
cu la r  f luor ine  w e r e  computed f r o m  s a m p l e  m a s s ,  
m e a s u r e d  be fo re  and a f t e r  r e a c t i o n  fo r  a known t i m e  
i n t e r v a l .  F o r  F2, the apparen t  r e a c t i o n  p robab i l i ty  
( ra t io  of the A1 r e m o v a l  r a t e  to twice  the F2 flux at 
ambien t  F2 p r e s s u r e  and s p e c i m e n  t e m p e r a t u r e )  was 
~a (FJA1)  = 0.006. This  value was unchanged o v e r  a 
twofold i n c r e a s e  in the to ta l  p r e s s u r e ,  as  expec ted  
if gas phase  m a s s  t r a n s p o r t  does  not l imi t  the r a t e  of 
r e a c t i o n .  

The  heat  t r a n s f e r  m e a s u r e m e n t s  show the gas t e m -  
p e r a t u r e  at the s ample  to nea r ly  equal  the s a m p l e  
t e m p e r a t u r e .  However ,  r e a c t i o n  r a t e  m e a s u r e m e n t s  
show the r e a c t a n t  concen t ra t ion  at the s a m p l e  to r e -  
main  near  i ts  ambien t  va lue .  Th is  d i f f e r ence  be tween  
heat  and m a s s  t r a n s f e r  e f fec ts  is  due to d i f f e r e n c e s  
in the i n t r i n s i c  r a t e s  of heat  t r a n s f e r  and c h e m i c a l  
r eac t ion ,  governed  by the t h e r m a l  a c c o m m o d a t i o n  
coef f ic ien t  which is  l a rge  and the r e a c t i o n  p robab i l i ty  
which is s m a l l .  Under  o ther  condi t ions,  ex t e rna l  
diffusion l imi t a t i ons  may occur ,  depending on the p r e -  
va i l ing  va lues  of the s p e c i m e n  d i a m e t e r ,  r e a c t i o n  
probabi l i ty ,  convec t ive  mass  t r a n s f e r  coeff ic ient ,  
and r eac t an t  d i f fus ion coef f ic ien t .  11 

The k ine t ic  s tud ies  d e s c r i b e d  above mee t  des ign  
r e s t r i c t i o n s  that  need not be imposed  on o ther  ap-  
p l i ca t ions  of the technique .  F o r  example ,  the study 
of high t e m p e r a t u r e  g a s / s o l i d  o r  g a s / l i q u i d  equ i l i -  
b r i a ,  phase  changes  ( v ia  cool ing cu rves ) ,  and ex-  
t r e m e  t e m p e r a t u r e  p r o p e r t y  m e a s u r e m e n t s  12 do not 
r e q u i r e  s m a l l  s a m p l e  s i ze  and low r e a c t o r  p r e s s u r e s .  
On the o ther  hand, the abi l i ty to work  with s m a l l  s a m -  

p les  speeds  t h e r m a l  and c h e m i c a l  equ i l i b r a t i on  and 
low r e a c t o r  p r e s s u r e s  m i n i m i z e  the abso lu te  concen-  
t r a t i o n  of gaseous  i m p u r i t i e s .  Also ,  s ince  only the 
s a m p l e  of i n t e r e s t  i s  heated,  c o r r o s i o n  p r o b l e m s  a r e  
avoided and heat  d i s s ipa t ion  is  m i n i m i z e d .  Work  is  
p r e s e n t l y  in p r o g r e s s  to extend the method  to high 
t e m p e r a t u r e  s tud ies  of nonmeta l l i c  so l ids  and l iquids  
v i a  CO2 l a s e r  hea t ing  of l ev i t a t ed  s p e c i m e n s .  
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Manufacture of TiAI by Extrusion of 
Blended Elemental Powders 

