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The a luminum c o r n e r  of the t e r n a r y  A1-B-Ti  d iag ram was exp lored .  A eu tec t i c :  Liq ~ A1 
+ TiAI3 + (A1, Ti)B2 was found at approx imate ly  0.05 wt pct T i ,  0.01 wt pct B; 659.5~ TiB2 and 
A1B2 fo rm a cont inuous s e r i e s  of solid so lu t ions ,  but no d i s t inc t  t e r n a r y  phase was found. The 
addi t ion of boron to a l u m i n u m - t i t a n i u m  al loys  expands the f ie ld  of p r i m a r y  crysta l l izat ion~of  
TiAls toward lower t i t an ium contents  and s teepens  the l iquidus .  In e q u i l i b r i u m  condi t ions ,  p ro -  
nounced gra in  r e f i n e m e n t  is found only in a l loys  in which TiAls is p r i m a r y  and nuc lea tes  the 
a l u m i n u m  solid solut ion before any o ther  impur i ty  can act .  The pe r i t e c t i c  reac t ion  f ac i l i t a t e s  
th is  p r io r i ty  but it is not n e c e s s a r y  for  g ra in  r e f inemen t .  Because  of the low diffusivi ty of t i -  
t an ium and boron  in a l u m i n u m ,  equ i l i b r i um is se ldom a t ta ined  and in c o m m e r c i a l  p rac t ice  g ra in  
r e f i nemen t  by TiAls is  found a lso  outside i ts  e q u i l i b r i u m  field of p r i m a r y  c ry s t a l l i z a t i on .  

IT is wel l  known that addi t ions  of T i ,  Zr ,  V, and so 
for th  produce gra in  r e f i n e m e n t  in a l u m i n u m  a l loys .  I t  
is a lso well  e s tab l i shed  that addi t ions of boron  to t i -  
t a n i u m - b e a r i n g  a l loys  enhance the g ra in  r e f i ne me n t .  
Two main  theor ies  have been advanced to explain these 
phenomena:  

1) The carbide (or bor ide)  theory .  
2) The pe r i t ec t i c  r eac t ion  theory .  
Cibula  1 has  shown that when ca rb ides  of V, T i ,  Zr ,  

and so for th ,  and bor ides  of a l u m i n u m  and t i t an ium a re  
p r e sen t  in a luminum a l loys ,  pronounced g ra in  r e f ine -  
ment  is produced through nuc lea t ion .  The main  a r gu -  
ments  for  the nuc lea t ion  being due to the ca rb ides  or  
bor ides  are  : 

1) The ca rb ides  and bor ides  a re  ve ry  s table  (have 
v e r y  high mel t ing  points) .  

2) The a tomic  spacing  in the close packed planes  of 
the carbide  and the bor ide  a re  only a few percen t  dif-  
f e r en t  f rom the cor respond ing  spacing in a l u m i n u m .  

C r o s s l e y  and Mondolfo 2 have shown that pronounced 
g ra in  r e f i n e m e n t  could be obtained in a l loys  conta in ing 
p r i m a r y  c r y s t a l s  of TiAls ,  ZrAls,  and other  compounds 
r e a c t i n g  pe r i t ec t i ca l ly  with a l u m i n u m ,  but not with 
FeAls which fo rms  a eutec t ic  with a l u m i n u m .  Cros s l ey  
and Mondolfo, Mascr~ et al .  3 and Nakao 4 show that 
heavy carbon addi t ions to a l u m i n u m - t i t a n i u m  a l loys  
reduce the gra in  r e f i nemen t .  N i s h i m u r a  et  a l .  5 r epo r t  
that the addit ion of TiC to a l u m i n u m  does not ref ine  
the g ra in ,  un less  the me l t i ng  is done in a i r .  They 
speculate  that TiN is fo rmed ,  which r e f i ne s  the gra in ,  
but the i r  evidence does not exclude the reac t ion  of TiC 
with oxygen to l ibe ra te  some t i t an ium which goes to 
fo rm TiAls.  Seeman and Staats e r e p o r t  no gra in  r e -  
f i nemen t  with addi t ions  of TiB2 o r  VC, but r e f i nemen t  
with T i ,  T iC ,  T i  + TiBz. Mor iceau  7 has  shown m i c r o -  
probe photographs which he i n t e r p r e t s  as  proving  that 
TiBz nuc lea tes  a l u m i n u m .  However,  the fact  that in h is  
pa r t i c l e s  the b o r o n - r i c h  zone is decidedly s m a l l e r  than 
the t i t a n i u m - r i c h  one,  could indicate that  a l uminum is 
diffusing into the TiB2 and t i t an ium out of it  so that the 
ac tua l  pa r t i c l e s  cons is t  of a core of (A1, Ti)B2 sheathed 
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by TiAls.  More r ecen t ly ,  Davies  et  a l .  8 show that there  
is  epitaxy between TiAls and the a l u m i n u m ,  with the 
TiAls be ing  found at  the cen te r  of the a l u m i n u m  c r y s -  
t a l s ,  but no epitaxy between the dibor ide and the ma t r ix ,  
with the d ibor ide  at  the g ra in  bounda r i e s .  They specu-  
late that the effect  of boron is to d e c r e a s e  the so lubi l i ty  
of t i t an ium and thus i n c r e a s e  the n u m b e r  and d i spe r s ion  
of nuc lea t ing  TiAlz p a r t i c l e s .  

