a la n ce  
a lu m in iu m . I t  w as suggested  th a t P3 m ig h t be a n  A l-S i-L i- (C u ) based phase. 
M a in ly  in  v ie w  o f  v e ry  s m a ll v o lu m e s  o f  th e se  p a r t ic le s  th e  e xa c t 
c o m p o s it io n  as w e ll as its  c ry s ta llo g ra p h ic  fo rm  re m a in s  u n k n o w n .

(e) P4 p h a s e : T h is  w as th e  o n ly  phase  p re se n t in  th e  m a t r ix  o f th e  ca s t 
m a te r ia l. I t  h a d  a com po s it io n  range o f 15 -19  % coppe r, 2 -5  % m agnes ium ,  
an d  b a la n ce  a lu m in iu m . The  p a r t ic le s  c o n ta in e d  a m o d u la t io n  o f  p la n a r  
de fec ts  a nd  th e y  m a y  be indexed  as F .C .C . (a lth o u g h  n o t conc lu s ive ly ) w ith  
la t t ic e  p a ra m e te r aQ ra n g in g  fro m  18.5 to  ~ 20  A . One m a t r ix  p a r t ic le  was
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4. A n  o p t im u m  h om ogen is a tio n  schedu le  w as e s ta b lis h e d  fo r  th e  p re se n t ca s t 
m a te r ia l. A n n e a lin g  fo r  2 4  h o u rs  a t 5 3 7 °C  re s u lte d  in  com p le te  d is s o lu t io n  
o f a ll th e  as c a s t phases  (except P2) w ith o u t  a n y  s ig n  o f in c ip ie n t  m e lt in g .  
The  A l-F e -C u  based p a r t ic le s  p re sen t a t th e  g ra in  b o u n d a r ie s  o f th e  w ro u g h t  
m a te r ia l h a d  a n  ave rage c o m p o s it io n  o f 22  % iro n , 7 w t % co p p e r a nd  
ba la n ce  a lu m in iu m . The p a rtic le s  h ad  a n  o r th o rh o m b ic  s tru c tu re  a nd  i t  is  
suggested th a t th e y  are th e  A l0 CuFe phase.
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CHAPTER SEVEN

CHARACTERISATION OF THE AS EXTRUDED MICROSTRUCTURE 
AND MECHANICAL PROPERTIES

7.1. Introduction

T he  p re s e n t c h a p te r  is  c o n c e rn e d  w i th  th e  e x t ru s io n  p ro c e s s in g  o f  
hom ogen ised  a llo y  A l .  E x tru s io n  was p e rfo rm ed  ove r a w id e  range  o f p ro cess ing  
v a r ia b le s  w h ic h  p ro d u c e d  e x tru d a te s  h a v in g  a v a r ie ty  o f  g ra in  a n d  s u b g ra in  
s tru c tu re s . V a r ia t io n  in  g ra in  a nd  s u b g ra in  m o rp h o lo g y  is  in te rp re te d  in  te rm s  o f  
th e  v a r io u s  p ro cess ing  p a ram e te rs  em p loyed  a n d  th e  m e ch a n ism s  re sp o n s ib le  fo r  
r e c r y s ta l l is a t io n  in  th is  a llo y  s ys tem  are d is cu s se d  in  d e ta il. T he  m e c h a n ic a l 
p ro p e rt ie s  o f  th e  as e x tru d e d  m a te r ia l a re co rre la te d  w ith  th e  e x tru s io n  p ro cess ing  
c o n d it io n s . T he  n a tu ra l and  a r t i f ic ia l age ing responses o f th e  as e x tru d e d  m a te r ia ls  
are a lso  d iscussed .

7.2. Results

7.2.1. Extrusion Processing

F ig u re  7 .1 de fines  th e  v a r ia t io n  in  m a x im u m  e x tru s io n  p re ssu re  re q u ire d  a t  
v a ry in g  in i t ia l  b i l le t  te m p e ra tu re s  v iz . 4 00 , 4 5 0  a n d  5 0 0 °C , a nd  e x tru s io n  ra t io s  
ra n g in g  fro m  20 :1 to  80 :1 . The d a ta  m ay  be f it te d  l in e a r ly : th e  p re ssu re  re q u irem en t  
de c reases  w i th  in c re a s in g  te m p e ra tu re s  fo r  a p a r t ic u la r  e x t ru s io n  ra t io  a n d  
in c re a se s  w ith  in c re a s in g  e x tru s io n  ra t io s  fo r  a p a r t ic u la r  te m p e ra tu re . V a r ia t io n  
in  e x tru s io n  p re ssu re  re q u ire d  a t v a ry in g  ra m  speeds v iz . 3, 7 a nd  15 m m /s e c . is  
sh o w n  in  F ig u re  7 .2 . I t  m ay  be no te d  th a t in c re a s in g  ra m  speed ha s  th e  e ffec t o f 
ra is in g  th e  re q u ire d  p re ssu re  a t a n y  e x tru s io n  ra t io  a nd  tem pe ra tu re .

T he  te m p e ra tu re  r is e  d u r in g  e x tru s io n  w as  c a lc u la te d  u s in g  a p ro g ram m e  
deve loped b y  C ooper (177). The tem pe ra tu re  rise  d u r in g  e x tru s io n  due  to  th e  in i t ia l  
b il le t  tem pe ra tu re s  o f 400 , 450  and  500 °C  (and the  e x tru s io n  ra t io  o f 20 :1  a nd  a ram  
speed o f 3  m m /se c ) w as de te rm ined  to  be 90 , 6 6  a nd  4 5 °C  respec tive ly . The h ig he s t 
p ro ce s s in g  te m p e ra tu re  w as , th e re fo re , re s tr ic te d  to  th e  use  o f a n  in i t ia l  b i l le t
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Figure 7.1. V aria tion  in  p eak  p re ssu re  a s  fu n c tio n s  of in itia l billet 
tem p era tu re  an d  ex tru sio n  ratio.

Figure 7.2. V ariation in peak  p re ssu re  as  a  function  of ram  speed.



te m p e ra tu re  o f 5 0 0 °C  In  o rd e r to  a vo id  th e  r is k  o f in c ip ie n t m e lt in g . O n  th e  o th e r  
h a n d  th e  m a te r ia l c o u ld  n o t be e x tru d e d  w i th in  th e  lo a d  c a p a c ity  o f  th e  p re ss  
em p loyed  be low  3 5 0 °C , u s in g  an  e x tru s io n  ra t io  o f 20 :1  and  th e  low es t ra m  speed. I t  
w as  a lso  fo u n d  th a t  th e  su rfa ce  q u a li ty  o f a l l th e  e x tru s io n s  p ro d u c e d  ove r th e  
p ro ce ss in g  range  w as  ve ry  good im p ly in g  th a t  th e  h o m o ge n is a tio n  t re a tm e n t g iven  
to  a llo y  A 1 be fo re  e x tru s io n  w as app ro p r ia te .

7.2.2. Extrudate Grain Structure

7.2.2.1. Effect of Extrusion Processing Variables

U n d e r a ll p ro cess ing  c o n d it io n s , e x tru s io n s  p ro d u ce d  m ic ro s tru c tu re s  w h ic h  
va r ie d  th ro u g h  th e  e x tru d e  sec tion : th e  la y e r im m e d ia te ly  a d ja c e n t to  th e  su rfa ce  
w as  f u l ly  re c ry s ta ll is e d  a n d  th e  m id  ra d iu s  lo c a t io n  w as  p a r t ia l ly  re c ry s ta ll is e d  
m e rg in g  in  w ith  th e  co re  s tru c tu re  w h ic h  w a s  e s s e n tia lly  u n re c ry s ta ll is e d . T he  
p e r ip h e ry  o f th e  e x tru d a te s  re c ry s ta llis e d  u n d e r  a ll im posed  p rocess  c o n d it io n s : a 
re s u lt  o f  th e  h ig h  s t r a in  a nd  s tra in  ra te  e xpe rie n ced  b y  th e  su rfa c e  m a te r ia l as i t  
tra ve rse s  th e  d e fo rm a tio n  zone. B o th  th e  g ra in  m o rp h o lo g y  o f th e  su rfa ce  la ye rs  as 
w e ll as th e  d e p th  o f  th e  re c ry s ta ll is e d  p e r ip h e ry  v a r ie d  w i th  th e  e x t ru s io n  
p ro cess ing  c o n d it io n s : a t e x tru s io n  tem pe ra tu re s  above 4 5 0 °C , a v e ry  fin e  equ iaxed  
s tru c tu re  [F igu re  7.3(a)] w as p roduced  w ith  a g ra in  size o f a b o u t 5 -1 0  m ic ro n s  w h ils t  
a t lo w e r te m p e ra tu re s  th is  coa rsened  [F ig u re  7 .3 (b )] re s u lt in g  in  c o n s id e ra b le  
v a r ia t io n s  in  th e  g ra in  size. In c re a s in g  th e  e x tru s io n  te m p e ra tu re , e x tru s io n  ra t io  
o r  ra m  speed in c re a sed  th e  d e p th  o f th e  re c ry s ta ll is e d  su rfa ce  la y e r a nd  th e  core  
in c re a s in g ly  e x h ib ite d  p a r t ia l re c ry s ta ll is a t io n  (F igu res  7 .3  a nd  7.4). In c re a s in g  th e  
r a m  speed  f r o m  3 -1 5  m m /s e c  o n ly  s l ig h t ly  in c re a s e d  th e  a m o u n t  o f  
r e c r y s ta l l is a t io n .  C h a n g in g  th e  re d u c t io n  ra t io s  f ro m  20 :1  to  8 0 :1 , how eve r, 
p ro d u ce d  a b igge r change  in  th e  a m o u n t o f re c ry s ta ll is a t io n . U s in g  th e  app ro x im a te  
e q u a tio n  (124) fo r  s t r a in  ra te , e = (6v  In  R ) /D  (w here , v  is  th e  ra m  speed, R  is  th e  
e x tru s io n  ra t io , a n d  D  is  th e  in i t ia l  b i l le t  d iam e te r), i t  is  c le a r th a t  re c ry s ta ll is a t io n  
is  n o t se n s itiv e  to  s t r a in  ra te  changes b u t  ra th e r  to  s tra in  change  v ia  th e  v a r ia t io n  
in  R, th e  e x tru s io n  ra t io ; i t  m a y  be no ted  th a t th e  s t ra in  ra te  in c reases  b y  a fa c to r o f 
5 w h e n  th e  ram  speed inc reases from  3 m m /s e c  to  15 m m /s e c , w h ils t ,  b y  in c re a s in g  
th e  e x tru s io n  ra t io  fro m  2 0 :1  t o 8 0 : l ,  th e  s t r a in  ra te  in c reases  b y  a fa c to r  o f o n ly  
a bou t 1.5. C ons ide ra tio n  o f F igu res 7 .3  and 7 .4  suggest th a t  th e  e x tru s io n  ra tio  has a 
s tro n g  in f lu e n ce  o n  th e  e x tru d a te  s tru c tu re . T he  e x tru s io n  te m p e ra tu re , however,
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Figure 7.3. Light m ic ro g rap h s  of th e  a s  ex tru d e d  g ra in  s tru c tu re  
(L ongitudinal section);
(a) N ear surface; 500°C  (initial b ille t tem p era tu re ), 

20:1 (extrusion ratio), 3 m m /se c  (ram  speed).
(b) Near surface; 400°C, 20:1, 3 m m /sec .
(c) Core, 500°C, 20:1, 3 m m /sec.
(d) M id-radius, 500°C, 80:1, 3 m m /sec .
(e) Core, 500°C, 80:1, 3 m m /sec.
(f) Core, 400°C, 50:1, 3 m m /sec.
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a lw a ys  h a d  th e  e ffe c t o f  in c re a s in g  th e  to ta l a m o u n t o f re c ry s ta ll is a t io n  u n d e r  a n y  
d e fo rm a tio n  c o n d it io n . In  o th e r w o rd s , th e  in f lu e n t ia l ro le  o f  th e  e x tru s io n  ra t io  
w a s  m u c h  m o re  e v id e n t a t h ig h e r  p ro c e s s in g  te m p e ra tu re s , im p ly in g  t h a t  
re c ry s ta ll is a t io n  in  th e  p re se n t a llo y  s ys tem  is  s t r a in  in d u c e d  a n d  is , o f co u rse , 
th e rm a lly  a c tiv a te d .

A  c o n s is te n t fe a tu re  o f th e  re c ry s ta ll is a t io n  w as i ts  b a n ded  n a tu re  a n d  th e  
p ro x im ity  o f th e  n u c le a t io n  p o in ts  to  o r ig in a l g ra in  b o u n d a r ie s  (as s h o w n  in  
F ig u re s  7 .3  - 7 .4 ) im p ly in g  th a t  h ig h  ang le  b o u n d a r ie s  o f o r ig in a l g ra in s  are th e  
p la ces  o f g re a te s t in h om ogene ity . H ow eve r, i t  m a y  be n o te d  th a t  a p a r t f ro m  th e  
presence  o f a re c y s ta llis e d  a n n u lu s  a t th e  su rface , re c iy s ta ll is a t io n  a lw ays  o c cu rre d  
n o n u n ifo rm ly  w i th in  th e  o th e r a reas o f th e  e x tru de s . The  le ve l o f  re c ry s ta ll is a t io n  
w as n o t s y s te m a tic a lly  m easu re d  as a fu n c t io n  o f th e  p rocess  p a ram e te rs . In  th e  
ex trem e  case o f 8 0 :1  e x tru s io n  ra t io  a n d  th e  h ig h e s t p ro ce ss in g  te m p e ra tu re  th e  
vo lum e  fra c t io n  re c ry s ta llis e d  w as n o t fo u n d  to  exceed 3 0  %.

7.2.2.2. Effect of Isothermal Annealing

The  p re s s  q u e n c h e d  e x tru d a te s  w e re  a n n e a le d  a t 5 3 0 °C  u n d e r  a rg o n  
a tm osphe re  fo r  5 h o u rs . T he  re s u lta n t m ic ro s tru c tu re s  as show n  in  F ig u re s  7 .4  (a)-
(c) i l lu s t ra te  th e  e ffec t o f  is o th e rm a l a n n ea lin g  u p o n  th e  e x tru d a te  g ra in  s tru c tu re s .  
The  e x tru d e d  s t ru c tu re s  were ve ry  s tab le  a nd  e x trem e ly  re s is ta n t to  fu r th e r  s ta t ic  
re c ry s ta ll is a t io n . T he  o n ly  n o tic eab le  changes  th a t  o c c u rre d  w e re  m a in ly  a t th e  
su r fa c e  a nd  a t th e  m id - ra d iu s  lo c a tio n , s u ch  th a t  th e  fin e  g ra in s  p re s e n t a f te r  
e x tru s io n  u n d e rw e n t g ra in  g row th . P ro lo ng ing  th e  a n n e a lin g  tim e  o r in c re a s in g  th e  
a n n e a lin g  te m p e ra tu re  (up  to  580 °C ) caused  o n ly  fu r th e r  g ro w th  o f  th e  e x is t in g  
s m a ll g ra in s  b u t  th e  co re  s t ru c tu re  re m a in e d  u n re c ry s ta ll is e d . A n  in te re s t in g  
fe a tu re  is  th a t  even th e  e x tru s io n s  pe rfo rm ed  a t low e r tem p e ra tu re s  d id  n o t e x h ib it  
a n y  te n d en cy  to  u n d e rg o  s ta t ic  re c iy s ta ll is a t io n  d u r in g  th e  s o lu t io n  soak .

7.2.2.3. Effect of Variations in Cooling Rate Post Deformation

In  a fu r th e r  e xpe rim en t, a t the  end o f h o t d e fo rm a tio n  th e  e x tru d e d  m a te r ia l 
w as a llow ed  to  coo l in  a ir . T he  re s u lta n t  m ic ro s t ru c tu re s  w e re  g e n e ra lly  v e ry  
s im i la r  to  th o se  o f  th e  p re s s  q u e n c h e d  e x tru d a te s  p ro d u c e d  u n d e r  s im i la r



160

F igu re  7.4. L ig h t  m ic r o g r a p h s  o f  th e  e x t r u d e d  m a te r ia l  
(L o n g itu d in a l sec tions )
(a) M id - ra d iu s ; 4 5 0 °C , 20 :1 , 3 m m /s e c ; annea led  a t  

530 °C  fo r 5 h o u rs  u n d e r a rgon  a tm osphere .
(b) Core; 4 50 °C , 20 :1 , 3 m m /s e c ; annea led  a t 5 3 0 °C  

fo r  5 h o u rs  u n d e r a rgon a tm osphe re .
(c) M id - ra d iu s ; 4 0 0 °C , 20 :1 , 3 m m /s e c ; annea led  a t 

530 °C  fo r  5 h o u rs  u n d e r a rgon  a tm osphere .
(d) M id -ra d iu s ; 500°C , 20:1 , 15 m m /se c .
(e) Core; 500°C , 20:1 , 15 m m /sec .
(f) Core s tru c tu re  o f an  a ir  coo led  e x tru d a te ; 5 0 0 °C , 

20:1 , 3 m m /sec .
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d e fo rm a tio n  c o n d it io n s , th e  o n ly  change  be in g  th e  fo rm a t io n  o f  a few  n ew  g ra in s  
w ith in  th e  co re  s t ru c tu re  as s h ow n  in  F ig u re  7 .4 (f). A s  n o te d  e a r lie r , th e  o r ig in a l  
h ig h  a n g le  b o u n d a r ie s  w e re  f r e q u e n t ly  s e r ra te d : th e se  s e r ra t io n s  a c te d  as  
n u c le a t io n  s ite s  fo r  those  g ra in s . A p a r t fro m  th e  lim ite d  n u m b e rs  o f n ew  g ra in s , th e  
core s tru c tu re  rem a in ed  u n re c iy s ta ll is e d .

7.2.3. Grain Structure Produced in Torsion

In  e x tru s io n  p rocess ing , th e re  is  in e v ita b ly  a s h o r t de la y  b e tw een  th e  end  o f 
d e fo rm a t io n  a n d  th e  q u e n ch in g  o f  th e  m a te r ia l. To  c h e ck  w h e th e r  s u c h  a de la y  
a ffe c ts  th e  p re s s  q u e n c h e d  m ic ro s t r u c tu re s ,  th e  h om o g e n is e d  m a te r ia l w as  
de fo rm ed  in  to rs io n  a t 5 0 0 °C  a t a s tra in  ra te  o f 0 .3  se c "* . T he  d e fo rm a tio n  w as  
s to p p ed  in  th e  s teady  s ta te  reg im e  a t a s t ra in  v a lu e  o f 2 .5  a n d  th e  m a te r ia l w as  
im m e d ia te ly  quenched . The re s u lta n t m ic ro s tru c tu re s  are show n  in  F ig u re  7 .5 . The  
F ig u re  c le a r ly  show s th e  p resence o f sm a ll re c ry s ta llis e d  g ra in s  in  th e  n e a r su rfa ce  
a n d  m id - r a d iu s  lo c a t io n s  w h i ls t  th e  co re  is  c o m p le te ly  u n re c ry s ta ll is e d . In  
c o m m o n  w i th  th e  as e x tru d e d  m ic ro s t r u c tu re s ,  i t  is  w o r th  n o t in g  th a t  th e  
n u c le a t io n  s ite s  o f  th e  new  g ra in s  w e re  a lw ays  c o n fin e d  to  th e  re g io n s  a d ja ce n t to  
th e  o r ig in a l g ra in  b o u n d a r ie s . F ig u re  7 .5  a lso in d ic a te s  th e  fo rm a t io n  o f se rra te d  
h ig h  ang le  b o u n d a r ie s  a nd  n u c le a t io n  o f sm a ll g ra in s  a t th o se  s ite s  (see F ig u re  
7.5(a)). H ow eve r, no  re c iy s ta ll is e d  su rfa ce  la ye r w as  p ro d u ce d  in  to rs io n  im p ly in g  
th a t  th is  is  a re s u lt  o f th e  severe s u rfa c e  s t r a in s  in  e x tru s io n . In  a fu r th e r  
e x p e r im e n t, u n d e r  s im ila r  d e fo rm a tio n  c o n d it io n s , th e  h o t d e fo rm ed  m a te r ia l w as  
q u e n c h e d  f i r s t  a n d  th e n  th e  d e fo rm a t io n  w a s  s to p p e d . T h e  r e s u l ta n t  
m ic ro s tru c tu re s  w e re  fo u n d  to  be id e n tic a l to  those  s h ow n  in  F ig u re  7 .5 ., im p ly in g  
th a t  th e  obse rved  re c iy s ta lla t io n  is  indeed  d ynam ic .

7.2.4. Development of Subgrain Structure

U n d e r a ll e x tru s io n  c o n d it io n s  th e  as e x tru d e d  m ic ro s t ru c tu re s  e x h ib ite d  
w e ll recovered s u b g ra in  s tru c tu re s . D eve lopm en t o f s u ch  s u b g ra in  s tru c tu re s  a t the  
co re  o f  th e  e x tru d a te s  is  p re sen ted  in  F ig u re  7 .6 . T he  F ig u re  show s  th e  e ffec t o f 
e x tru s io n  te m p e ra tu re  in d ic a t in g  a decrease in  s u b g ra in  s ize w ith  d e c re a s in g  
te m p e ra tu re  a n d  il lu s tra te s  th e  d ra m a tic  e ffec t o f  e x tru s io n  ra t io . T he  s u b g ra in s  
are e q u ia xe d  a t a n  e x tru s io n  ra t io  o f 20 :1  (F igu re  7 .6 (a )] b e com in g  m o re  c lo se ly  
spaced  a n d  e longa ted  in  th e  e x tru s io n  d ire c t io n  a t a ra t io  o f  80 :1  [F ig u re  7.6(e)],



Figure 7.5. L ig h t m ic ro g ra p h s  sh ow in g  g ra in  s t ru c tu re  p ro d u c e d  in  
to rs io n  (deform ed a t 5 00 °C ; to ta l s t ra in  = 2.5).
(a) N ea r su rface
(b) N ea r su rface
(c) M id - ra d iu s
(d) co re
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F igu re  7.6. B F  m ic ro g ra p h s  s h o w in g  d e v e lo p m e n t o f  s u b g ra in  
s tru c tu re s  a t th e  core o f the  as e x truded  m a te r ia l.
(a) 500°C , 20:1.
(b) 450 °C , 20:1.
(c) 400°C , 20:1.
(d) 500°C , 50:1.
(e) 500°C , 80:1.
R am  speed  b e in g  3 m m /s e c . T E M  m ic ro g ra p h s  o f  
lo n g itu d in a l sec tions .
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F ig u re  7 .7 (a ) i l lu s t r a te s  th e  v a r ia t io n  in  s u b g ra in  m o rp h o lo g y  a c ro ss  th e  e x tru d e  
sec tio n ; t h in  fo ils  fo r  T E M  were m ade  fro m  th e  m id - ra d iu s  lo c a tio n  o f  a n  e x tru d a te  
p ro d u ce d  a t 5 0 0 °C  a n d  20 :1  e x tru s io n  ra tio . The re s u lta n t m ic ro s tru c tu re  revea led  
th a t  th e  s u b g ra in s  w e re  sm a lle r in  size, m o re  c lo se ly  spaced a nd  e longa ted  a long  th e  
e x tru s io n  d ire c t io n  com pa re d  to  th o se  p re se n t a t th e  co re  o f  th e  sam e e x tru d a te  
[com pare F igu re  7.6(a) w ith  F igu re  7.7(a)]. F igu re  7.7(b) show s the  su b g ra in  s tru c tu re  
a t th e  m id - ra d iu s  lo c a t io n  o f a n  e x tru d a te  p ro d u ce d  a t 4 0 0 °C  an d  50 :1  e x tru s io n  
ra t io . T he  c om b in e d  e ffec t o f h ig h e r s tra in  a nd  lo w e r te m p e ra tu re  o n  th e  s u b g ra in  
m o rp h o lo g y  m a y  c le a r ly  be no ted : th e  s u b g ra in s  a re  m o re  c lo se ly  spaced, e longa ted  
and  sm a lle r in  size. V a r ia t io n  in  s u b g ra in  m o rp h o lo g y  ac ross  th e  e x tru d e  se c tio n  is  
c le a r ly  a re s u lt  o f  th e  p resence o f a s tro n g  s tra in  g ra d ie n t ac ro ss  th e  e x tru d e  se c tio n  
w he re  th e  s t ra in  is  m a x im u m  a t th e  su rfa ce  a nd  m in im u m  a t th e  core. T he  effect o f  
s t ra in  o n  s u b g ra in  m o rp h o lo g y  is  n o t g e n e ra lly  re cogn ised  a lth o u g h  H o llin s h e a d  
and  S heppa rd  (132) have repo rte d  su ch  a n  e ffec t d u r in g  th e  ro ll in g  on  a n  A l-1  Mg - 1 
w t % M n  a llo y .

D e ta ile d  e x a m in a tio n  o f th e  s u b g ra in  s t ru c tu re s  revea led  th a t  u n l ik e  p u re  
a lu m in iu m  a n d  m a n y  o f  i ts  a llo ys , th e  s u b g ra in  b o u n d a r ie s  in  th is  m a te r ia l w ere  
no t, in  gene ra l, o f low  ang le  type ; ra th e r , th e  ang le  o f  m is o r ie n ta t io n  across m a n y  o f 
these  b o u n d a r ie s  were o fte n  fo u n d  to  exceed 5 -1 0 ° . A lso , w ith  in c re a s in g  s tra in  th e  
s u b g ra in s  w e re  fo u n d  to  be in c re a s in g ly  m is o r ie n te d . F ig u re  7 .7(c) show s  th e  
s u b g ra in  s tru c tu re  a t th e  m id -ra d iu s  lo c a tio n  o f a n  e x tru d a te  p roduced  a t 500 °C  and  
a t 50 :1  e x tru s io n  ra t io . A s  ev idenced  b y  th e  se lec ted  a rea  d if f ra c t io n  p a tte rn s  th e  
ang le  o f  m is o r ie n ta t io n  across som e o f th e  b o u n d a r ie s  o f s u b g ra in  P is  as h ig h  as  
1 8 ° . F u r th e r  e x a m in a t io n  o f th e  s u b g ra in  s t r u c tu re s  re vea led  th a t  u n d e r  a n y  
d e fo rm a tio n  c o n d it io n  th e  s u b g ra in s  fo rm e d  a d ja c e n t to  th e  o r ig in a l h ig h  ang le  
b o u n d a r ie s  w e re  m o re  m is o r ie n te d  th a n  th o se  fo rm e d  aw ay  fro m  th e  o r ig in a l  
b o u n d a r ie s .  T h e  m e c h a n is m s  in v o lv e d  in  th e  fo rm a t io n  o f  th e se  h ig h ly  
m iso r ie n te d  su b g ra in s  a re  de ta ile d  in  th e  d is cu s s io n  sec tion .

7.2.5. Recrystallisation Mechanisms

Press quenched  e x tru d a te s  were exam ined  b y  TE M  in  o rd e r to  de te rm in e  th e  
m e ch a n ism s  re s p o n s ib le  fo r  re c ry s ta ll is a t io n  in  th is  a llo y  s ys tem . In s p e c tio n  b y  
T E M  revea led  th a t  u n d e r  a ll e x tru s io n  c o n d it io n s , b u t  n o ta b ly  a t low e r e x tru s io n  
ra t io s , re c ry s ta ll is a t io n  o c cu rre d  b y  lo c a l m ig ra t io n  o f o r ig in a l g ra in  b o u n d a r ie s .
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F igu re  7.7. BF (a ,b ) &  DF(c) m ic o g ra p h s  s h o w in g  d e ve lo pm en t o f 
su b g ra in  s tru c tu re s , in  the  as e x tru ded  m a te r ia l.
(a) M id -ra d iu s  500 °C , 20 :1 , 3 rnm /se c .
(b) M id -ra d iu s  400 °C , 50:1 , 3 m m /se c .
(c) M id -ra d iu s , 500 °C , 50:1 , 3 m m /se c .





170

F ig u re  7 .8(a) i l lu s t r a te s  th is  m e c h a n ism  in  w h ic h  th e  p o r t io n  o f th e  h ig h  ang le  
b o u n d a ry  l im i t in g  th e  bu lge  is  p in n e d  b y  th e  second  phase  (viz. A l-F e -C u  based  
phase) p a r t ic le s  ( la b e lle d  a nd  P2 ). Se lected a rea  d if f ra c t io n  p a tte rn s  cove rin g  
th e  p e r ip h e ry  o f th e  b u lg e  re g io n  (from  A ,B , C) c o n firm e d  th e  h ig h  m is o r ie n ta t io n  o f  
i t s  in te r fa c e  w ith  th e  s u r ro u n d in g  m a tr ix .  F ig u re  7 .8 (b ) show s n u c le a t io n  o f w h a t  
appea rs  to  be a s m a ll g ra in  a d ja c e n t to  a n  o r ig in a l g ra in  b o u n d a ry  b y  th e  sam e  
m ech a n ism ; th e  b u lg in g  o f th e  o r ig in a l g ra in  m a y  be v iew ed  to  be o c c u r r in g  fro m  
b e low  th e  p la n e  o f  v ie w  o f th e  m ic ro g ra p h . S e lec ted  a rea  d if f r a c t io n  p a t te rn s  
c o v e r in g  th e  p e r ip h e ry  o f  th e  b u lg e  ( la b e lle d  X ) re g io n  c o n f irm e d  th e  h ig h  
m is o r ie n ta t io n  o f its  in te r fa ce  w ith  th e  s u r ro u n d in g  m a tr ix .