ROBERT E. SCHAFRIK 

Of a l l  the t i t an ium a l loys  p roposed  fo r  extended high 
t e m p e r a t u r e  appl ica t ions ,  those based  on the o r d e r e d  
i n t e r m e t a U i c  compound,  TiA1, s e e m  to have the mos t  
p r o m i s e .  1,2 N e e d l e s s  to say,  the obs t ac l e  which has 
p rec luded  advanced deve lopment  of TiA1 is i ts  min i -  
mal  duct i l i ty  at t e m p e r a t u r e s  l e s s  than about 700~ 
The b r i t t l e n e s s  of TiA1 sugges t s  that  powder  m e t a l -  
lu rgy  techn iques  would be usefu l  in the manufac tu re  
of the product .  To date, this has been  done us ing  p r e -  
a l loyed powders .  However ,  the use of p r e a l l o y e d  
powders  has s e v e r a l  d i sadvan tages .  F i r s t ,  the m e l t -  
ing, cas t ing  and powder  f o r m i n g  p r o c e s s e s  each  in- 
t roduce  i m p u r i t i e s  in the a l loy.  Also ,  s ince  the t i -  
t an ium re f in ing  p r o c e s s  p roduces  sponge,  which is  
eas i ly  conve r t i b l e  to powder,  the p r a c t i c e  of m e l t -  
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ing sponge only to r e f o r m  powder  s e e m s  u n n e c e s -  
s a r i l y  cos t ly .  

Th i s  i nves t iga t ion  was an a t t empt  to d e t e r m i n e  if 
TiA1 could be manufac tu red  d i r e c t l y  f r o m  a m i x t u r e  
of the e l e m e n t a l  powders  of t i t an ium and a luminum.  
The  p r o c e s s  v a r i a b l e s  which were  p a r t i a l l y  i n v e s t i -  
gated in th is  study were :  p r e s i n t e r i n g  condi t ions ,  
heat  t r e a t i n g  condi t ions ,  and the e f fec t  of e x t r u s i o n  
condi t ions  on the m e c h a n i c a l  p r o p e r t i e s  of the product .  
The  p r o p e r t i e s  of TiA1 manufac tu red  f r o m  the e l e -  
menta l  powder  m i x t u r e  w e r e  c o m p a r e d  to those  of 
TiA1 manufac tu red  f r o m  p r e a l l o y e d  powder s .  

The powders  which w e r e  used  w e r e  r e a d i l y  ava i l -  
able  l a b o r a t o r y  g rade  powders .  The  c h e m i c a l  ana ly-  
s i s  is  shown in Tab le  I. The  powder s  w e r e  a i r - d r i e d  
in an oven at 105~ fo r  4 h, s e ived  th rough  140 m e s h  
s c r e e n ,  and then mixed  in a Spex Mil l  M i x e r .  Cyl in-  
d r i c a l  e x t r u s i o n  b i l l e t s  of T i -6A1-4V w e r e  u t i l i z ed  as 
the e x t r u s i o n  can. T h e s e  b i l l e t s  w e r e  nomina l ly  7.5 
cm d iam by 12.7 cm long, with a 4.0 to 5.0 cm hole 
in the c e n t e r .  P r e m i x e d  powder  was p r e s s e d  into the 
b i l l e t  to 10,000 Kg us ing  an Ins t ron  T e s t i n g  mach ine .  
Powder  was  added and p r e s s e d  unt i l  the b i l l e t  was  
ful l .  The  b i l l e t s  then w e r e  given a heat  t r e a t m e n t  to 
r e a c t  the powder s  p r i o r  to addi t ional  p r o c e s s i n g .  

P r e s s e d  compac t s  of the e l e m e n t a l  powder  m ix tu r e  
w e r e  heated  in vacuo fo r  v a r i o u s  t i m e s  at  650~ to de-  
t e r m i n e  the r e a c t i o n  k ine t i c s .  A s i g m o i d a l  t i m e - t e m -  
p e r a t u r e  cu rve  was deve loped  us ing  s e m i q u a n t i t a t i v e  
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X - r a y  a n a l y s i s .  It was found that the react ion  of the 
powders  to TiA1 proceeds  through an in termediate  
step in which the i n t e r m e t a l l i c  compound TiA13 ex i s t s .  
F ig .  1 depicts  this  semiquant i ta t ive  t i m e - t e m p e r a t u r e  
curve .  Note that the react ion  was completed  at 650~ 
after  72 h. A l so ,  a compact  of the e l e m e n t a l  powders  
was found to have been comple te ly  reacted  to TiA1 
after  2 h at 993~ without ev idence  of re s idua l  molten 
a lu minum.  It was this  high temperature ,  short  t ime,  
heat t reatment  which was s e l ec t ed  for the powder- 
f i l l ed  b i l l e t s .  

