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g.41 : Fractograph of tensile fracture on h o t  rol led 
cornpas i te s h e e t .  Reveal s d e e p  d imp1 e s  a n d  
particles inside. . 

6 urn 

; g a 4 Z  : S a m e  as above at h i g h e r  magniFicatlon. S h f i ~ s  5 
particle, pulled o u t  of a dimple. 















































































C H A P T E R  Ill 

R E S U L T S  & D I S C U S S I O N S  



I Castings: 

I I I . l . l .  H e l t  Characteristics: 

The m e l t  temperature from t h e  molten state prior to the 

addition of t h e  particulate a n d  upto t h e  casting s t a g e  was 

measured u s i n g  a sheathed chromel-aiumel thermocouple d i p p e d  

i n t o  t h e  m e l t .  The results are plotted i n  F i g . 6 .  I t  is 

o b s e r v e d  t h a t  in both t h e  casting techniques, there is an 

i n i t i a l  temperature drop (from 1033 K to 993 K f o r  LM routs 

and from 933 K TO 893 K f o r  RC route)fcllowed by an increase 

in temperature Ifram 993 K to 1073 K f o r  LM route and from 

893 K t o  923 K f o r  RC r o u t e )  during the composite synthesis 

and final drop after the particles are d i s p e r s e d .  The 

initial temperature d r a p  is due t o  t h e  immersion of t h e  

preheated mechanical s t i r r e r  i n t o  the me1 t to form the 

vortex. It is generaI1y understood in all aluminium alloy 

composi tes  reported earlier that t h e  temperature drop f u r t h e r  

contihues with the addition of the particulates. H o w e v e r ,  in 

t h i s  case, I t  is very unusual t h a t  t h e  temperature r i s e s  

during t h e  composite synthesis on the addition of the T i O 2  

particulates. This is well understood by one of the possible 

exothermic  chsmieal reaction 11621 b e t w e e n  t h e  particulate 

Ti02 a n d  magnesium present in t h e  base a l l o y .  

















marginal v i z  4.15% f n  t h e  base alloy rmduced t o  3.4% in t h e  

composite, a total l o s s  of only 6%. This also suggests t h a t  

Zn has not participated in t h e  chemical reactions. 

Considering the chemistry a n d  reaction products  of t h e  

composite, t h e  most favourable reactions those  are possible 

during t h i s  composite synthesis are as follows:- 

It may be noted here 1164) t h a t  Mg forms 3 titanates w i t h  

Ti02 as ( i l  magnesium meta-titanate (MgTiO31 of rhombohedra1 

crystal s t r u c t u r e ,  ( i i l  magnesium ortho-titanate 1HgZTi043 of 

cubic structure and l i i i )  'magnesium di-titanate lMgTi205) of 

orthorhobmic structure.  The XRD data h a s  shown t h a t  t h e  

magnesium titanate in t h i k  composite system corresponds  to 

flgTi205 with orthorhombic c r y s t a l  s t r u c t u r e .  



1 11.1.3. Distribution of Ti02 particlea in the eastinps: - 

The machined outer  s u r f a c e  of t h e  c a s t  composite billets 

prepared  by b o t h  liquid metallurgy (LMI a n d  rheocasting (RCI 

rout s  on visual examination shewed uniform distribution of 
\ 

Tin2 particles throughout the surface  e x c e p t  f o r  some 

segregation near t h e  shrinkage pipe in LH c a s t  billet. I n  

KC b i  l I e t s ,  such segcegat ions were not observed .  

Macrostructure ( F i g , 9 )  of the  crass section of t h e  LM cast 

billet of size 100 x 100 rnm square reveals chill zone of s i z e  

about 20 mrn a l l  around, covering about 64% of t h e  total  

cross sectional area. Columnar grains of site 2 mm w i d t h  a n d  

5 . 8  mm length are seen immediately a f t e r  t h e  chill zone t o  a 

d e p t h  of about 15 a m  towards t h e  c e n t r e ,  covering an area of 

about 27%. T h e  central zone of about 30 mm square, covering 

an area of about 9% contained equiaxed grains of size about 

3 mm diameter. 

Macrostructure I F i g . 1 0 1  of RC bilIet of cross  section 90 x 

150 mrn revealed a larger area of chi1 l zone, 35 rnm on either 

s i d e  a l o n g  t h e  w i d t h  and 25 mm on either s i d e  along t h e  

length, covering a cross  sectional area of about 85%. T h e  

s t ruc ture  d i d  not  reveal any columnar grains as in the LH 

cast billets, and t h e  central region of size 20 x 7 0  mm, 

covering an area of about  15%, showed equiaxed g r a i n s  of 

average diameter 2.8  mm. 



F i g .  V P l a c r o s t r u c t u r e  on t h e  cross section of L M  c a s t  
b i  I 1  et. S t r u c t u r e  re'veal s periphera 1 chi l l z o n e ,  
m i d d l e  col umriar g r a i n s  and c o r e  equiaxed grains. 

F i g .  10 : Macrostructure on t h e  cross section of RC b i l  let . 
S t r u c t u r e  reveals chill zone and equiaxdd grains . 
No columnar grains are  seen.  



F,rom t h e s e  macrostruc2ures, i t  can be said that, 

metallurgical conditions are more favourable in the case of 

RC billets t o  obtain a structure more of fine and equiaxed 

grains and free of columnar grains. 

The microscopic examination across t h e  cross  section of LM 

cast billet showed fine equiaxed chilled s t r u c t u r e  at the 

per iphery  which progres~ivsly got coarsened towards t h e  core 

leading ta columnar type dendrites with DAS of t h e  order 

af 150 to 200 Hm. En t h e  peripheral regions the particles 

were distributed uniformly. IFig.ill. As the columnar / 

dendritic solidification s e t s  in, t h e  particles w e r e  found 

i n  t h e  inter dendritic regions, a n d  at t h e  centre of the 

castings which clearly indicates partic1 e segregation 

( F i g .  121 as a r e s u l t  6f particle pushing by the g r o w i n g  

s o t  id11 i q u i d  interface, T h i s  particle pushing h a s  been 

attributed t a  t h e  1 ower. thermal conductivity and thermal 

diffusivity of Ti02 compared t a  t h a t  of aAl (421 as discussed 

below. 

The p a ' r t i c l e s  are pushed by t h e  soIidifying in t er face s  when 

where K, C and S r e p r e s e n t  thermal conductivity, specific 

heat and d e n s i t y  of the  p a r t i c l a p a n d  liquid matrix 1 

respectively. U s i n g  t h e  following data  for Al-Ti02 system 

Cp = 0.195 cal/gmK. C1 = 0.250 calfgmK 

GP = 4 -26  ga/cc S1. = 2.39 g m f c c  



F i g .  1 1  : Optical r n i c r a s t r u c t u r e  of L M  cast bil let . 
. U n i f o r m  distribution of dlspersoids b a t h  

in t h e  m a t r i x  and t h e  g r a i n  boundaries a r e  seen. 

F i g .  12 : Optical r n i c r o s t r u c t u r k  of t h e  above i n  t h e  c n r p  
r e g i o n .  Farticle segregation d u e  to particle push i n g  
e f f e c t  by growing dendrites is e v i d e n t .  



t h e  above conditions yield 
L 

and Up -- = 0.08509 i.s a 1 
K I 

These  computations show tha t  Ti02 particles should be pushed 

by aluminium dendrites t o  t h e  last freezing liquid. T h i s  is 

censistent with the experimental observations made here. 

In RC billets more r e f i n e d  and equiaxed dendritic s t r u c t u r e  

was observed  w i t h  uniform particle distribution through the 

entire c r o s s  section of t h e  billet ( F i g .  135 except f u r  t h e  

smal I central region where. dendrites were coarser than  the 

r s s t  of t h e  area. Unlike t h e  LM cast b i l  lets w h e r e  there 

was particle segregation at the c e n t r e  by particle pushing 

e f f ec t ,  RC b i  1 l e t s  exhibited good distribution of 

particulates i n  t h e  centre r e g i o n  [ F i g .  14) .  This indicates 

that t h e  particles get  trapped within t h e  semi solid slurry 

during solidificatian and a r e  n o t  f r e e  to move around. This 

e n h a n c e s  tha  uniformity of t h e  particle distribution over a 

large area of crass  ssction. The dendrite arm spacing in t h e  

c e n t r e  r e g i o n  of t h e  RC b i t  1 e t  i s  of t h e  order of 30-50 urn, 

and over the  rest of the  area, i t  is very l o w  of 

t h e  order of 10-20 H m s  as compared t o  t h e  dendrite arm 

spacing of 150-200 M r n  for LM c a s t  billet and 200 urn for the 
* 

LA cast  base alloy ( F i g . 1 5 1 .  This i n d i c a t e s  that rheacasting 



F i g .  13 : O p t i c a l  microstructure of RC bil let. Region towarcts  
- s u r f a c e .  Structure revelas f i n e  rnatr i x  grains a n d  
unif n r m  d i s t r i b u t i o n  o f  dispersoids. 

F i g .  1 4  : O1:ltical m i c r n s t r u c t . u r e  o f  t h e  above at, t h e  c o r e  
reqion. Equiaxed g r a i n s  a r i d  g o o d  distribution of 
d i s p e r s n i d s  are s e e n .  



F i G .  15 : Optical r n i c r n s t r u c t u r e  o f  t h e  m a t r i x  a1 I oy 
IG74S) i n  t h e  LM cast condition. Indicates 

e u t e c t  i c  g r a i n  boundaries typical of c a s t  structure, 



h a s  a vary pronounced effect to refine t h e  grain s t r u c t u r e  

and that t h e  Ti02 particIes has  only marginal influence on 

grain ref inemsnt in t h e  c a s t  s t r u c t u r e ,  as no significant 

refinement was observed i n  LM c a s t  billets. Grain refinement 

by Ti02 could be  e x p e c t e d  o n l y  i f  they were probably f i n e l y  

and separateIy d i s p e r s e d  i n  the m e l t .  S i n c e  i n  b o t h  LM and RC 

billets, t h e  particles are in agglomerated form, no grain 

refinement has been observed by tho d i s p e r s o i d s .  Grain 

refinement by rheocastfng is a process characteristics which 

h a s  been e x p l a i n e d  112) in the fallowing lines. as metals 

and aikoys freeze,  the primary dendrites normally grow and 

intermesh w i t h  each other ,  so that, as soon as a relatively 

small fraction (about 20%) of the melt has frozen,  viscosity 

increases sharply, and flow ceases practically. I f ,  however, 

t h e  d e n d r i t e s  are broken up by  vigorously agitating t h e  m e l t  

during solidification, as is done in rhaoeasting, reasanadis 

fluidity p e r s i s t s  until th; sol i d  content  reaches as much as 

60%. Each broken piece of dendrite becomes a separate  crystal 

and  very fine grain s i z e  can be achieved without t h e  use of 

grain ref  i n s r s .  



The average particle size EAPS) of TiOZ in the as received 

condition was about 0.37 urn. Heating t h e  partieles.to about 

1073 K was faund t o  be essential to remove any  adsorbed 

moisture and gases a n d  further to improve the wettability. 

This heating h a s  however resulted in agglomeration of t h e  

particles. The preheated  particles were subjected to 

particle size analysis using 'the same instrument and method 

t h a t  was used to evaluate t h e  size of t h e  u n t r e a t e d  

particles. T h e  particle siza distribution is n o t e d  below and 

t h e  distribution graph is shown in F i g .  16. 