TE M  revea led  th a t  th is  b u lg in g  m e ch a n ism  w as  su p p lem en te d  b y  a second  
p rocess a t h ig h e r d e fo rm a tio n  ra te s  a nd  tem pe ra tu re s . F ig u re  7.9(a) il lu s tra te s  th e  
m e ch a n ism  in vo lve d . S u b g ra in s  lo ca te d  in  th e  v ic in i t y  o f a n  o r ig in a l h ig h  ang le  
g ra in  b o u n d a ry  (the  o r ig in a l b o u n d a ry  is  n o t s h o w n  in  th e  m ic ro g ra p h ) e x h ib it  a 
ve ry  h ig h  degree o f m is o r ie n ta t io n  w ith  n e ig h b o u r in g  s u b g ra in s  as in d ic a te d  b y  th e  
se lec ted  a rea  d if f r a c t io n  p a tte rn s . T h is  im p lie s  th a t  r o ta t io n  re c ry s ta ll is a t io n  is  
a lso o c cu rr in g . In  th is  m echan ism , these s u b g ra in s  m u s t ro ta te  to  accom m oda te  the  
in h om ogeneou s  s t r a in  a t th e  o r ig in a l b o u n d a ry  th u s  fo rm in g  a n ew  h ig h  ang le  
b o u n d a ry  w ith  b o th  o r ig in a l g ra in s . These new  g ra in s  w e re  fre q u e n t ly  observed to  
c o n ta in  s u b s tru c tu re s  (e.g. th e  s u b -b o u n d a ry  w i th in  s u b g ra in  S; see F ig u re  7.9(a)) 
in d ic a t in g  th e  p ro cess  to  be d y n a m ic  a nd  s im i la r  to  th a t  re c e n t ly  s h o w n  to  be  
re sp o n s ib le  fo r  re c ry s ta ll is a t io n  d u r in g  h o t d e fo rm a tio n  in  A l-M g  a llo y s  (143).

A t  h ig h e r  d e fo rm a tio n  ra te s  a n d  te m p e ra tu re s , T E M  a lso  re vea led  th e  
fo rm a t io n  o f som e v e ry  la rge  s u b g ra in s  (h a v in g  ave rage d ia m e te rs  o f ~ 2 0  j im  
com pa re d  to  th e  ty p ic a l s u b g ra in  s ize o f th e  o rd e r  o f 1 - 1 0  pm  in  th e  p re se n t  
m a te r ia l)  a d ja cen t to  t ra n s it io n  b an d s  (viz. d e fo rm a tio n  bands ). F ig u re  7.9(b) shows  
one s u c h  s u b g ra in  ( la b e lle d  A ). F o rm a t io n  o f s u c h  s u b g ra in s  is  c o m m o n  in  
a lu m in iu m  a n d  m a n y  o f  its  a llo y s  (178) d u r in g  a n n e a lin g  o f th e  h o t d e fo rm ed  
m a te r ia l a n d  is  a t t r ib u te d  to  th e  g ro w th  (v ia coa lescence) o f  th e  s u b g ra in s  b y  th e  
ro ta t io n  m e ch a n ism  ( ra th e r th a n  b y  m ig ra t io n  o f s u b -b o u n d a r ie s ) in  p re fe re n tia lly  
de fo rm ed  reg ions  o f th e  m a te r ia l s u ch  as d e fo rm a tio n  band s . The re s u lt  is  th a t  th e  
la rge  coa lesced s u b g ra in s  become re c ry s ta ll is a t io n  n u c le i. In  v iew  o f th e  re lu c ta n ce  
o f th e  p re s e n t m a te r ia l to  u n d e rg o  s ta t ic  re c iy s ta l l is a t io n  (see s e c tio n  7 .2 .2 .2 ), 
to g e th e r  w i th  th e  fa c t  th a t  s u b g ra in  r o ta t io n  is  th e  p r in c ip a l m e c h a n is m
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F igu re  7.8. (a) T E M  B F  m ic r o g r a p h  i l l u s t r a t i n g
re c r y s ta l l is a t io n  b y  g ra in  b o u n d a ry  b u lg in g
m e ch a n ism  in  th e  as e x tru d e d  m a te r ia l;  5 0 0 °C ,  
20:1, 3 m m /sec .

(b) T E M  B F  m ic r o g r a p h  i l l u s t r a t i n g
re c r y s ta l l is a t io n  b y  g ra in  b o u n d a ry  b u lg in g
m e ch a n ism  in  th e  as e x tru d e d  m a te r ia l; 5 0 0 °C ,  
20:1, 3 m m /sec .
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F igu re  7.9. (a) TE M  BF  m ic ro g ra p h  i l lu s t r a t in g  d e ve lo pm en t o f  
h ig h ly  m is o r ie n te d  s u b g ra in s  a d ja c e n t to  th e
o rig in a l bounda rie s ; 5 00 °C , 50 :1 , 15 m m /se c .

(b) T E M  B F  m ic ro g ra p h  s h o w in g  a la rg e  s u b g ra in
( labe lle d  A) in  th e  as e x tru d e d  m a te r ia l;  5 0 0 °C ,  
50:1, 15 m m /sec .
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re s p o n s ib le  fo r  re c ry s ta ll is a t io n  in  th is  m a te r ia l a t h ig h e r  d e fo rm a tio n  ra te s  a nd  
te m p e ra tu re s , i t  is  sugges ted  th a t  fo rm a t io n  o f  th e se  la rge  s u b g ra in s  to o k  p lace  
d u r in g  th e  d e fo rm a tio n  p rocess p rope r. T h is  is  fu r th e r  ev idenced b y  th e  p resence o f 
w e ll k n i t  s u b -b o u n d a r ie s  a n d  loose d is lo c a tio n s  w ith in  s u b g ra in  ’A ’ w h ic h  s h o u ld  
have been  rem oved  h a d  th e  ro ta t io n  o f th e  s u b g ra in s , fo llo w in g  coa lescence , ta k e n  
p lace  a fte r  h o t d e fo rm a tio n . Se lected a rea  d if f ra c t io n  p a tte rn s  across th e  in te rfa ce s  
o f s u b g ra in  A ,  F ig u re  7 .9 (b ), c o n firm e d  its  h ig h  m is o r ie n ta t io n  w ith  re spec t to  i ts  
n e ig h b o u rs . H owever, d e ta ile d  e x a m in a tio n  o f  th e  e x tru d a te  m ic ro s t ru c tu re s  b y  
T E M  re ve a le d  th a t  r e c r y s ta l l is a t io n  b y  th is  m e c h a n is m  w a s  n o t  a re g u la r  
phe n om eno n  in  th is  m a te r ia l.

M a te r ia ls  h o t de fo rm ed  v ia  to rs io n  w e re  a lso  exam ined . TE M  revea led w e ll 
re co ve re d  s u b g ra in  s t r u c tu re s .  I t  w a s  fo u n d  t h a t  r e c r y s ta l l is a t io n  p r im a r i ly  
o c c u rre d  b y  th e  g ra in  b o u n d a ry  b u lg in g  m e ch a n ism . A d d it io n a lly ,  T E M  revea led  
th e  p re se n ce  o f h ig h ly  m is o r ie n te d  s u b g ra in s  a d ja c e n t to  th e  o r ig in a l g ra in  
b o u n d a r ie s  a n d  th e  d e fo rm a t io n  b a n d s  in d ic a t in g  th a t  r e c r y s ta l l is a t io n  a lso  
o c c u r re d  b y  r o ta t io n  re c r y s ta ll is a t io n .  These  o b s e rv a t io n s  s u g ge s t th a t  th e  
re c ry s ta ll is a t io n  in  to rs io n  is  e s e n tia lly  s im ila r  to  th a t  in  e x tru s io n .

7.2.6. Precipitation within the As Extruded Microstructure

M ic ro s t ru c tu ra l s tu d ie s  were c a rr ie d  o u t o n  e x tru d e d  m a te r ia l w h ic h  h a d  
been  h e ld  a t ro om  te m p e ra tu re  fo r  1 m o n th  p r io r  to  e x a m in a tio n ; som e n a tu ra l  
age ing  w i l l  th e re fo re  have  ta k e n  p lace . T E M  re vea le d  th a t  u n d e r  a l l p ro cess  
c o n d it io n s  a v e ry  f in e  d is t r ib u t io n  o f 5 ' phase  p a r t ic le s  w as  p re s e n t w i th in  th e  
m ic ro s t ru c tu re s .  W ith in  th e  e x tru d a te s  p ro d u c e d  a t th e  h ig h e s t p ro c e s s in g  
te m p e ra tu re , no  o th e r p re c ip ita te  phase  c o u ld  be de te c ted . Howeve r, w i th in  th e  
e x tru d a te s  p ro ce sse d  a t lo w e r  te m p e ra tu re s , T E M  re ve a le d  a d d i t io n a l ly  a 
he te rogeneous  d is t r ib u t io n  o f coa rse  second  phase  p a r t ic le s  (F ig u re  7 .10(a )). In  
gene ra l, th e  p a r t ic le s  were a lig ned  a long  th e  e x tru s io n  d ire c tio n . The p a r t ic le s  h ad  
an  average size o f a b o u t 1 m ic ro n  a nd  q u a lita t iv e  x - ra y  E D S  a n a ly s is  sugges ted  th e y  
were co ppe r r ic h  A l-C u -M g  based  phase p a rtic le s . T he  p a r tic le s  were p re se n t w i th in  
th e  m a t r ix  as w e ll as a t th e  g ra in  a nd  s u b g ra in  b o u n d a r ie s  o f th e  m a te r ia l. I t  w as  
a lso  fo u n d  th a t  fo rm a t io n  o f  these  p re c ip ita te s  w a s  a s tro n g  fu n c t io n  o f  th e  
p ro c e s s in g  te m p e ra tu re  s u c h  th a t  th e  n u m b e r  d e n s ity  o f  th e se  p a r t ic le s  w as  
m a x im u m  a t th e  low es t p rocess ing  tem pe ra tu re .
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F igu re  7.10. TE M  B F  m ic ro g ra p h s  show ing
(a) p re c ip ita t io n  o f second phase p a r t ic le s  in  th e  as

ex truded  m a te ria l; 400 °C , 20 :1 , 3 m m /se c .
(b) P re c ip ita t io n  o f h e lice s  in  th e  m a te r ia l e x tru d e d

a t 500 °C  and  NA  1 m on th ; <112>  A1 o r ie n ta t io n .
(c) H e te rogeneous S (and T ]J  p re c ip ita t io n  in  the

m a te r ia l e x tru d e d  a t 500 °C , NA  2 m o n th s , A A  24  
h ou rs  a t 190°C.

(d) Hom ogeneous, a nd  he te rogeneous (on d is lo c a tio n  
loops) S p re c ip ita t io n  in  th e  m a te r ia l e x tru d e d  a t
500 °C , NA 2 m on th s , A A  24 h o u rs  a t 190°C .
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T E M  a d d it io n a lly  revea led  p re c ip ita t io n  o f  d is lo c a t io n  lo o p s  a n d  h e lic e s  
w ith in  th e  n a tu ra l ly  aged m ic ro s tru c tu re s  (F igu re  7 .10 (b )). H owever, excep t w i th in  
th e  e x tru d a te s  p ro d u c e d  a t th e  h ig h e s t e x t ru s io n  te m p e ra tu re , th e  p resence  o f  
d is lo c a tio n  loops w as a ra re  event. I t  is  suggested  th a t  th e  reasons  fo r  th is  are tw o  
fo ld : f ir s t ly ,  th e  to ta l n u m b e rs  o f va canc ie s  dec reased  w ith  de c re a s in g  e x tru s io n  
te m p e ra tu re s  and , second ly , th e  loose d is lo c a tio n s  w h ic h  w e re  p re s e n t in  g re a te r  
n u m b e rs  in  th e  e x tru d a te s  p ro d u ce d  a t low e r te m p e ra tu re s  ac ted  as s in k s  fo r  th e  
vacanc ie s  re leased d u r in g  n a tu ra l ageing.

7.2.7. As Extruded Mechanical Properties

7.2.7.1. Tensile Properties

T e n s ile  te s t in g  w a s  p e r fo rm e d  on  e x t ru d a te s  p ro c e s s e d  a t v a ry in g  
tem pe ra tu re s  and  e x tru s io n  ra tio s  and  a ram  speed o f  3 m m /se c . in  o rd e r to  eva lua te  
th e  c o n t r ib u t io n  o f  th e  p ro ce ss in g  v a r ia b le s  to  th e  f in a l p ro p e r t ie s  w i th o u t  th is  
be in g  m a ske d  b y  th e  e ffec ts  o f h ea t tre a tm e n t. A lth o u g h , be fo re  th e  te n s ile  te s ts  
were m ade , th e  spec im ens were u n a vo id a b ly  n a tu ra l ly  aged fo r  2 weeks. The  te n s ile  
da ta  are p resen ted  in  g ra p h ic a l fo rm  in  F igu re  7 .11  a nd  in  ta b u la r  fo rm  in  Tab le  7.1 .

T he  re s u lts  in d ic a te  th a t  th e  te n s ile  s t re n g th  in c re a se d  w ith  in c re a se d  
te m p e ra tu re  a n d  e x tru s io n  ra tio . A lso , i t  m a y  be n o te d  th a t  im p ro ve m e n ts  in  th e  
u lt im a te  te n s ile  s tre n g th  (UTS) due  to  in c re a s in g  te m p e ra tu re  and  e x tru s io n  ra t io  
were  m o s t m a rk e d  a t lo w e r e x tru s io n  ra t io s  a n d  lo w e r e x t ru s io n  te m p e ra tu re s  
re spec tive ly . F o r exam p le , a t 20 :1  e x tru s io n  ra t io , th e  UTS in c reased  b y  100 MPa  
over th e  e x tru s io n  tem pe ra tu re  range as com pa red  to  a n  increase b y  a b o u t 40  MPa at 
80 :1 ; s im ila r ly ,  a t a n  in i t ia l  b i l le t  te m p e ra tu re  o f  4 0 0 °C , th e  UTS in c reased  b y  60  
MPa ove r th e  e x tru s io n  ra t io  range as com pa red  to  a n  in c rease  o f o n ly  5 MPa a t 
500°C .

The p rocess ing  va ria b le s  had  a s im ila r  e ffect o n  th e  p ro o f s tre ss  excep t a t the  
h ig h e s t p ro cess ing  tem pe ra tu re  w he re  the  p ro p e rtie s  were observed to  decrease w ith  
in c re a s in g  e x tru s io n  ra t io .

In  c o n tra s t to  UTS and  p ro o f s tre ss , d u c t i l i t y  w as  re la t iv e ly  in s e n s it iv e  to  
th e  p ro ce ss in g  va r ia b le s ; a lth o u g h , u p  to  50 :1  e x tru s io n  ra t io , a g e ne ra l t re n d  o f
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Reduction r a t io

• 500°CV 
t 450°cl 
■ 400°C

In itia l
b ille t
tem pe ra tu re

F igu re  7 .11. V a r ia t io n  in  as e x t ru d e d  te n s i le  ( lo n g i t u d in a l )  
p ro p e rtie s  as fu n c t io n s  o f e x tru s io n  te m p e ra tu re s  a n d  
e x tru s io n  ra tio s .



Table 7.1. As Extruded Tensile Properties*(Longitudinal)

E x tru s io n  R a tio In it ia l B ille t Tem pera tu re

500PC 45CPC 40CPC

UTS : 476 435 377
(M N /m 2 )

20:1 0.2 % PS : 345 295 205
(M N /m 2)

% E lo n g a tio n  : 12 11 1 0

50:1 UTS: 482 445 425
0.2 % PS : 327 287 240
% E lo n g a tio n  : 13 12 11

80.1 UTS : 481 472 441
0.2 % PS : 300 312 274
% E lo n g a tio n  : 13 13 11

* E ach  va lue  is  th e  average o f tw o  va lues  ob ta ined  fro m  tw o  id e n tic a l te s ts

Tab le 7.2 As E x truded  Hardness (VHN \ o) Da ta

In i t ia l  B i l le t  
Tem pe ra tu re  (°C)

E x tru s io n  R a tio  

2 0 :1 30:1 40:1

400 69 75 102

450 72 78 115

500 77 113 116
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in c re a s in g  d u c t i l i t y  w ith  in c re a s in g  e x tru s io n  ra t io  a n d  te m p e ra tu re  m a y  be no ted . 
A lso , th e  re s u lts  in d ic a te  th a t  th e  d u c t i l i t y  w as le a s t w he re  th e  v o lu m e  fra c t io n  o f  
th e  A l-C u -M g  based phase  p a r tic le s  w as g rea te s t a n d  th e  degree o f re c ry s ta ll is a t io n  
w as leas t a fte r e x tru s io n  a t 400 °C .

7.2.7.2. Hardness Data

B e fo re  th e  te n s ile  te s ts  w e re  m ade , th e  s p e c im e n s  w e re  u n a v o id a b ly  
n a tu ra l ly  aged fo r  a b o u t 2 weeks. F o r th a t  reason , h a rd n e ss  m ea su rem en ts  w e re  
a lso  ta k e n  la te r  in  th e  as e x tru d e d  c o n d it io n  w ith in  2  h o u rs  o f th e  e x tru s io n s  be ing  
pe rfo rm ed . The h a rd n e ss  d a ta  are p re sen ted  in  T ab le  7 .2 . I t  m a y  be n o te d  th a t  a 
v e ry  c o n s is te n t t r e n d  o f  in c re a s in g  h a rd n e s s  v a lu e s  o f th e  e x tru d a te s  w i th  
in c re a s in g  te m p e ra tu re  a n d  e x tru s io n  ra t io  w a s  o b ta in e d . T he  h a rd n e s s  va lu e  o f  
a n y  p re s s  q u e n ch ed  e x tru d a te  is  p r in c ip a l ly  d u e  to  th e  fo l lo w in g  fa c to rs : th e  
s u b s t ru c tu re  o f e x tru d e , fo rm a tio n  o f p re c ip ita te  phases  o n  q u e n c h in g  and , s o lid  
s o lu io n  h a rd e n in g  d ue  to  th e  e lem en ts  (e.g. in  th is  m a te r ia l m a in ly  due  to  
m a g n e s iu m ) p re s e n t. T he  p re s e n t o b s e rv a t io n s  c le a r ly  in d ic a te  th a t  th e  
c o n t r ib u t io n s  due  to  th e  la t te r  tw o  fa c to rs  a re  m o re  s ig n if ic a n t in  th e  p re s e n t  
m a te r ia l .

7.2.7.3. Artificial Ageing Response

The  age h a rd e n in g  cu rve s  fo r  th e  e x tru d a te s  p ro du ced  a t 4 0 0 °C  and  5 0 0 °C  
re sp e c tiv e ly  are s h ow n  in  F ig u re  7 .12 . T he  e x tru d a te s  w e re  n a tu ra l ly  aged fo r  tw o  
m o n th s  be fo re  th e y  w e re  a r t i f ic ia l ly  aged a t 190 °C . F ig u re  7 .1 2  in d ic a te s  th a t th e  
4 0 0 °C  e x tru d a te  a lw ays  h ad  in fe r io r  p ro p e rtie s  com pa red  to  th e  5 0 0 °C  e x tru d a te .  
The in i t ia l  h a rd ne ss  va lue s  o f th e  e x tru d a te s  be fo re  age ing a t 190 °C  we re  a lso q u ite  
d iffe re n t sugges ting  an  in fe r io r  n a tu ra l age ing response o f th e  4 0 0 °C  e x tru da te . The  
re s u lts  a lso  show  th a t in  th e  case o f th e  4 0 0 °C  e x tru d a te , th e  m a x im u m  h a rd ne ss  
(i.e. 147 V .H .N .) w as o b ta in ed  a fte r 10 h o u rs  a t 190 °C  beyond  w h ic h  u p  to  24  h o u rs  
th e  h a rd n e s s  v a lu e s  re m a in e d  a lm o s t c o n s ta n t fo llo w e d  b y  a r a p id  decrease in  
ha rd n e ss  w ith  in c re a s in g  age ing tim es . In  c o n tra s t th e  5 0 0 °C  e x tru d a te  show ed a 
m u c h  h ig h e r  pea k  h a rd n e s s  va lu e  (i.e. 158 V .H .N .) a f te r  24  h o u rs  a t 1 90 °C , th e  
ha rd n e ss  rem a ined  a lm os t c o n s ta n t u p  to  72 h o u rs  and  ove rag ing  w as  o n ly  g ra d u a l 
be yond  th a t  tim e . W ith in  th e  peakaged m ic ro s tru c tu re  o f th e  5 0 0 °C  e x tru de , TE M
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F igu re  7 .12. A r t i f ic ia l  age ing  response  a t 190 °C  o f th e  e x tru d a te s
p ro du ced  a t 4 0 0  and  5 0 0 °C , 20 :1 , 3 m m /s e c  a nd  N A  2 
m o n th s .
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re vea led  c o -p re c ip ita t io n  o f  8 ' a n d  S phases  hom ogeneous ly  d is t r ib u te d  w ith in  th e  
m ic ro s tru c tu re ; a d d it io n a lly , S phase  w as  fo u n d  to  n u c le a te  h e te rogeneous ly  a t th e  
loose d is lo c a tio n s  w ith in  th e  s u b g ra in s , a t th e  s u b g ra in  b o u n d a r ie s  a nd  u p o n  th e  
d is lo c a tio n  loops [F igu res 7.10(c) a nd  (d)].

7.3. Discussion

7.3.1. As Extruded Mechanical Properties

The  gene ra l in c rease  in  u lt im a te  te n s ile  s tre n g th  (and  th e  h a rd n e s s  va lues) 
w ith  in c re a s in g  e x tru s io n  te m p e ra tu re  a nd  e x tru s io n  ra t io  is  sugges ted  to  be due , 
p r in c ip a lly ,  to  th e  s o lu t io n is in g  e ffe c t o f th e  te m p e ra tu re  o f th e  em e rgen t e x tru de .  
T h is  is  in c re a sed  due  to  e ith e r in c reased  th e rm a l ene rg y  o r  c o n ve rs io n  o f w o rk  to  
hea t d u r in g  th e  p rocess. T E M  revea led th a t e x tru d a te s  p ro du ced  a t 5 0 0 °C  rem a ined  
s in g le  phase  d u r in g  e x tru s io n  w h ils t  a t lo w e r te m p e ra tu re s  th e  p re s s  q uen ched  
m ic ro s tru c tu re s  w e re  fo u n d  to  c o n ta in  coarse A l-C u -M g  based phase  p a rtic le s . A lso , 
i t  w a s  fo u n d  th a t  th e  n u m b e r d e n s ity  o f these  p a r t ic le s  w as m a x im u m  w ith in  th e  
e x tru d a te s  p ro d u ce d  a t th e  low es t p ro cess ing  te m p e ra tu re  a n d  e x tru s io n  ra t io . I t  
w o u ld  be, th e re fo re , expec ted  th a t  w i th  in c re a s in g  p rocess  h e a tin g  th e  s tre n g th  o f 
th e  e x tru d a te s  p rocessed a t low e r tem p e ra tu re s  w o u ld  in c rease  ra p id ly  as m o re  o f 
th e  A l-C u -M g  based  p a r t ic le s  w o u ld  go in to  s o lu t io n . S u ch  a n  in te rp re ta t io n  is  
c o n s is te n t w i th  th e  p re s e n t o b se rva tio n s . These re s u lts  a lso  in d ic a te  th a t  a n y  
s tre n g th e n in g  due  to  re d u c t io n  in  s u b g ra in  size a t lo w e r te m p e ra tu re s  is  c le a r ly  
ou tw e ighed  b y  th e  s o lu t io n is in g  e ffec t o f h ig h e r p rocess tem pe ra tu re s .

T h e  in c re a s e  in  p ro o f s tre s s  v a lu e s  w i th  e x t r u s io n  r a t io  a t lo w e r  
te m p e ra tu re s  m a y  a g a in  be a t t r ib u te d  to  th e  s o lu t io n is in g  e ffec t. A t  th e  h ig h e s t 
p ro ce s s in g  te m p e ra tu re  o n  th e  o th e r  h a n d , th e  v o lu m e  f r a c t io n  re c ry s ta ll is e d  
c o n t in u e d  to  in c rease  w ith  in c re a s in g  e x tru s io n  ra t io  a nd  is  a s so c ia te d  w ith  a 
dec reas ing  p ro o f s tress . A t low e r tem p e ra tu re s  (viz. a t 4 5 0 °C ) th e  v o lu m e  fra c t io n  
re c iy s ta ll is e d  a lso  in c reased  over th e  e x tru s io n  ra t io  range  b u t  th e  in c rease  in  p ro o f  
s tre ss  due  to  th e  s o lu t io n is in g  e ffec t c le a r ly  d om in a te d  a nd  i t  w as m o s t s ig n if ic a n t  
a t th e  low es t te m pe ra tu re  whe re  th e  re c ry s ta ll is a t io n  w as m in im u m .
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U n lik e  th e  u lt im a te  te n s ile  s tre n g th  a nd  th e  p ro o f s tre ss , d u c t i l i t y  w a s  n o t  
fo u n d  to  be sens itive  to  th e  p ro cess ing  va ria b le s . T he  re s u lts  in d ic a te  th a t  d u c t i l i t y  
decreased  w ith  in c re a s in g  vo lum e  f ra c t io n  o f th e  A l-C u -M g  based  p a r t ic le s  (and  
w ith  dec reas ing  re c ry s ta ll is a t io n ) , a n d  i t  in c reased  w ith  in c re a s in g  v o lum e  fra c t io n  
o f re c ry s ta ll is e d  g ra in s  w ith in  th e  m ic ro s tru c tu re  (as a t th e  sam e t im e  th e  v o lu m e  
f ra c t io n  o f  th e  A l-C u -M g  based p a r t ic le s  decreased). I t  is  sugges ted  th a t  th e  ro le  o f  
th e  coa rse  A l-C u -M g  based  p a rtic le s  s itu a te d  a t th e  g ra in  a n d  s u b g ra in  b o u n d a r ie s  
w as to  fa c ili ta te  th e  c ra c k  n u c le a tio n  p rocess, w he reas , th e  ro le  p la yed  b y  th e  sm a ll 
re c ry s ta llis e d  g ra in s  n u c le a te d  ad ja cen t to  th e  o r ig in a l b o u n d a r ie s  w as  to  d ire c t th e  
c ra c k  p a th , th e re b y  in h ib it in g  th e  c ra c k  p ro p a ga tio n  p rocess. In  th e  la t te r  case, th e  
re s u lt  w a s  a n  in c rease  in  d u c t i l i ty .

7.3.2. Natural and Artificial Ageing Response

A s  in d ic a te d  in  F ig u re  7 .12 , th e  4 0 0 °C  e x tru d a te  e x h ib ite d  a m u c h  sm a lle r  
n a tu ra l age ing  response  th a n  th e  5 0 0 °C  e x tru da te . I t  m a y  be e xp la in e d  as fo llow s : 
th e  s u p e r io r  n a tu ra l age ing  response  o f an  A l-L i-C u -M g  a llo y  is  la rg e ly  dependen t 
on  th e  fo rm a t io n  a n d  g ro w th  o f GP zones o f th e  A l-C u -M g  s ys tem  d u r in g  ro om  
te m p e ra tu re  age ing  (see se c tio n  5 .3 .5 ). A lso , fo rm a tio n  o f s u ch  GP zones n ecessa r ily  
d e p e n d s  o n  th e  s o lu te  (v iz . C u  + Mg) s u p e r s a tu ra t io n  a n d  th e  v a c a n c y  
su p e rs a tu ra tio n . In  the  la t te r  case, th e  vacancies m u s t be "free" i.e n o t b o u n d  a t tra p  
s ite s , i f  th e y  a re  to  enhance  GP zone fo rm a tio n  k in e tic s . In  th e  case th e  o f  4 0 0 °C  
e x tru d a te , TE M  revea led th e  presence o f A l-C u -M g  based coarse p a r t ic le s  th ro u g h o u t  
th e  m ic ro s tru c tu re  (see sec tion  7 .2 .6 ) su ch  th a t th e  so lu te  s u p e rs a tu ra t io n  is  lim ite d .  
A ls o , th e  to ta l  v a c a n c y  c o n c e n t ra t io n  d e c re a sed  w i th  d e c re a s in g  p ro c e s s  
te m p e ra tu re s . M o reove r, th e  d is lo c a t io n  d e n s ity  w a s  h ig h e r  w i t h in  th e  4 0 0 °C  
e x tru d a te  (see s e c tio n  7 .2 .6 ) and  th e  d is lo c a tio n s  a c t as s in k s  fo r  th e  va canc ie s  
re leased  d u r in g  n a tu ra l age ing . These o b se rva tio n s  im p ly  th a t  th e  p o o r n a tu ra l  
age ing  re sp o n se  o f th e  4 0 0 °C  e x tru d a te  w as due  to  th e  lo w  s o lu te  a n d  va ca n cy  
s u p e rs a tu ra t io n  in  th e  m a te r ia l.