A total  of four ex trus ions  were  attempted.  The ex-  
t rus ion  p a r a m e t e r s  and the re su l t s  are  s u m m a r i z e d  
in Table  II. The ex trus ions  were  a c c o m p l i s h e d  on a 
high speed (15 ips) 700 Ton hor izonta l  extrus ion  p r e s s .  
A l l  ex trus ions  were  d irect  ex trus ions  at a die t em-  
perature  of 500~ Pr ior  to the actual  extrus ion,  
the b i l l e t s  were  consol idated in the p r e s s  by a blind 
die extrus ion .  This  procedure  i n c r e a s e d  the powder 
dens i ty  f rom about 50 pct of theore t i ca l  to greater  
than 90 pct.  

The  f i r s t  extrus ion was very  poor.  A macrophoto-  
graph i s  shown in Fig .  2(a). Obvious ly ,  good c o n s o l i -  
dation during the extrus ion  operat ion was  not achieved.  
The next extrus ion  was per formed at a substant ia l ly  
h igher  t emperature .  Although this  was  not a s u c c e s s -  
ful extrus ion ,  it was an improvement ,  as  can be seen  
in Fig .  2(b). The fourth extrus ion  was u n s u c c e s s f u l  

Table I. Analysis of  T i tan ium and A l u m i n u m  Powder 

Titanium Powder Aluminum Powder 

Aluminum * - 
Copper 0.002 0.003 
Titanium - * 
Iron 0.20 O.lO 
Magnesium 0.01 0.O01 
Chromium 0.001 0.005 
Silicon 0.01 0.03 
Nickel 0.05 0.001 
Calcium 0.20 <0.001 
Maganese 0.02 0.01 
Tin 0.005 < 0 . 0 0 2  
Zirconium 0.30 < 0 . 0 0 2  
Tantalum <0.02  < 0 . 0 0 2  
Molybdenum 0.005 <0 .001  
Zinc <0 .003  <0.01 

*Not analyzed. 
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Fig. 1--Estimated time-temperature transformation curve for 
T i +  Al ~ TiAI at650~ 
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(a) 

(h) 
F i g .  2 - - ( a )  E x t r u s i o n  R u n  1 p r o d u c t ;  ( b )  E x t r u s i o n  R u n  2 p r o -  

d u c t .  

Table I I .  Extrusion Summary  

Consolidation Extmsion Pressed Powder Extrusion Product Density, 
Extrusion Heat Treatment Temperature, ~ Ratio Diameter, cm Temperature, ~ Pet Theoretical Comments 

1 8 h at 982 ~ C 1316 9:1 4 1316 96 to 99 Severe dogboning and severe 
lamination of product. 

2 8 h at 982~ 1399 9:1 4 1399 91.5 to 99.6 Moderate dogboning and some 
lamination of product. Many 
microcracks and regions of  
inadequate flow 

3 3.5 h at IO00~ 1427 16:1 5 1427 99 + Best extrusion. Some dog- 
boning and regions of asym- 
metric flow 

4 6.5 h at 640~ 1316 9:1 4 1427 99 + Excessive flow resulting in inter- 
spersion of billet material 
with product. 
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Table III. Summary Mechanical Test Data 

Elastic Modulus, 0.2 Pet Yield Fracture Reduction in 
Temperature, ~ Remarks Gn/m 2 Strength, MN/m: UTS, MN/m 2 Stress, MN/m z Elongation, Pet Area, Pet 

25 Tension 192 - - 214 0 0 
Compression 167 462 . . . .  

800 Tension 150 312 - 339 0.25 7.3 
900 Tension 158 241 314 - 15.6 14.2 

Note: Cross-head speed was 0.25 mm/min (0.01 in./min). 