The in fo rma t ion  on the e q u i l i b r i u m  d i a g r a m is scan ty .  
The b ina ry  d i a g r a m s  for  a l u m i n u m - t i t a n i u m  and a l u m i -  
n u m - b o r o n  a re  r ea sonab ly  wel l  e s t ab l i shed  9'I~ but the 
in fo rmat ion  on the a l u m i n u m - c a r b o n  s y s t e m  is not too 
r e l i ab l e .  No in fo rmat ion  was found on the t e r n a r y  
A1-C-Ti .  On the A1-B-Ti  d i a g r a m the only avai lable  
in fo rmat ion  is  the r epo r t  by Whee le r  n of the ex is tence  
of a compound TiB2AI3. 

In o r de r  to throw more  light on the g ra in  r e f i n e m e n t  
of a l u m i n u m  al loys  a s e r i e s  of e x p e r i m e n t s  was s ta r t ed .  
Th r e e  somewhat  separa te  inves t iga t ions  were con- 
ducted:  

1) Nuclea t ion  of a l u m i n u m  by i n t e r m e t a l l i c  com- 
pounds.  

2) Explora t ion  of the e q u i l i b r i u m  d i a g r a m s  A1-B-Ti  
and A1-C-Ti .  

3) Effect  of boron  on g ra in  r e f i n e m e n t  of a l u m i n u m -  
t i t an ium a l loys .  

The work done on the nuc lea t ion  of a l u m i n u m  by in-  
t e r m e t a l l i c  compounds was r epor t ed  in a separa te  pa-  
pe r .  12 The ma in  conc lus ions  of that work which are  
pe r t inen t  to the p r e se n t  inves t iga t ion  a re  : TiAls ,  VAllo, 
CrA17, NiAls, and A1Bz are  a l l  good nuc l ean t s  for a lu -  
minum;  for  TiAls ,  ZrAls,  and VAI~o there  is  at  l eas t  
one o r i en ta t ion  r e l a t ionsh ip  in which nuc lea t ion  takes 
place at 0~ undercool ing .  

The work on the A1-Ti -B  d i a g r a m and the effect  of 
boron  on the g ra in  r e f i n e m e n t  are  covered  h e r e .  Also 
repor ted  a re  the few data on the addi t ion of C-A1-Ti  
a l loys  that were obta ined.  

MATERIALS AND TECHNIQUE 

F o r  the e q u i l i b r i u m  d i a g r a m  work,  high puri ty  ma -  
t e r i a l s  were  used:  re f ined  a l u m i n u m  (99.99 + pct),* 

*Unless otherwise specified, all percentages are by weight. 

sponge t i t an ium,  (99.5 + pct) amorphous  pur i f ied  boron ,  
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and pure TiB~ c r y s t a l s .  Fo r  the work on the effect of 
boron  on g ra in  r e f i nemen t  both high puri ty  m a t e r i a l s  
and two c o m m e r c i a l  m a s t e r  a l loys  were  used;  one con- 
ta in ing  5 pct T i ,  1 pct B, the o ther  3.1 pct B. S tar t ing  
f rom the high pur i ty  m a t e r i a l s ,  two m a s t e r  a l loys  were 
p repared ;  one containing 7 pct T i ,  the other  3.5 pct B. 
After  ana ly s i s ,  these two a l loys  were  mixed with a lu-  
m inum to p repare  the va r ious  a l loys .  Approximate ly  
o n e - q u a r t e r  of the al loys p r epa red  were analyzed,  and 
in al l  of them it was found that the difference between 
the calculated and the ac tua l  a n a l y s i s  was less  than the 
e r r o r  of ana ly s i s .  Some al loys  were also p repa red  by 
adding large quant i t ies  of TiB2 to mol ten a l u m i n u m ,  but,  
although they were thoroughly s t i r r e d  and held at  900~ 
for  s eve ra l  days ,  a very  l imi ted  amount  of bor ide  was 
r e t a ined  in the a l loy.  