T he  a r t i f ic ia l age ing  c h a ra c te r is t ic s  o f th e  n a tu ra l ly  aged e x tru d a te s  m a y  be 
in te rp re te d  as fo llow s . In  th e  case o f th e  5 0 0 °C  e x tru d a te , b o th  S ^ A ^ L i)  a nd  
S(A l2 CuM g) phase  p re c ip ita te s  c o n tr ib u te d  to  th e  h a rd e n in g  o f  th e  m a te r ia l,  w h ils t ,  
in  th e  case o f  th e  4 0 0 °C  e x tru d a te  th e  c o n tr ib u t io n  o f S phase  to  o ve ra ll h a rd e n in g  
o f th e  m a te r ia l w as  neg lig ib le . The re s u lt w as a m u c h  h ig h e r peak  h a rd n e ss  va lu e  in
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th e  case o f  th e  5 00 °C  ex tru da te . However, as w o u ld  be expected fo r  a m a te r ia l w ith  a 
p r io r  n a tu ra l age (see C hap te r 4) th e  ha rdness  va lue s  d id  n o t in c rease  a fte r 2 4  h o u rs  
a t 1 9 0 °C . In  th e  n a tu ra l ly  aged m a te r ia l T E M  revea led  th e  p re sence  o f la rge  
n u m b e rs  o f  h e lic e s  im p ly in g  th a t  th e  loose d is lo c a t io n s  p re s e n t in  th e  p re ss  
quenched  e x tru d a te s  ac ted  as s in k s  fo r the  u n b o u n d  vacanc ies  a nd  th is  reduced  th e  
n u m b e rs  o f  fre e  v a ca n c ie s  a v a ila b le  to  a s s is t h om ogeneou s  S p re c ip ita t io n .  
The re fo re , a lth o u g h , TE M  in d ica te d  th e  presence o f hom ogeneous S in  th e  peakaged  
m ic ro s t ru c tu re  o f  th e  5 0 0 °C  e x tru d a te , th e  n u m b e r  d e n s ity  o f  h om ogeneous  S 
p re c ip ita te s  fo rm ed  in  th is  m a te r ia l w as c le a r ly  re duced  and  th e  re s u lt  w as th a t  th e  
onse t o f ave rag ing  observed a fte r 24  h o u rs  in  s o lu t io n  tre a te d  a n d  a r t i f ic ia l ly  aged  
m a te r ia l w as in h ib ite d  b u t no fu r th e r  ha rdness  in c rease  w as  observed [c.f. s o lu t io n  
tre a te d , n a tu ra l ly  aged and  a r t i f ic ia l ly  aged m a te r ia l (see C h a p te r 8  fo r  de ta ils )].

T h e se  r e s u l ts  a d d i t io n a l ly  im p ly  t h a t  th e  e x t ru d a te s  p ro d u c e d  a t 
te m p e ra tu re s  b e lo w  5 0 0 °C  c a n n o t be a r t i f ic ia l ly  aged d ir e c t ly  w i th o u t  p r io r  
s o lu t io n  h e a t tre a tm e n t.

7.3.3. Recrystallisation

The  m ech a n ism s  re spons ib le  fo r  re c iy s ta ll is a t io n  desc rib ed  in  s e c tio n  7 .2 .5  
were a c le a r in d ic a t io n  th a t re c ry s ta ll is a t io n  o c cu rre d  u n d e r th e  in f lu e n ce  o f h ig h e r  
d e fo rm a t io n  ra te s  a n d  te m p e ra tu re s  d u r in g  th e  d e fo rm a t io n  p ro cess . T h is  is  
s tro n g ly  s u p p o rte d  b y  th e  fa c t th a t  d u r in g  to rs io n  te s ts  even w h e n  th e  d e fo rm a tio n  
w as s to p p e d  a f te r  q u e n c h in g , th e  re s u lta n t  m ic r o s t r u c tu re s  c le a r ly  re vea led  
re c iy s ta ll is a t io n . F u r th e rm o re , th e  e x tru s io n  p e rfo rm ed  a t low e r te m p e ra tu re s  d id  
n o t s u b s e q u e n t ly  re c ry s ta ll is e  d u r in g  th e  s o lu t io n  s o a k  a n d  even  w h e n  th e  
e x tru d a te s  w e re  a llo w e d  to  coo l in  a ir ,  th e  s t r u c tu re s  re m a in e d  e s s e n t ia lly  
un changed . T h is  in h ib it io n  o f s ta t ic  re c ry s ta ll is a t io n  in  Z r  c o n ta in in g  A l-L i a llo ys  
ha s  p re v io u s ly  been  obse rved  b y  M a k in  a n d  S to b b s  (156) w h o  a t t r ib u te d  th e  
p h e n o m e n o n  to  th e  s o lu te  d ra g  o f l i t h iu m  on  g ra in  b o u n d a r ie s  to g e th e r w ith  
b o u n d a ry  p in n in g  b y  A lg Z r  p re c ip ita te s  (see sec tion  2 .3 .3 . fo r de ta ils ).

E x a m in a t io n  o f  th e  e x tru d a te  g ra in  s t r u c tu re s  re vea led  th a t  h ig h  ang le  
b o u n d a r ie s  o f o r ig in a l g ra in s  w e re  th e  n u c le a t io n  s ite s  fo r  re c ry s ta ll is e d  g ra in s ,  
o ften  fo rm in g  a banded  s tru c tu re  as was also observed b y  P a rson  and  S heppa rd  (152)
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in  A l-L i-M g  a llo y s . A t  lo w e r d e fo rm a tio n  ra te s  r e c iy s ta l l is a t io n  o c c u r re d  v ia  a  
g ra in  b o u n d a ry  b u lg in g  m e c h a n ism  i.e . b y  lo c a l b o u n d a ry  m ig ra t io n  d r iv e n  b y  
d is lo c a t io n  d e n s ity  d iffe re n ce s  ac ross  th e  g ra in  b o u n d a r ie s . R e c iy s ta ll is a t io n  b y  
t h is  m e c h a n is m  c o u ld  o c c u r  e ith e r  d u r in g  o r  im m e d ia te ly  a f te r  d e fo rm a t io n  
w ith o u t  a n y  in c u b a t io n  pe rio d . T he  p re sen t o b se rva tio n s  in d ic a te  th a t  n u c le a t io n  
o f re c ry s ta llis e d  g ra in s  b y  th is  m e ch a n ism  o ccu rre d  m o s t ly  d u r in g  th e  d e fo rm a tio n  
process  p rope r.

A t  h ig h e r  d e fo rm a t io n  ra te s  r e c r y s ta l l is a t io n  o c c u r re d  b y  r o ta t io n  
r e c r y s ta l l is a t io n .  H u m p h re y s  a n d  D ru ry  (143) sh ow ed  th is  m e c h a n ism  to  be  
re s p o n s ib le  fo r  r e c r y s ta l l is a t io n  in  A l-M g  a llo y s . T he  a u th o rs  a t t r ib u te d  th is  
p h e n o m e n a  to  th e  lo w  g ra in  b o u n d a ry  m o b i l i t y  in  M g c o n ta in in g  A1 a llo ys ; a 
m ag n e s iu m  so lu te  d rag  m e ch a n ism  is  u n d e rs to o d  to  be re spons ib le  fo r  th is .  In  th is  
m e ch a n ism , th e  s u b g ra in s  fo rm ed  a d ja c e n t to  th e  o r ig in a l h ig h  ang le  b o u n d a r ie s  
are th e  p o te n t ia l n u c le i fo r  re c ry s ta ll is a t io n . These s u b g ra in s  u n d e rg o  p rog ress ive  
la t t ic e  ro ta t io n s  d u r in g  th e  d e fo rm a tio n  p ro cess  g iv in g  r is e  to  th e  fo rm a t io n  o f  
h ig h ly  m is o r ie n te d  s u b g ra in s  o r  a lto g e th e r n ew  g ra in s , th e  d r iv in g  fo rce  fo r  
ro ta t io n  b e in g  th e  in h om ogeneous  d e fo rm a tio n  a c c u m u la te d  a t th e  o r ig in a l g ra in  
bou n d a ry . T he  a u th o rs  (143) suggested th a t in  p u re  a lu m in iu m  the  g ra in  b ounda rie s  
a re  h ig h ly  m o b ile  s u c h  th a t  th e y  w i l l  m ig ra te  r a p id ly  a nd  co n sum e  th e  a d ja ce n t  
re g io n s  o f  h ig h  d is lo c a t io n  d e n s ity ,  th u s  p re v e n t in g  th e  b u i ld  u p  o f  th e  
in h om oge n e o u s  d e fo rm a tio n  a t th e  b o u n d a ry . L ik e  m a g n e s iu m , l i t h iu m  is  a lso  
re p o r te d  to  segregate to  th e  g ra in  b o u n d a r ie s  (156) a n d  hence  th e  o c cu rre n ce  o f  
r o ta t io n  re c r y s ta l l is a t io n  in  th e  p re se n t a llo y  s y s tem  m a y  be a t t r ib u te d  to  th e  
so lu te  d rag  e ffect o f b o th  m agnes ium  and  l i th iu m  on  g ra in  bounda rie s .

T he  p re s e n t o b s e rv a tio n s  show ed  th a t  r e c r y s ta ll is a t io n  in  th is  m a te r ia l 
in c re a s e d  w i th  in c re a s in g  s t r a in  a nd  te m p e ra tu re . T h is  is  c o n s is te n t w ith  th e  
re c e n t re p o r t b y  S k il l in b e rg  a n d  A s h to n  (179) w h o  a lso  obse rved  a n  in c rease  in  
re c ry s ta ll is a t io n  w ith  in c re a s in g  s t ra in  a nd  te m p e ra tu re  in  A A  8 0 90  a llo ys . These  
o b s e rv a tio n s  m a y  be e xp la in e d  as fo llow s : w ith  in c re a s in g  s tra in , th e  a m o u n t o f  
in h o m o g e n e o u s  d e fo rm a t io n  a t th e  o r ig in a l g ra in  b o u n d a ry  re g io n  in c re a se s  
p ro v id in g  th e  d r iv in g  fo rce  fo r  s u b g ra in  ro ta t io n . A lso , t i l t in g  o r  ro ta t io n  o f th e  
s u b g ra in s  in vo lve s  d is lo c a tio n  c lim b  w h ic h  is  enhan ced  b y  in c re a s in g  te m p e ra tu re  
le a d in g  to  th e  fo rm a tio n  o f re c ry s ta ll is a t io n  n u c le i m o re  ra p id ly .
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7.4. Summary

1. T he  hom ogen ised  a llo y  A1 w as e x tru d e d  o ve r a w id e  range  o f  p ro ce ss in g  
c o n d it io n s  (viz. th e  in i t ia l  b i l le t  tem p e ra tu re s  v a r ie d  fro m  4 0 0  to  5 0 0 °C , th e  
ro u n d  b a r  e x tru s io n  ra t io s  va r ie d  f ro m  2 0 : 1  to  80 :1  a n d  th e  ra m  speeds  
u t i l is e d  w e re  in  th e  range  o f  3 -1 5  m m /s e c ) . T he  m a te r ia l c o u ld  n o t be  
e x tru d e d  (w ith in  th e  load  ca p a c ity  o f th e  p re ss  em ployed) be low  3 5 0 °C  u s in g  
a n  e x tru s io n  ra t io  o f 20 :1  and  th e  low e s t ra m  speed. A ls o , th e  h ig h e s t  
p ro c e s s in g  te m p e ra tu re  w a s  re s t r ic te d  to  th e  u se  o f  a n  in i t ia l  b i l le t  
te m pe ra tu re  o f 5 0 0 °C  in  o rd e r to  avo id  in c ip ie n t m e lt in g . D a ta  on  v a r ia t io n  
in  e x tru s io n  p re s su re  re q u ire m e n t w ith  th e  p rocess  p a ra m e te rs  in d ic a te s  
t h a t  th e  o ve ra ll p re ssu re  re q u ire m e n t in c reases  w ith  in c re a s in g  e x tru s io n  
r a t io s  a n d  ra m  speeds , a n d  d e c re a s e s  w i th  in c re a s in g  e x t r u s io n  
tem pe ra tu re s .

2. U n d e r a ll p ro cess ing  c o n d it io n s , e x tru s io n  p ro d u ce d  m ic ro s tru c tu re s  w h ic h
v a ry  th ro u g h  th e  e x tru d e  sec tion : th e  su rfa ce  w as  fu l ly  re c ry s ta ll is e d  w h ils t
th e  core was essen tia lly  u n re c ry s ta llis e d . In c re a s in g  th e  e x tru s io n  ra tio ,

e x t r u s io n  te m p e ra tu re  a n d  ra m  speed  in c re a s e d  th e  d e p th  o f th e
re c ry s ta ll is e d  s u r fa c e  la y e r and  th e  co re  in c re a s in g ly  e x h ib ite d  p a r t ia l
re c iy s ta ll is a t io n . I t  is  suggested th a t  r e c iy s ta l l is a t io n  is  m o s t s e n s itiv e  tose x t r u s io n  r a t io  s u c h  th a t  r e c r y s ta l l ia t io n  a t h ig h e r  te m p e ra tu re s  is

A
enhanced  o n ly  a t h ig h e r s tra in .

3. I t  is  p roposed  th a t  re c ry s ta ll is a t io n  is  d y n a m ic  a n d  o c c u rs  b y  a g ra in  
b o u n d a ry  b u lg in g  m e chan ism  and  b y  ro ta t io n  re c ry s ta ll is a t io n .

4. T he  e x tru d e d  s t r u c tu re  is  e x tre m e ly  re s is ta n t to  s ta t ic  re c iy s ta l l is a t io n  
d u r in g  subsequen t hea t tre a tm en t.

5. U n d e r a ll p ro cess ing  c o n d it io n s , th e  as e x tru d e d  m ic ro s tru c tu re s  e x h ib ite d  
w e ll re cove red  s u b g ra in  s t ru c tu re s . T he  s u b g ra in  s ize  dec reased  w ith  
d e c re a s in g  te m p e ra tu re  w h i ls t  w i t h  in c re a s in g  e x t r u s io n  r a t io ,  th e  
s u b g ra in s  becam e m o re  c lo se ly  spaced  a n d  e longa ted  a lo n g  th e  e x tru s io n
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d ire c tio n . A  change  in  th e  s u b g ra in  m o rp h o lo g y  ac ross  th e  e x tru d e  s e c tio n  
w as a lso  obse rved  as a re s u lt o f th e  p resence o f a s tra in  g ra d ie n t ac ross  th e  
e x tru d e  se c tio n . T he  s u b g ra in  size v a r ie d  fro m  1 -10 pm  a nd  th e  s u b g ra in s  
were  fo u n d  to  be m o re  m is o r ie n te d  w ith  in c re a s in g  s tra in . A d d it io n a lly ,  
u n d e r  a n y  e x t ru s io n  c o n d it io n , th e  s u b g ra in s  fo rm e d  a d ja c e n t to  th e  
o r ig in a l b o u n d a ry  w e re  m o re  m is o r ie n te d . I t  is  s u gge s te d  th a t  th e se  
su b g ra in s  are th e  p o te n tia l n u c le i fo r  re c ry s ta ll is a t io n  a nd  a re  c o n se quen tly  
re sp o n s ib le  fo r  th e  banded  n a tu re  o f th e  re c ry s ta ll is e d  g ra in s  in  th is  a llo y  
sys tem .

6. E x tru d a te s  p ro du ced  a t 500 °C  rem a ined  s ing le  phase d u r in g  e x tru s io n  w h ils t  
a t low e r tem p e ra tu re s  coarse ($: 1 pm) coppe r r ic h  A l-C u -M g  based  p a r t ic le s  
w ere  p ro d u ce d  as a re s u lt  o f th e  th e rm a l exposu re . T he  p resence  o f these  
pa rtic le s  in flu e n ce s  th e  m e chan ica l p ro p e rtie s  o f th e  as e x tru d e d  m a te r ia l.

7. T he  te n s ile  p ro p e r t ie s  o f th e  as e x tru d e d  m a te r ia l a re  a ffe c te d  b y  th e  
p ro c e s s in g  v a r ia b le s . T he  te n s ile  s t re n g th  in c re a se s  w i th  in c re a s in g  
te m p e ra tu re  a n d  e x tru s io n  ra t io s  a n d  th is  is  a t t r ib u te d  to  th e  s o lu t io n is in g  
e ffec t as th e  p rocess  tem pe ra tu re  in c reases  d u r in g  e x tru s io n . T he  va r ia b le s  
have  a s im i la r  e ffe c t on  p ro o f s tre s s  e xcep t a t th e  h ig h e s t p ro ce ss in g  
te m p e ra tu re  w h e re  th e  p ro o f s tre s s  v a lu e s  dec rease  w i th  in c re a s in g  
e x tru s io n  ra t io s . T h is  is  c o n s is te n t w ith  th e  in c re a se d  v o lu m e  f ra c t io n  
re c ry s ta ll is e d  in  th e  m ic ro s tru c tu re s . D u c t i l i t y  is  re la t iv e ly  in s e n s it iv e  to  
th e  p ro cess ing  va r ia b le s  b u t  is  leas t w he re  th e  v o lum e  fra c t io n  o f A l-C u -M g  
based p a r t ic le s  is  g rea te s t a nd  th e  degree o f  re c ry s ta ll is a t io n  is  le as t a fte r  
e x tru s io n  a t 4 00 °C . I t  is  suggested th a t th e  A l-C u -M g  based p a rtic le s  s itu a te d  
a t th e  g ra in  b o u n d a r ie s  fa c ilita te s  th e  c ra c k  n u c le a tio n  p rocess, w he reas , th e  
sm a ll re c iy s ta l l is e d  g ra in s  n u c le a te d  a d ja c e n t to  th e  o r ig in a l b o u n d a r ie s  
d iv e r t th e  c ra c k  p a th  a n d  th e re fo re , in h ib i t  th e  c ra c k  p ro p a g a tio n  p rocess. 
In  th e  la t te r  case, th e  re s u lt is  the  inc reased  d u c t i l i ty .

8. T he  p re ss  q u e n ch ed  e x tru d a te s  re spond  to  n a tu ra l age ing ; how eve r, th e  
e x tru d a te s  p ro cessed  a t th e  low es t te m p e ra tu re  e x h ib it  a m u c h  s m a lle r  
n a tu ra l age ing response . I t  is  suggested th a t th is  is due to  th e  low  so lu te  (i.e. 
Cu + Mg) a nd  vacancy  s u p e rs a tu ra t io n  in  th e  m a te r ia l.
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9. P ress quenched  e x tru da te s , n a tu ra l ly  aged a n d  su b se q u e n tly  aged a t 190 °C , 
sh ow ed  a r t i f i c ia l  age ing  c h a ra c te r is t ic s  w h ic h  v a r ie d  w i th  e x t r u s io n  
te m p e ra tu re s : e x tru d a te s  p ro d u ce d  a t th e  low es t te m p e ra tu re  a lw a ys  h a d  
in fe r io r  m e c h a n ic a l p ro p e rtie s . I t  is  sugges ted  th a t  in  th e  case o f  5 0 0 °C  
e x tru d a te , b o th  S 'fA ^ L i)  a nd  S fA ^C u M g ) phase  p re c ip ita te s  c o n tr ib u te d  to  
th e  h a rd e n in g  o f  th e  m a te r ia l,  w h ils t ,  in  th e  case o f  4 0 0 °C  e x tru d a te  th e  
c o n t r ib u t io n  o f  S p hase  to  th e  o v e ra ll h a rd e n in g  o f  th e  m a te r ia l is  
neg lig ib le . In  th e  case o f th e  5 0 0 °C  e x tru d a te , th e  h a rd n e s s  v a lu e s  d id  n o t  
in c rease  a fte r  2 4  h o u rs  a t 190 °C  as w o u ld  be expected  fo r  a m a te r ia l w ith  a 
p r io r  n a tu ra l age. I t  is  suggested th a t th is  is due to  th e  reduced  hom ogeneous  
S p re c ip ita t io n  in  th e  m a te r ia l: th e  loose d is lo c a tio n s  p re se n t in  th e  p ress  
quenched  e x tru d a te s  ac t as s in k s  fo r  the  u n b o u n d  vacanc ies  a n d  th u s  reduce  
th e  n u m b e rs  o f  fre e  v a c a n c ie s  a v a ila b le  to  a s s is t  h o m o g e n e o u s  S 
p re c ip i ta t io n .



CHAPTER EIGHT

HEAT TREATED EXTRUDATES - THEIR MICROSTRUCTURE 
AND MECHANICAL PROPERTIES

8.1. Introduction

The w o rk  p re sen ted  in  th is  c h a p te r is  conce rned  w ith  th e  m ic ro s tru c tu re  a nd  
m e ch a n ic a l p ro p e rtie s  o f  the  h ea t tre a te d  e x tru d a te s . In i t ia l ly ,  th e  a r t i f ic ia l age ing  
re sponse  o f th e  e x tru d a te s  is  e s tab lis hed  in  th e  T 6  c o n d it io n , fo r  v a r io u s  e x tru s io n  
p a ra m e te rs  a n d  age ing  te m p e ra tu re s . T he  e ffe c t o f p r io r  n a tu ra l age ing  o n  th e  
a r t i f ic ia l  age ing  c h a ra c te r is t ic s  o f th e  e x tru d a te s  is  a lso  d is cu s se d . T he  age  
h a rd e n in g  c h a ra c te r is t ic s  o f  th e  m a te r ia ls  a re  d is c u s s e d  in  te rm s  o f  th e  
m ic ro s t ru c tu ra l changes w h ic h  ta ke  p lace.

T he  te n s ile  p ro p e r t ie s  v iz . th e  s tre n g th  a n d  d u c t i l i t y  o f th e  h e a t t re a te d  
(unde raged , peakaged  a nd  overaged) e x tru d a te s  a re  e va lu a te d  fo r  a w ide  range  o f 
e x tru s io n  p ro ce s s in g  v a r ia b le s . T he  f ra c tu re  to u g h n e s s  p ro p e r t ie s  o f  th e  h e a t  
tre a te d  e x tru d a te s  as fu n c t io n s  o f e x tru s io n  tem pe ra tu re s  a re  p resen ted . T he  e ffects  
o f v a r ia t io n  in  h e a t t r e a tm e n t  in v o lv in g  n a tu r a l  a g e in g , s t r e tc h in g ,  a n d  
c o m b in a t io n  o f n a tu ra l age ing and  s tre tc h in g  on  th e  s tre n g th , d u c t i l i t y  a n d  f ra c tu re  
to ughness  are a lso d iscussed  in  re la t io n  to  th e  m ic ro s tru c tu ra l changes p roduced .

The fra c tu re d  su rfa ces  o f fa ile d  te n s ile  and  fra c tu re  to ughne ss  spec im ens  are  
ch a ra c te r is e d  in  d e ta il a n d  v a r ia t io n s  in  th e  fa ilu re  m odes  a re  co rre la te d  w ith  th e  
de ve lo pm en t a n d  m o rp h o lo g y  o f ty p ic a l p re c ip ita te  phases  in  th e  m a te r ia l a n d  th e  
d e fo rm a tio n  m e c h a n ism s  in vo lved .

8.2. Results

8.2.1. Ageing Response

The  a r t i f ic ia l age ing  cu rves  fo r  th e  20 :1  e x tru d a te s  p ro d u ce d  a t 4 0 0 °C  a n d  
5 00 °C  re spec tive ly  are p resen ted  in  F igu re  8 .1 . The e x tru d a te s  w e re  s o lu tio n is e d  fo r  
20  m in u te s  a t 5 3 0 °C  p r io r  to  age ing a t 190°C . The F ig u re  revea ls  th a t  e x tru s io n  a t
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Ageing t im e  (h o u rs )

F igu re  8.1 . A ge ing  re sponse  o f th e  e x tru d a te s  (p ro du ced  a t 4 0 0 °C  
and  500 °C , 20 :1 , 3 m m /se c ) a t 190°C  w ith  p r io r  s o lu t io n  
tre a tm en t a t 530 °C  fo r 20  m in u te s .

Ageing t im e  (h o u rs )

F igu re  8 .2 . A ge ing  response  o f  th e  e x tru d a te s  (p ro du ced  a t 4 0 0 °C  
and  500 °C , 20 :1 , 3  m m /se c ) a t 190°C  w ith  p r io r  s o lu t io n  
tre a tm e n t a t 5 30 °C  fo r 40  m in u te s .
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e ith e r 400°C  or 500°C  resu lted  in  th e  sam e p e a k  h a rd n e s s  (viz. 159 V.H.N) b u t  th e  
4 0 0 ° C  e x tru d a te  h a d  inferior p ro p ertie s  p rio r  to  p e a k  (viz. 24  h o u rs  a t  190°C ). 
F igure 8 .2  show s th e  artificial ageing cu rves for th e  e x tru d a te s  p ro d u ced  a t sim ilar 
ex tru s io n  condition  b u t so lu tion ised  for 40  m in u te s  a t 530°C  before ageing. It m ay 
be n o te d  th a t  in c reasin g  th e  so lu tio n isin g  tim e to 40  m in u te s  d id  n o t affect th e  
ageing curve of th e  500°C  ex trudate  (compare Figure 8 .2  w ith Figure 8 .1) b u t b rough t 
th e  response  of the  400°C  extrudate  up  to th a t of th e  500°C  extruded m aterial. Later, 
in  th is  investigation , 40  m in u te s  a t 530°C  w as, therefo re, adop ted  a s  th e  s ta n d a rd  
so lu tio n  tre a tm e n t for ex tru d a tes  produced  below 500°C .

F igure  8 .3  sh o w s th e  artific ia l ageing re sp o n se  a t 170°C . A s w ould be 
expected , a  h ig h e r p e a k  h a rd n e s s  v a lu e  (e.g. 168 V.H.N. fo r th e  500 °C
ex trudate) w as ob ta ined  after 72 h o u rs  of ageing. However, F igure 8 .3  revealed th a t  
th e  4 0 0 ° C  e x tru d a te  h a d  s lig h tly  in fe rio r p ro p e r t ie s  in  th e  p e a k a g e d  a n d  
im m ediately  p o s t p eak  conditions. Figure 8 .4  show s th e  artificial ageing resp o n se  
of th e  ex tru d a te s  p ro d u ced  a t different ex tru sio n  ra tio s  (50:1 a n d  80:1) a n d  a t th e  
h ig h est p rocessing  tem p era tu re . C om parison of F igure 8 .4  w ith  F igure 8 .2  su g g ests  
th a t  in  th e  T6  condition , th e  artificial ageing resp o n se  of th e  p re se n t alloy a t 190°C 
a s  ev a lu a ted  by  th e  h a rd n e s s  m e a su re m e n ts  is  e sse n tia lly  th e  sa m e  u n d e r  all 
ex tru s io n  cond itions.

S ince th e  n a tu ra l  ageing resp o n se  of alloy A 2 w as fo u n d  to  b rin g  a b o u t 
in te re s tin g  m odifica tions in  th e  p rec ip ita tio n  m e c h a n ism s  (see C h a p te r  4  a n d  5), 
th e  n ex t s tep  of th is  investigation  w as to exam ine th e  n a tu ra l ageing ch a rac te ris tic s  
of th e  ex tru d ed  alloy A l. The ex truded  m ate ria ls  p ro d u ced  a t 500°C  w ere so lu tion  
tre a te d , w a te r q u en ch ed  a n d  were sub jec ted  to n a tu ra l  ageing. The n a tu ra l  ageing 
response  of alloy A l w as recorded over a  period of six  m o n th s an d  it w as found th a t 
th e  re s u lta n t n a tu ra l ageing curve w as iden tica l to th a t  for alloy A 2. In  a  fu rth e r  
experim en t, in  o rd er to de te rm ine  th e  effects of n a tu ra l  ageing u p o n  su b se q u e n t 
artificial ageing, th e  alloy w as so lu tion  trea ted , w a te r q u en ch ed  a n d  n a tu ra lly  aged 
for 2 4  h o u rs  p rio r to ageing a t 190°C. The re s u lts  a re  show n in  F igure  8 .5 . The 
in itia l ageing re sp o n se  (i.e. u p  to th e  p eak  aged  condition) a t 190°C  re m a in ed  
u n a lte re d  b u t th e  on se t of overageing otherw ise observed  after 24  h o u rs  a t 190°C in 
a m a te r ia l w ith o u t a p rio r n a tu ra l  age (com pare F igu re  8 .5  w ith  F igu re  8.2) is 
in h ib ited . However, F igure  8 .5  revealed  th a t  th e  4 0 0 °C  e x tru d a te  h a d  sligh tly  
inferior p roperties in th e  peak  an d  post p eak  aged cond itions com pared  to  th e  500°C
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Figure 8.3. Ageing response  of the  e x tru d a te s  (produced a t  40 0  and  
500°C, 20:1, 3 m m /sec). a t 170°C (T6  temper).
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0-1 1-0 10 100 1000  
Ageing t im e  ( h o u r s )

Figure 8.4. Ageing resp o n se  of th e  e x tru d a te s  (produced  a t 500°C , 
50:1 and  80:1, and 3 m m /sec) at 190°C (T6  temper).