: Below . I *  . '  * I  

. m e  

I I  . 1 1  
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7,*5 " 
4 ' *  
1.8 " 
1 - 1  " 
0.8 " 
0 .6  
0.4 
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It may be o b s e r v e d  t h a t  t h e  s i z e  variation is much larger 

ranging from 0.3 to 28 Nrn w i t h  t h e  average particle s i z e  at 

1.8 Mm as against t h e  size variation of 0.15 to 1.0 urn f o r  

the untreated particles. It may also be noted  t h a t  t h e  

magnetic s t i r r i n g  involved i n  the process of particle s i z a  

analysis is likely t o  break down the weakly agglomerated 

particles of the  treated. powder. T h i s  is to say that the 

average  s i z a  of t h e  treated particles t h a t  was u s e d  in the 





composite synthar.fr wi thout  any further processing like 

magnetic stSrsing would be definitely larger than t h e  size of 

the powder t h a t  was subjected to particle size analysis a f t e r  

the magnetic s t i r r i n g .  

\ 

BY optical metallagraphy techniques, t h e  size distribution of 

Ti02 particles was estimated f o r  b a t h  RC and LH cast 

composite billets. A typical distribution af the Ti02 

agglomerates in t h e  RC and LH c a s t  rbute composite billets 

h a s  been shown in F i g . 1 7 .  In RC composites, t h e  agglomerate 

sizes - ranged upto 150 urn w i t h  the average  particle size 

14.54 urn. The size distribution of t h e  particles is given 

be1 ow. 
About 13% be>low 5 micron 

48% between 5 a n d  10 microns 

13% between 10 a n d  15 microns 

10% b e t w e e n  15 and 20 microns 
L 

7% between 20 and 30 microns 

5% between 30 and 50 microns 

3% between 50 and 100 microns  and  

1 X above 100 microns .  

For LM composites, t h e  particle agglomerate size varied u p t o  

250 m w i t h  the average particle s i z e  8 6 . 6  urn. The s i z e  

distribution of the particles is given below. 

About 8% below 30 microns 

12% between 30 and 40 microns 

16% between 40 a n d  50 microns 

38% *between 5 0  and 100 microns and 

26% above 100 microns.  





The results clearly indicate that t h e  particles do 

agglomerate in both t h e  types of cast fng  processes a n d  that 

t h e  agglomerate sixes are much smaller in RC billet 482% less 

than  20 ~ r n )  t h a n  in Lfl billet (64% more than 5 0  urn? : t h a t  is 

to s a y  , rhaocadting technique is cartainly superior to 

d i s p e r s e  f i n e  particles i n  t h e  composite, or else, as 

r e p a r t e d  in earlier studies (1401 particles of size less than 

50 urn are  difffcult to be dispersed by LH technique without 

larger agglomerations. The distinct advantage of 

rheocasting route  to disperse particles of s i z e  less than 50 

urn size can be attributed to t h e  following: 

( i 3 .  Since RC casting is done i n  a two phase r e g i o n  ( s o l i d -  

liquid), t h e  particulates remain i n  l i q u i d  phase separated by 

solid phase w i t h i n  the slurry. This minimises the possibility 

of too many particles coming together  to form any agglomerates. 

t i i l  The relativsfy h i g h e r L v i s c o s i t y  of t h e  melt  slurry 

enables higher shear transfer during dispersion and 

subsequent m i x i n g ,  whereby t h e  particles even in t h e  smaller 

agglomerates can g e t  geparated individually or into finer 

a g g  1 oaerates .  ( i i i ) .  Since t h e  primary s o l i d  is 

comparatively softwr i t  can flow along w i t h  particles and 

p r e v e n t  the separa ted  particles t o  came i n  contact w i t h  each 

other, thus avoidfng reagglomeration. l i v l ,  The moving 

solid 'phases  of the  s o l i d  slurry can also break certain 

agg I omerates' , which are  weak I y bonded ,  by impingement  

action, and 
* 

( v l  The higher viscosity of *,he slurry also prevents the 

gravity induced segregation during  unstirred c o n d i t i o n s .  



1 1  1.1.5.Particls matrix interactions: 

SEM observation of particle matrix interface of the cornpasite 

exhibited reaction products for b o t h  LH and RC billets. The 

reaction t o n e  was observed t o  be of thickness about 3 Brn f o r  

LM cast billet ( F i g . ' l 8 1  and that for RC billets was found to 

be o n l y  about  l ~ m t h i c k n e s s  i F i g . 1 9  a n d  20). T h i s  is 

possibly due to t h e  lower dispersion temperature viz., o n l y  

about 923 K maximum f o r  RC process  as a g a i n s t  a b o v e  1023 K 

f o r  LM p r o c e s s .  

m 
E x t e n s i v e  EDAX anaIysis was carried out in t h e  composite 

samples to ascertain t h e  elemental distribution over t h e  

particle, particle segregations, reaction t o n e s ,  a d j a c e n t  t o  

t h e  particles and over t h e  matrix material. The intensity 

chart of the  elements are shown in Figures 21 to 23. 

Elemental distribution over the smaIIest particle agglomerate 

(Fig. 21  1 reveal pref srential ti peaks possibly corresponding 

to Ti02 w i t h  I o w p e a k s f o r H g a n d A l .  Fig.22 shows the 

s l  emental distribution over a large particulate cluster. 

Presence of h i g h e r  percentage of A 1  infiltrated into t h e  

d i s p e r s a i d  cluster is very evident in this case. The Reaction 

zones reveaI IFig.231 higher peaks f o r  M g  a n d  Ti, quite 

possibly due to t h e  presence  af MgTi2 0 5 .  XRD analysis of 

t h e  e x t r a c t e d  particulates h a s  confirmed the presence  of TiQ2 

and MgTi205 in t h e  composite. 



F i g .  18 : SEM picture of LM c a s t  billet. Indicates reaction 
zone around t h e  d ispersoid., 



F i g ,  19 : SEM p i c t u r e  of RC billet. Indicates c r a c k e d  p a . r t i c I e  
.agglomerates and thin ' reaction z o n e  around t h e  
dispersoid 

)--------I 

Cig.28 : Same as above at higher mag n i f  icatinn 30 pm 



W45+TI 02 SEMI SOtlO EXTRUDED CPFRTICLEI 
i 

I 

Fig* 21. EDAX i n t ~ n s i t y  count on a p a r t i c l e .  

- Graph i n d f c a t a s  t , l ementa l  a n a l y s i s *  
.. . - - - -*. . 

Ti and Ll< peaks -5;o d u d  t% T i 0 2  a n d  MgTi205 



a. ess 8- 5 . VFS = 512 5.f= . 

58 W4S*TI02 SEE1 SOLID EXTFS-CPRRTICLE CLtETER> 
i 
I 

Pig. 22. EDAX i n t e n s i t y  c o u n t  on a p a r t i c l e  clus t e r m  
' Ti a n d  Mq.pcaks  ore  due t o  TiOl a n d  MgTI 0 . 

2 5 
. . . . . .. ,,-- H i g  her-pe-ak. fprALb_ll_ n d  S c t t e s  -rn.frl. tga.M?k of . - - - . . . - -. . - . 

A l  i n t o  t h e  p a r t i c l e  i n t e r f a c e  r e g i o n ,  



F i g .  23. EDAX i n t e n s i t y  count on t h e  r e a c t i o n  zone .  

Higher  peak  f o r  Mg - i n d i c a t e  l a r g e r  a m o u n t  

o,f MgTi20j t h a n  TiQ2 i n  th* r e a c t i o n  zone. 



Forging operations were discantinued w i t h  t h e  formation of 

cracks on t h e  composite a f t s r  t h e  i n i t i a l  30% reduction. I t  

must be mentioned here that  t h e  b a s e  alloy is highly 

forgeable and  that  heavy. f o r g i n g  reductions are practised by 

hot working process. Apparently dispersion of TiO2 particles 

in this alloy system reduces the forgeability of the a l l ~ y ,  

irrespective of t h e  casting route, i . e .  LH or RC r o u t e .  

The SEM observation (Fig.24) on t h e  fractured s u r f a c e  f r o m  

t h e  cracked portion of the forged sample has shown very poor 

bonding between the matrix and the d i s p e r s o i d .  Particle 

agglomerations and porosities were also observed i n  t h e  same 

sample. Particje f a l l  out  from t h e  cracked surface  (Fig.241 

is alsa observed t o  be creatfng pores on the surface. The 

matrix is found to have ductile'flou during forging as 

o b s e r v e d  by the presence of dimples and m i c r o v o i d  formations 

tFig.251. Particle separation from an agglomerate into 

several platelets within a large d i m p l e  (Fig.25) probably 

indicate that t h e  forging cracks develop from t h e s e  areas due 

t o  coalescence of micravoids on p r e s s  forging. Microvoids on 

t h e  matrix alloy without Ti02 may however  get closed up 

during press forging, and t h a t  is why, heavy forgings 

raductions are found possible an the b a s e  alloy systems.  

Henceforth, it may be concluded that the forging is n o t  

likely t o  improve t h e  properties of the composite containing 

agglomerates of dispersdids. On t h e  other hand,  i f  

dispersoids a r e  n o t  clustered but dispersed individually in 

74 



hg.74 : SE-M p i c t u r e  of t h e  f o r g e d  composite. Shows p o o r  
b o n d i n g  between  matrix and the dispersoids. 
Agglomerates a n d  pores are also seen .  

F i g . 2 5  : Fraetograph of t h e  f o r g i n g  crack. Shows 
disintegration of a particle cluster into ssveral 
platelets w i t h i n  a dimple. M a t r i x  is ductile. 



t h e  composite, while forging, pull out  of particles w i l l  n o t  

take place during forging but improvements in t h e  mechanical 

properties w i l l  t a k e  place depending upon f a r g i n #  conditions 

(1653.  In a very recent study  11281, A I - M g  a1 l ay  A A  5083 

cornpasite reinforced w i t h  SiC particulates of particle s i z e  

v a r y i n g  from 0 . 5  urn to 5 . 0  urn by powder metallurgy technique 

was successfully h o t  f o r g e d  to a reduction ratio of 3 : 1. I n  

s h o r t ,  the choice of the route  for  mechanical working af the 

composite d e p e n d s  upon the type  a n d  nature of distribution of 

dispersoids in t h e  matrix. 



I I I .  3 .  Extrusions: 

The r e s u l t s  under t h i s  section are discussed i n  two sub- 

sections : t i )  e x t r u s i o n  characteristics and  l i i )  h e a t  
\ 

treatment of e x t r u d e d  sections. 

Extrusion Characteristics: 

The s u r f a c e  f e a t u r e s  of t h e  e x t r u d e d  c ~ m p a s i t e  samples are 

shown in F i g . 2 6 .  Snl id e x t r u d e d  ISE) rods exhibited good 

surface  finish compared to semi-solid (SSEI ar semi-liquid 

(SLEI e x t r u d e d  rods, which exhibited s u r f a c e  cracks. A very 

r e c e n t  s t u d y  (1281 on semi  soIid extrusion of 7178 A 1  alloy 

(Al-Zn-Mg-Cu) w i t h  15 v o l  % A1203 short f i b r e s ,  also r e p o r t e d  

s u r f  ace cracks. 

The s u r f a c e  cracks of t h e  SSE and SLE rods were of size 2 m m  x 

2mm. The s u r f a c e  machined extruded rods of both SSE and SLE 

a r e  shown in Figures 27 and 28.  Unlike i n  earlier s t u d i e s  

4 146,128) which exhibited c y l  indrical s u r f a c e  c r a c k s  

(perpendicular to t h e  extrusion direction) ( F i g . 2 9  1 ,  in t h e  

present study, it is o b s e r v e d  t h a t  the  discontinuity is i n  

t h e  longitudinal direction, [parrel ! e l  to t h e  direction of 

extrusion). This could probably be due to t h e  particle 

abrasion effect on the d i e  wall and material shrinkage effect 

on solidification of t h e  partially liquid billet during t h e  

e x t r u s i o n  p r o c e s s .  This is confirmed b y  particIe segregation 
* 

over t h e  surface of t h e  SSE, and S L E  rods ,  compared to t h e  

absence of such segregation in t h e  SE rods I F i g . 2 6  1 .  I t  was 



SEMI- LIQUID ExTRUS tolI 

Flg .26  : S u r f a c e  f ea tures  of t h e  three t y p e s  of e x t r u s i o n s .  
A 1  1 t h e  r o d s  are' of 17 mm diameter. Surface cracks 
a r e  saen  on semi - so l  i d  and semi-l i q u i d  extrusions. 