In the mel t ing  and a l loying ope ra t ions ,  a l l  the poss i -  
ble p recau t ions  were taken to avoid carbon absorp t ion .  
All  the equipment  that came in contact  with the meta l  
was carbon  f r ee :  Alundum c ruc ib l e s ,  Alundum s t i r r i n g  
rods ,  Alundum thermocouple  pro tec t ion  tubes were 
used in the mel t ing ,  and the cas t ing  was done into cop- 
per  molds ,  coated with an a l u m i n a - s o d i u m  s i l ica te  
wash.  Before any de t e rmina t i on  was conducted,  the a l -  
loys made f rom the mix tu re s  of m a s t e r  a l loys  and a lu-  
m inum were e i the r  cycled s e v e r a l  t imes  up and down 
f rom 900~ to the f r eez ing  point ,  with f requen t  s t i r r i n g ,  
o r  held at 900~C for  s eve ra l  days under  a NaC1-KC1 flux 
cover ,  a lso with f r equen t  s t i r r i n g .  These  p rac t i ce s  
were  designed to approach e q u i l i b r i u m ,  because  p re -  
l i m i n a r y  expe r imen t s  had shown that in the b o r o n - r i c h  
a l loys  most  boron was p re sen t  as  A1B12, and it  was 
hoped that in this  way the r eac t ion  A1B~2 + L i q -  A1B2 
could be completed.  Unfor tuna te ly ,  this  was not always 
the case and in some of the high a l loy samples  A1B12 
was s t i l l  p r e sen t .  Samples  for  the l iquid solubi l i ty  of 
boron  and t i t an ium as a funct ion of t e m p e r a t u r e  were 
p repared  by holding t i t an ium and b o r o n - r i c h  mel t s  at 
t e m p e r a t u r e ,  a l lowing them to set t le  for  at l eas t  1 hr  
and ex t rac t ing  the sample  f rom the top of the l iquid.  

The al loys used for the de t e rmina t i on  of the f ie lds  
of p r i m a r y  c rys t a l l i z a t i on  were cooled slowly (20 ~ to 
40~ per hr)  to close to the f r eez ing  point and then 
poured in a cold copper mold.  In this  way, m i c r o -  
examina t ion  could eas i ly  d i s t inguish  between the large 
p r i m a r y  c r y s t a l s  and the fine secondary  c rys t a l l i za t ion .  

The na ture  and composi t ion of the phases  was de-  
t e rmined  on a l loys  slowly cooled f rom l l00~ at  a ra te  
of 10~ per  hr  with overnight  holds at constant  t em-  
pe r a tu r e .  This  cooling las ted 6 days ,  including 48 hr  
at  630~ to in su re  at leas t  pa r t i a l  complet ion of pe r i -  
tec t ic  r eac t i ons .  After  quenching f rom 630~ and mi -  
c roexamin ing ,  these a l loys  were d i sso lved  in dilute 
hydroch lo r ic  acid and the c r y s t a l s  of i n t e r m e t a l l i c  
compounds were r ecove red  by decanta t ion .  Gene ra l ly ,  
the ex t rac ted  m a t e r i a l  was composed of a mix ture  of 
c r y s t a l s :  large square  p la te le t s  of TiA13 and sma l l  f lat  
hexagons of d ibor ide .  

In none of the t i t an ium bea r ing  a l loys  could any di-  
bor ide  c ry s t a l s  be found which were  large enough for  
nuclea t ion  e x p e r i m e n t s  by the s m a l l  drople t  method.  TM 

(There a re  two d ibor ides  p r e sen t  in the s y s t e m ,  A1B2 
and TiB2, with the same c ry s t a l  s t r uc tu r e  and v e r y  
s i m i l a r  lat t ice p a r a m e t e r s .  No d i s t inc t ion  wil l  be made 
at  th is  stage and the des igna t ion  (A1, Ti)B2 wil l  be used.)  

W e l l - f o r m e d  c rys t a l s  of TiAls were  separa ted  by hand 

f rom the mix tu res  and careful ly  c leaned of any at tached 
r e s idue .  Severa l  of these c rys t a l s  were used for nuc le -  
a t ion s tudies ,  o thers  were  powdered and used for  dif-  
f rac t ion  pa t t e rns  and chemica l  a na l y s i s .  Attempts  to 
separa te  the TiAla and (A1, Ti)B2 c r y s t a l s  by a s ink-  
f loat  method,  us ing  di iodomethane (density 3.3) as the 
l iquid were unsuccess fu l .  A separa t ion  by size was ob-  
ta ined by s t i r r i n g  the c r y s t a l  mixture  in water  and 
pour ing out the water  af ter  a few minu tes  set t l ing.  The 
m a t e r i a l  s t i l l  in suspens ion  was separa ted  by cen t r i -  
fuging and examined  mic roscop ica l ly  and by X- ray  dif-  
f r ac t ion .  Nei ther  method detected any TiA13 in this 
f r ac t ion ,  but ne i ther  method excludes  the presence  of 
up to 5 to 10 pct TiA13, mixed with the bor ide .  