(a) (b) 

Fig. 3--(a) Photomicrograph of as-extruded product from Extrusion Run 3, magnification 230 times, Kroll 's  etch. See text for 
description of microconstituents; (b) photomicrograplaofExtrusion Run 3 product after homogenization at ]300~ for 3 to 5 h in 
vacuo, magnification 230 times, Kroll 's  etch. See text for description of microconstituents. 

in that  the ex t ruded  product  f lowed m o r e  than ex-  
pected,  r e s u l t i n g  in a s m a l l  p roduc t  d i a m e t e r  with a 
s t a r - s h a p e d  c r o s s - s e c t i o n .  

Only the product  f r o m  the th i rd  ex t ru s ion  was su i t -  
able for  the manufac tu re  of t ens i l e  s p e c i m e n s .  How- 
eve r ,  as  ind ica ted  in F ig .  3(a), the m i c r o s t r u c t u r e  
was inhomogeneous .  An homogen iza t ion  t r e a t m e n t  at 
1300~ fo r  3.5 h in a 3 • 10 -~ ~m vacuum was given 
the s p e c i m e n s .  F ig .  3(b) shows the r e s u l t i n g  homoge-  
nized m i c r o s t r u c t u r e .  Note that  the m a t e r i a l  is  two- 
phase ,  the o v e r a l l  compos i t ion  being T i -35 .5  wt pct  
A1. The l a m e l l a r  r eg ions  a r e  TiA1 + TidAl, the angu-  
l a r  p a r t i c l e s  a r e  TidAl, and the l a rge  s ing le  phase  
g ra in s  a r e  TiAI .  The  da rk  a r e a s  a r e  m i x t u r e s  of 
t i tan ium and a luminum oxides .  The  oxygen content  
was d e t e r m i n e d  to be 0.71 wt pct  and the n i t rogen  
content 0.675 wt pct .  

P r e p a r a t i o n  of the m e c h a n i c a l  t e s t  s p e c i m e n s  and 
the mechan i ca l  t e s t i ng  equipment  and p r o c e d u r e s  
w e r e  the s a m e  as r e p o r t e d  fo r  p r ev ious  work.  2 A sum-  
m a r y  of the m e c h a n i c a l  t e s t  data  i s  shown in Tab l e  III. 
T h e s e  data a r e  c o m p a r a b l e  to that  obtained f r o m  
s p e c i m e n s  ex t ruded  f r o m  p r e a l l o y e d  powder.Z E s p e c i -  
a l ly  s igni f icant  a r e  the high e l a s t i c  moduli  m e a s u r e d  
on the e l e m e n t a l  powder  ex t ru s ions  at 800~ and 900~ 
This  enhancement  of the modulus i s  a t t r ibu ted  to 
sa tu ra t ion  of the TiA1 by oxygen.  I t  has  been  d e t e r -  
mined that  the solubi l i ty  of 02 in TiA1 is  be tween  

1500 ppm and 2300 ppm.  3 The  c h e m i c a l  ana lys i s  of 
the Ex t rus ion  Run 3 product  ind ica ted  7100 ppm. 
Also  the f o r m a t i o n  of oxides ,  as  ev idenced  by Fig .  3, 
subs tan t i a t e s  the fact  that  the m a t r i x  was s a tu ra t ed  
with oxygen.  The  h igher  y ie ld  s t r eng th  of the e l e -  
men ta l  powder  ex t ru s ions  is,  thus, mos t  l ikely  due 
to so l id  solut ion s t r eng then ing  e f fec t s .  

In s u m m a r y ,  TiA1 was s u c c e s s f u l l y  manufac tu red  
f r o m  m i x t u r e s  of the e l e m e n t a l  powders .  The  p r o -  
c e s s  is not, however ,  without p r o b l e m s .  A method 
of r educ ing  the pickup of a t m o s p h e r i c  gases  must  be 
found, and the ex t ru s ion  p r o c e s s  mus t  be made m o r e  
r e p r o d u c i b l e .  

The  r e s u l t s  of this  i nves t i ga t i on  f o r m  the ba s t s  of a 
t h e s i s  submi t ted  to the A i r  F o r c e  Ins t i tu te  of T e c h -  
no logy ' s  School  of Eng inee r ing  in p a r t i a l  fu l f i l lment  
of the r e q u i r e m e n t s  fo r  the M.S. d e g r e e  in A e r o s p a c e  
Eng inee r ing .  