Fie.27 : Machined surfake of the gemi-solid and semi-liquid 
e x t r u s i o n s :  Shows t h a t  cracks are not deep. 



F i g  218 : Close-up v i e w  on the nature of s u r f a c e  c r a c k s  af 
b o t h  SSE and .SLE rods. C r a c k s  are of longitudinal 
'nature and para1 l e l  to t h e  direction of e x t r u s i o n .  

S u r f a c e  cracks on a' b a s e  a1 loy d u r i n g  h i g h  
tsrnperatupe extrusion. Cracks ar e  circular 
and perpendicular to t h e  direction of extrusion. 



r e p o r t a d  in an earlier study t h a t  11281 aluminium cladding on 

the composite (Sic s h o r t  fibre re-inforced 7178 A 1  alloy 

composite) h a s  total l y  eliminated the surface cracks of t h e  

semi-solid ~ t a t e  extrusion. Ther~fore, it c a n  be said t h a t  

t h e  particle abras'ion on the die wall is t h e  prime criterion 

f o r  t h e  longitudinal cracks during t h s  slurry s t a t e  extrusion 

of t h i s  composite. Particles are  free te move during the 

slurry state extrusion and thereby ' segkegate  towards  t h e  die 

wall favouring abrasion on the die walls causing surface 

cracks. H o w e v e r ,  particle s e g r e g a t i o n  is n o t  possible during 

t h e  sol i d  s t a t e  extrusion a n d  it is o b s e r v e d  t h a t  no s u r f a c e  

cracks are  formed during such extrusion. This campasite is 

also h o t  e x t r u d e d  in t h e  same temperature r a n g e  as t h a t  of 

the b a s e  alloy (723 - 753 K1 and the s u r f a c e  f e a t u r e s  of the 

e x t r u d e d  produc t s  are found to Rave no surface d e f e c t s .  The 

optical microstructure ( F i q .  301 of t h e  sol i d  e x t r u d e d  rod  

indicate s t r e a k s  of Ti02 particles aligned in t h e  extrusion 

direction. Agglomerates are  found to be partly separated and 

g o t  aligied in strgaks in t h e  direction of extrusion. 

The extrusion resuIts an composites clearly s u g g e s t  that, 

during SE process, b o t h  t h e  matrix and the agglomerated 

dispersaids are getting deformed. The weakly bonded Ti02 

p a r t i c - l e k  i n  t h e  agglomerate are getting sheared  a n d  

s epara ted  into p a r t l  y individual particl es  and p a r t l  y into 

smaller aggiumorates. ,They also get  aligned i n  the d i r e c t i o n  
t 

of extrusion. The measured size af t h e  particles in the 
I 

s treak  is about one micron, nearer to the dispersed particle 



Fig.30 ': O p t i c a l  m ~ c r o s t r u c t u r e  of s o l  i d  e x t r u d e d  r o d ,  
F e w  particles. are deaggl omerated a n d  a1 igned 
in t h e  d i r e c t 5 o n  of extrusion. 



size. However, a l l  t h e  agglomerates nay n o t  g e t  separated  

like t h i s  as e v i d e n t  in t h e m i c r o s t r u c t u r e  tFig.301. A 

suitable die design may have to' be considered in t h e  

extrusion process t o  overcome this problem. IN SSE and SLE 

processes, since* t h e  matrix t s  i n  a slurry s t a t e  and very 

soft, the  deformation process is n o t  able to shear or break 

t h e  agglomerate. Hence t h e  agglomerates mostly remain as 

such a f t e r  e x t r u s i o n .  

These extrusien s t u d i e s  suggest  t h a t ,  c o n v e n t  ionaE h a t  

extrusion of the base a1 loy is appl  icabte t o  this composite 

and most of t h e  dispersoids g e t  aligned in t h e  direction of 

extrusion. Some of the d i s p e r s o i d s  i n  t h e  weakly bonded 

agglomerates also get sheared  and separated into individual 

particles. 



I I I .  3.2. Heat Treatment and mechanical properties 

of Extruded sections : - 

The opticat r n i c r n s t r u c t u r e  ( F i g . 3 1 )  of the heat t r e a t e d  (T6) 

SE composite reveaIed coarse grained structure w i t h  both 
, 

s t r e a k e d  and agg l omerated d ispersoids. The particulate 

distribution has  n o t  been changed f roa their e x t r u d e d  

condition by t h e  heat treatment. Fig.32 s h o w s  t h e  optical 

microstructure of t h e  b a s e  a1 t o y  e x t r u d e d  structure, in T6 

h e a t  treated condition. The s t r u c t u r e  reveals subgrain 

formation a n d  uniform distribution of precipitates. . . 

Typical mechanical properties of t h e  cornpos i t e s  e x t r u d e d  

u n d e r  different conditions and then heat treated to 7'6 

condition a r e  compared w i t h  t h e  b a s e  alloy G 7 4 S  1148,159) 

( A l s o  e x t r u d e d  and  heat  treated to T6 condition) in Table 

X I X .  The base a1 1 ay had UTS of 360 MPa, YS of 290 N P a ,  a n d  

percentage elongation of 13, whereas SE composite had U T S  of 

250-SOU MPa, YS of 170-210 MPa, and percentage elongation 

of 14. C o ~ s i d e r i n g  the UTS valve of Ti02 as 5 6  MPa a n d  u s i n g  

t h e  basic r u l ~  of mixture for composite, the s t r e n g t h  of t h e  

composite is theoretical ly calculated as 340 MPa. Though the 

experimental value is n o t  far  balow the theoratical 

p r e d i c t i o n  , t h e  decreass in s t r e n g t h  Ievel is quite possibly 

dua to the fact that the particulates a r e  not finely 

dispersed a n d  t h e  smaller size agglomerates are stilI 

p r e s e n t  in the s t r u c t u r e .  Ti02 dispersion h a s  neither 
* 

enhanced t h e  mechanical properties by dispersion hardening 



- 
50 urn 

F i g . 3 1  : Optical r n i c r a s t r u c t u r e  of heat treated SE r o d .  
Coarse a n d  elongated particles a r e  dispersoids 
uniformly distributed. MgZnz  precipitates a r e  fins. 

Fig.32 : Optical m i c r o s t r u c t u r e ,  of heat treated b a s e  a1 l a y .  
Shows typical s t r u c t u r e  of t h e  alloy in heat treated 
condition and formation of sub-grains. 



TABLE-X 1 %  

Comparison of tho Hechanical Properties 

of t h e  B a s e  Alloy G74S and t h e  Coapoaites. 

(Both  irh Extruded  and T6 Beat Trsated Condition1 

U T S  Y S % H a r d n e s s  
Pt Pa MPa E E H N 

4.7 TiOZ 
Composite 

Solid Extrusions 250-300 170-210 14 ' 76-81 

Ssmi-Solid 
Extrusions 110-130 70-90 4 57-58  

Semi-Liquid 
Extrysions 

Ob~wrvatian: Tensile s t r e n g t h  of the composite in solid e x t r u d e d  
and heat treated condition is close to t h e  
theoretical prediction (340 NPa,  annexure 31 



effect since t h e  dispersoids are n o t  finely and individual 1y 

dispersed and are mostly i n  agglomerated form. The 

contra1 1 l n g  factor far strengthening these particulate 

dispersed composites is the size and distribution of the 

particles., Though t h e  particles selected f a r  dispersion were 
% 

of fine size (average size 0.37 gm), the particles ware n o t  

dispersed finely due to aggl amerati on during t h e  synthesis. 

Thus a better condition f a r  composite synthesis to d i s p e r s e  

t h e  particles finely and separately, avoiding a n y  

agglomeration a n d  a modified d i e  design ta obtain b e t t e r  

dispersion of particIes duking e x t r u s i o n  m i g h t  result in 

better mechanical proper ti as in these  composites. 

Both SSE and S L E  composites have e x h i b i t e d  poor mechanical 

properties v i z . ,  nearly . half of t h a t  of SE composite. 

B e t t e r  s t r e n g t h  and higher elongation of the solid extrusions . 

aver semi-solid o r  semi-liquid extrusions are obviously due 

t o  t h e  nature of t h e  worked matrix structure of the SE r o d s .  

The s t r u c t u r e  is partly sutectic teast) in semi-solid 

e x t r u d e d  s e c t i o n s  and most1 y eutectic in semi-1 i q u i d  e x t r u d e d  

sections. T h i s  greatly attributes t o  t h e  lower mechanical 

properties i n  t h e s e .  twa s y s t e m s .  I n  t h e  case af  solid 

e x t r u d e d  sections, t h e  matrix a1 loy is not in i R s  c a s t  

s t r u c t u r e  but is in t h e  hot worked a n d  heat treated 

c o n d i ' t i o n  giving rise to b e t t e r  mechahical properties. The 

SEM analysis of t h s  tensila fracture of t h e  SE composite 

showed (Fig.33) mu1 t i p l e  modes of f r a c t u r e  v i z . ,  b a t h  
v 

transgranular and intar$ranular. The bonding between  the 



Fig.33 : Fractograph of tensile fracture on SE rod. Shows 
formation of mieravcids and dimples a n d  particle 
debonding w i t h i n  tho dimples. 

Fig.34 : Same as above focussed .on a particle cluster. 
Shows particle fracture and  debonding from 
t h e  matrix. 

. ,  



particIes/agglomerates seems ta be poor and a crack is seen 

an t h e  a g g l  orsrate ati shown in Fig.34. The agglomerates seem 

to have broken during extrusian p r o c e s s , '  The tensile 

fracture of SSE cornpasite (FIg.35) shows 1arge.r d e f e c t s  

corresponding to Iargmr size agg 1 omerates. Similar 
4 

observations are made from t h e  fractured surface of SLE 

composites l o .  f t is clearly seen from F i g .  36 that the 

p r t i c i e s  are agglomerated and that they might h a v e  . g o t  

weakly bonded during composite synthesis. The microhardness 

of t h e s e  $ispersoids ranged between 130-190 V P N  as against 

t h e  specified values of 700 VPN f o r  TPOZ particles (150). 

T h i s  once again indicates that the dSsparsoids a r e  wakly 

bonded aggregates af t h e  particleti ,  



F i g .  35 : Fractagraph of tens i d 1  e f racturs of SSE rod. - Reveals d ~ e p  dimples a n d  particulates w i t h i n .  

Fig.38 : Same as above on a partitle c l u s t e r .  
Particle debonding is evident. 



The composite was found t o  exhibit good workability on hot 
i 

roll i n g  which 1s e v i d e n t  from t h e  hot  rol l e d  s h e e t  indicating 

no roll fng d e f e c t s  such as s i d e  cracks, surface  f i s s u r e s  e t c .  
h 

F i g .  37 shows t h e  microstrucr-a of t h e  ,hot rol Ied s h e e t  of 

thickness 3.8 atm af t er  a total reduction of 89%. The 

par t  iclbs were observed to have m o s t l y  deagg1 omerated to 

much smaller s izes  (2.4 Nrn)  from their initiai large size 

(14.54 urn) i n  t h e  c a s t  stage,  and realigned in the rolling 

direction. Tensile s t r e n g t h  of t h e  composite in t h e  

h o t  rolled state (Table X X )  is also an t h e  lower side w i t h  

h i g h e r  p e r c e n t a g e  elangatfun, and is camparable to t h e  

properties of the  bass atlay i n  t h e  similar condition. I t  may 

be noted here that t h e  b a s e  alloy is an age-hardenable s y s t e m  

and that ' t h e  strength i n  t h e  h o t  rot Ied condition is very 

inrignif icant.  hi s t r e n g t h  of t h e  composite in t h e  h o t  

rol 1 ed condition was evaluated to est imate  t h e  dispersion 

hardening effect. if any. of t h e  Ti02 d i s p e r s o i d s  i n  t h e  

composite. - The resul tr i n d f  cake t h a t  t h e  dispersion hardening 

is not effective a f t e r  hot rolling i n  this composilte, quite 

possibly because  the  d i s p e r s o i d s  are still i n  smaller 

agglomerates fsize ranging upto 2.4 urn) and submicran size 

dispersion is required f o r  any p o s i t i v e  dispersion hardening 

effect. 