Most of the a l loys  p repared  were mi c r oe xamined  both 
a s - c a s t  and af ter  prolonged (up to 2000 hr)  homogeni -  
zat ion at 640 ~ + 10~ Lat t ice  p a r a m e t e r  m e a s u r e m e n t s  
were done on powder pa t t e rns  using a 114 mm camera  
and copper rad ia t ion .  The diffract ion l ines  of c rys t a l s  
ex t rac ted  f rom al loys conta in ing both t i t an ium and 
boron were not as  sha rp  as those of c ry s t a l s  f rom bi-  
n a r y  a l loys  or  f rom the purchased  TiB2, indicat ing 
some va r i a t ion  of composi t ion and lat t ice p a r a m e t e r ,  
e i the r  f rom c rys t a l  to c rys t a l ,  or  more  probably with- 
in the c rys t a l s  t he mse l ve s .  The lat t ice p a r a m e t e r s  
were  calculated us ing a computer ized  v e r s i o n  of 
Cohen ' s  Leas t  Squares  Method. This  p rog ram ut i l izes  
a mul t iple  r e g r e s s i o n  and co r re l a t ion  ana ly s i s  and ca l -  
cu la tes  s tandard  devia t ion  for  d spac ings  and lat t ice 
p a r a m e t e r s .  Atomic n u m b e r  and a tomic  weight c o r r e c -  
t ions are  a lso applied to the data which are  then used to 
calculate  the sample  dens i ty .  

The t e m p e r a t u r e s  of f inal  f r eez ing  were  de te rmined  
f rom cooling curves  taken with a Leeds and Northrup 
Speedomax, ca l ib ra ted  before and af ter  each d e t e r m i n -  
a t ion by runn ing  a cooling curve of pure a luminum.  The 
accuracy  of the t e m p e r a t u r e s  is be t te r  than 0.2~ In 
the t i t a n i u m - r i c h  a l loys  no unde r - coo l ing  of the f inal  
f r eez ing  was ever  detected but in the b o r o n - r i c h  a l loys  
undercool ings  up to 4 ~ to 5~ were found. No effort was 
made to de te rmine  the beginning  of so l id i f ica t ion ,  be-  
cause e i the r  no sharp  change of slope could be detec-  
ted, or  undercool ing  of the order  of 10 ~ to 30~ made 
the r e s u l t s  un re l i ab l e .  Locat ion of the eutec t ic  was 
e s t ima ted  f rom the amounts  of p r i m a r y  c ry s t a l s  p r e s -  
ent and f rom the length of the eutec t ic  a r r e s t .  Grain  
size of each alloy p repa red  was de t e rmined  by cast ing 
approximate ly  100 g of the alloy f rom 750 ~ + 10~ into 
an Alundum crucib le  preheated  to approximate ly  100~ 
This  cas t ing  was sect ioned in the middle ,  machined and 
macroe tched  with T u c k e r ' s  reagent .  

High puri ty  graphi te ,  hexachlore thane  and TiC were 
used to p repare  A1-C-Ti  a l loys ,  but with l i t t le success .  
No cons i s t en t  mixing was obtained and a l l  the addit ions 
tended to separa te  f r o m  the meta l .  Superson ic  v i b r a -  
t ion to faci l i ta te  mix ing  was t r i ed ,  but with l i t t le effect .  
Because  of this inabi l i ty  to prepare  a l loys  with cons is -  
tent  composi t ion only ve ry  sca t t e red  r e s u l t s  were ob- 
ta ined.  

RESULTS AND DISCUSSION 

1) Equ i l i b r ium D i a g r a m A l u m i n u m - B o r o n - T i t a n i u m  

One of the most  impor tan t  f ea tu res  of this work was 
that equ i l i b r ium could not be obtained in  the major i ty  
of cases .  This  was due to two c h a r a c t e r i s t i c s  of the 
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s y s t e m :  p resence  of pe r i t ec t i c  r e ac t i ons  and ex t r eme  
s lowness  of the diffusion of t i t an ium and boron in a lu-  
minum.  Th i s  lack of equ i l i b r i um mus t  be kept in mind 
in the i n t e rp re t a t i on  of the r e s u l t s ,  because  in p r a c -  
t ical ly al l  c a se s ,  ex t rapola t ion  of the e x p e r i m e n t a l  data 
is  n e c e s s a r y  to de t e rmine  the e q u i l i b r i u m ,  and this may 
be a source  of e r r o r .  