Ageing t im e  (h ou rs )

Figure 8.5. Ageing response  of the ex tru d a te s  (produced a t  400  a n d  
500°C, 20:1, 3 m m /sec) a t 190°C with a prior n a tu ra l age 
of 24 hours.
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ex tru d a te .

A d eta iled  m ic ro s tru c tu ra l ex am ination  w as ca rried  o u t to  c h a ra c te rise  th e  
p rec ip ita tio n  reac tio n s an d  th e  re su lts  of th e  m ic ro s tru c tu ra l s tu d ie s  a re  repo rted  in  
th e  following sec tions.

8 .2 .1 .1 . Microstructure o f the Alloy w ithout Natural Ageing

F resh ly  so lu tio n  tre a te d  an d  w a te r q u en ch ed  m ateria l revealed  a  very c lean  
m ic ro s tru c tu re  sim ila r to th e  a s  q u en ch ed  m ic ro s tru c tu re  of alloy A 1 described  in  
sec tion  4 .2 .2 .1 . S u b se q u e n t h e a t tre a tm e n t in itially  c au sed  a  g en era l grow th of th e  
in d iv id u a l 8 ' partic les; even a fte r 5 h o u rs  a t 190°C, n o  hete ro g en eo u s p rec ip ita tio n  
of S a n d  p h ase  could  be detected a t th e  su b g ra in  boundaries. F igure 8 .6  (a) show s 
th e  8 ' p rec ip ita tio n  a n d  Figure 8 .6  (b) show s th e  ab sen ce  of an y  S o r T]_ p rec ip ita te  
p h ase  a t  th e  su b g ra in  b o u n d a rie s  in  m a te ria l aged for 5 h o u rs  a t  190°C . Prolonged 
ageing a t 190°C , how ever, b ro u g h t a b o u t fu rth e r  m ic ro s tru c tu ra l c h an g es  in  te rm s 
of ad d itio n a l p rec ip ita te  p h ases . In  th e  peakaged  cond ition  (i.e. a f te r  24  h o u rs  a t  
190°C), besides well developed 8 ' p artic les, h e te ro g en eo u s p rec ip ita tio n  of S a n d  T]_ 
p h a se  a t  th e  su b g ra in  b o u n d a rie s  w ere clearly  im aged  u sin g  TEM [Figure 8 .6 (c)]. 
A dditionally , TEM revealed  a  h o m o g en eo u s d is tr ib u tio n  of S p h a se  w ith in  th e  
m ic ro s tru c tu re  (Figure 8 .6 (d)); th is  c o n tra s ts  w ith  alloy A 2 w here, in  th e  peakaged  
co n d itio n  hom ogeneously  n u c lea ted  S p h a se  p re c ip ita te s  cou ld  n o t b e  d e tec ted . 
P rolonged ageing for 72 h o u rs  co a rsen ed  th e  8 ' p re c ip ita te s  a n d  in c re a se d  th e  
hom ogeneous S precip ita te  density  in  th e  m icro stru cu tre .

8 .2 .1 .2 . Effect o f Natural Ageing

In  o rder to exam ine th e  effect of n a tu ra l ageing u p o n  th e  q u en ch ed  m ateria l, 
sp ec im en s w ere so lu tio n  trea ted , w a te r q u en ch ed  a n d  aged a t room  te m p e ra tu re . 
TEM revealed  th a t  th e  m ajo r change in  s tru c tu ra l m orphology w as th e  grow th of 8 ' 
partic les; no  loop fo rm ation  could be detected  in  th e  m ateria l w ith  a  p rio r n a tu ra l 
age of u p  to 2 w eeks. However, in  a m ateria l n a tu ra lly  aged for a b o u t a  m o n th , TEM 
clearly  revealed th e  p resence  of d islocation  loops a n d  helices (Figure 8 .6 (e)). T hese 
re su lts  c learly  c o n tra s t w ith  th e  observations m ad e  earlie r in  th is  investiga tion  for 
alloy A 2 (see c h a p te r  4), w here loop fo rm ation  w as detec ted  in  th e  m a te ria l w ith in  
24  h o u rs  of n a tu ra l  ageing. It m ay be no ted  th a t  th e  alloy A 2 w a s  a lso  so lu tio n
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Figure 8 .6 . (a) TEM DF im age show ing 5' p re c ip ita tio n  im aged 
u s in g  (100) su p e r la tt ic e  re flec tion ; < 110>  A1
orien ta tion . M aterial trea tm en t: ST 530°C , WQ, 
AA 5 h o u rs  a t 190°C.

(b) BF im age show ing su b g ra in  b o u n d a rie s  free of 
a n y  S a n d  Tj_ p re c ip ita te . T he a rro w s  show  
p r e c ip i ta t io n  o f c o a r s e  g r a in  b o u n d a r y  
p rec ip ita tes. M aterial trea tm en t: ST 530°C , WQ 
an d  AA 5 hours a t 190°C.

(c) BF im age sh o w in g  h e te ro g e n e o u s  S a n d  T j 
p re c ip ita tio n ; c lo se  to  <112>  A1 o r ie n ta tio n . 
M aterial trea tm en t: ST 530°C , WQ. AA 24  h o u rs  
a t 190°C.

(d) BF im age show ing hom ogeneous S precip itation; 
<100> A1 o rien ta tio n . M ateria l tre a tm e n t: ST
530°C, WQ, AA 24 hours a t 190°C.

(e) BF im age show ing  p re c ip ita tio n  of d is lo ca tio n  
loops; Close to <112> A1 o rien ta tio n . M aterial 
treatm ent: ST 530OC, WQ, NA 1 m onth.

(f) BF im age show ing hom ogeneous S precip ita tion ; 
<100> A1 o rien ta tio n . M ateria l tre a tm e n t: ST
5 3 0 °C , WQ, NA 24  h o u rs  a n d  AA 24  h o u rs  a t 
190°C.
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trea ted  a t 530°C.

The quenched sam ples of alloy A1 aged for 24  h o u rs  a t room  te m p era tu re  were 
su b jec ted  to artificial ageing a t 190°C for 24  h o u rs . T he re su lta n t m ic ro s tru c tu re  
(Figure 8 .6 (f)) clearly  revealed  a n  in creased  d en sity  of hom ogeneous S p rec ip ita te s  
co m p a re d  to  th a t  in  th e  m a te ria l w ith o u t a  p r io r  n a tu ra l  age. In  a  fu r th e r  
e x p e r im e n t, th e  q u e n c h e d  sa m p le s  w ere  n a tu ra l ly  aged  for a  m o n th  a n d  
su b se q u e n tly  aged a t  190°C  for 24  h o u rs . T he c o rre sp o n d in g  m ic ro s tru c tu re  
revealed a  well developed p ic tu re  of hom ogeneous S p rec ip ita tion  (Figure 8.7(a)].

8.2.2. The Effect o f a Preageing Stretch, and Com bination o f Natural Ageing and a 
Preageing Stretch on S Phase Precipitation.

In  th e  ab sen ce  of q u en ch ed  in  defec ts in  lith iu m  co n ta in in g  a lu m in iu m  
alloys, a preageing s tre tc h  h a s  th e  effect of acce lera ting  th e  n u c lea tio n  of S p h ase  
p re c ip ita tio n  by  p rov id in g  n u c le a tio n  s ite s  in  th e  form  of d is lo c a tio n  defect 
s t ru c tu re s  (6 6 ). In  th e  p re sen t investigation , th e  ex tru d ed  m a te ria ls  w ere so lu tion  
trea ted , w a te r q uenched , s tre tch ed  (2 %) an d  th e n  artificially  aged a t  190°C  for 24 
h o u rs .  T he r e s u l ta n t  m ic ro s tru c tu re s  rev ea led  th a t  S p h a s e  h a s  fo rm ed  
h e terogeneously  on d is locations in tro d u ced  by  th e  s tre tch ; F igure 8.7(c) show s th e  
la th s  of S p h a se  in  [100] A1 o rien ta tio n . In  a fu r th e r  ex p erim en t, th e  q u en ch ed  
m a te ria ls  were n a tu ra lly  aged for a m on th , s tre tc h e d  (2 %) an d  th e n  aged a t 190°C 
for 2 4  h o u rs . The r e s u l ta n t  m ic ro s tru c tu re s  [F igure 8 .7  (b)] revealed  th a t  th e  
in tro d u c tio n  of n a tu r a l  ageing  d id  n o t a l te r  th e  h e te ro g e n e o u s  m ode of S 
p rec ip ita tio n  in  th e  p resence  of a preageing stre tch ; th is  is evidenced by th e  end  on 
la th s  of S on the  d islocation  loops a s  show n in  F igure 8 .7  (b). However, com parison  
of F igure 8 .7  (b) w ith  F igure 8 .7  (c) clearly  ind ica ted  th a t  th e  p resen ce  of n a tu ra l 
ageing in  th e  h e a t tre a tm e n t cycle h a d  th e  effect o f p ro d u c in g  m ore un ifo rm  an d  
m u ch  finer prec ip ita tion  of S u p o n  ageing a t 190°C.

T h e se  m ic ro g ra p h s  a d d itio n a lly  re v e a le d  th a t  a t  th e  p re s e n t  alloy  
co m position , T]_ p rec ip ita tio n  is very lim ited  a n d  S is  th e  d o m in a n t p rec ip ita tin g  
p h ase  of th e  two.
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Figure 8.7. TEM BF im ages show ing
(a) H o m o g e n e o u s  S p re c ip i ta t io n ;  < 1 0 0 >  A1
o rien ta tio n . M aterial T rea tm en t: ST 530°C , WQ, NA 1 
m onth , AA 24 h o u rs  a t 190°C.
(b) H e te ro g e n e o u s  S p r e c ip i ta t io n ,  < 100>  A1
o rien ta tio n . M aterial T rea tm en t: ST 530°C , WQ, NA 1
m onth , 2 % stre tch  an d  AA 24 h o u rs  a t 190°C.
(c) H e te ro g e n e o u s  S p re c ip i ta t io n ;  < 100>  A1
o rien ta tio n . M ateria l tre a tm e n t: ST 53 0 °C , W Q, 2% 
stre tch , an d  AA 24 h o u rs  a t 190°C.
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8.2.3. Coarse Grain Boundary Precipitates in the Heat Treated Material

In  th e  so lu tio n  tre a te d  m ateria l, TEM revealed  th a t  a t th e  g ra in  b o u n d a rie s  
th e  only  seco n d  p h a se  p a rtic le s  w ere rich  in  iron  (viz. A l-Fe-Cu b a se d  p h ase ; see 
C h a p te r  6 ). D uring  su b se q u e n t a rtific ia l ageing h e a t  tre a tm e n t a t  190°C , TEM 
detec ted  th e  fo rm atio n  of ad d itio n a l sm all p rec ip ita te s  a t th e  g ra in  a n d  su b g ra in  
b o u n d a rie s ; x -ray  EDS an a ly s is  su g g ested  th a t  all of th e m  co n ta in ed  s u b s ta n tia l  
a m o u n ts  of copper. In  th e  u n d e ra g e d  cond ition , th e  n u m b e r  d e n s ity  of th e se  
p re c ip ita te s  w as, in  genera l, low a n d  th e  p rec ip ita te s  h a d  a n  average d iam e te r of 
a b o u t 0 .1  pm . T hese p artic les  (as sh o w n  by  a rro w s in  F igure 8 .6 (b)) w ere often  
s u r ro u n d e d  by  d is lo ca tio n  s tru c tu re s .  Ageing th e  m a te ria l u p  to p e a k  s tre n g th  
c a u se d  th e se  p re c ip ita te s  to grow in  size an d  also c a u se d  th e  fo rm ation  of m an y  
m ore co arse  co p p e r rich  p rec ip ita te s  a t  th e  g ra in  b o u n d a rie s . T hese p re c ip ita te s  
w ere alw ays su rro u n d e d  by  5 ’ free zones. Prolonged ageing beyond  th e  p e a k  aged 
condition  c au sed  fu r th e r  grow th of th e se  p rec ip ita tes a n d  th e  w idth of th e  PFZs w as 
found to increase .

F igure  8 .8 (a) show s th e  p resen ce  of coarse  g ra in  b o u n d a ry  p rec ip ita te s  in  a 
peakaged  80:1 ex trudate . The corresponding  d a rk  field im age a s  show n in  Figure 8 .8
(b) illu s tra te s  clearly  th e  absence  of 8 ' partic les su rro u n d in g  th e  p rec ip ita te s . It 
m ay be no ted  th a t  8 ' partic les on  e ith e r  side of th e  b o u n d a ry  were clearly  im aged; 
th is  im plied th a t  th e  co a rse  p rec ip ita te s  have form ed along a  su b g ra in  b o u n d a ry . 
Q u an tita tiv e  X -ray  EDS an a ly sis  of th e se  partic les su g g ested  th a t  th e  p rec ip ita te s  
w ere rich  in  co p p er a n d  h a d  a  com position  range of 13-17 % copper, 2-5 w t. % 
m a g n e s iu m  a n d  b a la n c e  a lu m in iu m . It w ould a p p e a r  th a t  th e se  p a rtic le s  also  
c o n ta in  lith iu m , a s  local dep le tio n  of lith iu m  co n ta in in g  p h a se  8 ’ (A^Li) h a s  
o c c u rred  in  th e  reg ion  su rro u n d in g  th e se  p a rtic le s . F igure  8 .8  (c) a lso  sh o w s 
fo rm a tio n  o f c o a rse  g ra in  b o u n d a ry  p re c ip i ta te s  in  a  p e a k a g e d  m a te r ia l .  
Q u a n tita tiv e  X -ray  ED S a n a ly s is  fo r th e se  p re c ip ita te s  su g g e s te d  a  s im ila r  
com position  to th a t  ob ta ined  for th e  p rec ip ita tes show n in Figure 8 .8  (a). F igure 8 .8
(c) a lso  sh o w s a n  in t r a g r a n u la r  A l-Fe-C u b a s e d  p a r tic le . In  th e  p re s e n t  
in v estig a tio n  m an y  m ore  g ra in  b o u n d a ry  p re c ip ita te s  w ere exam ined  a n d  it w as 
found  th a t  th e  p rec ip ita te s  assoc ia ted  w ith d islocation  s tru c tu re s  were very difficult 
to im age u sin g  b righ t field im aging cond itions u n le ss  carefully  tilted  (Figure 8 .8  (d)). 
The g ra in  b o u n d a ry  p rec ip ita tes also gave in  general a  very poor co n trast.
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Figure 8 .8 . (a) BF im age sh o w in g  c o a rse  g ra in  boundary- 
p re c ip ita te s ; <110> A1 o r ie n ta tio n . M ateria l
treatm ent: ST 530°C, WQ, AA 24 h o u rs  a t 190°C.

(b) DF image of 8 .8 (a) showing 8 ’ PFZs; im aged using  
(1 0 0 ) su p erla ttice  reflection.

(c) BF im ag e  sh o w in g  c o a rse  g ra in  b oundary - 
p rec ip ita tes. M aterial trea tm en t: ST 530°C , WQ, 
AA 24  h o u rs  a t 190°C . T he m ic ro g rap h  also  
show s a n  in tra g ra n u la r  Al-Fe-Cu b ased  particle.

(d) B F im ag e  sh o w in g  c o a rse  g ra in  b o u n d a ry  
p r e c ip i t a t e s  a s s o c ia te d  w ith  d is lo c a t io n  
s tru c tu re s . M aterial tre a tm en t: ST 530°C , WQ, 
AA 24 h o u rs  a t 190°C.
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E arlie r  in  th is  in v estig a tio n , it w as re p o rte d  th a t  m a n y  of th e  su b g ra in  
b o u n d a rie s  in  th is  m a te ria l a re  n o t of low angle tilt b o u n d a ry  ty p e ;ra th e r  often they  
h a d  m iso rien ta tio n s  in  excess of 5-7°; th ey  m ay  be  b e tte r  classified , therefo re, a s  
m e d iu m  angle  g ra in  b o u n d a r ie s  (180). E a rlie r  w o rk  in  th is  in v e s tig a tio n  (see 
c h a p te r  seven) a lso  show ed  th a t  th e  s u b g ra in s  becom e m ore  m iso rie n te d  w ith  
in c reasin g  ex tru s io n  ra tio . In sp ec tio n  of th e  fully h e a t tre a te d  m a te ria ls  by  TEM 
revea led  th a t  fo rm a tio n  of th e  co p p e r rich  c o a rse  p re c ip ita te s  a t  th e  su b g ra in  
b o u n d a rie s  d epends on  th e  angle of m iso rien ta tion  ac ro ss  th e  su b  b o u n d aries . In  a 
fully h e a t tre a te d  80:1 ex tru d a te , it w as found  th a t  m ajority  of th e  su b  b o u n d a rie s  
a c ted  a s  n u c le a tio n  s i te s  for th e  co a rse  p re c ip ita te s  r a th e r  th a n  th e  S or 
p re c ip ita te s . T he r e s u l t  w as th a t  th e se  c o a rse  p re c ip ita te s  a lm o s t fo rm ed  a 
c o n tin u o u s  p rec ip ita te  film  along  th o se  su b g ra in  b o u n d a rie s . TEM revealed  th a t  
n u c lea tio n  of coarse  p rec ip ita te s  could  tak e  p lace a t su b -b o u n d a rie s  hav ing  angles 
of m iso rie n ta tio n  a s  low a s  3 °  w h ereas  fo rm ation  of S a n d  T]_ p re c ip ita tio n  w as 
detec ted  only a t th e  low er angle tilt boundaries.

8.2,4. M echanical Properties o f Heat Treated M aterial

8 .2 .4 .1 . Tensile Properties

T he tensile  p ro p erties  w ere m easu red  along th e  long itud inal d irec tion  of th e  
h e a t tre a te d  ex tru d a te s . The varia tion  in  tensile  p ro p erties  in  th e  u n d e rag ed  (UA), 
peakaged  (PA) an d  overaged (OA) conditions (T6  tem per) are p re sen ted  a s  fu n c tio n s 
of th ree  ex tru s io n  ra tio s  (viz. 20 :1 , 50:1 an d  80:1) a n d  two ex tru sio n  te m p e ra tu re s  
viz. 4 0 0 °  an d  500°C  in  F igures 8 .9  an d  8.10. The tensile  d a ta  are  also  p resen ted  in  
ta b u la r  form  in  Tables 8 .1 an d  8.2.

T he ten s ile  d a ta  revealed  th a t  v a ria tio n s  in  e x tru s io n  ra tio  h a d  only a 
m inor effect on  th e  u ltim a te  tensile  s tren g th  (UTS) a n d  th e  proof s tre s s  (PS) v a lu es 
of th e  e x tru d a te s  in  an y  ageing condition ; th e  80:1  e x tru d a te s  ex h ib ited  sligh tly  
inferior UTS an d  PS values, th is  effect being m ore n o tab le  a t th e  h ig h est p rocessing  
te m p e ra tu re  an d  in  th e  u n d erag ed  condition. V aria tio n s in ex tru s io n  tem p e ra tu re  
affected  th e  s tre n g th  values: decreasin g  ex tru s io n  te m p e ra tu re  h a d  th e  effect of 
ra is in g  th e  UTS a n d  PS v a lu e s  in  all ageing c o n d itio n s . T he ten s ile  d a ta  also 
revealed  th a t  ductility  v a lu es  alw ays increased  from  th e  u n d erag ed  to  th e  overaged
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F igure 8.9. L o n g itu d in a l te n s ile  p ro p e r tie s  o f th e  h e a t  t r e a te d  
ex tru d a tes (T6  condition) ex truded  a t 400°C .



Table 8.1 : Longitudinal Tensile Properties* of the Heat Treated (T6 Condition) Extrudates
(Initial Billet Temperature = 400°C)

Extrusion
Ageing Condition

Ratio Under Aged 
(5 Hours a t 190°C)

Peak Aged 
(24 Hours at 190°C)

Over Aged
(100 Hours at 190=0

UTS(MN/rn ) : 557 591 487
20.T 0.2 % PS 

(M N/m) : 518 523 377
% Elongation : 4 7 9

UTS : 557 608 478
50.1 0.2 % PS : 527 542 378

% Elongation : 4 7 10

UTS : 556 590 468
80:1 0.2 % PS : 525 526 368

% Elongation : 5 9 11
* Each value is the average of two values obtained from two identical tests.
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Figure 8 .10. L ong itud inal ten s ile  p ro p e rtie s  of th e  h e a t tre a te d  (T6  
condition) ex tru d a tes  p roduced  a t 500°C.



Table 8.2 : Longitudinal Tensile Properties* of the Heat Treated (T6 Condition) Extrudates
(Initial Billet Temperature = 500° C)

Ageing Condition
extrusion

Ratio Under Aged 
(5 Hours at 190°C)

Peak Aged 
(24 Hours at 190°C)

Over Aged
(100 Hours at 190°C)

UTS
(M N/m) : 550 583 480

20:1 0.2 % PS 
(M N/m) : 510 518 373
% Elongation : 5 8 10

UTS : 547 591 472
50; 1 0.2 PS : 515 520 370

% Elongation : 5 8 11

UTS : 545 580 461
80:1 0.2 PS : 490 510 365

% Elongation : 6 10 12
* Each value is the average of two values obtained from two identical tests.
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c o n d itio n  a n d  a lso  in  g en e ra l b o th  in c re a s in g  e x tru s io n  ra tio  a n d  in c re a s in g  
e x tru s io n  te m p e ra tu re  led to  im proved elongation  values.

F igure  8 .11 show s tra c e s  of th e  lo ad -ex tension  cu rves co rresp o n d in g  to  th e  
ten sile  te s ts  m ade o n  th e  a s  quenched , u n d erag ed  a n d  peakaged  co n d itio n s of th e  
e x tru d a te s . T he cu rv es clearly  show  v a ria tio n s in  th e  Oj j t s  a n d  O pg w ith  ageing  
tim e a t  190°C  a n d  th e  asso c ia ted  ch an g es in  th e  w ork  h a rd en in g  ch a ra c te ris tic s . 
T hey a lso  show ed th a t  se rra te d  yielding occu rs in  th e se  alloys. T he se rra tio n s  a re  
m o s t p ro n o u n c e d  in  th e  a s  q u e n c h e d  c o n d itio n  a n d  g ra d u a lly  d e c re a se  w ith  
in c reasin g  ageing tim e a n d  no  se rra ted  yielding occu rs in  th e  peakaged  condition.

8.2 .4 .2 . Fracture Toughness

T he v aria tion  in  frac tu re  to u g h n ess  in  th e  u nderaged , p eakaged  a n d  overaged 
co n d itio n s (T6  tem per) for th e  ex tru d a te s  p roduced  a t  500°C  is  p re se n te d  in  F igure
8 .1 2 . T he effec ts of v ary in g  h e a t  tre a tm e n t  cycle (involving n a tu r a l  ageing , 
s tre tc h in g , a n d  c o m b in a tio n s  of n a tu ra l  ageing a n d  s tre tch in g ) o n  th e  fra c tu re  
to u g h n e ss  of th e  m a te ria l in  th e  u nderaged , peakaged  a n d  overaged cond itions are  
a lso  sh o w n  in  F igure  8 .12 . All th e  e x tru s io n s  w ere perfo rm ed  a t  20:1 ex tru s io n  
ratio , 500°C  a n d  a t a  ram  speed  of 3 m m /sec . Table 8 .3  su m m arises  all th e  frac tu re  
to u g h n e ss  re s u lts  in  ta b u la r  form. Table 8 .3  also  in c lu d es th e  to u g h n e ss  v a lu es  in 
different ageing cond itions for th e  ex tru d a tes  p roduced  a t 400°C .

T he re su lts  listed  in  Table 8 .3  suggest th a t  th e  to u g h n ess  in  general decreases 
from  th e  u n d e ra g e d  to  th e  overaged cond ition . Also, v a ria tio n  of th e  ex tru s io n  
te m p e ra tu re  h a s  e ssen tia lly  no effect on  th e  fra c tu re  to u g h n e ss  of th e  m ateria l. 
However, th e  v a ria tio n s  in  preageing h e a t tre a tm e n t cond itions have a  rem ark ab le  
effect o n  th e  f ra c tu re  to u g h n e ss . T he fra c tu re  to u g h n e s s  in  a ll th re e  ageing  
co n d itio n s w ere im proved by  n a tu ra l ageing before th e  190°C  tre a tm en t: com pared  
to  th e  T  6  condition , th e  to u g h n ess  va lues in  th e  u n d erag ed  cond ition  in creased  by 
3 5  % a n d  in  th e  peakaged  condition  the  to u g h n e ss  v a lu es  show ed a  3 0  % increase . 
However, poor to u g h n ess  va lues were associa ted  w ith  any  cycle w hich included  th e  2 
% s tre tch . T he m ateria l w ith  a  preageing s tre tch  show ed inferior frac tu re  to u g h n ess  
p ro p ertie s  in  all th ree  ageing conditions, b u t w hen  th e  m ate ria l w as n a tu ra lly  aged 
in  a d d itio n  to  s tre tc h in g , th e  fra c tu re  to u g h n e ss  in  th e  p eak ag ed  co n d itio n  w as 
slig h tly  im proved.



210

Figure 8 .11. T ra c e s  o f lo a d - e x te n s io n  c u rv e s  o b ta in e d  fro m  
long itud inal ten sile  te s ts  m ade on th e  so lu tio n  trea ted , 
underaged  a n d  peakaged  m aterial.
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Figure 8.12. T ra n sv e rse  f ra c tu re  to u g h n e ss  p ro p e rtie s  of th e  h e a t 
trea ted  e x tru d a te s  p roduced  a t 500°C , 20:1, 3 m m /se c .
D etails of tre a tm e n ts  p rio r to artificial ageing a t 190°C  
are included in the  figure. Sfc SK ox-t R o d t



Table 8.3. Fracture Toughness (SR4, MPa m?) of the Heat Treated Extrudates

Details of Heat Treatment
Ageing Conditions at 19CPC

Under-aged 
(5 Hours)

Peak aged 
(24 Hours)

Over aged 
(100 Hours)

T6 Condition,
Initial Billet 12 10.5 10
Temperature = 400° C 12 10.2 10

T6 Condition,
Initial Billet 12 10 10.4
Temperature = 500° C 11.6 10.2 10

ST 530°C, WQ 23°C, 16.27 13.27 11.5
NA 1 month and AA 190°C 14.6 11.9 11.5

ST 530°C, WQ 23 °C. 11.35 9.5 8.3
2 % stretch and AA 190°C 11 9.5 7.68

ST 530 C, WQ 23 C, NA 10.5 11 10.27
1 month, 2 % stretch and 
AA 190° C

10.5 10.4 10
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8.2.5. Fractography  

8 .2 .5 .1 . Tensile sam ples

D eta iled  fra c to g rap h y  of th e  fa iled  ten s ile  sp e c im e n s  in d ic a te s  th a t  th e  
frac tu re  m odes of th e  specim ens w ere affected by  th e  ageing cond itio n s an d  were n o t 
in fluenced  by  v a ria tio n s  in  th e  ex tru sio n  cond itions.

In  th e  u n d e ra g e d  co n d itio n .th e  frac tu re  p lan e  w as inc lin ed  ap p rox im ate ly
-1.4 0 °  to  th e  s tr e s s  ax is  for th e  specim en . T he SEM exam in  a io n  of th e  fra c tu reK

su rfa c e s  revealed  (Figure 8 .13  (a)) th a t  th e  sp ec im en s  fa iled  v ia a  s h e a r  fra c tu re  
m ode. The frac tu re  su rfaces  w ere covered w ith  a  s tep  like topography. T hese s te p s  
co rrespond  to  slip b a n d s  an d  are b e tte r  illu stra ted  in  Figure 8.13(c); th e  fractograph  
show s th e  p resen ce  of slip b a n d s  ad jacen t to  th e  g ra in  b o u n d a rie s  along w hich th e  
c ra c k s  p ropagated . The steep  sh e a r  lips typically observed  in  th e  frac tu re  su rfaces  
are  also show n in  Figure 8.13 (d).

In  th e  p eak ag ed  condition , th e  sam p les  revealed  a  d ra m a tic  ch an g e  in  th e  
f ra c tu re  su rfa c e  from  one d o m in a ted  by  s h e a r  type  f ra c tu re  in  th e  u n d e ra g e d  
cond ition  to  one c o n sis ten t w ith  th e  in te rsu b g ra n u la r  type frac tu re  (Figure 8.14(a)). 
C rack  p ro p ag a tio n  along  th e  su b g ra in  b o u n d a rie s  is  b e tte r  il lu s tra te d  in  F igure  
8.14(c); th e  frac to g rap h  add itionally  show s th e  p re se n c e  o f fine shallow  d im ples 
along th e  su b g ra in  b o u n d aries  suggesting a  m icroscopic ductile  type frac tu re . Figure 
8 .1 4  (c) a lso  sh o w s th a t  th e  d im ples a re  so m etim es a sso c ia te d  w ith  p rec ip ita te  
partic les (as show n by th e  arrows).