Heat treatment has practically doubied t h e  composite s t r e n g t h  
' . 

(Table XXIIfrom 140 NPa t o  278 MPa b y  retaining t h e  



TABLE E X  

tlechanfcal Proprrties of .hot Railedu Composite Sheets  
* 

Ireduction in thickness frar 35 mm to 3.8 m a )  

I Reduction Parcant 89 I 

S. Nu. UTS IPlFal YS tHPa1 X E 
-------Il--CI--L----------=--------="------------d--- 

Observatien:' s t r e n g t h  values are vary law, b u t  comparable to 
that of t h e  base alloy in annealed condition. 
Properties indicate, t h e r e  is no dispersion 
hardening ef f a c t  on this composite system. 



TABLE EX I 

Comparison of Hechanical Properties of camposits and bass 

a1 1 oy sheets in h o t  r o l l  ed and heat treated c o n d i  t i s n  

Heat treatment UTS IHFal YS (MPa) % E 

- - - - - - - - - - - - - - , - , , - - - - - - - - - - - - - - - - - - - - d - L - - - - - - - d d - - - - - - d - - -  

2 .  ZT + 413 K f 36 hrs. 231 175 14 
(3.8 mm s h e e t )  

231 180 13 

2.ST + 378 K / 4 h r s . +  
z : 3  K / 24 h r s .  24 1 176 14.8 

3 .  57 +378 K 4 h r s * +  
393 K f 20 hrs. 263 208 17. 9 

4. 3asa al  loy 
Iconditian as in 2) 310 260 7 

Cbssrvation: Tensile s t r e n g t h  values are comparable to that 
cf t h e  base a1 l o y ,  Heat treatment under serial 
No. 3, is found to be better t h a n  others. 



F i g . 3 7  : Optical microstructure of h o t  rol led composite s h e e t  
Indicates v a s t  deagglornerat ion a n d  p a r - t i c l e  realign- 
m e n t  along t h e  d i r e c t i o n  of r o l  1 ing. 

1 I 

150 urn 

F i g .  39 : Optical m i c r o s t r u c t u r e c  of the heat t r e a t s d  cornpos i te 
s h e e t .  - S h o w s  formation of sub-grains and good 
distribution' of particles a n d  d i s p e r s o i d s .  



percentage  elongation at 19%. This strengthening is assumed 

t o  be due to conventional precipitation hardening of t h e  

a1 1 or system. Fig.38 s h o w s  the optical mi~rostsucture of t h e  

composite heat treated  to maximum s t r e n g t h  level ( '  S.No. 3 

of Tabl e X X  I ) .  The,grains a r e  f a i r l y  uniform w i t h  average 

grain size ranging b e t w e e n  30 and 50 urn. The precipitates and 

dispersoids a r e  very uniformly distributed throughout. 

Figures 39 a n d  40 show t h e  distributisn of dispersaids / 

precipitates both in the matrix and preferential ly along the 

grain boundary,  P r e c i p i  tates f ~ r m e d  on A 1  -2n-Hg al 1 o y s  are  

basicaly MgZn2 a n d  are normally finely distributed, It may be 

difficult t o  distinguish between MgZnZ precipitates and t h e  

particulates of t h e  same s i z e  i n  a microstructure, H o w e v e r ,  

t h e  coarser particles are essential ly t h e  particulate 

aggE amerates since such large size precipitates are n o t  

possible in this alloy sys t em.  Since Ti02 is basically 

very ma1 leabla, its  presence in t h e  grain boundary a d d s  to 

t h e  enhancement of the el ongat ion of the composite. Tha 

particulate, dispersoids vary in s i z e  from 0.4 to 2.4~rn* 

Figures 41 and 42 show t h e  SEH fractographs af  t h e  as-rolled 

sheet  i n  two different magnifications and f iguras 43 a n d  44 

show t h a t  af the heat treated sheet .  The material flow is 

very ductile i n  both  cases.. The d i m p l e s  are very d e e p  in bath 

t h e  cases, w i t h  the  diameter ranging from 2 tc 8 prn. Bimodal 

distribution of d i m p l e  s i z e s  is seen t o  e x i s t  ( e . g .  t h e r e  are 

smal l dimples located between t h e  Iargsr ones) .  Particle 

fracture (marked f i n  F i g s .  42 & 44) a n d  particle pull o u t  

(marked p i n  Figs. 42 & 431 are seen in both  the rotled and 



F i g . 3 9  ; . S E M  picture of heat treated cclrnposite s h e e t .  
Shows particle over t h a  matrix a n d  t h e  grain 
b o u n d a r y .  

F i f .  40 : Same as above at higher- rnagnif  ication. 
Shows thrsg grain j o i n t  and t h e  particle 
distribution. 



g.41 : Fractograph of tensile fracture on h o t  rol led 
cornpas i te s h e e t .  Reveal s d e e p  d imp1 e s  a n d  
particles inside. . 

6 urn 

; g a 4 Z  : S a m e  as above at h i g h e r  magniFicatlon. S h f i ~ s  5 
particle, pulled o u t  of a dimple. 



20 urn 

F i g . 4 3  r F r a c t o g r a p h  of tensile fracture o n  heat t r e a t e d  
composite sheet. S t r u c t u r e  similar t o  F i g .  41. 

Same as  a b o v e  at h i g h e r  magnification. Shows a 
particle positioned b e t w e e n  several d i m p l e s .  



heat t r e a t e d  s h e e t s .  It is reported  i n  an earl ier s t u d y  (165) 

that loss of a d h e s i o n o f  S i C a n d  Si02 particles take 

place in t h e  AI-Zn-Mg a1 l ay  matrix I A A  70911 on heat 

treatment due to seggregation of Hg and Zn a t  the interface. 

I n  this composite, decohesian is n o t  due to heat treatment, 

b u t  probably due t o  t h e  poor bonding and a1 so thsrmaI 

mismatch. Since the basic s t r e n g t h  af t h e  Ti02 particles is 

low unIike S i C  particles, decohesion probably d o e s  n o t  affect 

the s t r e n g t h  of t h e  basic a1 loy. T h e  differential thermal 

expansion caeff ieients of TiOZ and t h e  base a1 l o y ,  as 

recorded in t h e  tables V and V 1  1 a s  8 x 10 
-6 

and 23.5 x 10 -6 

respectively. This d i f  f e r a n t i a i  thermal expansion resul ts in 

a thermal mismatch s t r a i n  € according to t h e  relation ( 9 )  

where Sor is t h e  difference . i n  u between the particie and t h e  

m a t r i x  and ST is t h e  temperature change . The thermal 

mismatch s t r a i n  on heat treatment f o r  this composite is 

-3 
calcuiated t o  be 6 - 7 1  K 10 , This f is e x p e c t e d  to 

s t r e n g t h e n  a particulate MMC 1167 I ,  however, t h e r e  w a s  no 

strengthening e f f e c t  in t h i s  composite s y s t e m  due to t h e  

decohesion of the particles. 

Final- thermomachanical t reatment  with upto 10% cold reduction 

in thickness by rol l i n g  a f t e r  solution treatment was f o u n d  

very effective to enhance the properties of t h e  Al-Zn-Mg base 
* 

alloy i n  t h e  earlier study by t h e  investigatorIl60). However, 

THT on t h e  Ti02 dispersed Al-Zn-Hg a1 loy composite d i d  n o t  



show a n y  improvement in mechanical properties. The 

dislocations introduced by TMT influenced the ageing kinetics 

a n d  morphology of t h e  of the hardening precipitate in t h e  

base a1 l oy s y s  tern thereby enhancing the mechanical 

proper ties. ~ b w e v e r  in t h e  composite s y s t e m ,  t h e  

dislocations preferably interacted w i t h  the disperroids and 

d i d  not act as preferential sites for nucleation of 

precipitates, thereby not responding t o  TMT. Similar 

r e s u l t s  are r e p o r t e d  in t h e  earlier studies also ( 9 ) .  

Hot rolled and w a r m  rolled s h e e t s  were s u b j e c t e d  to very 

s e v e r e  cold rolling operations to as much as 94% reduction in 

thickness to produce foils of thickness 0.10 mm. T h e  

composite was vary mal1aabIe w i t h  fine surface finish and 

without any ro1 1 i n g  d e f e c t s .  The base a1 loy cracked severely 

an 75% cold reduction without an i n t e r n i t t e n t  annealing 

t r e a t m e n t .  The photograph on Fig.45 s h o w s  the surface 

f e a t u r e s  of the base  alloy a n d  t h e  camposite s h e e t s .  It may 

be n o t e d  t h a t  the base alloy s y s t e m  is nesmally cold rolled 

Fa fails with an intermittent anneal ink treatment. This 

excellant cold workability of this composite without an 

intermittent anneal i n g  is passib1 y because af the basic 

nature of t h e  particulates. The particulates a r e  weak1 y 

bonded  and flow easily on r o l  ling by de-agglomarati~n. 

Hechanical properties of t h e  cold rol led s h e e t s  a r e  compared 

w i t h  that of the base alloy i n  Fig.46. I t  is observed that 

75% cold reduction in thickness h a s  t h e  maximum strengthening 

level in t h i s  composite system w i t h  a tensile strength value 



F i g . 4 5  : Photograph of the coId r d l  l e d  s h e e t s  of bath 
b a s e  a1 I oy  a n d  t h e  campbsite. 





of 540 HPa, about 2'81 higher than the  theoretical prediction 

of 427 HPa and 22% higher t h a n  that of the base alloy I440 

MPal in t h e  cold w o r k e d  condition. However t h e  percentage 

elongation also h a s  drastically reduced to a very law value 
'. 

of 2%, Further reduction in thickness by cold rolling upto 

94% has  reduced the s t r e n g t h  level t o  the least value of 182 

MPa w i t h  f u r t h e r  reduction in percentage elongation to 0.8%. 

Similar results were o b s e r v s d  1168) in an Al-Ni s y s t e m  also 

which war r e p o r t e d  t o  be due ta dynamic recovery at quite a 

low temperature and h i g h  strain rates I1691. The base alloy 

s t r e n g t h  of 180 MPa w i t h  22% elongation in h o t  rolled 

condition Evalues corresponding to annealed condition, since 

in t h e  h o t  rolled condition, the base allay is considered to 

be in f u l  l y  recrystal  ised condition) has  significantly 

increased to above 440 tlPa w i t h  a drastic reductfan in .the 

p e r c e n t a g e  elongation to 6% on 60% cold rol l i n g .  Further 

cold reduction upto 65% and 75% d i d  not  change  t h e  properties 

of tho base alloy. The s t r e n g t h  of a crystalline solid is 

dstsrminid by the s t r a s s  required t o  eithsr g e n e r a t e  or move 

d i s I  oeations in the material. Dislocation motion is 

controlled aither by dislocation-dislocation interactions, 

direct dislocation-particle f nteractions or indirect 

dislocation-particle interactions Isome matrix . structure 

defined by t h e  presence  of dispersoidsl, The strengthening 

mechanisms in HMC h a v e  been related to h i g h  dislocation 

density i n  t h e  matrix originating from differential thermal 

expansion (1701, geometrical constraints (1711 and plastic 



deformation during the processing. Thermal mismatch strain is 

n o t  a f a c t o r  t o  be cansidered during cold working. 