In al l  the s amples  examined ,  e i the r  of the a l loys  
t hemse lves  o r  of the ex t rac ted  c r y s t a l s ,  the only phases  
found were a l u m i n u m ,  TiAla,  (A1, Ti)B2 and occas ion-  
al ly A1B12. No evidence whatever  was seen of a d i s -  
t inct compound TiAlaB2. All  the l ines  found in d i f f rac-  
tion pa t t e rns  f i t  the above c r y s t a l s  and no ex t ra  l ines  
were left to account  for the t e r n a r y  TiA13B2 compound.  
This  is only negative ev idence ,  but it would be too much 
of a coincidence that the t e r n a r y  compound should have 
a c rys ta l  s t ruc tu re  whose X - r a y  r e f l ec t ions  a l l  coin-  
cided with those of A1B12, TiA13, and (AI, Ti)B2. Thus ,  
the exis tence  of a compound with a d i f fe rent  s t ruc tu re  
can be excluded.  

The composi t ion and s t r uc tu r e  of the ex t rac ted  c r y s -  
ta ls  and the composi t ion of the a l loys  f rom which they 
were ex t rac ted  is shown in Table  I. In some cases  it 
was found that the ex t rac ted  c r y s t a l s  of bor ide  con- 
ta ined more  boron than could be accounted for  by a di-  
bor ide ,  and the X - r a y  pa t t e rns  showed l ines  of A1Bx2. 
Calcula t ions  were made a s s u m i n g  that a l l  the excess  
boron was p r e sen t  as A1B12 and that the r e m a i n i n g  a lu-  
minum was p r e sen t  as (A1, Ti)B2. The lat t ice pa ra -  
m e t e r s  of these d ibor ides  fel l  in l ine with the other  
data indicat ing that  the a s sumpt ion  was r easonab ly  
co r rec t .  

The f i r s t  th ree  s amples  in the table a re  t e t ragona l  
c ry s t a l s  of TiA13. As the table shows,  only a sm a l l  
amount  of boron can dissolve  in  TiAla, and this  p ro-  
duces  a sma l l  change in lat t ice p a r a m e t e r .  Fo r  the 
boride c r y s t a l s  the a tomic  pe rcen t  of boron  is within 
expe r imen ta l  e r r o r  of the theore t i ca l ,  ind ica t ing  an 
atom by atom subst i tu t ion  of t i t an ium by a luminum.  

The las t  s ix co lumns  show a compar i son  of the ex-  
p e r i m e n t a l  la t t ice p a r a m e t e r s  with those ca lcula ted  on 
the bas i s  of the c rys ta l  and al loy compos i t ions .  In the 

ca lcu la t ions  it was a s s u m e d  that the lat t ice p a r a m e t e r s  
v a r y  l i nea r ly  f rom A1B2 to TiB2. It  is  obvious that in 
the bor ide ,  as  a l u m i n u m  rep laces  t i t an ium,  the lat t ice 
p a r a m e t e r  v a r i e s  as a s s u m e d .  Th i s  fu r the r  conf i rms  
the expected cont inuous s e r i e s  of sol id so lu t ions  f rom 
TiB2 to A1B2, for  which the des igna t ion  (A1, Ti)B2 is 
app rop r i a t e .  Th i s  is probably  the phase that has been 
r epor t ed  as  the t e r n a r y  compound.  The ex i s tence  of a 
mixed c r y s t a l  expla ins  the f a i lu re  to obta in  sepa ra t ion  
by the s ink and float  method.  A1B2 with a densi ty  of 
3.16 g per  cu cm should float  on a 3.3 g per  cu cm l i -  
quid, whereas  TiA13 with 3.36 g per  cu cm densi ty  
should s ink.  An (A1, Ti)Be phase with a dens i ty  c lose r  
to the 4.38 g per  cu cm of TiB2 than to 3.16 g per  cu cm 
ins tead would s ink together  with the TiAla~ as found. 
There  is ve ry  l imi ted  co r r e l a t i on  between the c ry s t a l  
and alloy compos i t ion ,  and it appea r s  that the r ep l ace -  
men t  of t i t an ium by a l u m i n u m  in the compound is not 
as  rapid as  would be expected f rom the composi t ion of 
the me l t s .  Th i s  could be in t e rp re t ed  as  some spec ia l  
e l ec t ron ic  effect ,  but ac tual ly  mus t  be a t t r ibu ted  to 
n o n e q u i l i b r i u m  condi t ions .  TiB2 has a v e r y  high f r e e z -  
ing point (2850~ A1B2 ins tead f o r m s  by pe r i t ec t i c  r e -  
act ion at a lower t e m p e r a t u r e  (975~ Thus ,  most  
probably ,  so l id i f ica t ion s t a r t s  with the fo rma t ion  of a 
t i t a n i u m - r i c h  boride and diffusion of a l u m i n u m  into 
the solid c r y s t a l  is  n e c e s s a r y  to b r ing  the c rys t a l  to 
e qu i l i b r i um compos i t ion .  