In  th e  o v erag ed  c o n d itio n , th e  f r a c tu re  s u r f a c e s  a lso  sh o w ed  a n  
in te rsu b g ra n u la r  type frac tu re  (Figure 8 .14  (d)). T he frac to g rap h  in d ica te s  th a t  th e  
c ra c k s  p ro p ag a ted  along  th e  su b g ra in  b o u n d a rie s  b y  a  m icroscop ic  duc tile  type 
frac tu re  (as evidenced by  th e  dim ples on the  su b g ra in  an d  its  boundaries).

F igu res 8 .15  (a) - (c) show  th e  frac tu re  su rfa c e s  of th e  p eakaged  specim ens 
w ith  vary ing  p reageing  h e a t tre a tm e n t co nd itions viz. n a tu ra l  ageing (Figure 8 .15  
(a), a n d  a  co m b in a tio n  of n a tu ra l  ageing a n d  s tre tc h in g  (F igure 8 .1 5  (b)). The 
frac to g rap h s show  th a t  in  all c a ses  c ra c k  p ro p ag a tio n  o ccu rred  along  th e  su b g ra in
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Figure 8.13. SEM m icro g rap h s of fra c tu re  su rfa c e s  (a, c a n d  d) an d  
acco m p an y in g  lig h t m ic ro g ra p h  (b) of lo n g itu d in a l 
ten sile  profile in  th e  u n d e ra g e d  co n d itio n  (5 h o u rs  a t
190°C).
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Figure 8.14. SEM m ic ro g ra p h s  of f ra c tu re  su rfa c e  (a a n d  c) a n d  
accom pany ing  ligh t m icro g rap h  of lo n g itu d in a l tensile
profile (b) in  th e  peakaged condition (24 h o u rs  a t 190°C); 
Figure 8.14(d> show s th e  fractu re  su rfaces in  th e  overaged
condition  (100 h o u rs  a t 190°C).
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Figure 8.15. SEM m icro g rap h s  show ing th e  fra c tu re  su rfa c e s  of th e  
fa iled  te n s ile  sp ec im en s . M ateria l tre a tm e n t:  (a) ST
530°C , WQ, NA 1 m on th , AA 24  h o u rs  a t  190°C; (b)& (c) 
ST 530°C , WQ, NA 1 m onth , 2 % s tre tch  an d  AA 24 h o u rs  
a t 190°C.
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b o u n d a rie s  by  a  m icroscopic  duc tile  type fra c tu re  a s  Ind icated  by  th e  fine d im ples 
on  th e  su b g ra in s  a n d  i ts  b o u n d a rie s . The fine d e ta ils  of th e  d im ples a re  b e tte r  
Illu stra ted  in  Figure 8 .15  (c).

8 .2 .5 .2 . Fracture Toughness Sam ples

F ig u res  8 .1 6  (a), (b) a n d  (c) show  th e  fra c tu re  su rfa c e s  in  th e  u n d erag ed ,
p eak ag ed  a n d  overaged co n d itio n s  (T6 tem per) respectively . In all th re e  ca ses ,
c ra c k s  p ro p ag a ted  along  th e  g ra in  b o u n d a rie s . The u n d erag ed  sa m p le s  exhib ited
large a re a s  of fe a tu re le s s  g ra in  b o u n d a ry  f ra c tu re  su rfa c e  w h ilst, th e  fra c tu re
su rfaces  in  o th e r two cond itions co n ta ined  shallow  dim ples. F igure 8 .1 6  (d) an d  (e)
show  th e  fra c tu re  su rfa c e s  of th e  u n d erag ed  a n d  p eakaged  sa m p les  w ith  a  p rio r
n a tu ra l  age. C o m p ariso n  of F igure  8 .1 6  (a) w ith  F igure  8 .1 6  (d) su g g e s ts  th a t
a lthough  th e re  w as no noticeable  change in  th e  c rack  p a th , su b s ta n tia l m icroscopic
ductility  h a s  b een  in tro d u ced  in to  th e  m a te ria l b y  th e  in se rtio n  of n a tu ra l  ageing:
in  th e  u n d e rag ed  cond ition , th e  frac tu re  su rface  w as no  longer fea tu re less  ra th e r  it
w as p o p u la ted  w ith  a  fine d im ple like s tru c tu re . T he m icroscopic d im ples on th e

arefrac tu re  su rface of th e  peakaged sam ple ^ show n in  Figure 8 .16  (f).

8.3. D iscu ssion  

8.3.1. Ageing Curves

T he age h a rd en in g  cu rves for th e  alloy so lu tion ised  for 20  m in u te s  a t 530°C  
ind ica te  th a t  th e  4 0 0 °C  ex tru d a te  h a s  in ferior p ro p e rtie s  p rio r to p e a k  h a rd n e ss  
c o m p a re d  to  th e  5 0 0 ° C e x tru d a te . TEM in v e s tig a tio n  rev ea led  in co m p le te  
so lu tio n is in g  of th e  co p p e r r ich  Al-Cu-M g b a se d  p a rtic le s  p ro d u c e d  by  4 0 0 °C  
ex trusion . Increasing  th e  so lu tio n  tre a tm e n t tim e to 40  m in u te s  re su lts  in  com plete 
d isso lu tio n  of th ese  partic les a n d  in  identical age h ard en in g  beh av io u r in  th e  400°C  
an d  500°C  ex truda tes. It is suggested  th a t  in  th e  p resence  of coarse  Al-Cu-Mg b ased  
p a rtic le s  th e  fo rm ation  of age h a rd en in g  S(Al2 CuMg) p h a se  is  lim ited  a n d  th is  is 
resp o n sib le  for th e  in ferior ageing resp o n se  of th e  4 0 0°C  ex tru d a te . T hese re su lts  
also  in d ica te  th a t  th e  artificial ageing resp o n se  of th e  500°C  e x tru d a te  in th e  T  6 
co n d itio n  is  id en tica l to  th a t  of th e  a s  e x tru d ed  m a te ria l, w h ilst th e  e x tru s io n s  
p ro d u c e d  below  5 0 0 °C  c a n n o t be aged d irec tly  a n d  req u ire  ex ten d ed  so lu tio n  
trea tm en t a t 530°C .



Figure 8.16. SEM m icro g rap h s show ing th e  frac tu re  su rfa c e s  of th e  
tr a n s v e rs e  f ra c tu re  to u g h n e s s  sp e c im e n s . M ateria l
trea tm en t: (a) underaged  (5 h o u rs  a t 190°C), (b) peakaged 
(24 h o u rs  a t 190°C), (c) overaged (100 h o u rs  a t 190°C) (d) 
ST 5 3 0 °C , WQ(RT), NA 1 m o n th  a n d  AA 5 h o u rs  a t 
190°C; (e) and  (f) ST 530°C; WQ(RT), NA 1 m onth , an d  AA 
24 h o u rs  a t 190°C.
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The general sh ap e  of th e  age harden ing  curves a n d  also th e  ch an g es in  th e  age 
h a rd en in g  cu rves due  to  th e  in sertion  of n a tu ra l ageing p rio r to  ageing a t 190°C are  
iden tica l to those described  in  C h ap te r 4 for alloy A 2 an d  they  m ay  be explained in  
a  s im ila r w ays. The 4 0 0 °C  e x tru d a te  w ith  a  p rio r  n a tu ra l  age ex h ib its  s ligh tly  
in ferio r p ro p ertie s  in  th e  p eakaged  a n d  beyond th e  p eakaged  co n d itio n s. T h is  is 
a ttr ib u te d  to  th e  fact th a t  in  a  400 °C  ex tru d a te , th e  n u m b e r  of s in k s  (in te rm s  of 
su b g ra in  bo u n d aries) for th e  u n b o u n d  v acan c ies  is  g re a te r  a n d  th is  red u ces  th e  
n u m b e rs  of free v acancies available to  a s s is t  hom ogeneous S p rec ip ita tion .

8.3.2. Heat Treated M icrostructures

8 .3 .2 .1 . M icrostructure o f  the Alloy w ithout Natural Ageing

The p rec ip ita tio n  reac tio n s in  th e  alloy p rio r to  th e  p eak ag ed  cond itions are  
id en tica l to  th o se  of alloy A 2 d esc rib ed  ea rlie r  in  C h a p te r  4. However, in  th e  
p eakaged  m ic ro s tru c tu re  TEM revealed  hom ogeneously  n u c le a te d  S p rec ip ita tion . 
It is suggested  th a t  th is  is du e  to th e  h ig h er Cu + Mg co n cen tra tio n  in  th e  m a te ria l 
(viz. Alloy A l). T h is  is  c o n s is te n t w ith  th e  find ings of Flow er a n d  G regson  (166). 
The a u th o rs  (166) show ed th a t  a t  th e  u p p e r  end  of th e  LITAL A specification  range 
th e  Cu + Mg con cen tra tio n s are  sufficient to  cau se  su c h  precip itation .

8 .3 .2 .2 . Effect of Natural Ageing

No loop fo rm ation  could  be de tec ted  in  th e  m a te ria l w h en  so lu tio n  trea ted , 
w ater quenched  an d  n a tu ra lly  aged for u p  to 2 weeks. T his is a ttr ib u ted  to th e  h igher 
m ag n esiu m  co n cen tra tio n  in th e  m ateria l. D uring  n a tu ra l  ageing a s  8' grow s th e  
v a c an c ie s  a re  re le a se d  b a c k  in to  so lu tio n . T he u n b o u n d  v ac a n c ie s  c a n  th e n  
com bine  w ith  th e  lith iu m  a to m s o r m a g n e s iu m  a to m s  [m ag n esiu m  to  v acan cy  
b inding  energy being ~ 0 .19 eV (181)]; a lternatively , th e  vacancies can  go to th e  s in k s 
or co n trib u te  to th e  vacancy  co n d en sa tio n  p ro cesses  form ing d islocation  loops. In 
th e  p resence  of h ig h er co n cen tra tio n  of m ag n esiu m  in  so lu tion , it is suggested  th a t  
th e  n u m b e rs  of free vacan c ies  availab le  for loop fo rm atio n  will d ecrease  a s  th ey  
will com bine preferen tia lly  w ith  th e  m ag n esiu m  a to m s. It m ay  be no ted  th a t  th e  
ex truded  m ateria l A l (produced a t 500°C) h ad  a s im ila r su b g ra in  size range to th a t  
of alloy A 2 an d  hence th e  n u m b er of vacancy  sin k s in  b o th  cases  were the  sam e.
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8 .3 .3 . C oarse Grain Boundary P recip itates

I n  th e  h e a t tre a te d  m a te r ia l T E M  re vea le d  tw o  ty p e s  o f  co a rse  g ra in  
b o u n d a ry  p re c ip ita te s . F irs t ly , th e  ir o n  r ic h  A l-F e -C u  based  p a r t ic le s  w h ic h  w e re  
a lso  p re s e n t in  th e  h om ogen ised  m a te r ia l a n d  a re  d e ta ile d  in  C h a p te r  6 , a n d  
second ly , th e  co ppe r r ic h  A l-C u -M g  based  p a r t ic le s  w h ic h  fo rm e d  u p o n  a r t i f ic ia l  
age ing a t 190°C . The  second type o f p re c ip ita te  is  d iscussed  in  th is  section .

D u r in g  a r t i f ic ia l age ing a t 190 °C , sm a ll p re c ip ita te s  w e re  v is ib le  a t th e  g ra in  
b o u n d a r ie s  a fte r  5 h o u rs . A  6 ' PFZ a lso  deve loped  in  re g io n s  a d ja c e n t to  th e  
p re c ip ita te s  b u t  th e  w id th  o f  th e  PFZs w a s  ve ry  sm a ll. T he  PFZs w e re  v iew ed  o n ly  
u n d e r  d a rk  f ie ld  im a g in g  co n d itio n s . A f te r  24  h o u rs  a t 1 90 °C , th e  p a r t ic le s  g rew  in  
s ize a n d  th e  w id th  o f  th e  PFZs a lso  in c re a se d . M a n y  o f  th e se  p a r t ic le s  w e re  
assoc ia ted  w ith  d is lo c a tio n  s tru c tu re s  u s u a lly  ta k e n  to  be in d ic a t iv e  o f  th e  s ta b le  5 
phase  (91). H owever, q u a n t ita t iv e  X - ra y  EDS a n a ly s is  in d ic a te s  th a t  th e y  are n o t 8 

phase  b u t  p a rtic le s  r ic h  in  copper (~ 13-17 w t. %). The  p a rtic le s  a re  su rro u n d e d  b y  a 
8 ' PFZ  w h ic h  im p lie s  th a t  th e y  c o n ta in  l i th iu m .  T h e y  m a y  be co n s id e re d  to  be  
q u a te rn a ry  A l-L i-C u -M g  based phase  p a r t ic le s . T he  average c o m p o s it io n  o f  a ll th e  
co ppe r r ic h  g ra in  b o u n d a ry  p re c ip ita te s  e xam ined  w a s  fo u n d  to  be  th e  sam e a n d  is  
s im ila r  to  th a t  o f c ry s ta ll in e  C phase  obse rved  e a r l ie r  in  th e  as c a s t m a te r ia l (see 
C h ap te r 6 ), a nd  in  th e  h ea t tre a te d  A1 - 2 .5  L i - 1.3 C u  - 1 w t %  M g a llo y  b y  Lo iseau  
and  Lapasset (175).

M a n y  w o rk e rs  have  re c e n t ly  m a d e  o b s e rv a t io n s  o f  g r a in  b o u n d a ry  
p re c ip i ta t io n  in  A A  8 0 9 0  a llo y s  (see s e c t io n  2 .1 .3  fo r  d e ta ils ) . T he  p re s e n t  
o b s e rv a t io n s  a re  c o n s is te n t w i th  re c e n t w o r k  b y  O w en  (90 ). U s in g  e le c tro n  
d if f r a c t io n  a n d  q u a n t ita t iv e  X - ra y  ED S  a n a ly s is , O w en  (90) p re s e n te d  ev idence  
s h ow in g  th a t  I phase  a n d  n o t 8 phase  fo rm s  a t th e  g ra in  b o u n d a r ie s  o f th e  h e a t  
tre a te d  A1 - 2 .5  L i - 1.2 C u  - 0 .7  W t%  M g a llo y  (viz. a llo y  A  2) a n d  these  p a r t ic le s  are  
co n se q u e n tly  re sp o n s ib le  fo r  PFZ fo rm a tio n . In  th e  p re s e n t in v e s tig a t io n , 8 phase  
w as  n o t d e te c ted  a t th e  g ra in  b o u n d a ry  a n d  C phase  r a th e r  th a n  I phase , w as  
detected.

T ab le  8 .4  s u m m a r is e s  th e  e s ta b lis h e d  g ra in  b o u n d a ry  phases  in  A A  8 0 9 0  
a llo ys  c o n ta in in g  v a ry in g  am oun ts  o f co ppe r a nd  m agne s ium . I t  m a y  be no te d  th a t  
fo rm a tio n  o f  I phase  (c o n ta in in g  a b o u t 25  w t %  copper) in  th e  m a te r ia l depends n o t



Table 8.4. Grain Boundary Phases Detected in the Heat Treated Al-Li-Cu-Mg alloys

Li: Cu Cu: Mg Grain Boundary Phases Reference

2.4 0.94 C Phase PresentInvestigation

1.96 1.3 C Phase and I Phase [175]

2.0 1.72 I phase [90]

1.26 2.52 T2 phase [192]
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o n ly  o n  th e  low  L l:C u  ra t io  b u t  a lso  o n  a h ig h  C u :M g  ra t io . In  th e  p re se n t m a te r ia l  
(viz. a llo y  A l )  w he re  th e  L i:C u  ra t io  is  h ig h  a nd  th e  C u :M g  ra t io  is  low , fo rm a t io n  o f  
C phase  (c o n ta in in g  15 w t %  copper) ra th e r  th a n  I phase  w as p rom o ted . A lso , in  th e  
p re se n t a llo y  a fte r  2 4  h o u rs  a t 190 °C , hom ogeneous  S p re c ip ita t io n  w a s  obse rved  
im p ly in g  th a t  a  s u b s ta n t ia l a m o u n t o f c o ppe r w a s  com b in e d  w ith  m a g n e s iu m  to  
fo rm  S phase  in  th e  m a tr ix .  T he  re s u lt  w as th a t  le ss  coppe r w as  a va ila b le  to  fo rm  
coppe r b e a r in g  g ra in  b o u n d a ry  p re c ip ita te s .

I t  w a s  e s ta b lis h e d  in  s e c tio n  8 .2 .4  th a t  fo rm a t io n  o f coa rse  p re c ip ita te s  o n  
s u b g ra in  b o u n d a r ie s  depend s  o n  th e  b o u n d a ry  m is o r ie n ta t io n .  T h e  s u b g ra in  
b o u n d a r ie s  o f te n  h a d  m is o r ie n ta t io n s  in  excess o f 7 -8 ° ,  a n d  a 5 ' P FZ  a n d  
accom pany ing  C phase  p re c ip ita t io n  has  been show n  to  e x is t a t those  b o unda r ie s . I t  
is  sugges ted  th a t  th is  is  a re s u lt  o f enhanced  d if fu s io n  in  re g ion s  a d ja ce n t to  those  
s u b g ra in  b o u n d a r ie s ; w i th  in c re a s in g  b o u n d a ry  ang le , th e  s u b g ra in  b o u n d a r ie s  a c t  
as s in k s  fo r  th e  va can c ie s  w h ic h  a re  a lso  l ik e ly  to  be  assoc ia ted  w ith  th e  s o lu te  
a tom s . T he  w id th  o f th e  PFZ  a n d  th e  size o f  th e  p re c ip ita te s  m ay , th e re fo re , be  
c o r re la te d  w i th  th e  b o u n d a ry  ang le . T he  c re a t io n  o f a 8 ' P FZ  a t h ig h  ang le  
b o u n d a r ie s  in  a n  A l-L i-Z r  a llo y  has  been d o cum en te d  re c e n tly  b y  J h a  e t a l (182). 
The a u th o rs  a lso  fo u n d  th a t  th e  size o f th e  PFZ depended  on  th e  b o u n d a ry  ang le . I t  
w as s h o w n  th a t  th e  w id th  o f  th e  PFZ in c re a se s  w i th  age ing  t im e  a n d  w ith  th e  
m is o r ie n ta t io n  ac ross  th e  b o u n d a ry .

I t  is  c o n c lu d e d  th a t  th e  g ra in  b o u n d a ry  p re c ip ita te  o f b in a ry  A l- L i a llo y s  (5) 
is  rep laced  b y  coppe r b e a r in g  C phase o r I phase in  A A  8090  a llo ys . T he  im p lic a t io n  
is  th a t  th e re  m u s t, th e re fo re , e x is t a s tro n g  in te ra c t io n  be tw een  l i t h iu m  a n d  coppe r  
so lu te  a tom s . S u ch  a n  in te rp re ta t io n  is  c o n s is te n t w i th  th e  re ce n t re p o r t b y  Howe  
(183). T he  a u th o r  sugges ted  th a t  in  a n  A l-L i-C u  s ys tem  th e  C u -L i b o n d  ene rgy  is  
s u b s ta n t ia l b e cause  o f  th e  h ig h  s o lu b i l i t y  o f l i t h iu m  in  co p p e r. T he  a u th o r  
a cco rd in g ly  e xp la in e d  th e  n u c le a tio n  a nd  g row th  o f 5 ' on  0 ' s in ce  l i t h iu m  a tom s  are  
th e n  a d ja ce n t to  coppe r a tom s . The a u th o r  a lso  re fe rre d  to  th e  fo rm a tio n  o f A ^ C u L i  
based  T  j  phase  o n  s ta c k in g  fa u lts  as a d ire c t consequence  o f th e  s tro n g  a t t ra c t io n  
be tw een  c o p p e r a n d  l i t h iu m  a tom s . In  v ie w  o f th e  s tro n g  in te ra c t io n  b e tw een  
l i t h iu m  a n d  co p pe r a tom s  to g e th e r w ith  th e  n e g lig ib le  coppe r to  v a c a n cy  b in d in g  
energy v iz . 0 .0 5  eV (181) i t  a lso appea rs  th a t  th e  coppe r a tom s  do n o t go to  th e  s in k s  
d ire c t ly ;  ra th e r ,  c o p p e r in i t ia l l y  c o m b in e s  w i th  a (L i-v a ca n cy ) p a ir  a n d  th e  
re s u lta n t (L i-vacancy -C u ) com p le x  th e n  tra ve ls  to  th e  s in k . W ith  in c re a s in g  coppe r



c o n te n t In  th e  m a te r ia l,  th e  n u m b e rs  o f  s u c h  com p le xes  w o u ld  be h ig h e r  a n d  so  
w o u ld  be th e  degree o f  g ra in  b o u n d a ry  p re c ip ita t io n . These e x p la n a tio n s  a re  a ga in  
c o n s is te n t w i th  th e  in c re a s e d  q u e n c h  s e n s it iv i t y  o f  th e  A l- L i-C u -M g  a llo y s  
c o n ta in in g  h ig h e r  a m o u n ts  o f  c o p p e r a n d  fo rm a t io n  o f  A l-L i-C u  based  I  phase  
p re c ip ita te s  a t th e  g ra in  b o u n d a r ie s  o f a s lo w ly  q uen ch ed  w ro u g h t A A  8 0 9 0  a llo y  
(184).

8 .3 .4 . T ensile Properties

The  te n s ile  p ro p e rt ie s  o f  th e  h e a t tre a te d  e x tru d a te s  a re  d o m in a te d  b y  th e  
p re c ip ita t io n  p rocesses w h ic h  o c cu r. V a r ia t io n s  in  e x tru s io n  c o n d it io n s  do  n o t 
s ig n if ic a n t ly  in f lu e n c e  th e  s tre n g th  p ro p e r t ie s . H ow eve r, d if fe re n c e s  m a y  be  
de tec ted : th e  g ene ra l in c re a se  in  u lt im a te  te n s ile  s tre n g th  a n d  p ro o f s tre s s  w ith  
d e c re a s in g  e x t ru s io n  te m p e ra tu re  m a y  be a t t r ib u te d  to  th e  s u b s t r u c tu r a l  
s tre n g th e n in g  assoc ia ted  w ith  a decreas ing  s u b g ra in  size a t low e r tem pe ra tu re s . In  
gene ra l, a n d  in  p a r t ic u la r  a t th e  h ig h e s t p ro ce ss in g  te m p e ra tu re , s l ig h t ly  in fe r io r  
s tre n g th  p rope rtie s  o f th e  80 :1  e x tru d a te s  m ay  be a ttr ib u te d  to  th e  in c reased  a m o u n t 
o f re c ry s ta ll is a t io n  w h ic h  o c cu rs  in  th e  m a te r ia l.

U n lik e  th e  s tre n g th  p ro p e rt ie s , d u c t i l i t y  is  s e n s it iv e  to  th e  v a r ia t io n s  in  
e x tru s io n  c o n d it io n s  as w e ll as to  th e  age ing  t re a tm e n ts  a t 1 9 0 °C . D u c t i l i t y  
in c rea ses  w ith  in c re a s in g  e x tru s io n  ra t io  a n d  in c re a s in g  e x tru s io n  te m p e ra tu re ,  
and  i t  is  a ssoc ia ted  w ith  a n  in c rease  in  th e  v o lu m e  f ra c t io n  re c ry s ta ll is e d  in  th e  
m a te r ia l.  T he  s m a ll re c ry s ta ll is e d  g ra in s  n u c le a te d  a d ja c e n t to  th e  o r ig in a l  
b o u n d a r ie s  are e longa ted  a long  th e  e x tru s io n  d ire c t io n . I t  is  sugges ted  th a t  d u r in g  
te n s ile  s tra in in g , s in ce  th e  s tre s s  a x is  lie s  p a ra lle l to  th e ir  m a jo r  a x is , th e  g ra in  
b o u n d a r ie s  do n o t o ffe r a fa vo u ra b le  c ra c k  p a th . In s te a d , th e  s m a ll re c ry s ta llis e d  
g ra in s  d iv e r t th e  c ra c k  p a th  and  th e re b y  in h ib it  th e  c ra c k  p ro p a g a tio n  process. The  
re s u lt is  th e  in c reased  d u c t i l i ty .  D u c t i l i ty  a lso  in c reases  fro m  th e  unde raged  to  th e  
overaged c o n d it io n . T h is  is  a t t r ib u te d  to  th e  in c re a s in g  w o rk  h a rd e n in g  c a p a c ity  o f  
th e  m a te r ia l w ith  in c re a s in g  age ing tim es . In  th e  unde ra ged  c o n d it io n , w he re  o n ly  
p a r t ic le  (5 j  s h ea rin g  ta ke s  p lace , th e  degree o f  s t r a in  lo c a lis a t io n  is  m a x im u m  and  
th e  w o rk  h a rd e n in g  c a p a c ity  o f th e  m a te r ia l is  le as t; th e  re s u lt  is  th a t  th e  m a te r ia l  
e x h ib its  th e  low es t d u c t i l i t y  o f th e  th re e  age ing c o n d it io n s . W ith  c o n t in u in g  ageing, 
as th e  8 ' p a r t ic le s  coa rsen , fo r  e xam p le  in  th e  peakaged  c o n d it io n , d e fo rm a tio n  
proceeds b y  a m ix tu re  o f s h ea rin g  a nd  O row an  lo o p in g  (184). O f m o re  im po rta n ce .
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i n  th e  peakaged c o n d it io n , S phase  is  p re se n t hom ogeneous ly  in  th e  m a t r ix  a n d  th is  
w o u ld  fu r th e r  in c rease  th e  lo ca l w o rk  h a rd e n in g  ra te  a n d  in h ib i t  th e  deve lopm en t  
o f b a n d s  o f c o p la n a r s lip  (6 6 ). In  th e  peakaged  c o n d it io n  th e  c o m b in a t io n  o f these  
fa c to rs  le a d s  to  im p ro ve d  e lo n g a tio n s . In  th e  ove raged  c o n d it io n , th e  n u m b e r  
d e n s ity  o f  h om ogeneou s ly  n u c le a te d  S p re c ip ita te s  in c re a se s  a n d  a lso  O row an  
lo o p in g  becom es th e  d o m in a n t d e fo rm a tio n  m e c h a n ism . D e fo rm a t io n  becom es  
m o re  h om ogeneou s  a n d  c o n s e q u e n t ly  th e  d u c t i l i t y  f u r t h e r  in c re a s e s . W ith  
in c re a s in g  age ing, th e  n u m b e r d en s ity , as w e ll as th e  size o f th e  coa rse  coppe r r ic h  
g ra in  b o u n d a ry  p re c ip ita te s , a lso inc reases (see s e c tio n  8 .2 .4 ). The presence o f these  
p a r t ic le s  w o u ld  be  expec ted  to  adve rse ly  a ffe c t th e  d u c t i l i t y  o f  th e  m a te r ia l (90). 
How eve r, th e  p re se n t re s u lts  in d ic a te  th a t  th e  d e le te r io u s  e ffe c ts  o f  these  p a r t ic le s  
o n  th e  te n s ile  d u c t i l i t y  o f  th e  m a te r ia l ( in  th e  lo n g itu d in a l d ire c t io n ) a re  o ffse t b y  
th e  hom ogeneous  d e fo rm a tio n  w h ic h  o c c u rs  in  th e  m a te r ia l in  th e  p resence  o f  
hom ogeneous S phase  p re c ip ita te s .