Dislocation due t o  geometrical constraints are generally 

caused during the deformation of ductila matrix containing a 

h a r d  d i s p e r s o i d . \ S i n e e  Ti02 did not form a hard dispersoid 

due t o  preferential aggEomeration, it can be said that the 

strengthening mechanism i n  this composite is preferentially 

due to p l a s t i c  deformation. 

Considering t h e  micro-mechanism approach on deformation 

processing, a material yields when applied stress is able to 

cause large scale movemont of dislocations. Barriers for 

this large scale movement ara introduction of further 

dis I ocations produced by many sources 1 ike particl e 

dispersoids, thermal mismatch betwean particle and the base 

alloy, grain and sub-grain boundaries, work hardening etc. 

Cold rolling is essentially a w o r k  hardening process, which 

introduces large scale dislocations. It may be noted hers 

that, the mechanical properties of HHCs are also affected by 

the residual s t resses  which form as a result of thermal 

mismatch between t h e  matrix and t h e  dispersoid. It has 

observed that (173.1741 although the average residual stress 

in HMC is relatively small, there can be relatively 

substantial cumpressive st resses  at t h e  matrix-dispersoid 

interface boundary. In a d d i t f p ,  the s t a t e  of stress in the 

matrix region adjacent to the dispersoid may be either 

tensile or compressive, depending on the strengthening phase. 

Also that, in the matrix region.'between t h e  dispersoids, the 



residual stress will be ZensiIe, and p l a s t i c  deformation is 

likely to i n i t i a t e  in t h i t i  region since i t  contains fewer 

disIocatians when compared to the d i s p e r s o i d  - matrix 

interface.This is e x p e c t e d  t o  result in t h e  fragmentation of 

the grains and formation of sub-grains in t h e  matrix giving 

rise to strengthening effect. The higher s t r e n g t h  of t h i s  

cornposita at 75% cold reduction is due to the combined effect 

of dislocation hardening and sub-grain fprmatian. Disl ocatian 

hardening however r e s u l t s  in heavy pile up of dislocations at 

the grain boundary and particle-matrix interface boundary 

leading to reduced ductility. As deformation praceeds, the 

stress  i n d u c e d  at the particla matrix interface by 

dislocation tangles leads to t h e  relaxation of t h e  

dislocation loops. This reduces the strength.leve1 at higher 

deformations. Deagglomeration of particulates also result i n  

relaxation of dislocation d e n s i t y  at t h e  interface boundary 
a 

effecting a reduced s t r e n g t h ,  as deformation proceeds. This 

reduced s t r e n g t h  due t o  relaxation of dislocation loops a n d  

particulate daaggl omeration he1  ps in the easy flow of the 

compos i te e v e n  at 1 OM d u c t i  l i t y ,  as measured by percentage 

elangation in a tensile t e s t .  This phenomena of better 

formability in t h e  cold rolled condition has  been r e p a r t e d  

(171)  in certain non-heat treatable wrought A I  alloys also 

like Al-1,2Hn I A A  30031 a1 l o y s .  .. 

F i g . 4 7  shows t h e  SEN picture of 1.4 mm thickness skaet i n  t h e  

cold rolled condition. The s t ~ u c t u r e  shows the fragmentation 

of t h e  agglomerates of Ti02 particles on cold roling. 



F i g .  47 : SEh p i c t u r e  a f  cold r a l  l e d ,  composi ta s h e e t  of 
t h i c k n e s s  1.4 mm. Reveals d e a g g l o r n e r a t i o n  and 
distribution of t h e  disparsaids. 



Fig.48 shows t h e  optical metallograph of the 0 . 0 5  mrn 

thickness sheet which has given t h ~  highest strength l e v e l  in 

the composite. It is a very massive structure e x h i b i t i n g  

some more Ti02 agglomerates. The fractograph of t h e  above is 

shown i n  F i g .  4 9 . <  The f r a c t u r e  is of highly brittle nature. 

The crack initiation is probably from t h e  v o i d s  a d j a c e n t  to 

the particles. Fig.50 shows the TEH p i c t u r e  of the 0.55mm 

sheet w i t h  severe particle-dial ocation tangles. The 

particles are of sizs varying from 0.Z~m to 0.7 Nrn w i t h  the 

largest i n t e r  particle spacing at 2 ~ m .  F i g . 5 1  s h o w s  the 

dislocation tangles responsible for dislacation hardening 

e f f e c t .  The particles observed i n  the structure is of size 

0 . 1 7 ~ ~ 1 .  Fig.52 shows t h o  optical micraatructure of 0.35 mrn 

cold rolled s h e e t s .  This reveals t h o  e f f e c t  of cold rolling 

in breaking up the agglomerates of TiOZ particles in t h e  

matrix. Fig.53 shows  t h e  fractograph of t h e  tensile tested 

specimen. The f r a c t u r e  is of m i x e d  mode indicating both 

ductile a n d  brittle shear. 

F i g .  54-56' show the TEM ,p i c ture  of the sheet from where i t  is 

noted t h a t  dislacatian tangles a r e  much more relaxed from 

what was observed earlier i n  0 . 6 5  mm rolled sheet (Fig.50 & 

5 1  ).The particle s i z e s  ware of the  order of 0.2 Mrn with the 

largest inter particle spacing at 1.4 Hm. The f ractograph 

of t h e  tensile t e s t e d  s h e e t  of sizs Q.Zmm is shown in F i g .  

57 which reveals a mass ive  brittle failure. 

Fig.58 shows t h e  optical micrastructure of O . 1 5 m m  as  rol  led 
* 

sheet. The elongated g r a i n  boundaries a r e  cIearly revealed 



F i g ,  48 : Optical microstructure of cold rol lee composite 
sheet  of thickness .El. 65 mm. Shows massive s t r u c t u r e  
and particle alignment along t h e  direction of 
rol ling 

F i g .  49 : F r a c t o g r a p h  af t e n s f i  1 e tested cold r o l  1 ed composite 
s h e e t  of thickness, 0 . 6 5  mm.: Shows brittle f r a c t u r e  & 
initiation of cracks.'from voids a d j a c e n t  to p a r t i c l e  



Fig.58 : ?EM picture of cold rol l e d  composite s h e s t  E B . 6 5  m m )  
Shows good distribution of p a r t i c  l e s  a n d  f o r m a t  i o n  
of dislocation tangles. 

F i g . . 5 1  : Same as above dt h i g h k r  magnification. S h o w s  
dislocation tangles. IUTS 540 N P a ) .  



100 urn 

F i g .  52 Optical micrdstructure of cold rol l e d  cornposi te 
s h e e t  (thickness 0 . 3 5 , m m l .  Reveals disintegration 
of particle cluster a n d  realignment a l o n g  
direction of extrusion 

. - .  J .  , , yc-?-;-;k>y-, 

' ' - 7 . .  w, .  
e . f:, 

F i g .  53 : Fractograph of the tehsile fracture of t h a  sample 
at Fig.52. Reveals formation of microvoids over 
t h e  matrix and failure by brittle shear. 



F l g . 5 4  : TEN p i c t u r e  of cold ro.1 l e d  c o r n p o s i t s  s h e e t  
t t h i c k n e s s  0.2 m m ) .  Agglan iera te  s i z e s  are smal l 

c o m p a r e d  to t h a t  in Fig.50. Dilsocation tangles a r e  
mere relaxed . 

0.4 urn 

Fig.55 : S a m e  as a b o v s  showinf rslaxed dislocation tangles. 



I I 

. 1 urn ' 

F i g . 5 2 5  : Saxe as i n  Fig.54, showing dislocations at g r a i n  
boundaries 

i 4 F i i f : . 5 7  : Fractograph of tensile fracture of cold r o l  led 
composite s h e e t  ~ t h i c k r ! e s s  0.2 m m ) .  Reveals m a s s i v e  
brittle fracture. 



100 urn 

Fig. 58  : Optical microstructure of cold roI led composite 
s h e e t  ( t h i c k n e s s  0.15 m m ) .  Reveals elongated grains 
abong ral  1 i n g  direction a n d  f ina distribution of 
d ispersaids. 



good particulate dispersion. However, this has n o t  resulted 

i n  t h e  e x p e c t e d  dispersion strmngthening, This may be due to 

one or more of t h ~  following effects:- 

i )  Presence  of cracked particles 

i f )  highest triaxial tensile s tress  -. 
i i i )  lower work hardening r a t e  leading t o  work softening 

i v l  formation of v o i d s  and 

v )  c r o s s  slip and other slip systems are operative reducing 

t h e  effective flow stress for the fracture 

Fig.59 shaws the TEM picture of a large single particle of 

size 0.5urn i n  t h o  O.15rnm cold rol led sheet, The SAD on t h i s  

particle is shawn in Fig.60 which is a complicated 

diffraction p a t t e r n  corresponding to t h e  Ti02 and HgTi205 

F i g . 6 1  is t h e  SAD on t h e - p a r t i c l e  free matrix of t h e  

s t r u c t u r e  shorn  i n  Fig.63.This corresponds, to t h e  A 1  -2n-Mg 

a1 I oy s tructure .  
I 

F i g . 6 2  is the  TEH picture of O.1mm re1 led foit. SAD on t h e  

particle agglomerate is shown in Fig.63 which is similar to 
-.  

Fig,60. F i g .  64 shows the dislocation p i l e  up at t h e  grain 

boundary which reduces the ductil i t y  of t h e  composite in the 

coId rolled condition. 

Fig. 65 shaws the optical microstructure of the heat t r e a t e d  

sheet of 0 . 6 5  mm thickness. The structure reveals the 

formation of very f i n e  grains a n d  sub-grains during t h e  

deformation process. The grain size vary i n  s i z e  from 2 5 ~ m  

t o  3Sum with several sub gcains. From the tabulation of 

mechanical properties (Table X $  1 I 1 ,  i t  is observed t h a t  



TABLE X X I I  

Comparison of Hachanical Properties of base alloy and 

composite sheets i n  cold roIled and Heat Treated Condition 

(sheet thickness 0.65 mrl 

S .  No. Heat treatment UTS (MPal X E 

b 

1. ST + 378 K 1 4  h r s . *  33 1 
393 K 1 20 h r s .  

328 

ST + 378 K / 4 h r s .  + 
393 K / 30 h r s ,  

ST + 378 K 1 4 hrs.  + 
393 K r 40 hrs .  

ST + 378K / 4 hrs, + 
413 K / 24 h r s ,  

/ 5 .  Base alloy 
(condition as i n  41 325 7 

-----------3-_c--_------------------------------------------- 

NOTE ST = Solution Treatment at 733 K + Uatar Quench. 
---------------,-,,--------->-------------------------------- 

Dbrervation: Properties after  heat t reatment  (S.Na,II is better 
and is higher than t h a t  of the base alloy, 



. , 

F i g . 5 9  : TEN picture of t h e  sample as in Fig.58. Shows a 
large si0gle particle-of size ' 0 . 5  'urn. 



Fig.6B : Selected area diffraction over t h e  particle shown in 
F i g .  59. Diffraction p a t t e r n  corresponds to Ti02 and 
MgTizO5.  . I Larnda = 0.0335A, Camera L = 538 mrn I .  

1 

F i g . 6 :  : SAD over t h e  matrix area  of F i g . 5 9 .  Diffraction 
pattern is t y p i c a l  of FCC A 1  base alloys. 
(Larnda = 0.0335A, Camera l e n g t h  = . 5 3 5  r n m )  



F i g .  52 : TEE p i c t u r e  of cold rolled cempositz sheet 
l thickness 0.1 m m ) .  Reveals deaggl omzration of 
disperseids. A f e w  particles a r e  a l s o  s e e n  over 
g r a i n  b o u n d a r y .  

F i g . 6 3  : S A D  over t h e  particle on t h e  sample at F i g .  6 2 .  
Diffraction p a t t e r n  similar t a  Fig. 60. 