In many samples  with high al loy content  in which 
e qu i l i b r i um was not reached ,  a shea th ing  of the boride 
c r y s t a l s  was seen ,  as shown in F ig .  1. F r o m  the shape 
of the c r y s t a l s ,  the i r  e tching c h a r a c t e r i s t i c s  and the 
X - r a y  pa t t e rns  of the ex t rac ted  c r y s t a l s ,  this  was iden-  
t i f ied as diffusion of the a luminum into the TiB2 c r y s -  
t a l s .  As the a l u m i n u m  diffuses in ,  t i t an ium diffuses out 
and combines  with the s u r r o u n d i n g  a l u m i n u m  to fo rm a 
sheath of TiA13 around the (A1, Ti)Be c ry s t a l .  Since 
this  reac t ion  is  e x t r e me l y  slow, chances  of obta ining 
e qu i l i b r i um are  ve ry  l imi ted ,  un less  the al loy is great ly  
di luted.  Th i s  is  a lso indicated by the fact  that samples  
ex t rac ted  f rom al loys  of the same  compos i t ion ,  but p re -  
pared  at d i f ferent  t i m e s ,  show subs tan t i a l  d i f fe rences  

Table I. Composition and Lattice Parameters of Extracted Crystals 

Crystal Composition 
Alloy 

Composition 

Sample No. Ti B 

Ti B A1 Experimental 

Wt pct at. pct  Wt pct at, pct  Wt pct  at. pct a c 

Lattice 

Parameters Calc. on Composit ion of  

Crystal Alloy 

a c a c 

1 7.00 - 

2 1.20 0.05 

3 0.10 0.05 
4 TiB2 - 

5 5.50 1.00 
6 5.50 1.00 
7 2.75 1.60 
8 2.55 2.05 

9 2.55 2.05 
10 2.20 1.92 

11 1.73 2.50 
12 1.10 2.56 

13 1.10 2.56 
14 0.50 2.98 
15 - 3.10 

37.2* 25 - - 62.8* 75 3.850 8.596 

36.5 24.1 0,70 2.1 62.8 73.8 - - 

36.7 24.3 0.95 2.7 62.3 73.0 3.844 8.587 
68.9* 33.3 31.1" 66.7 - - 3.028 3.228 

65.7 31.0 32.2 67.3 2 .2 t  1.7 3.028 3.228 

. . . . . .  3.029 3.228 
66.9 31.7 32.1 67.5 1.Or 0.8 3.027 3.229 

59.7 27.2 33.3 67.1 7.0 5.7 3.026 3.233 
67.5 32.2 32.0 67.2 0 .75 t  0.6 3.028 3.228 

. . . . . .  3.029 3.229 
53.7 23.8 34.2 66.9 12.1 9.4 3.025 3.235 

. . . . . .  3.028 3.225 

. . . . . .  3.027 3.230 
14.5 5.3 41.2 65.9 44.3 28.8 3.015 3.250 

- - 44.5* 66.7 55.5* 33.3 3.010 3.262 

3.0276 3.2284 3.0274 3.2291 
- - 3.0274 3.2291 

3.0278 3.2282 3.0241 3.2382 

3.0259 3.2318 3.0233 3.2407 
3.0279 3.2282 3.0233 3.2407 

- - 3.0221 3.2422 
3.0244 3.2344 3.0190 3.2462 

- - 3.0177 3.2482 
- - 3.0177 3.2482 

3.0144 3.2558 3.0122 3.2543 

*Nominal. 

t Composition corrected for A1B 12. 
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Fig. 1--Alloy with 2 pet Ti, 2.5 pet B.' Magnification 250 
times. Keller 's  etch. Notice rim around most of the hexa- 
gonal crystals, but not around long needle of TiA13. 

AI 0., o.z ~/ .  rc  

or \ 
/ j  \ 

. . . .  ~ .  ., + "r,_ A ~  ____~ 
~i ~' ~Ai o:z ' ' / *  T': ' 

Fig. 2--Aluminum corner of the equilibrium diagram A1-B-Ti: 
(a) liquidus, (b) approximate boundaries of the various fields 
in the solid state at euteetie temperature. 

in a luminum content .  Thus ,  it is probably more  accu-  
ra te  to a s s u m e  that) in equ i l i b r i um condi t ions ,  la t t ice  
p a r a m e t e r s  and composi t ion  of (A1, Ti)Bz change r egu -  
l a r l y  and continuously f r o m  TiB2 to AIH2. 