The  author  is  g ra t e fu l  to Dr .  H. A. L ips i t t  of the 
A i r  F o r c e  M a t e r i a l s  L a b o r a t o r y  who conce ived  this  
p r o j e c t  and under  whose  d i r e c t i o n  and guidance it was 
c a r r i e d  out; to Ma jo r  W. B. Crow,  the t he s i s  ad-  
v i s o r ;  to Mr .  A. M. Ada i r  of the A i r  F o r c e  M a t e r i a l s  
L a b o r a t o r y  and to Mr .  F.  J .  Gurney of the Wes t ing-  
house  E l e c t r i c  C o r p o r a t i o n  for  ex t rud ing  the TiA1; 
and to Mr .  T.  F.  Orcut t ,  Mr .  J .  V. Smith,  Mr .  D. F .  
F r a n k  (deceased) ,  and Sgt.  R.  A.  Arne t t  for  t echn ica l  
a s s i s t a n c e .  
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Investigation of a Sinter Process for 
Extraction of AI203 From Coal Wastes 

KENNETH P.  GOODBOY 

Sinter  p r o c e s s e s  in  the a l u m i n u m  indus t ry  involve 
high t e m p e r a t u r e  r eac t ion  of a luminous  o re s  to fo rm 
soluble  A1203 compounds.  The s i n t e r s  a r e  leached to 
ex t rac t  A12Oa and the leach l iquors  a re  subsequent ly  
t r ea t ed  to p rec ip i t a t e  A12Oa in pur i f ied  fo rm .  In 
p rac t i ce ,  r ap id  r eac t i on  dur ing  s in t e r ing ,  rapid  leach-  
ing and high ex t rac t ion  ( recovery  of A12Oa f rom the 
ore) a re  d e s i r a b l e .  This  paper  is conce rned  p r i m a r i l y  
with s in t e r  r eac t ion  c h e m i s t r y  for ex t rac t ion  of A12Oa 
f rom high ash  coal waste f rom a coal benef ic ia t ion  
plant .  

All  s i n t e r  p r o c e s s e s  for A12Oa r e c o v e r y  a re  s i m i l a r  
in that  l imes tone  is added to the benef ic ia ted  ore to 
r e ac t  at high t e m p e r a t u r e s  with SiO2 to fo rm d ica lc ium 
s i l i ca te  (2CaO �9 SiO2) and COs. 

2CaCO3 + SiOz = 2CaO �9 + 2CO2. [1] 

Once 2CaO .SiO2 is formed,  the AlzO3 is then ava i lab le  
to r eac t  with a compound that  wil l  make it so luble  in 
HaO or leachable  by Na2CO3 solution�9 In i t i a l ly  in our  
inves t iga t ion ,  the l ime  s i n t e r  p roces s ,  which has been 
ex tens ive ly  inves t iga ted  as a means  of ex t r ac t ing  
AlzO3 f rom clay, was cons ide red  a v iable  means  of 
r e n d e r i n g  the A1203 soluble  f rom coal was tes .  

L ime  S in te r  P r o c e s s .  The a luminous  o re  in the 
l ime  s i n t e r  p roce s s  is r eac t ed  with l imes tone  at ap- 
p rox ima te ly  1350~ to fo rm 12CaO .7A1203 (C~2A=), 
2CaO -SiO2 and CO2. 

12CaCO3 + 7A1203 = 12CaO" 7AlzO3 + 12CO2. [2] 

C~2A7 is the d e s i r e d  ca lc ium a lumina te  phase  because  
it is the most  read i ly  so lubi l ized  and y ie lds  the high- 
es t  pe r cen t  AlzO3 r ecove ry ,  1'2 but some diff iculty can 
occur  in con t ro l l ing  the compos i t ion  of the s i n t e r  so 
that  C~Av is  fo rmed .  