F i g . 6 4  : TEE p i c t u r e  of sample as in Fig.62. R ~ v ~ a l s  severe 
segregation of d i s l ' o c a t i o n s  over t h e  grain b ~ u n d a r y .  

F i g .  65 : Optica I m i c r o s t r u c t u r e  of heat treated composite 
s h e e t  sample (thickness 0 ; 6 5  mm). Reveals 
uniform preeipi tatioh a n d  d i s p e r s i o n ,  and 
formation of sub-grains. 



conventional ageing cycle t h a t  was adopted for the base alloy 

h a s  g i v e n  the uptimum properties f o r  the compusito sheet 

also. This is i n  agreement w i t h  t h e  recent study (118) 

where it is reported t h a t  in AA 2014-AI203 composite sys tem,  

5 

t h e  optimum properties are obtained at 16 h r s .  ageing at 433K 

and t h e  base  alloy is also aged for 18 hours at the same 

temperature. Howevar in AA 8061-A1203 system it is reported 

(118) that ageing'time is reduced from 18 hours to 10 hours 

at t h e  same ageing temperature and t h a t  i n  the case of SiCw 

r e i n f o r c e d  2124 A 1  a l l o y  composite, the ageing  time a t  450 K 

was reduced from 20 hours for t h e  base alloy to about 4 hours 

far t h e  composite (191.  

Heat treatment of t h e  cold rolled sheet drasticaIly reduced 

t h e  s t r e n g t h  level of 540 MPa to 333 HPa with t h e  regain of 

t h e  ductility level from 2% t o  12%. This s t r e n g t h  level i n  
a 

the  heat treated condition is well i n  agreement w i t h  t h e  

theoretical prediction f o r  t h e  composite. The  regain of 

ductility is primarily because of t h e  relaxation cf 

dislocation at t h e  grain boundaries due t o  heat treatment. 

This also attributes t o  the reduction In s t r e n g t h  l e v e l .  The 

f ractograph of t h e  tensile tes ted  samples are shown in 

F i g .  66  and 6 7 . ,  The f a i l u r e  mode is  d u c t i l e  with ,bimodal 

d i m p l q  size d i s t r i b u t i o n .  P a r t i c l e  p u l l  out within some of 

t h e  dimples can be seen  i n  t h e  fractographs. A compilation of 

mechanical properties of t h e  sheet samples at various stages,  

is g i v e n  in Table X X I I I .  

High temperature mechanical properties af 0 . 6 5  mm s h e e t s  i n  



Fig.66 : Fractograph 0 5  tensile fracture of srnapls  at Fig. 6 5 .  
Reveals formation of microvoids a n d  d e e p  d i m p 1  e s  
typical of ductile fracture. 

F i g . 6 7  : Same as in F i g . 6 6  at higher magnification. 
Shows dimples and' particles positioned w i t h i n .  



TABLE - X R I I I  

Hechanical Properties of tho Composite Sheet Samples 

at vaqiaus Stages a5 Roor Temperature 

( from Tables X X  - X X I l  1 

S . N a .  Condition Samp l e No. of UTS YS % E 
Thickness Samp1 es, MPa MPa 

mm ------------------------------------------------------------- 

a )  aged 413 K I 3 6 H  3.8 3 230-240 170- 190 13- 14 

bl 378Kf4 +413kf24 2.3 3 230-240 170-180 16- 17 

C )  378KJ4  +393K/30 2.6 4 280-280 200-210 18-20 

3. As Cald Rolled 
4 

a) 60-70% Reduction 1.4 3 460-470 -- 1.4 

d l  378K14 +413K,24 " 3 200-320 -- 12- 15 

.............................................................. 
NOTE ST = Solution Treatment at 733 K + Water Quench 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ' - - - - - - - - - - - - -& - - - - - - - - - - - - - -  

Observation: Composite s t r e n g t h  at 70-80s cold work (S.No.3b) 
is superior but  at low elongation. Properties at 
S.Na.  4a are opk'imurn. 



heat t r e a t e d  condition w i t h  20 hours reageing at 393K are 

shown i n  Table X X I V .  It is observed that t h e  tensile 

s t r e n g t h  of the b a s e  a1 f oy reduces drastlcal ly from 390 MPa 

at room temperature to 100 MPa at 473K whereas t h e  a1 1 a y  

composite retain its  s t r e n ~ t h  above 200 MPa at 473K, an 

increase of more than 100% from t h a t  of the base alloy. From 

t h e  base a1 l a y  strength it is noted that the strengthening 

precipitate Hg2nZ d i sso l  ves i n  the matrix at temperature 

above 400 K. As such the  s t r e n g t h  of t h e  base  alloy seduces 

above t h i s  solvus temperature. In t h a  composite system 

particle strengthening is effective at higher temperatures.  

Strengthening associated w i t h  equiaxed particulates at h i g h  

temperatures is due t o  t h e  s u p p r e s s i o n  of t h e  natural c r e e p  

mechanism that can occur in t h e  monolithic material (91,  i . e .  

dislocation g l i d e  m'ay be prevented by the  particuiates , thus 
0 

requiring dislocation motion t o  occur by slower climb around 

the particulates. T h i s  results i n  h i g h e r  tensile s t r e n g t h  f o r  

t h e  composite. The strength level of Ti02 composite is 

carnparabl e t o  that of A 1 2 0 3  dispersed l iquid forged 2024 

composite system (36). I t  i s  also superior to t h e  h i g h  

temperature aluminium alloy A A  2618 as shown in Table VI. 

! Yaunt's Modulus was determined on the.O.65mm sheet in cold 

r o l  led condition. Loading was done on ENSTRON 200T UTM by 

gradual tensile loading and the s t r a i n  data was ~ e c o r d e d  at 

equal intervals af load. The * s t r e s s  strain curve is shown in 

Fig.68. The Young's Hodulus was sxperinantally found out to 

be 69.17 GPa as against 7 1  GPa for  the base a1 lay, This 



TABLE - X X I V  

Comparison of Rechanieal Properties of Base Alloy and 

Composib Sheets at elevated teeparatures 

Allor Systems Room Temp 37 3K 423K 473K 
UTS YS E UTS YS E UTS YS E UTS YS E 
MPa B P a  % MPa HPa % HPa MPa % MPa HPa % 

-----------------IC--------------------------&--------------- 

G74S 390 .340 I S  300 280 20 170 150 35 100 80 6 0  
Ibase alloy) 

G 7 4 S  + Ti02 
0 . 6 5  mm Sheet 
T6 Condition: 330 -- 12 290 210 14 230 200 17 210 200 22 
I campos i t e  1 

Liqu'id Forged 
~ o m ~ o s  i te { 36 I 

Observationr Composite properties are much superior to t h a t  
of the base alloy at temperatures above  423 K .  





indicates t h a t  Ti02 dispersion h a s  only a marginal influence 

on the modulus properties. TheoreticaI caiculatian of Young's  

Modulus of t h e  composite could n o t  be carried out f o r  want of 

modulus values f a r  Ti02 which is not repor ted  in a w i d e  

spectrum of l i t e r a t u r e s  scanned t h r o u g h  d u r i n g  this 

investigation. P o i s a o n h  Ratio f o r  the cornposi te is 

calculated t o  0.335 in the cold rol l e d  condition at t h e  UTS 

value of 540 HPa. 

Density of t h e  composite w a s  measured at various s t a g e s .  

D e n s i t y  was 2.63 g d c c  i n  t h e  cast  s tage,  2 .76  grnJcc i n  t h e  

sol id e x t r u d e d  sections and 2.80 i n  t h e  rolled s h e e t s .  This 

s h o w s  t h e  compaction of t h e  composites at each s t a g e .  3ensity 

values of t h e  composite in t h e  e x t r u d e d  and r o l  l e d  sections 

are i n  good agreement w i t h  that of t h e  theoretical 

prediction. The composite i n  the c a s t  stage is more porous 

than t h e  secondary processed cornpo;ites. 
a 

Thermal conductivity of t h e  composite i n  the  cast condition 

was experimentally determined t o  be 74.035 W/m.K (0.17 

cals/crn.s.KF as a g a i n s t  0.29 cals/cm.s.K f o r  t h e  base 

alloy.Both density and thermal conductivity of t h e  composite 

/ h a v e  been theoretical l y  calculated u s i n g  the rule of mixture 

f o r  composites, considering the  available values of t h e  

particulate TiOz and  the matrix alloy AA 7005 (Tables V & 

V I I I  and found t o  be 2.82 gm/cc and 0.281 cal/crn.s.K 

respectivety. The experimental value f o r  thermal conductivity 

of t h e  composite (in billet form) is only about 60% of t h a t  
* 

of t h e  theoretical prediction. This shows t h a t  the billets 

a r e  n o t  sound and contains large number of porosities, as 



indicated by t h e  d e n s i t y  values also, which decreased t h e  

thermal conductivity value. Thermal conductivity of t h e  s o l  i d  

e x t r u d e d  rod was measured ta be 122.7U1m.K 10.29 

cals/crn. s . K 1 .  this value is practical l y  the same as. predicted 

by theore.t ica1 cqlculation a n d  w i t h i n  t h e  experimental e r r o r  

of measurements. Thermal conductivity on the r o l l  ed s h e e t  

could not be evaluated because of t h e  restrictions on the 

dimensions of t h e  specimen f o r  t h e  available instrument. 



C H A P T E R  I V  

C O N C , L U S I O N S  



I V CONCLUSIONS 

The fallowing conclusions are drawn f r o n  t h i s  investigation: 

I V .  1. Casting synthesising composite. 

IC 

5 w t %  TiO2 particles of average  particIe size 0 . 3 7 ~ m  were 

d i s p e r s e d  i n  A l -Zn-Mg alloy matrix, u s i n g  both liquid 

metaIlurgy and rheucasting techniques. 

The rnacrestructure over the entire c r o s s  section revealed 

that ,  in LM cast  billets, t h e  peripheral region of about 64% 

of t h e  s u r f a c e  area contained chilled zone with very fine 

g r a i n s ,  a middle zone of about 27% contained columnar g r a i n s  

and the core region of about 9% contained equiaxed grains. I n  

RC billets, t h e  chilled zone was practically a b o u t  85% and 

the core region of about 15% contained equiaxed grains. There 

was no columnar grains i n  the RC billets. 
I 

Particles were found t o  be agglomerated i n  b o t h  t h e  castings 

produced by either l i q u i d  metallurgy or rheocasting routes. 

I n  RC ccmboaike, t h e  Ti02 particle cluster s i z e s  ranged upto 

150 em, but most of the clusters (about  48%) were i n  the  

range of 5 t o  10 Mrn and practically 96% were of size beIov 

5 0 j ~ m .  The average particle s i z e  in the RC billet was found t o  

be 14,54 Hm. In LPI composite, t h e  particle cluster size 

ranged upto 250 pm with about 64% in the  range above 50 urn 

s i z e .  The average particle size in the Ltl cast billet w a s  

f o u n d  to be 8 8 . 6  vm. T h i s  fndicated that RC route leads to 

finer s izes  of agglomerates as- compared to LM route and 



therefare it is the p r e f e r r e d  route for dispersing fine 

particulates. 

En RC composite, the  s t r u c t u r e  of t h e  cast  matrix was refined 

and primarily equiaxed, with c e l l  size ranging b e t w e e n  10 and 

20 prn w i t h  relatively uniform dispersion of T i O Z .  I n  LM 

composite, t h e  cast s t r u c t u r e  was very coarse and dendritic, 

and Ti02 was observed  primarily i n  the interdendritic 

regions, Evidence of gross particle pushing effect  by t h e  

growing dendrite f r o n t s  into t h e  centre of t h e  castings was 

also observed  i n  the  case of LH castings, 

During t h e  synthesis of composites, t h e  me1 t temperature was 

found t o  increase from 993 K t o  1073 K in the  case of ZFI 

route and from 873 K t o  923 K in t h e  case of RC route. This 

temperature increase was positively due to t h e  exothermic 

reactions between Ti02 and Mg p r e s e n t  i n  t h e  composite. The 

reaction products were anal ysed by XRD and found t o  contain 

T i O Z  and f lgTi205.  The thickness of t h e  reaction zone i n  LM 

cast billets was measured to be 3 urn and that i n  RC billets 

was o n l y  1 pm. Anatasa grade Ti02 t h a t  was added to the  

eomposi te was a1 so  found to have transformed t a  ruti 1 e grade 

Ti02 during t h e  composite synthesis. 