On the bas is  of these  data  and the r e s u l t s  of the de-  
t e rmina t ion  of p r i m a r y  c r y s t a l l i z a t i o n  and f r e e z i n g  
points ,  the d i a g r a m s  in F ig .  2 have been drawn as the 
ones  cons i s t en t  with a l l  the e x p e r i m e n t a l  r e s u l t s .  The 
l iquidus d i a g r a m  shows 3 monova r i an t  l ines :  L i q -  A1 
+ (A1, Ti)Bz, Liq  - -  (A1, TI)B2 + TiA13, and a th i rd  line 
which s t a r t s  as Liq + TiA13 ~ A1 and changes  to Liq 

TiAls + A1. These  th ree  l ines  m e e t  at a eu tec t i c  
point:  Liq ~ A1 + (A1, Ti)B2 + TiA13. The eu tec t i c  t e m -  
pe ra tu r e  was found to be be tween 659 ~ and 659.5~ and 
the m a x i m u m  length of eu tec t i c  a r r e s t  was found when 
the composi t ion  of the l iquid was approx ima te ly  0.05 
+ 0.01 pct Ti, 0.01 • 0.002 pct B. In this eutectic the 

Fig. 3--Alloy with 5 pet Ti, 1 pet B. Magnification 250 times, 
not etched. 

 Bf., A 
0, V o, o. / \ 
/, oc(AS.%/ \ 

001o, o Z _ : ,  . \ 
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0.04/ o c - ,,,6qF o~ oMF 

Fig. 4--Grain size of alloys as function of composition: C = 
Coarse, MC = Medium Coarse, M = Medium, MF = Medium 
Fine, F = Fine and VF = Very Fine. For examples see Fig. 
5 -- notice enlarged scale for pet B. 

TiAI~ phase may contain up to 1 pct  B, the (A1) Ti)B2 
phase l i t t le  o r  no a luminum,  the a luminum phase l e s s  
than 0.01 pct B and 0.05 pct T i .  

The r e su l t s  of the a t t empts  to d e t e r m i n e  the l iquidus 
of the t e r n a r y  a l loys  at va r i ous  t e m p e r a t u r e s  by s e t -  
t l ing  the p r i m a r y  c r y s t a l s  were  too s c a t t e r e d  fo r  
plot t ing of i s o t h e r m s  in the t e r n a r y  f ie lds  but showed 
v e r y  defini te ly that even sma l l  amounts  (<0.005 pct) of 
boron rad ica l ly  reduce  the liquid solubi l i ty  of t i tanium,  
e spec i a l l y  at the high t e m p e r a t u r e s .  Thus ,  the l iquidus 
s u r f a c e s  can be expec ted  to r i s e  sha rp ly  f r o m  the 
eu tec t i c  point. 

The m i c r o s t r u c t u r e  of the t e r n a r y  eu tec t i c  is v e r y  
c o a r s e  and typical  of a d ivo rced  type.  Th i s  is to be ex-  
pected,  s ince  both TiA13 and (A1, Ti)B2 can nucleate  
a luminum,  but not each  o ther .  Thus ,  the t e r n a r y  eu t ec -  
t ic  tends to spl i t  into two a l loys :  er ie  containing TiA13 
and a luminum which usual ly  f r e e z e s  f i r s t ,  and r e s u l t s  
in TiAls c r y s t a l s  with a halo of a luminum,  and the 
A1 - (A1, Ti)B2 eu tec t i c  which f r e e z e s  las t  and f o r m s  
the grain boundar ies ,  F ig .  3. 

It can be expec ted  that in the sol id  state the so lu-  
bi l i ty of t i tanium in a luminum is d r a s t i c a l l y  cur ta i l ed  
even by ve ry  s m a l l  amounts  of boron .  When TiAI3 is 
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(a) (b) (c) 

(d) (e) (f) 

Fig. 5--Effect of Ti-B ratio on grain size. All samples natural size. (a) Coarse (C), 0.00 pet Ti, 0.06 pet B; (b) Coarse (C), 
0.04 pct Ti, 0.04 pct B; (c) Medium fine (MF), 0.10 pct Ti, 0.025 pet B; (d) Very fine (VF), 0.12 pct Ti, 0.022 pet B; (e) Very 
fine (VF), 0.15 pet Ti, 0.001 pet B; (() Fine (F), 0.20 pet Ti, 0.00 pct B. 

p re sen t ,  the a luminum solid solut ion is in equ i l i b r i um 
with (A1, Ti)B2 of unde te rmined  composi t ion and 
there  is a ve ry  large two-phase  f ield in which the Alss 
i s  in equ i l i b r ium with the solid solut ion s e r i e s  f rom 
TiB2 to A1Bz. The solid so lub i l i t i e s  of t i t an ium and 
boron  in a luminum can be expected to dec rea se  with 
d e c r e a s i n g  t e m p e r a t u r e ,  but it is  doubtful that they wil l  
eve r  be de t e rmined  accura te ly  s ince y e a r s  of annea l ing  
would be n e c e s s a r y  to b r i n g  some semblance  of equi -  
l i b r i u m  to the a l loys .  