8 .3 .5 . Serrated Y ielding

S e rra ted  y ie ld in g  in  A l-L i-C u -M g -Z r a llo y s  h a s  been  in v e s tig a te d  re c e n tly  b y  
m a n y  w o rk e rs . T h is  h a d  been  s h o w n  to  be  s t r o n g ly  d e p e n d e n t o n  th e  te s t  
o r ie n ta t io n  a nd  th e  a ssoc ia ted  re s u lts  are d e sc r ib e d  e lsewhe re  (186). T he  e ffec t o f 
so lu te  e lem en ts  on  se rra te d  y ie ld in g  is  d is cu ssed  in  th is  se c tio n . W e rt a nd  W yc liffe  
(187) a t t r ib u te d  th e  p henom enon  to  th e  p resence  o f  coppe r and  m agne s ium  in  so lid  
s o lu t io n . T he  a u th o rs  (187) p re sen te d  ev idence  s h o w in g  th a t  th e  o c cu rre n ce  o f  
se rra te d  y ie ld in g  o f a n  A l-L i-C u -M g -Z r a llo y  co in c id e s  w ith  th e  absence o f A ^ C u M g  
based  S p re c ip ita te s  in  th e  m ic ro s tru c tu re . S u c h  a n  in te rp re ta t io n  is  c o n s is te n t  
w ith  th e  o ccu rren ce  o f  P o rte v in - le  C h a te lie r e ffe c t in  a v a r ie ty  o f a lu m in iu m  a llo ys  
w h e n  so lu te s , s u c h  as cop pe r o r  m a g n e s ium  a re  p re se n t in  s o lid  s o lu t io n  (188). 
How eve r, th e  a u th o rs  d id  n o t c o n s id e r th e  e ffe c t o f  l i t h iu m  e ith e r  in  th e  fo rm  o f  
s o lu te s  in  s o lid  s o lu t io n  o r in  th e  fo rm  o f A I3 U  based  6 ' p a r t ic le s  o n  se rra te d  
y ie ld in g . In  o rd e r to  in ve s tig a te  th is  fu r th e r ,  tw o  b in a ry  A l- L i a llo ys  v iz . A1 - 2 .8  w t  
% L i a n d  A1 - 1.2 w t %  L i w ere se lected. The  a llo ys  w e re  s o lu t io n  tre a te d  a nd  w a te r  
quen ched  be fo re  th e  te n s ile  spec im ens  w e re  m a ch in e d . The lo a d -e x te n s io n  tra ce s  
fo r  these  s o lu t io n  tre a te d  sam p les  are s h ow n  in  F ig u re  8 .1 7 . T he  fig u re  show s th a t  
se rra tio n s  are p ro n o u n ce d  in  A l-2 .8  w t % L i a llo y  w he re  no  se rra te d  flow  is  observed  
in  b in a ry  A1 - 1.2 w t %  L i a lloy . In  A1 - 2 .8  w t %  L i, 8 ' p a r t ic le s  are p re se n t w he reas  
in  th e  o th e r a llo y  th e re  is  no  8 ' p re c ip ita te . I t  m a y  be, th e re fo re , c o n c lu d e d  th a t in
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F igu re  8 .17. T ra ces  o f lo a d -e x te n s io n  c u rve s  o b ta in e d  fro m  te n s ile  
te s ts  m ade on th e  s o lu t io n  tre a te d  b in a ry  A1--2.8 w t % L i 
an d  A l-1 .2  w t %  L i a llo ys .
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b in a r y  p o ly c ry s ta l l in e  A l- L i a llo y  s e r ra t io n s  a re  caused  b y  th e  in te ra c t io n  o f  
d is lo c a tio n s  w ith  th e  5 ’ p re c ip ita te s . H oweve r, E vans  (189) re p o r te d  th a t  l i t h iu m  
a to m s  c a n  cau se  s e r ra t io n s  b u t  o n ly  in  m o d e ra te ly  c o n c e n tra te d  A l- L i s o l id  
s o lu tio n s . The a u th o r  suggested th a t so lu te  a tom s  are  repe lled  b y  sc rew  d is lo ca tio n s  
an d  are  g e n e ra lly  re p e lle d  b y  edges, a lth o u g h  th e re  is  a w e a k  a t t ra c t io n  n e a r th e  
e x tra  h a lf-p la n e . T h u s  d is lo c a t io n  p in n in g  is  u n l ik e ly  in  d i lu te  s o lu t io n s  a n d  
s h o u ld  th e re fo re , a p p e a r o n ly  in  m o d e ra te ly  c o n c e n tra te d  A l- L i s o lid  s o lu t io n s .  
The p re sen t o b se rva tio n s  m ay , th e re fo re , be e xp la in e d  o n  th e  b a s is  o f d iffe rences  in  
c o n c e n tra t io n s  o f l i t h iu m  in  s o lu t io n  o f tw o  b in a ry  a llo ys  i.e. in  th e  as quen ched  A1 
- 2 .8  w t % L i a llo y , th e  co n ce n tra tio n  o f l i t h iu m  in  s o lu t io n  is  g re a te r th a n  1.2 w t  % . 
However, these re s u lts  do n o t sepa ra te  th e  p oss ib le  ro le  o f 5 ' p a r t ic le s  on  se rra te d  
y ie ld in g .

T a m u ra  e t a l (190) exam ined  th e  d e fo rm a tio n  b e h a v io u r o f  b in a ry  A1 - 2 .6  w t  
% L i s in g le  c ry s ta ls , a n d  p o ly c ry s ta llin e  m a te r ia ls . T he  a u th o rs  no te d  se rra te d  f lo w  
in  b in a ry  A l-L i s in g le  c ry s ta ls  a nd  i t  w a s  a t t r ib u te d  to  w o rk  s o fte n in g  a ssoc ia ted  
w ith  d is lo c a t io n s  s h e a r in g  5 ' p a r t ic le s .  T he  a u th o r s  s u g g e s te d  t h a t  in  
p o ly c ry s ta ll in e  m a te r ia l th e  s lip  in te r fe re n c e  d ue  to  g ra in  b o u n d a r ie s  o r  d ue  to  
o p e ra tio n  o f m u lt ip le  s lip  s u pp re ss  th e  o ccu rre n ce  o f s e rra t io n s  a n d  th e  s e rra te d  
f lo w  is  observed w h e n  a s ing le  s lip  sys tem  is  ac tive . However, i t  m a y  be no ted  th a t  
th e  a u th o rs  e xam ined  th e  d e fo rm a tio n  b e h a v io u r o f  a p o ly c ry s ta llin e  A l - 2 .6  w t %  
L i a llo y  a fte r i t  w as aged fo r  a b o u t 7 h o u rs  a t 2 0 0 °C . The absence o f se rra te d  f lo w  
m ay , the re fo re , be e xp la in e d  acco rd in g  to  th e  m ode l p roposed  b y  E vans  (189) i.e . on  
th e  b a s is  o f in a d e q u a te  l i t h iu m  c o n c e n tra t io n  in  s o lid  s o lu t io n . H ow eve r, in  th e  
aged m a te r ia l, 8 ' p a r t ic le s  have g row n  to  a la rg e r size. So, u n le s s  S' p a r t ic le s  o f a  
c r i t ic a l size a re re s p o n s ib le  fo r  th e  s e rra te d  flow , th e  m ode l p ro po sed  b y  E van s  
seems to  be app rop r ia te .

In  a llo y  A l ,  s e r ra t io n s  a re  m o s t p ro n o u n c e d  in  th e  s o lu t io n  tre a te d  
co n d it io n . I t  is  sugges ted  th a t  th e  se rra te d  flow  in  th e  s o lu t io n  tre a te d  m a te r ia l is  
due  to  a ll th ree  m a jo r  a llo y in g  e lem en ts  v iz . l i th iu m ,  m ag n e s ium  a n d  coppe r. T he  
p resence  o f m a g n e s iu m  and  coppe r in  s o lid  s o lu t io n  is  k n o w n  to  g ive  r ise  to  th is  
p h e n om enon  in  A l-C u -M g  a llo ys . O n  th e  o th e r  h a n d , l i t h iu m  a lso  p ro d u ce s  th is  
e ffec t in  A l-L i a llo ys , e ith e r  be in g  p re se n t in  s o lid  s o lu t io n  o r  in  th e  fo rm  o f v e ry  
fin e  8 ' (A lgL i) p a r t ic le s  w h ic h  fo rm  d u r in g  o r  im m e d ia te ly  a fte r  q u e n ch in g ; o n  th e
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b a s is  o f th e  p re sen t re s u lts  i t  is  n o t fe a s ib le  to  d e te rm in e  th e  re la tiv e  im p o rta n c e  o f  
each o f these  a n d  fu r th e r  w o rk  is  c le a r ly  re q u ire d  to  c la r ify  th is  s itu a t io n .

F in a lly , in  th e  peakaged  m a te r ia l,  s e rra te d  f lo w  is  n o t obse rved . T h is  is  
c o n s is te n t w i th  th e  fa c t th a t  th e  c o n c e n tra t io n  o f l i t h iu m  in  s o lu t io n  is  f u r th e r  
re duced  a nd  a lso  th e  8 ' p a r t ic le s  g row  to  a b igge r size. O f m o re  im p o rta n c e , in  th e  
peakaged  m a te r ia l,  m o s t o f  c o p p e r a n d  m a g n e s iu m  com e o u t o f  s o lu t io n  to  
p re c ip ita te  as A ^ C u M g  based S phase  b o th  hom ogeneous ly  in  th e  m a t r ix  as w e ll as 
he te rogeneous ly  a t th e  low  angle s u b g ra in  b ounda rie s .

8.3 ,6 . F ractography

8 .3 .6 .1 . T ensile sam ples

In  th e  u nde raged  c o n d it io n , th e  spec im ens  fa ile d  v ia  a sh e a r f ra c tu re  m ode . 
In  unde raged  m a te r ia l, th e  d is lo c a tio n s  sh ea r th e  c o h e re n t a n d  o rde red  8 ' p a r t ic le s  
u p o n  p la s t ic  d e fo rm a tio n  and  p la n a r  s lip  is  th e  re s u lt. I t  is  suggested th a t  th e  coarse  
s lip  b a n d s  lead  to  s t r a in  lo c a lis a t io n  a t th e  g ra in  b o u n d a ry  re g io n  a n d  cause  e a r ly  
c ra c k  n u c le a tio n . In  m a te r ia l aged fo r  5 h o u rs  a t 190 °C , th e  n u m b e r d e n s ity  o f  th e  
g ra in  b o u n d a ry  p re c ip ita te s  is  low  a n d  a lso  th e  a ssoc ia ted  PFZ ’s a re  lo ca lis e d  to  
n a rro w  re g io n s  s u r ro u n d in g  th e  p re c ip ita te s  a nd  i t  is  u n l ik e ly  th a t  these  p la y  a n y  
effec tive  ro le  in  th e  c ra c k  n u c le a tio n  p rocesses in  th e  unde raged  m a te r ia ls .

In  th e  p eakaged  c o n d it io n , th e  fa i lu re  m ode  c h a nge s  to  a m ix tu r e  o f  
in te r s u b g ra n u la r  a n d  in te rg ra n u la r  ty p e  f ra c tu re . T h is  is  a t t r ib u te d  to  m o re  
u n ifo rm  s tra in  d is t r ib u t io n  in  th e  m a te r ia l d u r in g  d e fo rm a tio n . T E M  revea led  co ­
p re c ip ita t io n  o f hom ogeneous ly  d is t r ib u te d  8 ' a nd  S phases in  th e  m a te r ia l a fte r 24  
h o u rs  a t 190 °C . I t  is  suggested  th a t  th e  p resence o f  hom ogeneous  S phase  in  th e  
m ic ro s t r u c tu re  is  re s p o n s ib le  fo r  h om ogeneou s  d e fo rm a t io n  in  th e  peakaged  
c o n d it io n . S u ch  a n  in te rp re ta t io n  is  c o n s is te n t w i th  th e  o b se rva tio n s  o f G regson  
an d  F low e r (6 6 ) w h o  show ed  th a t  in  a w ro u g h t A l-L i-C u -M g -Z r  a llo y  e x te n s ive  
p re c ip ita t io n  o f  S phase  m od if ie s  s lip  b e h a v io u r b y  b re a k in g  u p  th e  c o p la n a r s lip .  
Recently , Y in  et a l (185) repo rted  th a t in  a n  A1 - 2 .5  L i - 1.2 Cu - 0 .7  Mg - 0 .12  w t %  Z r  
a llo y  (viz. a llo y  A2 ; see Tab le  3 .1) th e  m a te r ia l fa ile d  v ia  a s h e a r type  fra c tu re  in  th e  
peakaged  c o n d it io n  (viz. a fte r 24  h o u rs  a t 190°C ). I t  m a y  be re ca lle d  th a t  u n lik e  
a llo y  A l ,  S phase  is  p re sen t o n ly  h e te ro g e n eou s ly  a t th e  s u b g ra in  b o u n d a r ie s  o f



232

a llo y  A 2  a fte r  2 4  h o u rs  a t 1 90 °C  (see C h a p te r 4). C le a rly , th e  l im ite d  n u m b e rs  o f  
he te rogeneous ly  n u c le a te d  S p re c ip ita te s  a re n o t adequa te  to  d ispe rse  th e  c o p la n a r  
s lip  assoc ia ted  w ith  shea rin g  o f  5 ' p a r t ic le s ; th e  re s u lt  is  th a t  th e  m a te r ia l fa ils  v ia  
a shea r type  fra c tu re .

In  th e  p eakaged  c o n d it io n ,  th e  c ra c k s  p ro p a g a te  a lo n g  th e  s u b g ra in  
b o u n d a r ie s  im p ly in g  w eakness o f th e  s u b g ra in  b o u n d a r ie s . TE M  revea led  th a t  in  a 
peakaged  m a te r ia l,  co ppe r r ic h  p re c ip ita te  p a r t ic le s  a n d  8 ' PFZs fo rm  a t th e  g ra in  
and  su b g ra in  bounda rie s . I t  is  suggested th a t th e  suggested p a rtic le s  ly in g  a long  the  
b o u n d a r ie s  a c t as n u c le a t io n  s ite s  fo r  v o id  fo rm a t io n  a n d  th e  f in a l  f ra c tu re  
p roceeds  v ia  g ro w th  a n d  coa lescence  o f  s u c h  v o id s . S u ch  a n  in te rp re ta t io n  is  
c o n s is te n t w ith  th e  o b se rva tio n  o f d im p le s  (assoc ia ted  w ith  p re c ip ita te  p a rtic le s ) a t 
th e  s u b g ra in  b o u nda r ie s  o f th e  fra c tu re  su rfaces.

In  th e  overaged m a te r ia l, th e  fa ilu re  m ode is  s im i la r  to  th a t  o f th e  peakaged  
m a te r ia l. W ith  in c re a s in g  age ing , d e fo rm a tio n  becom es m o re  hom ogeneous in  th e  
m a te r ia l (see se c tio n  8 .3 .4 ). A t  th e  sam e tim e , m o re  co a rse r p re c ip ita te s  fo rm  a t th e  
g ra in  a n d  s u b g ra in  b o u n d a r ie s  p ro v id in g  a p a th  fo r  th e  c ra c k s  to  p ropaga te . T he  
d u c t i l i t y  how eve r, in c re a se s . I t  is  sugges ted  t h a t  as a re s u lt  o f  h om ogeneous  
d e fo rm a tio n  in  th e  m a te r ia l,  th e  s t r a in  c o n c e n tra t io n  a t th e  c ra c k  t ip  is  re d u ce d  
and  c o n s e q u e n tly  th e  c ra c k  n u c ie a t io n  p rocesses are de layed  a nd  m o re  w o rk  is  
in vo lved  in  th e  sub sequen t c ra c k  p ro p a g a tio n  processes.

8 .3 .6 .2 . Fracture Toughness Sam ples

M a te r ia ls  in  a l l  th re e  age ing  c o n d it io n s  s h o w  th e  sam e o v e ra ll f ra c tu re  
b e h a v io u r . C ra ck s  a lw a ys  p ropaga te  a lo ng  th e  g ra in  b o u n d a r ie s  p a ra lle l to  th e  
e x tru s io n  d ire c t io n . T he  e x p la n a tio n s  fo r  g ra in  b o u n d a ry  fa i lu re  a n d  th e  ty p ic a l  
fe a tu re s  (e.g. d im p le s  a t th e  g ra in  b o u n d a r ie s ) o f  th e  f ra c tu re  s u r fa c e s  in  th e  
peakaged and  overaged c o n d it io n s  are s im ila r  to  th o se  desc rib ed  in  se c tio n  8 .3 .6 .1 . 
The fra c tu re  su rfa ces  o f  m a te r ia l w ith  a p r io r  n a tu ra l age show  d iffe re n t fe a tu re s  on  
m ic ro s co p ic  sca le . In  th e  unde raged  a n d  peakaged  c o n d it io n  th e  fra c tu re  su rfa ces  
are p o p u la te d  w ith  a v e ry  fin e  d im p le  l ik e  s tru c tu re ; i t  is  sugges ted  th a t  th e y  are  
assoc ia ted  w ith  in c re a s in g  w o rk  h a rd e n in g  c a p a c ity  o f  th e  m a te r ia l in  th e  p resence  
o f  h o m o g e n e o u s ly  n u c le a te d  S p hase  p re c ip ita te s  in  th e  m ic ro s t ru c tu re .  T he  
m a te r ia l w ith  a p r io r  n a tu ra l age e x h ib its  a c o m b in a t io n  o f h ig h e r  s tre n g th ,
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d u c t i l i t y  a n d  fra c tu re  toughness  (see th e  sec tion  be low ).

8 .3 .7 . Fracture Toughness

In  gene ra l th e  f ra c tu re  to u g hne ss  decreases w ith  in c re a s in g  age ing  tim e  a t  
190 °C . T h is  m a y  be e xp la in e d  as fo llow s : i t  w as re p o r te d  e a r lie r  in  s e c tio n  8 .3 .4  
th a t  th e  w o rk  h a rd e n in g  ca p a c ity  o f th e  m a te r ia l, a n d  hence  th e  d u c t i l i t y ,  in c reases  
f ro m  th e  u n d e ra g e d  to  th e  ove raged c o n d it io n . T h e  fra c tu re  to u g h n e s s  o f th e  
m a te r ia l (w h ich  com b ine s  b o th  d u c t i l i t y  a nd  s tre n g th ) w o u ld , th e re fo re , be expected  
to  be h ig h e r in  th e  peakaged m a te r ia l th a n  th a t  in  th e  unde raged  c o n d it io n ; b u t  th e  
t re n d  is  oppos ite . I t  m a y  be re ca lle d  th a t  d u r in g  th e  fra c tu re  to u g h n e ss  te s ts , lo a d  
w as a p p lie d  a t 9 0 °  to  th e  e x tru s io n  d ire c t io n  w h ils t ,  in  case o f th e  te n s ile  te s ts  th e  
s tre ss  a x is  w as  p a ra lle l to  th e  e x tru s io n  d ire c tio n . T he  re s u lt  is  th a t  in  th e  fo rm e r  
case, w he re  th e  s tre ss  a c ts  p e rp e n d ic u la r  to  th e  w e a k  g ra in  b o u n d a r ie s  (w h ic h  are  
m ore  su sce p tib le  to  fra c tu re ) th e  fra c tu re  s tra in  is  l im ite d  b y  th e  v o lu m e  fra c t io n  
o f th e  v o id  n u c le a t in g  p re c ip ita te  p a r t ic le s  w h ic h  fo rm  a t th e  g ra in  a n d  s u b g ra in  
b o u n d a r ie s . T he  e q u a tio n  (191) fo r  fra c tu re  to u g h n e s s  ( K ic ) o f p a r t ic le  h a rd e n ed  
a llo ys  c o n ta in in g  g ra in  b o u n d a ry  p re c ip ita te s  and  PFZs m a y  be g iven  as fo llow s :

K lc  = C. n j (Yj Eq d /D ) l / 2.

w he re , C is  a c o n s ta n t, n j is  th e  w o rk  h a rd e n in g  e xp onen t fo r  th e  g ra in  b o u n d a ry  
PFZ o f c o n s ta n t th ic kn e s s , Y j is  th e  y ie ld  s tre ss  o f th e  m a te r ia l in  th e  p resence  o f a 
PFZ, £c . is  th e  c r i t ic a l f ra c tu re  s t ra in  w h ic h  depends  o n  th e  vo lum e  fra c t io n  o f th e  
vo id  n u c le a tin g  g ra in  b o u n d a ry  p a rtic le s , d is  th e  w id th  o f  a PFZ a n d  D  is  th e  g ra in  
size. T h is  e q u a tio n  sugges ts  th a t  in  th e  peakaged  c o n d it io n  w h e re  th e  n u m b e r  
den s ity  o f  th e  v o id  n u c le a tin g  g ra in  b o u n d a ry  p a r t ic le s  is  g rea te r a nd  a lso  th e  w id th  
o f th e  PFZs is  o rde rs  o f m a g n itu d e  g re a te r ( th a n  th a t  in  th e  unde ra ged  c o n d it io n ),  
th e  fra c tu re  toughness  decreases. In  th e  overaged c o n d it io n , w he re  b o th  th e  s tre n g th  
o f th e  m a te r ia l decreases and  th e  n u m b e rs  a nd  size o f  th e  vo id  n u c le a t in g  p a r t ic le s  
in c rease , th e  fra c tu re  to ughness  o f th e  m a te r ia l is  le as t.

T he  f ra c tu re  to u g hne ss  o f th e  m a te r ia l is  im p ro ve d  w h en  i t  is  s u b je c te d  to  
n a tu ra l age ing  p r io r  to  a r t i f ic ia l age ing  a t 1 9 0 °C . T h is  is  e x p la in e d  as fo llow s : 
n a tu ra l age ing  e nhanced  n u c le a t io n  o f hom ogeneous  S phase  p re c ip ita te s  in  th e
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m a te r ia l;  d e fo rm a tio n  becom es hom ogeneous a n d  I t  in c reases th e  w o rk  h a rd e n in g  
c a p a c ity  o f  th e  m a te r ia l. T he  re s u lt  is  a low e r s t r a in  c o n c e n tra t io n  a t th e  c ra c k  t ip  
fo r  a g iv e n  s tre ss  le ve l a n d  c o n se q u e n tly  th e  m a te r ia l ach ieves  a c o m b in a t io n  o f  
h ig h e r  s tre n g th , d u c t i l i t y  a n d  f ra c tu re  to u g h n e s s  (see T ab le  8 .5 ). T he  fra c tu re  
to u g h n e s s  o f th e  m a te r ia l decreases w h en  th e  m a te r ia l is  s tre tc h e d  be fo re  age ing a t  
190°C . S tre tc h in g  reduces  th e  re s id u a l w o rk  h a rd e n in g  ca p a c ity  o f  th e  a llo y . A lso , 
s tre tc h in g  encou rages  he te rogeneous S fo rm a tio n  a t  th e  expense o f  hom ogeneous  
p re c ip ita t io n  a n d  th u s  co a rsen s  th e  p a r t ic le  d is p e rs io n . A s  a consequence , th e  
s tre n g th  p ro p e rtie s  o f  th e  m a te r ia l a lso  decrease (see T ab le  8 .5 ). T he  re s u lts  a lso  
in d ic a te  th a t  th e  s tre n g th  a n d  th e  fra c tu re  to u g hne ss  o f the  m a te r ia l im p ro ve  w h en  
th e  m a te r ia l is  n a tu ra l ly  aged, s tre tc h e d  a n d  s u b s e q u e n tly  aged a t 1 90 °C . T he  
re s u lta n t m ic ro s tru c tu re s  in d ic a te  th a t th e  d is p e rs io n  o f  h e te rogeneous ly  n u c le a te d  
S p re c ip ita te s  is  m o re  u n ifo rm  th a n  th a t  o b ta in e d  in  a m a te r ia l w i th  o n ly  a 
p reage ing  s tre tc h . A l l  these  re s u lts  in d ica te  th e  c r i t ic a l ro le  o f S phase  p re c ip ita t io n  
in  d e te rm in in g  th e  m e ch a n ic a l p rope rtie s . P ro p e rty  im p ro ve m en ts  in  th is  a llo y  are  
a sso c ia te d  w ith  th e  p ro d u c t io n  a n d  re f in e m e n t o f a hom ogeneous  d is t r ib u t io n  o f  
th is  phase . T h u s  n a tu ra l age ing is  b ene fic ia l w h ile  s tre tc h in g  is  d e tr im e n ta l. T h is  
m a y  a p p e a r to  c o n f l ic t  w i th  th e  c o n c lu s io n  o f  G reg son  a n d  F lo w e r (6 6 ) th a t  
s tre tc h in g  is  b e n e fic ia l in  a d ilu te  L ITA L  A  c o m p o s it io n . H ow eve r, in  th a t  w o rk ,  
th e  o n ly  m ode o f S n u c le a t io n  ach ievab le  in  p ra c t ic a l h ea t t re a tm e n t tim e s , a nd  in  
th e  absence o f n a tu ra l age ing , w a s  he te rogeneous . Hence , s t re tc h in g  re fin e d  th e  
d is t r ib u t io n  o f S a nd  im p ro ve d  th e  p rope rtie s . T he  c o n c lu s io n  in  b o th  cases is  th e  
sam e: re fin em en t o f th e  S d is p e rs io n  re s u lts  in  im p ro ve d  s tre n g th  a n d  toughness .

The  p re se n t re s u lts  a lso  in d ica te  th a t v a r ia t io n  in  e x tru s io n  te m p e ra tu re  i.e. 
v a r ia t io n  in  s u b g ra in  size does n o t have a n y  e ffec t o n  th e  f ra c tu re  to u g hne ss  o f th e  
m a te r ia l. T he  p re se n t ob se rva tio n s  are c o n s is te n t w i th  th e  f in d in g s  o f P a rson  and  
S he p p a rd  (151) in  A l-L i-M g  a llo y s  and  o f R e yno ld s  a nd  C reed  (153) in  A A  8 090  
a llo ys . These re s u lts  m a y  be a t t r ib u te d  to  th e  fa c t th a t  s u b g ra in  b o u n d a r ie s  are  
in e ffe c tive  b a rr ie rs  to  th e  p la n a r  s lip  (54). I t  w as s h ow n  b y  Peel e t a l (54) th a t in  the  
presence  o f z irc o n iu m , w h ic h  p roduces  a p ro n o u n c e d  g ra in  s tru c tu re ,  s u ch  p la n a r  
s lip  c a n  ex tend  ove r m a n y  s u b g ra in s  and  g ra in s  p ro d u c in g  lo ng  range  p la n a r  shea r  
band s . V a r ia t io n  in  s u b g ra in  size is , th e re fo re , u n l ik e ly  to  in f lu e n c e  th e  d u c t i l i t y  
and  to ughness  o f th e  m a te r ia l.



Table 8.5. Effect of Varying Heat Treatment Cycle on the Longitudinal Tensile Properties**

Details of Pre-ageing Heat Treatment*
Ageing time at 190°C
5 Hours (Under Aged) 24 Hours (Peak Aged)

Naturally Aged UTS 593for one month (MN/m’1 : 545
0.2% PS : 510 538(MN/m2)% Elongation : 6.2 8.5

2% Stretched UTS : 560 5720.2 % PS : 518 528% Elongation : 5.5 8.7

Naturally aged for one UTS : 565 580month and 2% stretched 0.2 PS : 518 532% Elongation : 5.5 8.5

* All the extrudates (produced at 500° C) were initially solution treated at 530° C and water quenched at room temperature (viz. 23 °C)
** Each value is the average of two values obtained from two identical tests
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8 .4 . Sum m ary

1. F o r th e  e x tru s io n s  p ro d u ce d  a t 5 0 0 °C . p re ss  q u e n c h in g  m a y  be u t i l is e d  to  
avo id  a separa te  s o lu t io n  soak  be fo re  age ing a t 190°C , w h ils t  th e  e x tru s io n s  
p ro du ced  be low  5 0 0 °C  re q u ire  an  ex tended  p r io r  s o lu t io n  t re a tm e n t (viz. 40  
m in u te s  in s te a d  o f  th e  s ta n d a rd  s o lu t io n  t re a tm e n t t im e  o f  2 0  m in u te s  a t  
530°C ). I t  is  suggested th a t th is  is  because o f th e  in com p le te  s o lu t io n is in g  o f  
th e  coa rse  A l-C u -M g  based  p a r t ic le s  p ro d u c e d  b y  lo w e r  te m p e ra tu re  
e x tru s io n s .

2. T he  a r t i f ic ia l age ing  c h a ra c te r is t ic s  o f  th e  m a te r ia l a re  s im i la r  to  those  o f  
a llo y  A 2 , e x ce p t in  th e  peakaged  c o n d it io n  w h e re  S p ha se  is  p re s e n t  
hom ogeneous ly  in  th e  m ic ro s tru c tu re . I t  is  suggested  th a t  th is  is  due  to  th e  
h ig h e r  C u  + M g  c o n c e n tra t io n  in  th e  m a te r ia l.  V a r ia t io n s  in  e x tru s io n  
p ro ce ss in g  c o n d it io n s  do n o t in f lu e n ce  th e  a r t i f ic ia l age ing  re sponse  o f th e  
m a te r ia l a t 190 °C .

3. T he  n a tu ra l age ing  response  o f th e  m a te r ia l is  id e n t ic a l to  th a t  o f a llo y  A 2 . 
H ow eve r, u n l ik e  a llo y  A 2 , loop  fo rm a t io n  in  th e  n a tu ra l ly  aged m a te r ia l is  
de layed  fo r  u p  to  tw o  weeks. T h is  is  a t t r ib u te d  to  th e  h ig h e r  m a g n e s iu m  
c o n te n t o f  th e  m a te r ia l.  I t  is  sugges ted  th a t  in  th e  p re sence  o f a h ig h e r  
c o n c e n tra t io n  o f  m a g n e s iu m  in  s o lu t io n , th e  n u m b e rs  o f  fre e  va ca n c ie s  
ava ilab le  fo r  loop  fo rm a tio n  decrease as th e y  are tra p p e d  b y  th e  m agne s ium  
a tom s .