More than 94% of the d i s p e r s o i d s  added to melt during the 

s y n t h e s i s  have been recoverd as particulates. XRD anaiys is 

of the particulates extracted f roan the billets has  shown the 

p r e s e n c e  of MgTi205 (Magnesium d i - t i  t a n a t e )  a n d  ruti Ie grade  

TiO*. About 43  w t X  of the rnagnesibm originalIy added t o  t h e  



m s l  t was lost d u r i n g  the synthesis of the composites by both 

LM and RC r o u t e s  due to oxidation reactions. 

Microhardness t e s t i n g  on t h e  particle clusters reveal ad that 

t h e  particulates d i d  not g e t  sintered during the cornpasite 

synthesis, b u t  g o t  weakly bonded forming agglomerates. 

These  s t u d i e s  indicated that, sub-micron site TiOZ c a n  be 

dispersed in A 1  alloy matrix by rheacasting technique. The 

exothermic nature  of reaction between TiUZ a n d  Mg,  keeps the 

me1 t at h i g h  enough  temperature to enable addition of l a r g e r  

quantities of dispersoids. 

During f o r g i n g  ef t h e  compokite, t h e  Ti02 clusters break up 

a n d  decohesion of particles f,rcm t h e  matrix take place. 

F u r t h e r  forging operation w i t h  the processing sequence used 

i n  t h i s  study ,  r e s u l t e d  in cracks  in t h e  material. This 

apparent1 y s h o w s  t h a t  dispersion of Ti02 particles reduces  

t h e  f o r g e a b i ~  i ty of t h e  base a1 l o y .  

IV. 3. EXTRUSIUH 

T h e  composites were ex truded  at 3 temperature ranges : i 1 A t  

conventional hot extrusion temperature, ( i i )  temperature j u s t  

above the  solidus of t h e  matrix alloy and l i i i )  temperature 

j u s t  be low t h e  liquidus of the- matrix alloy. I n  t h e  later two 

temperature ranges, t h e  composite was in a slurry form. 



During conventional hot extrusion, the cluster of Ti02 g a t  

deagglurnerated and t h e  particles were a1 ignad in the 

direction of extrusion. However during slurry s t a t e  

e x t r u s i o n ,  the clusters d i d  n o t  g e t  sheared and t h e  matrix 

structure also r e s u l t e d  in partly cast structure at the grain 
\ 

boundaries, the cast structure being more prmdominant in t h e  

extrusions processed near t h e  liquidus temperature. 

Surface features of the conventional s o l  i d  extrusions were 

s m o o t h  and  d e f e c t  f see. However, slurry s t a t e  extrusions 

e x h i b i t e d  very rough and cracked surface .  The surface cracks 

on the campos i t e s  a f t e r  h i g h  temperature (above sol i d u s  

temperaturelaxtrusian were of size 2 x 2 mrn and longitudinal 

i n  nature parallel t o  the direction of extrusion. This 

indicated t h a t  the surface'cracks are due to t h e  abrasion 

effect of the dispersoids on t h e  d i e  walls during extrusion 

in addition to t h a  material shrinkage on s o l i d i ' f i c a t i o n  from 

i t s  slurry s t a t e .  Ultimate tensile s t r e n g t h  of the sol i d  

extrusions i n  T6 heat t r e a t e d  condition r a n g e d  upto  300 MPa, 

not far ' be1 o w  t h e  theoretical prediction. F a r c e n t a g e  

elongation of thm composite in t h e  e x t r u d e d  and heat treated 

condition was very  much comparable to t h a t  of the base alloy 

in t h e  similar condition. I n  conclusion it can be said t h a t  

Al-Zn-Mg -TiOZ cmpasite can well be e x t r u d e d  in t h e  solid 

s t a t e  using similar extrusion parameters as that of t h e  b a s e  

alloy and t h a t  t h e  properties of t h e  e x t r u d e d  composite is i n  

agreement with t h e  propertie3 predicted theoretically by t h e  

rule of mixture f o r  composites. 
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I V -  4. ROLLING 

H o t  rolIing was done i n  t h e  temperature  range of 733 - 693 K. 
Upto 95% reduction in thickness could be effected by hot 

rolling. Ti02 particles were found to be largely separated 

f rom their c a s t  stage agglomerates and were aIigned in t h e  

rol 1 ing direction. 

H o t  rolied composi te  sheets  were  h e a t  treated to T6 condition 

using the same parameters applicable to t h e  base alloy. The 

thermomechanical treatment involving about 10% cold reductian 

after solution treatment and prior to ageing, enhanced t h e  

mechanical properties of t h e  base aIloy s y s t e m ,  but did not 

have any effect in this composite sys tem.  This is probably 

because , the dislocations in tcaduced by cold reduction a f t e r  

solution treatment interacted with the particulates and were 

not available as the potential nucleation sites - f o r  t h e  

precipitation f o r  effecting a n y  change in t h e  kinetics or 

morphology of precipitation. 

CoId rolling was carried out upto 94% reduction in thickness, 

making a f o i l  of thickness 0.1 ram. The highest tensile 

strength of 540 MPa, 26% higher t h a n  t h e  theoreticai 

p r e d i c t i o n  and 22% higher t h a n  that of t h e  b a s e  alloy i n  t h e  

eoid ro1 l e d  condition, was obtained at 75% reduction in 

thickness and further cold raduction decreased the strength 

Ievel and also t h e  elongation level. The h i g h e r  s t r e n g t h  

level at 7 5 %  cold reduction is attributed to combined effect 
w 

of dislocation hardening and sub-grain formation. The r e d u c e d  

ductility is due t o  the p i l e  up of dislocations at the grain 



of dislocation hardening and sub-gra in  formation. The r e d u c e d  

ductility is due t o  t h e  p i l e  u p  of dislocatians at t h e  grain 

boundaries and  at t h e  metal-particle interaface regions. A t  

higher deformations above 75%, t h e  s t r e s s  induced .  at t h e  

particle-matrix interface by dislocation tangles leads to the 

relaxation of the dislocation loops. T h i s  results i n  r e d u c e d  

s t r e n g t h  at above 75% cald deformation. H o w e v e r ,  dislocation 

tangles at t h e  g r a i n  boundaries keep the percentage 

elongatian at low level. 

Ti02 dispersions have significantly enhanced the cold 

wofkabil i t y  of the base al loy. In t h e  case of bass a1 loys, 

the flow stress  d o e s  n o t  decrease at h i g h e r  d e f  armatians and 

t h e  material g e t s  work hardened  and u l t i r n a t e i y  develops 

cracks. But i n  t h e  case of composites, t h e  s t r e n g t h  decreases 

as cold deformation proceeds above 75% reduction and that the 

particulates cont inues  to , deagglomarate during cold 

working. This enables easy fIow of t h e  composite during c a l d  

roll i n g  even upto 94% reduction in t h i c k n e s s .  This wi 1 I 

eliminate' t h e  need of an intermittent annwaIing treatment 

during cold rol Iing operations. 

Heat t rea-tment  of cold rolled s h e e t s  drastically reduced t h e  

effect of dislocation strengthening. The s t r e n g t h  of the 

composi7te is' in good agreement with the theoretical 

prediction made based on t h e  basic rule of mixture f o r  

composite. Heat treatment also resulted in regaining t h e  

ducti I i t y  of the cempasi t e  {rom the cold rol led I svgl , b y  t h e  

relaxation of the dislocation tangles at t h e  grain boundary.  



range 0 . 2 ~ m  to Q.7rm w i t h  t h e  largest interparticle spacing 

at 2.0 Mrn, and  in 0.2 mm sheets t h e  particles were found ta 

be of size 0 . 2  pm w i t h  interparticle spacing of 1 . 4 ~ i m .  

TiOz dispesion h a s  enhanced t h e  h i g h  temperature s t ' r e n g t h  of 

the a1 loy considsrably. A t  t h e  test temperature of 473 K ,  t h o  

composite exhibited tensile s t r e n g t h  of about 210 HPa as 

compared to below 100 MPa f o r  t h e  base alloy at t h e  same t e s t  

tempsratura,an increment of above 100%. 

T h e s e  s t u d i e s  indicatd that Ti02 d i s p e r s o i d s  have behef  icial 

effect on the malleability of t h e  base alloy system. The 

tensile s t r e n g t h ,  i n  heat treated condition, at room 

temperature is well in agreement with t h e  theoretical 

prediction. The s t r e n g t h  in t h e  cold rol  led condition is 

enhanced significantly by an order of 26% more t h a n  t h e  

the 'aret ica l  prediction, by the addition of Ti02 to t h e  a1 lay  

system. E f f e c t  of Ti02 addjtion t o  t h e  base a1 1oy in 

retaining t h e  s t r e n g t h  at h i g h e r  temperatures is also very 

significant. A n  increase in tensile strength of more t h a n  

100% compared t o  t h e  base a1 loy has  been obtained in t h e  

composite at a Zest temperatura of 473 K. 



I V .  5. HIGHLIGHTS OF THE INVESTIGATION* 

I N  SUHHARY, THE HIGHLIGHTS OF T H I S  INVESTIGATIVE VORK ON THE 

P ISPERS ION OF t 1U2 PARTICULATES OF AVERAGE PARTICLE SIZE 

0.37 ha, IN Al-Zn-ng UROUGHT ALLOY NATRIX, ARE LISTED BELOU : 

H While synthesising t h e  composite, t h e  m e l t  temperature 

incrsasas, due t o  exothermic reaction between Ti02 and 
m 

Mg. This will enable sirnuftaneovs addition of larger 

amounts of other particulates as w a l l .  

Q Rheocasting method is the preferred route for  dispersing 

finer size particulates. 

f Extrudabi 1 i t y  and the properties of t h e  ex truded  

composite a r e  comparabJk to t h a t  of t h e  base a1 l a y .  

w malleability of the composite on both h o t  rolling and 
6 

cold rolling is much superior to t h a t  of the base allay. 

No intermittent annealing is required on cold rolling 

t h i s  , comclpos ika, Composi ts h a s  been auccessf  ul 1 y cal d 

rolled i n t o  foils af thickness 0.1 mm, 

4 Tensile s t r e n g t h  i n  t h e  cold rolled condition at 75% 

reduct ion i n  t h i c k n e s s ,  is 26% h i g h a r  than the 

theoretical prediction and 22% h i g h e r  than t h a t  of t h e  

base a1 t o y  i n  the similar condition. 

9 Tensile s t r e n g t h  of t h e  composite at 473 K is more 
* 

than  100%. above tha t  of t h e  base allay at t h e  same tes t  

temperature. 
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SUGGEST IONS FOR FUTURE MURK 

The s t r e n g t h  of t h e  A l - ~ n - n g  allay depends basically on the 

Zn i Mg ratio a n d  higher this ratib, higher is the  s t r e n g t h  

level af t h e  alloy. Similarly, addition of copper to t h o  A I -  

Zn-Mg a1 loy increased t h e  s t r e n g t h  to t h e  highest level, It 

is t h s r e f o i e  suggested t h a t  ~ l - ~ n - ~ g - ~ u  system may be 

selected as t h e  matrix a1 loy f o r  d i s p e r s i n g  Ti02 w i t h  higher 

Z n  : M g  ratio to see t h e  e f f e c t  on strengthening. Thm alloy 

combination may be similar to A A  7075 or A A  7 1 7 8 . .  However, 

f o r  applications involving welding, i t  is required to select 

weldable h i g h  s t r e n g t h  AI-Cu alloys (2000 series) as t h e  

matrix material. 