If not enough l imes tone  is p r e sen t  in the s in t e r  mix, 
gehleni te  (2CaO �9 A12Oa �9 SiO2) wil l  fo rm.  A1203 cannot 
be leached f rom this  compound by H20 or  NazCO3 solu-  
t ion.  With enough l imes tone  not to fo rm 2CaO. A1203 
�9 SiOz but not enough for C12A7, CaO .A1203 can form�9 
On the o ther  hand, if too much l imes tone  is  added, 
3CaO "A12Oa can fo rm.  Nei ther  CaO .AlzO3 nor  3CaO 
�9 A1203 leach  as wel l  as C~2Av. The lower ex t r ac t ion  
va lues  a r e  due to p rec ip i t a t ion  of inso lub le  hydra tes  
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of ca lc ium a lumina t e  as  shown by X - r a y  ana ly s i s  of 
the leach r e s i d u e s .  1'2 The ca l c ium a lumina te  leaching 
r eac t ions  a re  as follows: 

12CaO �9 7A12Os + 12Na2CO, + 5H20 

= 14NaA102 + 10NaOH + 12CaCOs [3] 

3CaO �9 AlzOa + 3Na2CO3 + 2H20 

= 2NaA102 + 4NaOH + 3CaCO3 [4] 

CaO �9 A12Oa + Na2COa = 2NaA102 + CaCOs. [5] 

With knowledge of l ime  s i n t e r  technology, coal 
was te / / l imes tone  s i n t e r s  we re  p r e p a r e d  and leached 
with Na2COs. The A1203 was r ead i ly  soluble,  but the 
X - r a y  ana lys i s  of the s i n t e r s  showed not C12A7 but an 
en t i r e ly  d i f fe rent  compound, ca lc ium sulphoaluminate  
(4CaO �9 3A12Oa �9 SO3, abbrev ia t ed  C4Aa~). Since C4AaS 
leached read i ly ,  we immed ia t e ly  conducted a more  
thorough inves t iga t ion  of p rope r  s in  t e r i ng  condit ions�9 

New Sinter  P r o c e s s - C o a l  W a s t e / L i m e s t o n e  S in te rs .  
Coal  waste was s i n t e r ed  with five di f ferent  amounts  
of l imes tone  at t e m p e r a t u r e s  f rom 1000 to 1400~ in 
an oxidizing a t mosphe r e .  The chemica l  ana ly se s  of 
the s i n t e r s  a re  given in Tab le  II. 

The s a mp l e s  were  then leached under  the condit ions 
of Table  III. 

The ex t r ac t ion  data a re  p r e s e n t e d  in Table  IV and in 
Fig.  1. Each curve  in Fig.  1 has specif ied the theore t i -  
cal  CaO content  based  on the s in t e r  ana ly s i s  of Table  
II in o r de r  to f o r m  2CaO �9 SiO2, C4AsS and CaSO4. The 

Table I. Order of Reaction Products with 
Increasing Limestone Addition 

Compound Formula 

Calcium Sulfate CaSO4 
Dicalcium Silicate 2CaO'SiO2 
Gehlenitc 2CaO" AltOs" SiO2 
Monocalcium Aluminate CaO" A1203 
C 12A7 12CaO" 7A1203 
Tricalcium Aluminate 3CaO'AI203 

Table II. Chemical Analysis of Coal Waste/Limestone Sinters 

Pet Theoretical Chemical Analysis, Pet 

CaO in Sinter* A1203 SiO2 CaO Fe203 MgO SO3 

76 16.5 25.5 44.6 5.30 1.45 5.30 
82 15.7 24.4 46.5 4.35 1.52 5.48 

101 14.1 21.2 50.8 3.28 1.52 5.49 
110 12.9 19.8 51.7 4.20 1.40 5.62 
122 12.3 18.8 54.l 4.80 1.69 5.59 

*For 2CaO'SiO2, C4A3S and CaSO4. Average sinter analysis for all tempera- 
tures. 

Table III. Leaching Conditions of All Sinters 

Size of ground sinter = 149 p 
Weight of sinter 10 g 
Leaching solution volume 100 cc 
Weight of Na2CO3 in solution 3 pet 
Leaching temperature 50~ 
Leaching time 30 min 
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