4. In  th e  a r t i f ic ia l ly  aged m a te r ia l, a co p pe r r ic h  phase  (h a v in g  a c o m p o s it io n  
ra n g e  o f 1 3 -1 7  %  co ppe r, 2 -5  % m a g n e s iu m  a nd  b a la n c e  a lu m in u m  + 
l i th iu m )  p re c ip ita te s  a t g ra in  b o u n d a r ie s  a n d  s u b g ra in  b o u n d a r ie s . 8 ' PFZs  
s u r ro u n d  these p a rtic le s  and , th e re fo re , th e  p a r tic le s  are expec ted  to  c o n ta in  
s u b s ta n t ia l a m o u n ts  o f l i th iu m . I t  is  sugges ted  th a t  th is  phase  is  s im ila r  to  
th e  C phase  obse rved  in  as c a s t m a te r ia l.  F o rm a t io n  o f th is  phase  is  
fa c il i ta te d  a t lo w  C u :M g  ra t io . 5 (A lL i) phase  is  n o t obse rved  a t th e  g ra in  
b o u n d a r ie s  o f a n y  h e a t tre a te d  m a te r ia l s u g g e s tin g  a s tro n g  in te ra c t io n  
be tw een l i t h iu m  and  coppe r a tom s.
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5. T he  m e ch a n ic a l p ro p e rtie s  o f th e  h e a t tre a te d  m a te r ia l are d o m in a te d  b y  th e  
p re c ip ita t io n  p rocesses w h ic h  occu r. V a r ia t io n  in  e x tru s io n  ra t io  h a s  o n ly  a  
w e a k  e ffe c t o n  th e  s tre n g th  p ro p e r t ie s , w h ils t ,  th e  s tre n g th  p ro p e r t ie s  
s lig h t ly  im p ro ve  w ith  dec reas ing  e x tru s io n  te m p e ra tu re . T h is  is  a t t r ib u te d  
to  th e  s u b s tru c tu ra l s tre n g th e n in g  assoc ia ted  w ith  a dec reas ing  s u b g ra in  size  
a t lo w e r te m p e ra tu re s . H ow eve r, lo n g itu d in a l d u c t i l i t y  in c re a se s  w i th  
in c re a s in g  e x tru s io n  tem pe ra tu re  a n d  e x tru s io n  ra t io , a nd  is  assoc ia ted  w ith  
in c re a s in g  v o lu m e  f ra c t io n  re c iy s ta ll is e d  in  th e  m a te r ia l.  I t  is  sugges ted  
th a t  th e  sm a ll re c ry s ta ll is e d  g ra in s  s itu a te d  n e a r o r ig in a l g ra in  b o u n d a r ie s  
(and  e longa ted  in  th e  e x tru s io n  d ire c tio n ) do n o t p ro v id e  a fa vo u ra b le  c ra c k  
p a th . In s te ad , th e y  d iv e r t th e  c ra c k  p a th  a nd  in h ib i t  th e  c ra c k  p ro p a g a tio n  
process. T he  d u c t i l i t y  is , th e re fo re , im p ro ve d . D u c t i l i t y  a lso  in c reases  w ith  
in c re a s in g  age ing  tim e  a t 190 °C . T h is  is  a t t r ib u te d  to  th e  in c re a s in g  w o rk  
h a rd e n in g  c a p a c ity  o f th e  m a te r ia l a n d  is  p r im a r i ly  a s so c ia te d  w ith  th e  
hom ogeneous ly  nu c le a te d  S p re c ip ita te s  in  th e  m ic ro s tru c tu re .

6 . S e rra ted  y ie ld in g  o ccu rs  in  th e  as q uen ched  an d  unde ra ged  m a te r ia l. I t  is  
sugges ted  th a t  th e  se rra te d  flo w  is  due  to  th e  com b in e d  e ffe c t o f a ll th re e  
m a jo r  a llo y in g  e lem en ts  v iz . l i th iu m ,  m a g n e s iu m  a nd  coppe r. M agne s ium  
a n d  c o p p e r i n  s o lid  s o lu t io n  g ive  r is e  to  th is  p h e n o m e n o n . L i th iu m  
c o n tr ib u te s  to  th is  p h e n om enon  e ith e r  in  th e  fo rm  o f  s o lu te  a tom s  w h e n  
p re se n t in  adequa te  c o n c e n tra t io n  in  th e  s o lid  s o lu t io n  o r  in  th e  fo rm  o f  5 ' 
(A lg L i)  p a r t ic le s  b e low  a c r i t ic a l  s ize . I n  th e  pea kaged  m a te r ia l,  th e  
c o n c e n tra t io n  o f  l i t h iu m  is  a p p re c ia b ly  re duced  and  th e  8 ' p a r t ic le s  g row  to  
a b igge r size. A lso , m o s t o f th e  coppe r a nd  m agne s ium  com es o u t o f th e  so lid  
s o lu t io n  to  p re c ip ita te  as A ^ C u M g  based  S phase  b o th  hom ogeneous ly  in  th e  
m a tr ix  as w e ll as he te rogeneous ly  a t th e  low  ang le  s u b g ra in  b ounda rie s . The  
c o m b in a tio n  o f  these  fa c to rs  leads to  th e  d isappea rance  o f  s e rra t io n s  in  th e  
peakaged m a te r ia l.

7. The fra c tu re  su rfa ce s  o f th e  te n s ile  spec im ens  change  w ith  age ing  c o n d it io n s  
and  th is  is  d ire c t ly  re la ted  to  th e  p re c ip ita t io n  p rocesses ta k in g  p lace. In  th e  
unde raged  c o n d it io n , th e  spec im ens fa i l v ia  a sh ea r fra c tu re  m ode and  th is  is  
a tt r ib u te d  to  th e  s tra in  lo c a lis a t io n  a t th e  g ra in  b o u n d a ry  re g io n  assoc ia ted  
w ith  d is lo c a t io n s  c u t t in g  8 ' p a r t ic le s . In  th e  peakaged  a n d  ove raged  
c o n d it io n s ,  th e  fa i lu r e  m ode  c h a n g e s  m a rk e d ly  to  a m ix tu r e  o f
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in te r s u b g ra n u la r  a n d  in te r g ra n u la r  ty p e . I t  is  s u gge s te d  th a t  t h is  is  
p r im a r i ly  a ssoc ia ted  w ith  th e  p re c ip ita t io n  o f h om ogeneou s ly  n u c le a te d  S 
phase in  th e  m ic ro s tru c tu re  and  C phase on  th e  b ounda rie s .

8 . T he  f ra c tu re  su rfa ce s  o f  th e  fa ile d  f ra c tu re  to u g h n e s s  spe c im ens  re m a in  
una ffe c te d  b y  th e  changes in  age ing c o n d it io n s  a n d  c ra c k s  a lw ays  p ropaga te  
a long  th e  g ra in  b o u n d a r ie s . H oweve r, on  a m ic ro s c o p ic  sca le , d iffe re n ce s  
m ay  be de tec ted . T he  fra c tu re  su rfa ces  o f  th e  spec im ens w ith  a p r io r  n a tu ra l 
age are p o p u la te d  w ith  s h a llow  fe a tu re le ss  d im p le  l ik e  s tru c tu re s  sugges tive  
o f a d u c t ile  in te rg ra n u la r  type  fra c tu re . T he  w o rd  d u c t ile , in  th is  c o n te x t, is  
o f cou rse , a re la tiv e  c h a ra c te r is t ic .

9. The fra c tu re  to ughness  decreases w ith  in c re a s in g  age ing  t im e  a t 190°C . T h is  
is  a t t r ib u te d  to  an  inc rease  in  th e  v o lum e  f ra c t io n  o f v o id -n u c le a t in g  coarse  
g ra in  b o u n d a iy  p a r t ic le s  w ith  in c re a s in g  age ing  t im e . T he  s tre ss  a x is  a c ts  
p e rp e n d ic u la r  to  th e  w e ak  g ra in  b o u n d a r ie s  w h ic h  a re  m o re  su s ce p tib le  to  
f ra c tu re . V a r ia t io n  in  e x tru s io n  te m pe ra tu re  does n o t have a n y  e ffec t on  th e  
f ra c tu re  to u g h n e s s  o f th e  m a te r ia l. T he  fra c tu re  to u g h n e s s  p ro p e rt ie s  a re  
in f lu e n ce d  b y  v a r ia t io n s  in  th e  p reage ing  h e a t t re a tm e n t c o n d it io n s : n a tu ra l  
age ing  p r io r  to  a r t i f ic ia l age ing  im p ro ve s  th e  fra c tu re  to u g h n e s s  in  a l l th re e  
age ing  c o n d it io n s . I t  is  suggested th a t  th is  re s u lts  fro m  th e  enhan cem en t o f  
th e  hom ogeneous  S phase  p re c ip ita t io n  in  th e  m ic ro s tru c tu re . In t ro d u c t io n  
o f a p reage ing  s tre tc h  (2 %) decreases th e  fra c tu re  to u g hne ss  o f  th e  m a te r ia l;  
s t re tc h in g  p r io r  to  age ing  p rom o te s  he te ro geneou s  fo rm a t io n  o f S a t th e  
expense  o f  h om ogeneou s  p re c ip ita te s  a n d  th u s  c o a rs e n s  th e  p a r t ic le  
d is p e rs io n . T h is  a lso  re s u lts  a decrease in  th e  s tre n g th  p ro p e rt ie s  o f th e  
m a te r ia l. T he  im p lic a t io n  is  th a t  re f in e m e n t o f th e  S d is p e rs io n  re s u lts  in  
im p ro ve d  s tre n g th  and  toughness .
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CHAPTER NINE

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

9.1 . C o n c lu s io n s

C hapter Four.

1. In  a s o lu t io n  tre a te d  A A  8090  a llo y , th e  ev idence sugges ts  th a t  m a n y  o f th e  
n o n e q u i l ib r iu m  excess  v a c a n c ie s  a re  c o n fin e d  to  th e  5 ' ( A ^ L i)  p ha se  
p a rt ic le s  p ro d u ce d  d u r in g  o r im m e d ia te ly  a fte r  q u e n ch in g  ra th e r  th a n  be ing  
b o u n d  to  in d iv id u a l l i th iu m  a tom s  s t i l l  re m a in in g  in  s o lu t io n .

2. In  A A  8090  a llo ys , hom ogeneous p re c ip ita t io n  o f S phase  is  feas ib le ; i t  re lie s  
u p o n  th e  a tta in m e n t o f a c r it ic a l c o n c e n tra t io n  o f  free va canc ie s  in  s o lu t io n .

3. D u r in g  age -ha rden ing , as 5 ’ g row s, vacanc ies  are re leased b a c k  in to  s o lu t io n ;  
these  free vacanc ies  p rom o te  hom ogeneous S p re c ip ita t io n .

4. A n  in c re a se  in  v a c a n c y  c o n c e n tra t io n  re s u lt in g  f r o m  in c re a s in g  p r io r  
s o lu t io n  tre a tm e n t tem pe ra tu re  re fin e s  th e  hom ogeneous  S phase  d isp e rson  
p roduced  in  ageing.

5. N a tu ra l age ing re leases the  b o u n d  vacanc ie s  (as 5 ' g row s) re s u lt in g  in  th e ir  
co n d e n sa tio n  as d is lo c a tio n  loops.

6 . N a tu ra l age ing  in d u c e s  ra p id  h om ogeneou s  S p re c ip i ta t io n  on  a r t i f ic ia l  
age ing and  de lays the  onse t o f overag ing.

7. C o n tro lle d  low  te m p e ra tu re  age ing  p r io r  to  a r t i f ic ia l  age ing  a lso  in d u c e s  
ra p id  h om ogeneous  S p re c ip ita t io n . H ow eve r, t re a tm e n ts  w h ic h  re s u lt  in  
th e  c o n d e n s a tio n  o f free  va canc ie s  a nd  th e ir  lo ss  to  s in k s , in h ib i t  s u ch  S 
p re c ip ita t io n .
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C h apter F ive

1. In  b in a ry  A l-L i a llo ys , GP zones fo rm  s im u lta n e o u s ly  w ith  th e  5 ' d u r in g  th e  
q u e n c h in g  p rocess  a nd  g row  c o m p e tit iv e ly  w i th  8 ' d u r in g  n a tu ra l age ing. 
The d is s o lu t io n  tem pe ra tu re  o f the  GP zones is  130°C .

2. I n  A A  8 0 9 0  a llo ys , l i t h iu m  in h ib its  th e  p re c ip ita t io n  o f A l-C u -M g  GP zones  
d u r in g  quen ch in g .

3. T he  fo rm a t io n  a n d  g ro w th  o f A l-C u -M g  GP zones  o c c u rs  d u r in g  n a tu ra l  
ageing.

4. T he  n a tu ra l age ing  response  in  A A  8 0 90  a llo y s  is  due  to  a c o m b in a t io n  o f  
g ro w th  o f 8 ' p a rt ic le s , g ro w th  o f A l-L i GP zones, a n d  fo rm a t io n  a nd  g row th  o f 
GP zones o f the  A l-C u -M g  system .

C h apter S ix

1. In  th e  as cas t A l-2 .5  L i - 1.0 C u  - 1 . 1  Mg - 0 .1 2  w t % Z r  a lloy , five  phases were  
de tec ted . T he y  are as fo llow s : a n  A l-C u -L i-M g  based  phase  in  th e  fo rm  o f  
la m e lla r  e u te c tic  a t th e  g ra in  b o u n d a ry  t r ip le  p o in t ju n c t io n s ,  an  A l-C u -L i-  
M g based  phase  a t th e  g ra in  b o u n d a ry  in te r fa ce s , a n  A l-S i-L i- (C u ) based  
phase  a t th e  t r ip le  p o in t ju n c t io n s ,  a n  A l-F e -C u  based  phase  p re sen t b o th  a t 
th e  t r ip le  p o in t ju n c t io n s  as w e ll as a t th e  g ra in  b o u n d a ry  in te rfa ce s  a nd  an  
A l-C u -L i-M g  based  phase in  th e  m a tr ix .

2. T he  c o m p o s it io n a l a n d  th e  th e rm a l c h a ra c te r is t ic s  o f  th e  A l-C u -L i-M g  
based  phase  p re se n t a t th e  g ra in  b o u n d a ry  t r ip le  p o in t ju n c t io n s  sugges t 
th a t  i t  is  a n  e x te n s io n  [i.e. A l0 C u (L iM g )3 ] o f T 2 (A lgC uL ig ) phase ; w h ils t  th e  
m a t r ix  p hase , a nd  th e  A l-C u -L i-M g  ba sed  p ha se  p re s e n t a t th e  g ra in  
b o u n d a ry  in te rfa ce s  are s im ila r  to  C phase.

3. T he  e q u il ib r iu m  s o lid u s  p o in t o f th e  ca s t m a te r ia l is  a t a b o u t 6 2 2 °C ; th e  
m a te r ia l a lso has  a n o n  e q u il ib r iu m  so lid u s  a t a b o u t 5 4 7 °C .
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4. A n n e a lin g  fo r  2 4  h o u rs  a t 5 3 7 °C  is  th e  o p t im u m  h o m o g e n is a tio n  sch edu le  
fo r  th e  p re sen t c a s t m a te r ia l.

5. T he  A l-F e -C u  based  phase  su rv ive s  th e  o p t im u m  h om oge n is a tio n  tre a tm e n t;  
a ll o th e r phases  d isso lve  on  h o m o ge n is a tio n  w ith o u t  a n y  s ig n  o f  in c ip ie n t  
m e lt in g .

C hapter S ev en

1. E x tru s io n  p roduces  m ic ro s tru c tu re s  w h ic h  v a ry  th ro u g h  th e  e x tru d e  sec tion : 
th e  s u r fa c e  is  f u l l y  r e c r y s ta l l is e d  w h i ls t  th e  c o re  is  e s s e n t ia l ly  
u n re c ry s ta ll is e d .

2. T he  v o lum e  fra c t io n  re c ry s ta ll is e d  in c reases  w ith  in c re a s in g  te m p e ra tu re ,  
e x tru s io n  ra t io  a n d  ra m  speed. R e c ry s ta l l is a t io n  is  m o s t s e n s it iv e  to  
e x tru s io n  ra t io .

3. R e c ry s ta llis a t io n  is  d y n am ic  and  o ccu rs  b y  g ra in  b o u n d a ry  b u lg in g  a nd  b y  
ro ta t io n  re c ry s ta ll is a t io n .

4. T he  e x tru d e d  s t r u c tu re  is  e x tre m e ly  re s is ta n t to  s ta t ic  r e c ry s ta ll is a t io n  
d u r in g  subsequen t hea t tre a tm en t.

5. T he  as e x tru d e d  m ic ro s tru c tu re s  e x h ib it w e ll recove red  s u b g ra in  s tru c tu re s .  
The  s u b g ra in  size decreases w ith  de c re a s in g  e x tru s io n  te m p e ra tu re ; w ith  
in c re a s in g  e x t ru s io n  ra t io s  th e  s u b g ra in s  becom e  e lo n g a te d  a lo ng  th e  
e x tru s io n  d ire c t io n .

6 . T he  s u b g ra in s  fo rm ed  a d ja c e n t to  th e  o r ig in a l b o u n d a ry  a re  th e  p o te n t ia l  
n u c le i fo r  re c ry s ta ll is a t io n  a nd  are re sp on s ib le  fo r  th e  b a n ded  n a tu re  o f th e  
re c ry s ta ll is e d  g ra in s .

7. E x tru d a te s  p roduced  a t 5 00 °C  rem a in  s ing le  phase  d u r in g  e x tru s io n ; a t low e r  
tem pe ra tu re s  coarse coppe r r ic h  A l-C u -M g  based  p a r t ic le s  a re  p ro du ced  as a 
re s u lt o f th e  th e rm a l exposure .
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8 . T he  te n s ile  s tre n g th  o f th e  as e x tru d e d  m a te r ia l In c reases w ith  in c re a s in g  
e x tru s io n  ra t io  a n d  te m p e ra tu re . T he  v a r ia b le s  have  a s im i la r  e ffe c t on  
p ro o f  s tre s s  e x ce p t a t th e  h ig h e s t p ro c e s s in g  te m p e ra tu re . D u c t i l i t y  
decreases in  gene ra l w ith  dec reas ing  e x tru s io n  te m p e ra tu re  a n d  e x tru s io n  
r a t io ;  a s s o c ia te d  w i th  th e s e  a re  th e  d e c re a se  in  v o lu m e  f r a c t io n  
re c iy s ta ll is e d  a n d  an  in c rease  in  th e  vo lum e  f ra c t io n  o f  th e  coarse  coppe r  
r ic h  A l-C u -M g  based  p a rtic le s .

9. N a tu ra l a n d  a r t i f ic ia l  a ge in g  c h a ra c te r is t ic s  o f  th e  p re s s  q u e n c h e d  
e x tru d a te s  v a ry  w i th  e x tru s io n  te m p e ra tu re s ; th e  m e c h a n ic a l p ro p e r t ie s  
a lw ays  im p ro ve  w ith  in c re a s in g  e x tru s io n  tem p e ra tu re .

C hapter E igh t

1. F o r th e  e x tru s io n s  p ro du ced  a t 5 0 0 °C , p re ss  q u e n c h in g  m a y  be u t i l is e d  to  
avo id  a sepa ra te  s o lu t io n  soak  be fo re  age ing a t 190°C . E x tru s io n s  p ro du ced  
a t low e r tem p e ra tu re s  re q u ire  a n  ex tended  s o lu t io n  tre a tm e n t i f  th e y  are to  
p ro d u c e  aged p ro p e r t ie s  e q u iv a le n t to  th o s e  o b ta in e d  b y  th e  5 0 0 °C  
ex tru da te s .

2. V a r ia t io n s  in  e x tru s io n  p ro cess ing  c o n d it io n s  do n o t in f lu e n ce  th e  a r t i f ic ia l  
age ing  response , a fte r s o lu t io n  tre a tm e n t (T6  c o n d it io n ) , o f  th e  m a te r ia l a t 
190°C .

3. In  th e  peakaged  m a te r ia l,  th e  m a t r ix  p re c ip ita te  p h a se s  a re  S 'fA lg L i) ,  
S fA ^ C u M g )  a n d  T ^ A ^ C u L i ) .  T ^ p re c ip ita t io n  is  s t r ic t ly  l im ite d ,  w h ils t  
b o th  8 ' a n d  S phases are p re sen t hom ogeneous ly  as w e ll as he te rogeneous ly  
in  th e  m a te r ia l.

4. N a tu ra l age ing  p r io r  to  a r t i f ic ia l  age ing  fu r th e r  e nhan ce s  h om ogeneous  
p re c ip ita t io n  o f S phase in  th e  m a te r ia l.

5. T he  g ra in  b o u n d a ry  p re c ip ita t io n  o f b in a ry  A l- L i a llo ys , 8 (A lL i), is  rep laced  
b y  coppe r bea rin g  C phase. In  the  m a te r ia l aged u p  to  100 h o u rs  a t 190°C , the  
coa rse  g ra in  b o u n d a ry  p re c ip ita te s  a re  th e  A l-C u -L i-M g  based  C phase . 
F o rm a tio n  o f C phase is  fa c ilita te d  a t low  C u :M g  ra t io .
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6 . T he  m e ch a n ic a l p ro p e rtie s  ( in  th e  lo n g itu d in a l d ire c tio n ) o f  th e  h e a t tre a te d  
m a te r ia l a re  d o m in a te d  b y  th e  p r e c ip i ta t io n  p ro ce sse s  w h ic h  o c c u r .  
V a r ia t io n  in  e x t r u s io n  ra t io  h a s  o n ly  a w e a k  e ffe c t o n  th e  s tre n g th  
p ro p e r t ie s . T h e  s tre n g th  p ro p e r t ie s  s l ig h t ly  im p ro v e  w i th  d e c re a s in g  
e x tru s io n  te m p e ra tu re . D u c t i l i t y  in c reases  w ith  in c re a s in g  e x tru s io n  ra t io  
an d  tem pe ra tu re .

7. L o n g itu d in a l d u c t i l i t y  in c re a se s  f ro m  th e  u n d e ra g e d  to  th e  ove raged  
c o n d it io n . A sso c ia te d  w ith  th is  is  a change  in  f ra c tu re  m ode  fro m  one o f  
s h e a r ty p e  f ra c tu re  in  th e  u n d e ra g e d  c o n d it io n  to  one o f a m ix tu re  o f  
in te rs u b g ra n u la r  a n d  in te rg ra n u la r  fra c tu re  in  th e  peakaged  a n d  overaged  
c o n d it io n .

8 . T he  m a jo r  change  in  th e  fra c tu re  m ode w ith  age ing  is  a ssoc ia ted  w ith  th e  
p re c ip ita t io n  o f hom ogeneous ly  n u c lea ted  S phase  in  th e  m a t r ix  a nd  C phase  
on  th e  b ounda rie s .

9. S e rra te d  y ie ld in g  o c cu rs  in  th e  as q uen ched  an d  unde ra ged  m a te r ia l.  The  
ev idence  is  c o n s is te n t w ith  a p re v io u s  in te rp re ta t io n  th a t  m a g n e s iu m  a n d  
co ppe r in  s o lid  s o lu t io n  g ives rise  to  th is  p henom enon ; l i t h iu m  c o n tr ib u te s  
to  th is  p h e n om eno n  e ith e r  in  th e  fo rm  o f s o lu te  a tom s  w h e n  p re s e n t in  
adequa te  c o n c e n tra t io n  in  th e  s o lid  s o lu t io n  o r  in  th e  fo rm  o f 5 ' p a r t ic le s  
be low  a c r i t ic a l size.

10. T he  fra c tu re  to u g h n e s s  (m easu red  in  th e  tra n s v e rs e  d ire c t io n ) re m a in s  
una ffe c te d  b y  v a r ia t io n  in  e x tru s io n  te m pe ra tu re .

11. T he  f ra c tu re  to u g h n e s s  decreases w ith  in c re a s in g  age ing  t im e  a t 1 9 0 °C . 
C racks  a lw ays p ropaga te  a long  th e  g ra in  b o u nda r ie s .

12. In t ro d u c t io n  o f a p reage ing  s tre tc h  (2 %) decreases th e  fra c tu re  to ughne ss  o f 
th e  m a te r ia l.
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13. T he  fra c tu re  to ug hne ss  o f th e  m a te r ia l is  im p ro ve d  w h e n  i t  is  s u b je c te d  to  
n a tu ra l age ing  p r io r  to  a r t i f ic ia l age ing . T he  im p ro v e m e n t in  p ro p e rt ie s  
re s u lts  fro m  th e  re f in e m e n t o f th e  hom ogeneous  d is t r ib u t io n  o f  S phase  
w ith in  th e  m ic ro s tru c tu re .

9.2. Suggestion s for further work

1. In  l i t h iu m  c o n ta in in g  A l-C u -M g  a llo y s  o f  c o m m e rc ia l in te re s t ,  th e  
va can c ie s  p la y  a v e ry  s ig n if ic a n t ro le  in  th e  d e ve lo pm en t o f  a l l  th e  m a jo r  
p re c ip ita te  phases w h ic h  in  tu r n  dec ide  th e  m e c h a n ic a l p ro p e r t ie s  o f th e  
m a te r ia l.  To da te , s tu d ie s  c o n ce rn in g  s o lu te -v a ca n c y  in te ra c t io n s  in  A l-L i 
based  a llo y s  have been  lim ite d . F u r th e r  w o rk  is  c le a r ly  re q u ire d  fo r  b e tte r  
u n d e rs ta n d in g  o f th e  m e chan ism s  invo lved .

2. In  th e  h e a t tre a te d  A A  8 0 90  a llo ys , th e  vo lum e  fra c t io n  o f th e  coarse  g ra in  
b o u n d a ry  p re c ip ita te s  is  observed to  inc rease  w ith  in c re a s in g  coppe r c o n te n t  
in  th e  m a te r ia l. C oppe r and  m agnes ium  c o n c e n tra t io n s  in  these  a llo ys  m ay , 
th e re fo re , be m o d if ie d  to  m in im is e  th e  g ra in  b o u n d a ry  p re c ip ita t io n  w h ile  
a t th e  sam e t im e  p ro v id in g  adequa te  C u  + M g  c o n c e n tra t io n  fo r  m a t r ix  S 
p re c ip ita t io n . Based on  th e  ava ilab le  te rn a ry  A l-C u -M g  phase  d ia g ram  [See 
re ference (58)] i t  is  suggested th a t th e  coppe r c o n ce n tra tio n  m a y  be lowered to  
th e  range o f (0 .8  - 1 .0 ) w t % and  m agnes ium  c o n c e n tra t io n  m a y  be in c reased  
to  th e  range  o f (1 .0  - 1 .3 )w t %; th is  c o m p o s it io n  fa lls  in to  th e  (a + S) f ie ld  o f  
th e  A l-C u -M g  phase d iag ram . A t th is  low  coppe r c o n ce n tra tio n , m agnes ium , 
how e ve r, c a n n o t be  in c re a s e d  b e yo n d  1 .3  w t % ; b e ca u se  in c re a s in g  
m agne s ium  beyond  1.3 w t % , th e  c o m p o s it io n  en te rs  th e  (a + S + T) phase  
f ie ld  and  a lso  in c re a s in g  m agnes ium  fu r th e r  to  2 w t % o r b e yond  w o u ld  lead  
to  th e  fo rm a t io n  o f b r i t t le  A ^ L iM g  phase . T he  s tu d y  o f  p re c ip i ta t io n  
re a c t io n s  in  th e  p ro p o se d  h ig h  M g , lo w  C u  c o m p o s it io n  s h o u ld  be  
in v e s tig a te d .

3. F o rm a tio n  o f coa rse  p re c ip ita te s  a t th e  h ig h  ang le  g ra in  b o u n d a r ie s  a nd  
m e d iu m  ang le  s u b g ra in  b o u n d a r ie s  a re  a re s u lt  o f e nhan ce d  d if fu s io n  in  
reg ions  ad ja cen t to  those b ounda rie s . A  low e r age ing te m p e ra tu re  v iz . 170°C  
m a y  be th e re fo re  u t i l is e d  to  m in im is e  th e  g ra in  b o u n d a ry  p re c ip ita t io n .  
W o rk  is  re q u ire d  to  in v e s tig a te  s u ch  h e a t t re a tm e n t a n d  d e ve lo pm en t o f



245
adequa te  s tre n g th .

4. N a tu ra l age ing  p r io r  to  a r t i f ic ia l age ing  is  obse rved  to  im p ro ve  th e  fra c tu re  
to u ghne ss  o f th e  m a te r ia l. O p t im is a t io n  o f th e  p r io r  n a tu ra l age ing  tim e  is, 
th e re fo re , re q u ire d  to  u t il is e  fu l ly  its  b e n e fic ia l effect.

5. N a tu r a l a g e in g  p r io r  to  a r t i f i c ia l  a g e in g  e n h a n c e s  th e  m a t r ix  S 
p re c ip ita t io n ; th e  degree o f g ra in  b o u n d a ry  p re c ip ita t io n  a t th e  sam e t im e  is  
ve ry  lik e ly  to  be in flu e n ce d  because in c reased  m a t r ix  S p re c ip ita t io n  reduces  
th e  a va ila b le  s o lu te  re q u ire d  fo r  g ra in  b o u n d a ry  p re c ip ita t io n . Q u a n t ita t iv e  
w o rk  is  c le a r ly  re q u ire d  to  in v e s tig a te  th e se  even ts ; th e  s tu d y  c o u ld  be  
co rre la te d  w ith  th e  m e chan ica l p ro p e rty  re s u lts .