Only 5 w t %  of Ti02 dispersion was used in this investihation. 

and i t  is suggested t h a t  the a f f e c t  of dispersion upto 25% 

may be s t u d i e d  . This may h a v e  significant influence on the 

h i g h  temperature properties. 

It is a t s o  suggested that s t u d i e s  may be formulated to 

s t u d y  t h e  e f f e c t  of simultaneeus additions Ti02 a n d .  other 

dispersoids like SfC and  A1203 in h i g h  s t r e n g t h  a l  l o y  

systems. 

A more detailed study should be carried o u t  on the 

deformation mechanisms on the new composite s y s t e m  and 

analyse t h e  results with ~;ansmfssion Electron microscopy.  
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A N N E X U R E S  



AHALYSIS OF A L U t l l N f U A  ALLOY HATRII COflPOSlTE HATERIAL - 
Solutions required: 

( 1 )  A c i d  mixture: H2SO4 ( 1 0 . 9  m l )  + HUD3 (30 m l l  + HCI 
(30 m l )  + H20 t?O mil* 

( 2 )  26 to 30% N a O H  solution, 

( 3 )  H N O 3  + HCl mixture 1:2 

( 4 )  NaOH ( 5 % )  

151 H C I  ( 5 % )  

Flow Diapram of Treatment 

Acid treatment  1) residue treatment 11 Washing treatment- 

Procedure 

1. Acid Treatment 

Weigh 10 grn of Al+TiO2 chips and dissolve in t h e  acid 

mixture. Diasol  ution 'of these chips eval v e s  moderate amount 
4 

of heat and h e n c e  i t  shouId be added  slowly and  carafully to 

the acid mixture. Entire A 1  matrix alone wil l be dissolved 

in t h e  acid mixture whereas, Ti02 powder w i l l  be precipitated 

at the bottom of t h e  beaker. Since  the precipitates would be 

very fine, filter t h e  precipitate using t h e  f i n e s t  filter 

2. Residue Trsatrent 

Treat  the precipitate with 10 m i  of 25 to 30% NaOH salutfon 

followed by addition of HNO3 + HCl mixture 1:2 [ T h i s  

facilitates removal of silicon precipitate along w i t h  the 

Ti02 by t h e  formation of rnonoAetric k i l  ieic acid), 



3,. Uashing T reatwent 

The f inaI s t e p  in t h i s  analysis is t h e  washing t r e a t m e n t .  

Wash t h e  filter paper along w i t h  t h e  residue successively 

w i t h :  
-% 

( a )  Water 
( b )  NaOH - 5% 
( C  1 Water 
( d l  HC1 - 5% 

Weigh t h e  residue. 

CALCULATIONS 

The percentage of Ti02 powder Weight af r e s i d u e  
in the Cornpasite = ----------------- K 100 

Weight  of sample 

If any precipitate s t i c k s  to t h e  filter paper which causes 

d i f  f icul t y  i n  removing t h e  rmsidue f o r  weighing, heat the 

filter p a p e r  in w e i g h e d  c ' r u c i b l e  until no r e s i d u e  of t h e  

f i l t e r  paper is Ief t behind. 

W e i g h t  of the1 = ( W e i g h t  of t h e  crucible with precipitat~) - 
precipitate 1 ( W e i g h t  of t h e  crucible) 

In tho  p r e s e n t  investisation, precipitates were filtered out 

t h r o u g h  whatman make filter paper of grade 41. T h e  

precipitates along w i t h  the filter were then ignited at 1173K 

for 2 hours which ensured complete absence af residue from 

f i 1 t e r  paper .  The powder weight w a s  then measured. T h e  

weight of t h e  residue is reported as 4.7% . 



AHNEX URE-2 

X-RAY D IFFRACT I OH STUD lES 

U n i t  : P h i l  i p s  X-Ray g e n e r a t o r  PW 1729 w i t h  
vertical goniometes. 

philips diffractometer control PW 1710. 
Hol 1 and make. 

Faci l i t y  : Metallography facility, Materials T e s t i n g  
and Energy  Systems Division, Metallurgy 
and Materials G r o u p ,  VSSC. 

Samp l e s  : 1.TiOz powder procured f rom M i s .  
T r a v a n c o r e  Titanium . Products  L t d . ,  
Trivandrum. 

Experimental : Radiation : Cu K a  w i t h  N i  
filter. 

Detai 1 s : Accelerating Val t a g e  : 35 KV 
Tube c u r r e n t  : 20 mA.  

Programme : (Starting a n g l e )  SAN t la0 
Details [Speed  of goniometerl : O . O S O / m i n .  

SPE 
( R e c o r d e r  speed) RSF : lUO/min. 
(Recorder f u l l  scale) 

RFS : 1 E 3 (1000) 
(Recorder t'irne 
c o n s t a n t )  RTC : 5 

(Recording time inter- 
val E INT - Seconds : 6 

!Continuous scanning 
programme with s c a n -  
ning r a n g e  10° 
to 9 0 O  1 CSP 

Process 

Compacted  powder was taken in a nylon specimen holder and 

Cu-Ka radiation of w a v e  l e n g t h  = 1 . 5 4  A was applied on to 

the sample, u s i n g  a nickel f i l t e r .  N i  filter filters out Ka 

radiations. A d i f f  ractogram of intensity Us characteristic 

of t h e  constituents of t he  sample is obtained on t h e  

recorder. The d i f  f ractogram a n d  t h e  diffraction analysis 



g i v i n g  details of incident angle, d spacing and intensity are 

printed o u t  by t h e  recorder .  T h e s e  v a l u e s  are compared w i t h  

s tandard  JCPPS (182) d a t a  ( J o i n t  committee of powder 

diffraction system1 f o r  t h e  poqsible sample identification. 
r, 

The possible chemical compounds which have been screened f o r  

the d i  ffractian analysis are '1 i s t e d  be1 ow: 

* 

A 1 2 T i 0 5  M gT i 20s HgTi204 MgTi03 

f l g 2 T i 0 4  ZnTiOg Zn2Ti3O8 Zn2TiQ4 

ZnTiO3 2rTi04 FeZTi04 Fe3T i3O9 

FeTi40 Fe2(TiO4)3 Fe21TiQ313 Fe5TiOe 

Mn2Ti04 Fa2flgTi30i0  t FsHg 1 Ti205 FeMgTi4OI0 

Mg2AlgTi70~5 MggA14Ti302~ Hg4A12Tig025 MgA18Ti602s 

MgA12Ti3010 (ZnMnFel(TiFe10 Ti203, Ti02, Mgo, A1203 

ZngOTiDz Al203TiO~ 
I 

The d i f f  ractogram of t h e  Ti02 powder ( b o t h  calcined s t o c k  and 

mil l e d  s t o c k )  is shown in f igureg A 1  t o  A 4  and t h e  

c o r r e s p n n d 4 i n g  comparison of data w i t h  JCPDS values a r e  g i v e n  

fn AT-I. 

TiOZ h a s  a tetragonal crystal structure and t h e  lattice 

parameters are calculated u s i n g  t h e  formula f o r  tetragonai 

structure as g i v e n  b,elow: 

substituting the values o f , d ,  h ,  k and 1 i n  t h e  above s a i d  

equation, t h e  lattice constants a and c for Ti02 tanatase 

g r a d e )  a r e  calculated. Considering the hki p l a n e  (2001, 



TABLE-AT 1. 

Diffraction Data C Tin2 1 

............................................................ 
Peak Incident , d Value Intensity < - - - -  JCPDS D.4TA- - - -  > 
No. AngJe Count  d Value I/Il(hkl )Value 
------------------------------*----------------------------- 

Calcined TiDz Anatase Grade ........................... 

M i  1 1  ed Ti02 Anatase Grade 
-------'--I---'---------- 

3. SO 21 17 3.52 

2.43 158 2.43 

2.37 452 2.38 

1.89 595 1.89 

1.70 410 1.70 
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valuas of "a" is calculated using t h e  faIlowing values: 

d = 1.89, h = 2, K = 0 and 1 = Q 

T h e  value of * a v  is calculated as 3.78 against the JCPDS 

value of 3.7852 f o r  t h e  anatass g r a d e .  

Considering t h e  'a' value as 3-70 and us ing  other hkl values, 

'C' value has been calculated and  shown below: 

' C *  Valus ' C '  A v e r a p e  JCFDS Values 

T h e  lattice c o n s t a n t s  thus c o n f i r m s  t h e  anatase grade f a r  t h e  

Ti02 powder. 

The d i f f  ractagram of t h e  extracted powder from t h e  composite 

is shown in figures A 5  to A7: The corresponding comparison 

of d a t a  w i t h  f C P D 5  values is g i v e n  in Table AT-2 .  

Fram t h e  Tab1 e ,  it is o b s e r v e d  t h a t  the  extracted powdar 

contains only Ti02 a n d  MgTi205. The : crystal s t r u c t u r e  for 

Ti02 is tetragonal and t h e  lattice constants  a r e  calculated 

f r o m  t h e  same equation u i z .  equation ('1~): 

Considering t h e  ? d '  values f o r  (hkll plane= (110),  (200) and 

(2101, the average 'a' value has . bden -calculated. 

Substituting t h e  value af 'a' f a r  ( h k l )  planes (2111, (0021, 

(221) a d  (2021, t h e  average  value of ' C '  has bean 

calculated. The r e s u l t s  are shown below: 









TABLE-AT 11 

 iff ra6tion D a t a  (Extractwd Powder l 

-----------------------------*-------*--*------------------- 

P e a k  Incident d Value Intensity <-'----- . JCPQS DATA----- > 
No Ang I e Caun t d value 4 h k l I  Compound 
---------------------------------------*--------------------- 



Lattice C o n s t a n t  Calculated Value . JCFDS Value 
( Avera~nS - f o r  rutile 

~ r a d e  

These lattice c o n s t a n t s  show that t h e  Ti02 i n  the  e x t r a c t e d  

powder is rutils grade .  

The crystal s t r u c t u r e  of MgTi205 is orthorhombic and t h e  

lattice constan ts  ace calculated from t h e  equation: 

U s i n g  t h e  'd' values f o r  t h e  ( h k l )  planes E0231, (043) and 

(0611, t h e  average  value f o r  'bl is ca3eulated. U s i n g  this 

value of 'b' for t h e  plane (1301, t h e  value' of 'a' is 

calculated and  t h e  value of :a' is obtained by substituting 

- f o r  'a* and  'b' i n  t h e  aquatien for t h e  plane (1141. 

The lattice constants'80 calculated a r e  g i v e n  below as 

compared t p  t h e  JCPDS valuas. - 

MgTi205 - Orthorhombic s t r u c t u r e .  

C a t  cul ated Lattice C o n s t a n t s  JCPDS 
V a  I ues Value 



CALCULATIONS THEORETICAL PROPERTIES 

............................................................ 
Hater ial  =UTS 'K ' ' Density(S1 ' 

MPa ca I s/cm. s'. K .gm/cc  

M a t r i x  alloy 
( T O O 5  1 
Heat treated : - 3 5 0  0.29 2,78 

Cold rolled : 440 0.29 2 . 7 8  

Ti02 addition = 5 w t %  

Base a1 loy = 95 w t X  

Volume of base alloy = 95;2.?8 = 34.17 

Total volume 

Basic ruIe & mixture for coeaosite = ac = a, Vm + up up 

where, u = a n y  , p r o p e r t y  

c = composite, m = matrix, and p = particulate- 

Accordingly, 

o, I hea t  treated) = 340 MPaC ec (cold rol  l e d  E = 427 HPa 

Kc = 0 . 2 8  caIs/crn.S.K. and S, * =  2.83 g d c c .  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - * - - - - - - - - - - - - - - - - - - - - - - - -  
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