6 . in  th e  e x tru s io n  ra t io  range (viz. 2 0 :1  to  80 :1 ) in ve s tig a te d  in  th is  s tu d y , th e  
lo n g i tu d in a l d u c t i l i t y  is  a lw a y s  o b se rve d  to  in c re a s e  w i th  in c re a s in g  
e x tru s io n  ra t io . The e x tru s io n  ra t io n  range  o f c o m m e rc ia l in te re s t v a r ie s  
f ro m  10; 1 to  100 :1 . T he re fo re , s tu d ie s  in v o lv in g  th e  e ffe c t o f  v a r ia t io n  in  
e x tru s io n  ra t io  on  th e  f ra c tu re  to u g hne ss  o f th e  m a te r ia l is  o f  c o n s id e ra b le  
in te re s t a nd  s h o u ld  be in ves tiga ted .



246

ACKNOWLEDGEMENTS

I w o u ld  lik e  to  exp ress m y  g ra t itu d e  to  m y  s u p e rv iso rs  D r. H .M . F Low e r a nd  
P ro fesso r T . S heppa rd  fo r  th e ir  gu id ance  and  encou ragem en t th ro u g h o u t th e  cou rse  
o f th is  resea rch  w o rk ; I am  in deb te d  to  D r. F low e r, in  p a r t ic u la r ,  fo r  h is  in v a lu a b le  
advice a nd  fo r  a ll th e  s t im u la t in g  d is cu ss io n s  d u r in g  th e  pa s t th ree  yea rs .

I a lso  owe p a r t ic u la r  th a n k s  to  M r. G .W . B r ie rs  fo r  h is  adv ice  a nd  g u id an ce  
on  m a tte rs  in v o lv in g  e le c tro n  m ic ro scopy . T h a n k s  are a lso due  to  D r. P .J. G regson  
o f th e  U n iv e rs ity  o f S o u th a m p to n  a nd  D r. F.R . Sale o f  th e  U n iv e rs ity  o f M an che s te r  
fo r  th e ir  c o n tr ib u t io n s  to  th e  p ro jec t. ( i n  c o n n e c t io n  w i t h  th e  DSC w o rk ) .

T he  te c h n ic a l expe rtise  o f Mess rs . M . A nd rew s , N. S a lp ado ru  a n d  R  B a x te r  
has been  g ra te fu lly  a pp re c ia ted . I am  g ra te fu l to  M is s  S and ra  C u r le y  fo r  p a t ie n t ly  
ty p in g  th is  th e s is  o ve r a n  e x te n d ed  p e r io d  o f  t im e  an d  M r. P. H e n ry  fo r  th e  
re p ro d u c tio n  o f th e  p la tes .

I w is h  to  th a n k  m y  fr ie n d s  a nd  co lleagues, D rs . S. Fox, N. R a g h u n a th a n  a nd  
M .P. C lode , a n d  a ll o th e rs  w ho , k n o w in g ly  o r  u n k n o w in g ly  c o n t r ib u te d  to  th e  
c o m p ila t io n  o f th is  th e s is .

F in a lly , th e  p ro v is io n  o f a re sea rch  g ra n t b y  th e  A lu m in iu m  C om pan y  o f  
A m e rica  (ALCOA) is  g ra te fu lly  acknow ledged .



247

REFERENCES

1 . W .E . Q u is t, G .H . N a ra ya nan  a nd  A .L . W in g e rt, ’A lu m in iu m -L ith iu m  a llo ys  II', 
(ed. T .H . S ande rs  and  E .A . S ta rke ), W a rra n d le , Pa., T he  M e ta llu rg ic a l S oc ie ty  
o fA IM E , 313 , (1984).

2. C .J . Peel, B. E vans  a nd  D .S . M cD a rm a id , M e ta ls  and  M a te r ia ls , 3 , (8 ), 4 49 , 
(1987).

3. A .F . S m ith , M e ta ls  and  M a te r ia ls , 3 , (8 ), 438 , (1987).

4. A .J . M cA lis te r, B u ll.  A llo y  Phase D iag ram s , 3 , 177, 1982.

5. J .M . S ilcock , J . In s t. M et., 8 8 , 357 , 1959-60.

6 . M . T am u ra , T. M o r i and  T. N a kam u ra , J . Jap . In s t. M et., 34 , 919 , 1970.

7. T . Yosh i-yam a , K. Hasebe and  M . M annam i, J . Phys. Soc. Ja p an , 25 , 908 , 1968.

8 . B. Noble and G.E. Thom pson , Met. Sci. J ., 5, 114, 1971.

9. L.P. Costas a nd  R P . M a rsha ll, T rans . M et. Soc. A IM E , 224 , 970 , 1962.

10. R  Nozato and  G. Naka i, T rans . J . In s t. M et., 18 , 679 , 1977.

11. D .B . W illiam s  and  J.W . E d ing ton , M et. Sci., 9, 529 , 1975.

12. S. Ceresara, G. Cocco, G. Fagherazz i and  L. S ch iff in i, Ph il. M ag., 35 , 373 , 1977.

13. G. Cocco, G. Fagherazzi and  L. SchifT in i, J . A pp . C rys ta l, IQ , 325 , 1977.

14. F .W . Gayle a nd  J .B . V ande rsande , 'A lu m in iu m - l i th iu m  a llo ys  II I ',  (ed. C. B a ke r  
et a l), 376 , 1986, London , The In s t itu te  o f M e ta ls .

15. F .W . Gayle and  J .B . V ande rsande , B u ll. A llo y  Phase D iag ram s, 5, 19, 1984.

16. C. S ig li and  J .M . Sanchez. A c ta . M e ta ll. 34 . 1021. 1986.

17. J .M . Papazian, C. S ig li and  J .M . Sanchez, Scr. M e ta ll. , 20 , 201 , 1986.

18. E.S. B a lm u th , Scr. Met., 18 , 301 , 1984.

19. B . Noble and  G.E. Thom pson , Met. Sci. J ., 6 , 167, 1972.

20. S.F. B a um ann  and  D .B . W illiam s , Met. T rans ., 16A, 1203, 1985.

21. H . S u z u k i, M . K anno  and  N. H a yash i, J . J a p . In s t. L ig h t M e ta ls , 3_1 (2), 122, 
1981.

22. T .H . Sanders, E.A. Ludw iczak  and  R R  Saw te ll, M a t. Sci. Eng. 43 , 247 , 1980.

23. D .B . W illia m s  and  J.W . E d ing ton , A c ta  M e ta ll., 24 , 323 , 1976.

24. T .V . Schegoleva and  O.F. R yba lko , Fiz. Met. M e ta lloved , 3 , (42), 546 , 1976.



248

25. P. N is k a n s e n , T .H . S a nd e rs , J r . ,  J .G . R in k e r  a n d  M . M a rk e r , C o r ro s io n  
Science, 22, 283 , 1982.

26. D .B . W illia m s : in  'A lu m in iu m - l i th iu m  a llo y s  I I ',  (ed. T .H . S ande rs  a nd  E .A . 
S ta rke ), 89 , 1984 , W a rra n d le , Pa, T he  M e ta llu rg ic a l S oc ie ty  o f A IM E .

27. T .H . Sanders and  E.S. B a lm u th , Met. Progress, 3 , 32 , 1978.

28. S .C . J h a , K. M a h a lin g a m  a nd  T .H . S a nd e rs : in  'A lu m in iu m  a llo y s  - th e ir  
p h y s ic a l a nd  m e c h a n ic a l p ro p e rt ie s ', (ed. E .A . S ta rk e  a n d  T .H . S ande rs ) ,  
V o lum e  II, 677 , 1986 , W a rle y , E n g in ee r in g  M a te r ia ls  A d v is o ry  Service .

29. W .R  D. Jones and  P.P. Das, J . Ins t. M et., 8 8 , 435 , 1959-60.

30. D .W . Lev inson  and  D .J . M cPherson , T ra n s la t io n  o f th e  ASM , 48 , 689 , 1956.

31. E. S ch u rm an  and  I.K . Geissler: G iesse re ifo rschung , 32 , 163, 1980.

32 . I.N . F r id y la n d e r, V .F . S h am ra y  a nd  N .V . S h irya ye va , Izv. A ka d . N a u k , SSSR, 
M e ta lly , 2, 153, 1965.

33. G .E. Thom pson  and  B. Noble, J . Ins t. M et., 101 . I l l ,  1973.

34. T .V . Schegoleva and  O.F. R yba lko , Phys. M et. M e ta llo ved , 50, (1), 69 , 1980.

35. T .H . Sanders, P.W. N iskansen , Res. M echan ica  Le tte rs , 1 , 363 , 1981.

36. K . D in sd a le , S .J . H a r r is  a n d  B. Nob le : in  'A lu m in iu m - l i th iu m  a llo y s  I ', (ed. 
T .H . S ande rs  a n d  E .A . S ta rke ), 101, 1981 , W a rra n d le , Pa, T he  M e ta llu rg ic a l 
S oc ie ty  o f A IM E .

37. S.F. B a um ann  and  D .B . W illiam s : in  Ref. 26 , 17.

38. I.N . F r id ly a n d e r, S .M . A m b e rts u m ya n , N .V . S h iry a ye va  a n d  R .M . G a b id u ll in :  
M et. Sci. H eat T rea t. Met. 3 , 211 , 1968.

39. H .K . H a rd y  and  J .M . S ilcock , J . In s t. M et., M .  423 , 1955-56.

40. M .H . Tos ten  and  P .R  Howell: in  Ref. 28 , 727 .

41. W .A . Cassada, G .J. S h ifle t and  E.A. S ta rke : in  Ref. 28, 695.

42. E .E . C h e rka sh in , P.I. K r ip y a ke v ic h , a nd  G .I. O le ks iv , K r is ta llo g ra f iy a , 8 , 846 , 
1963.

43. T .H . Sanders and  E.A. S ta rke : in  Ref. 26 , 1.

44. T .V . Schegoleva and  O.F. R yba lko , Phys. M et. M e ta llo ved , 42, (2), 3 22 , 1976.

45. F.W . Gayle: in  Ref. 36, 119.

46. B. Noble, I .R  M cC la u g h lin  and  G. Thom pson , A c ta  M e ta ll., 18 , 339 , 1970.

47. H .H . Jo  and K. H irano , M a te ria ls  Sci. F o rum , 13-14 , 377 , 1987.

48. K .K . S anka ran  and  J .E . O 'Neal: in  Ref. 26 , 393 .



249

49 . R .J . R io ja , and  E A  Ludw ickzak : in  Ref. 14, 471 .

50. J .C . H uang  and  A .J . A rde ll: in  Ref. 14, 329.

51. M .H . Tosten , A .K . Vasudevan, and  P .R  Howell: in  Ref. 14, 483.

52. P .J . G regson, Ph .D . Thes is : The U n iv e rs ity  o f London , 1983.

53. W .S . M ille r , A .J . C o rn ish , A O . T itc h e n e r and  D .A . B enne tt: in  Ref. 26 , 335 .

54. C .J . Peel, B . Evans , C A  B ake r, D .A . B enne tt, P .J. G regson a nd  H .M . F lower: in  
Ref. 26, 363.

55. R .J. Kar, J .W . B oh len  and G .R  Chanan i: in  Ref. 26 , 255.

56. K .K . S anka ran  and  N .J. G ran t, M ate r. Sci. E ngn ., 44 , 213 , 1980.

57. A .T . L itt le , W . H um e  Ro the ry  and  G.V. Raynor, J . In s t. M et., 70, 491 , 1944.

58. J .M . S ilco ck  and  B A  Parsons, F u lm e r Res. In s t. R eport, R 1 0 /6 7 , 1958.

59. Y. A . B a ga iy a ts k i, D ok. A kad . N auk . SSSR, 8Z, (3), 397 , 1952.

60. H . P e rlitz  and  A . W estg ren , A rk . K em i M ine r. Geo l., 13, 1943.

61. G .W . L o r im e r , "P re c ip ita t io n  P rocess In  S o lid s " , (ed. K .C . R u se ll a n d  H .I. 
A aa ronson ), 87 , 1978, W a rra nda le , Pa., The  M e ta llu rg ic a l S oc ie ty  o f A IM E .

62. F. C u is ia t, P. D u va l and R. G raf, Scr. M e ta ll. 1 8 , 1051, 1984.

63. J .M . S ilcock, J . In s t. M et, 89. 203, 1960-61.

64. S. Cerasara , A. G irada  and  A . Sanchez, Ph il. M ag., 35 , 97, 1977.

65. R.N . W ils o n  and  P.G. Partridge , A c ta  M e ta ll.. 13. 1321. 1965.

6 6 . P.J. G regson and  H .M . F lower, A c ta  M e ta ll., 33 , 527 , 1985.

67. T .S . S riva tsan , E .J . Coyne and  E A  S ta rke , J . M a te r. Sci., 21, 1553, 1986.

6 8 . B .L . G u , G.L. L ied l, J .H . K u lu lic k i and  T .H . Sanders, M a te r. Sci. E ngn ., 70, 217 , 
1985.

69. T .S . S riva tsan , J . M a t. Sci. Le tte rs , 6 , 948 , 1987.

70. P. N iskansen , T .H . Sanders, M . M arek , and  J . G. R in k e r in  Ref. 36 , 69.

71. E A  S ta rke , T .H . Sanders and  I.G . Palmer, J . M e ta ls , 8 , (33), 24, 1981.

72. N. R yum , A c ta  M e ta ll., 17 , 269, 1969.

73. E. Nes, A c ta  M e ta ll., 20, 499, 1972.

74. L. A nge rs , Y. C hen , M .E . F ine , J .R . W ee rtm an , a nd  M .S . Z eda lis : in  Ref. 28 , 
vo lum e  I, 321 .

75. S. Rystad , and  N. R yum , A lu m in iu m , 53, 193, 1977.



250

76. F.W . Gayle and  J .B . Vandersande , Scr. M e ta ll., 1 8 , 473 , 1984.

77. P .J. G regson and  H .M . F lower, J . M a te r. Sci. Le tte rs , 3 , 829 , 1984.

78. P.L. M a k in  and  B. R a lph , J . M a te r. Sci., 19 , 3835 , 1984.

79. W . S tim s to n , M .H . Tos ten , P .R  Howe ll, a nd  D .B . W illiam s : in  Ref. 14, 386 .

80. T . M a lis : in  Ref. 14, 347 .

81. K . H ono , T . Abe , D .R  Hess, H .W . P ic k e r in g , P.R. H ow e ll, Y. H asegaw a, T. 
S aku ra i, N. Sano a nd  K. H irano : in  Ref. 28 , V o lum e  I, 621 .

82. T . S a k u ra i, A . K oba ya sh i, Y. Hasegawa, A . S a ka i a n d  H .W . P ic ke r in g , Scr. 
M e ta ll., 20, 1131, 1986.

83. K . H irano , M a te r. Sci. F o rum , 1 3 /1 4 , 215 , 1987.

84. W .S . M ille r , J . W h ite  and  D .J . L loyd : in  Ref. 2 8 , V o lum e  in ,  1799.

85. F .W . Gayle, J .B . Vandersande , and  O .R  S ing le ton : in  Ref. 28 , V o lum e  n, 767.

8 6 . A .K . Vasudevan , A .C . M ille r  and  M .M . K e rske r: in  Ref. 26 , 181.

87. D . W ebs te r in  Ref. 36 , 228.

8 8 . D . W ebster, G. W a ld  and  W .S . Cremens, Met. T rans ., 12A, 1495, 1981.

89. F .S . L in , S .B . C h a k ra b o rty  and  E A  S ta rke , M e t. T rans . 13A, 401 , 1982.

90. N .J . Owen, Ph .D . T hes is , The U n iv e rs ity  o f London , 1987.

91. W .S . M il le r ,  J .  W h ite , M .A . R e yno ld s , D .S . M c D a rm a id  a n d  G .M . S ta r r ,  
"A lu m in iu m -L ith iu m  A llo y s  rv " ,  (ed. G. C h a m p ie r e t a l), p u b lis h e d  in  J . de 
Physique, Tome 48 , Supp le . 9, C 3 -151 , 1987.

92. D .B . W illiam s : in  Ref. 36 , 89.

93. A .K .V asudevan  and  R D . D ohe rty , A c ta  M e ta ll., 35 , 1193, 1987.

94. D. Venab les, L. C h ris to d o u lo u  and  J .R  P ickens, Scr. M e ta ll. 17 , 1263, 1983.

95. S .J . H a rr is , B. Noble and  K. D insda le : in  Ref. 26 , 219 .

96. T .H . Sanders: N ava l A ir  D eve lopm en t C en tre , C o n tra c t No. N 6 2269 -7 6 -C -0 2 71 , 
F in a l re p o rt, J u n e  1979.

97. M . Peters, V . B a c h m a n n , K . W e lpm ann , H . B e llin g ra d t, J .  E s ch w e ile r a n d  R  
B ra un : D F V LR  KOLN Report No. D FVLR -FB86-40 , 1986.

98. B . Noble, S .J. H a rr is  and  K. D insda le , J . M at. Sci., 1 7 , 461 , 1982.

99. B . Noble, S.J. H a rr is  and  K. D insda le , Met. Sci., 16 , 425, 1982.

100. M . F u ru kaw a , Y. M iu ra  a nd  M . Nemoto , T rans . Jap . In s t. M e t., 26 , 230 , 1985.



251

101. Y. M iu ra , A . M a ts u i, M . F u ru kaw a  and  M . Nem oto : In  Ref. 14, 427 .

102. L .M . B ro w n  a nd  R .K . H am , "S tre n g th e n in g  M e th o d s  In  C ry s ta ls " , (ed. A. K e lly  
an d  R .B . N icho lson ), E lsev ie r, A m s te rd am , 9 , 1971.

103. J .W . M a r t in ,  "M ic ro m e c h a n ism s  In  p a r t ic le -h a rd e n e d  A llo y s " , C am b rid g e ,  
U n iv e rs ity  Press, 1980.

104. T .H . Sanders and  E.A. S ta rke , A c ta  M e ta ll., 30 , 927 , 1982.

105. O. Jens rud : in  Ref. 14, 411.

106. P. S a in fo rt and  P. G uyo t: in  Ref. 14, 420 .

107. M . Peters and  G. L u tje r in g , Z. M e ta llk u nde , 67 , 811 , 1976.

108. G . L u t je r in g : G le itv e r te ilu n g  u n d  m e ch a m is c h e  e ig e n s ch a fto n  m e ta llis c h e r  
w e rks to ffe : D LR -FB -74 -70 : DFVLR , KOLN , 1974.

109. I . G . P a lm e r, R .E . L ew is  a n d  D .D . C ro o ks : in  2 n d  In t .  C o n f. o n  R a p id  
S o lid if ic a t io n  P rocess ing , 1980.

110. E A  S ta rke  and  F.S. L in , Met. T rans ., 13A, 2259 , 1982.

111. K .V . J a ta  and  E A  S ta rke : in  Ref. 14, 247 .

112. A .K . V asudevan , P.R. Z im an , S.C. J h a  and  T .H . Sanders: in  Ref. 14, 303 .

113. N .J. Owen, D .J . F ie ld  and  E.P. B u tle r. M a t. Sci. Tech., 2, 1217, 1986.

114. A .J . C o rn ish  and  M .K . B. Day, J . In s t. M et., 99 , 377 , 1971.

115. J .D . E m bu ry  and  E. Nes, Z. M e ta llkunde , 65, 45 , 1974.

116. M .O . S pe ide l: in  P roc. 6 th  In t .  C on f. o n  L ig h t M e ta ls ., L eoben , A u s t r ia ,  
A lu m in iu m -V e r le g , D u sse ld o rf, 1975.

117. R F . A sh to n , D .S . T hom pson , E .A . S ta rke  a nd  F.S . L in : in  Ref. 14, 6 6 .

118. M . K ik u c h i, K. Sh iozawa and  J .R  W ee rtm an , A c ta  M e ta ll., 29 , 1747, 1981.

119. R .E . C rooks, E A . K e n ik  and  E.A. S ta rke , Scr. M e ta ll., 17, 643 , 1983.

120. S. Fox, H .M . F low e r a nd  D .S . M cD a rm a id : in  Ref. 14, 263.

121. J . W a ldm an , H. S u lin s k i and  H. M a rku s , M et. T ra n s ., 5, 573 , 1974.

122. T .H . Sanders a nd  E A  S ta rke , Met. T ra n s ., 7A . 1407, 1976.

123. M .G . T u tc h e r, Ph .D . Thes is , The U n iv e rs ity  o f London , 1979.

124. S .J . Pa te rson , Ph .D . Thes is , The U n iv e rs ity  o f  L ondon , 1981.

125. C .M . Se lla rs and  W .J . Me G Tegart, Met. Rev. 17, 1, 1971.

126. C. Zener and  J . H o llom an , J . A pp l. Phys ics , 1 5 , 22 , 1955.



252

127. J .J . Jonas , C .M . Se lla rs  and  W .J . Me G Tegart, M et. Rev., 14, 1, 1969.

128. H . M cQ ueen  a n d  J . Jona s , 'T rea tise  o n  M a te r ia ls  Sc ience ', 1 6 , 3 9 3 , A cadem ic  
Press, 1975.

129. H . O rm erod and  W .J . Me G Tegart, J . Ins t. Met., 89, 94, 1960-61.

130. H . McQueen, Met. T rans ., 1 8A  807 , 1977.

131. J . C o tne r and W .J . Me G Tegart, J . In s t. M et., 97, 1969.

132. P A  H o llin shead  a n d T . Sheppard , M at. Sci. Tech ., 3, 1019, 1987.

133. D . S as tiy , M . L u to n  and  J . Jonas , Ph il. Mag., 30 , 115, 1974.

134. N.F. Foire and  C .L  Baue r, Prog. M a t. Sci., 13 , 87 , 1968.

135. W . T ru s z ko w sk i, A . P aw low sk i a nd  J . D u tk ie u lic z : in  B u ll.  A cad . Pol. Sci. Ser. 
Sci. Tech., 19, 55, 1971.

136. H .M . Tens i, P. D ro pm a n  and  H . Bo rche rs , Z. M e ta llk u n d e , 61 , 518 , 1970.

137. K .J . G a rdne r and R  G rimes, Met. Sci., 13 , 216, 1979.

138. T . Sheppard , N .C . Parson and  M .A . Za id i, M et. Sci., 17 , 4 81 , 1983.

139. T . Sheppard and  M .G . T u tche r, Met. Sci., 14 , 579, 1980.

140. P.N . K a lu  a nd  F .J . H u m ph re ys , "A lu m in iu m  Techno logy , 8 6 ", ed. T . S heppa rd , 
197, 1986, London , The In s t itu te  o f M eta ls.

141. H .J . M cQ ueen , E .E . V ange lis ta , J . Bow les and  G. C raw fo rd , M et. Sci. 1 8 , 395 , 
1984.

142. F .J . H um ph re ys , A c ta  M e ta ll., 25 , 1323, 1977.

143. F .J . H um ph re ys  and  M .R  D ru ry : in  Ref. 140, 191.

144. E.C .W . P e rrym an , "C reep and  Recovery", ASM , 111, 1956.

145. H .J . M cQueen, T rans . Jap . Ins t. M et., 9, 170, 1968.

146. H . M cQueen et a l„  Can. J . Phys., 45, 1225, 1967.

147. C. G agnon and  J .J . Jonas , T rans . Met. Soc. A IM E , 245 , 2581 , 1969.

148. W A  W ong and  J .J . Jonas , T rans . Met. Soc., A IM E , 242, 2271 , 1968.

149. T . S h e p p a rd : in  P roc . 2 n d  in t .  a lu m in iu m  e x t ru s io n  te c h n ic a l s e m in a r ,  
A tla n ta , Ga, V o l. 1, 331 , 1977, W a sh in g to n  DC , A lu m in iu m  A ssoc ia tio n .

150. T . Sheppa rd  and  M .G . T u tche r, M e ta ls  Techno logy, 8 , 3 19 , 1981.

151. N.C. Parson and  T. Sheppard : in  Ref. 26 , 53.

152. N.C . Parson and  T. Sheppard : in  Ref. 14, 222.



253

153. M A  Reyno lds a n d  E. Creed: in  Ref. 91 , 195.

154. I.G . Pa lm er, W .S . M ille r , D .J . L lo yd  and  M .J . B u ll:  in  Ref. 14, 565 .

155. J . W adsw o rth , C A  H ensha ll a n d T .G . N ieh: in  Ref. 14, 199.

156. P.L. M a k in  and  W .M . S tobbs: in  Ref. 14, 392 .

157. P.J. G regson, C .J. Peel and  B. Evans: in  Ref. 14, 516.

158. R.P. V ie ro d , Ph .D . T hes is , T he  U n iv e rs ity  o f L ondon , 1983.

159. S .J . C ie s la k , 'ALCO A  S h o rt Rod F ra c tu re  T oughness  In d ic a to r  T es t', R epo rt No. 
G A -17684 .1 , A LC O A  A p p lic a t io n  E ng in ee r in g  D iv is io n , M a y  2 6 th , 1985.

160. I. N o v ik o v , ’T h e o ry  o f  H ea t T re a tm e n t o f M e ta l',  M ir  P u b lis h e rs , M oscow ,  
1974.

161. G .C . W ea th e r ly , D . P h il. T hes is , The U n iv e rs ity  o f C am b ridge , 1966 .

162. K .S . R am an, Scr. M e ta ll., 5, 791 , 1971.

163. B . P ike , P riva te  C o m m u n ic a tio n , U n iv e rs ity  o f R ead ing , 1985.

164. S.F. B a u m a n n  and  D .B . W illiam s , A c ta  M e ta ll., 3 3 , 1069, 1985.

165. R A . S w a lin : "T h e rm od ynam ics  o f  S o lids", 60 , W ile y , 1962.

166. H .M . F low e r a nd  P.J. G regson: M a t. Sci. Tech., 3 , 81 , 1987.

167. J .M . Howe: in  Ref. 28 , Vol. I, 603.

168. A  F. S m ith : in  Ref. 14, 164.

169. B. D ubos t, J .M . Lang and  F. Degreve: in  Ref. 14, 355 .

170. K .N . Rao and  J A  Sekhar, Scr. M e ta ll. Vo l. 21 , 6, 805, 1987.

171. P.R. Spe rry , T ra n s  A S .M ., 48 , 904 , 1956.

172. L .F . M ondo lfo : "A lu m in iu m  A lo y s :  S tru c tu re  a n d  P ro pe rtie s ", B u t te rw o r th s ,  
London  (1976).

173. K .E . A e b e r li,  E le c tro n  D if f r a c t io n  P ro g ram m e  A u th o r ,  Im p e r ia l C o llege , 
London , 1982.

174. A . Kha taee , P riva te  C o m m un ic a tio n , Im p e r ia l Co llege, L o ndon , 1987.

175. A  Lo iseau and  G. Lapasset, J . de, phys ique , co lloq . 47, C 3 -331 , 1986.

176. A  Lo iseau  and  G. Lapasset, S u bm itte d  to  Ph il. Mag.

177. P. Cooper, P h .D . T hes is , The U n iv e rs ity  o f L ondon , 1985.



254

178. J .C .M . L i, J . A pp l. Physics, 2 2 , 2958 , 1962.

179. M .H . S k illin g b e rg  a n d  R F . A sh to n : in  Ref. 91 , C 3 -179 .

180. P. C o t te r i l l  a n d  P.R . M o u ld , "R e c ry s ta ll is a t io n  a n d  g ra in  g ro w th  in  m e ta ls " ,  
S u rre y  U n iv e rs ity  Press, London , 1976.

181. A .J . P e rry  and  K .M . E n tw is tle , J . Ins t. M et., 96 , 344 , 1968.

182. S.C. J h a , T .H . Sanders and  M .A . D ayananda : A c ta  M e ta ll., 35 , No. 2 , 4 73 , 1987.

183. J .M . Howe, J . M eta ls, 2 , 13, 1987.

184. W .S . M ille r, J . W h ite  and  D .J . L loyd : in  Ref. 91 , C 3 -139.

185. Z. Y in , K.T. A us t, G.C. W ea the rly  and  D .J. L loyd , Can. Met. Q ua tr., 26 , 61, 1987.

186. S. Fox, Ph .D . T hes is , The U n iv e rs ity  o f L ondon , 1987.

187. J .A . W e rt and  P A . W yc liffe , Scr. M e ta ll., 19 , 463 , 1985.

188. E .O . H a ll, Y ie ld  P o in t P henom enon  in  M e ta ls  a n d  A llo y s , M a cM illa n , L ondon , 
1970.

189. J .T . Evans, Scr. M e ta ll., 21 , 1435, 1987.

190. M . T am u ra , T. M o r i and  T. N a kam u ra , T rans . J . I .M ., 14 , 3 55 , 1973.

191. E. H om bogen , Z. M e ta llk u nde , QQ, 511, 1975.

192. M . A hm ed  and  T. E ricsson : in  Ref. 14, 509.