2) Gra in  Ref inement  

The r e su l t s  of the effect of boron on gra in  r e f i nemen t  
in a l u m i n u m - t i t a n i u m  alloys are  shown in F ig .  4. In 
Fig .  5 is  shown a s e r i e s  of a l loys  a c r o s s  the t e r n a r y  
d i ag ram,  which can be cons idered  typica l  of the r e s u l t s  
obtained.  Fig .  6 shows the gra in  s ize  of an alloy in 
which c ry s t a l s  of TiBz were added. It should be noted 
that the a l loys  for these d e t e r m i n a t i o n s  were  cycled 
s e v e r a l  t i m e s  from, 900~ to the f r eez ing  point  and back 
before being heated to 740~ and cas t  and, the re fo re ,  
are  c lose r  to equ i l i b r ium than mos t  other  d e t e r m i n a -  
t ions in the l i t e r a t u r e .  

As can be seen in the a l loys  with a low t i t a n i u m / b o r o n  
ra t io  l i t t le  or  no gra in  r e f i n e m e n t  takes  place .  Only 
when the t i t an ium is at l eas t  four  t imes  the boron and 
the boundary  between the p r i m a r y  f ie lds  of TiA13 and 
(A1, Ti)B2 is reached,  is  there  apprec iab le  gra in  r e -  
f inement .  The gra in  r e f i nemen t  is m a x i m u m  at the 
T i / B  = 5 ra t io  and d e c r e a s e s  s l ight ly as the ra t io  in-  

Fig. 6--Alloy with addition of TiB 2 crystals--natural size. 

c r e a s e s .  S i mi l a r  r e s u l t s  were  obtained at concen t r a -  
t ions  somewhat  higher  or lower ,  as indicated in F ig .  4. 
No subs tan t i a l  g ra in  r e f i n e m e n t  was found at ve ry  low 
concen t r a t ions  (in the field of p r i m a r y  c rys t a l l i za t ion  
of a luminum)  and as  the alloy content  i nc rea sed  about 
0.4 to 0.5 pct,  the gra in  r e f i n e m e n t  tends  to d e c r e a s e .  
It  is  obvious that g ra in  r e f i n e m e n t  is  obtained only 
when TiAI~ is  p r i m a r y ,  although both TiA13 and the bo r -  
ides can nucleate  a l u m i n u m .  

The bas ic  di f ference between the nuc lea t ion  by the 
two types of c r y s t a l s  is that ,  w he r e a s  TiA13 can nucleate  
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Fig. 7--Effect of liquidus slope on undercooling for nuclea- 
t ion-in (a) supersaturationX is reached with AT,t, in (b) the 
same supersaturation is reached with the much larger AT B . 

a l uminum solid solut ion without undercool ing  and in 
most  ca ses  (through the per i t ec t i c  reac t ion) ,  at t em-  
p e r a t u r e s  above the f r eez ing  point of a l u m i n u m ,  A1B~, 
TiB2 and (A1, Ti)B2 requ i re  some undercool ing  below 
the f r eez ing  point of a l u m i n u m  to nucleate  it. 12 Normal  
i m p u r i t i e s  tend to nucleate  a luminum with ve ry  l imi ted 
undercool ing ,  thus the bor ides  have l i t t le  or no chance 
to be effective nuc lean ts .  

The per i t ec t i c  reac t ion  fac i l i t a t es  gra in  re f inement  
by i n s u r i n g  nucleat ion of a luminum by TiA13 before the 
n o r m a l  i m p u r i t i e s  can act,  but it is not n e c e s s a r y .  
TiA13 can nucleate  a luminum even when it is eutec t ic .  
The only r e q u i r e m e n t  for  g ra in  r e f i nemen t ,  the re fore ,  
is that T i A h  be p resen t  and active as a nuc lean t ,  be-  
fore other  impur i t i e s  can nuclea te .  

The be t te r  g ra in  r e f i n e m e n t  produced by addition of 
boron to a l u m i n u m - t i t a n i u m  al loys  is  not due to nuc le -  
ation of a l u m i n u m  by bor ides .  Boron produces  two ef- 
fects  : 

1) It  expands the field of p r i m a r y  c rys t a l l i za t ion  of 
TiA13 to lower  t i t an ium contents  by reduc ing  the solu-  

Fig. 8--A1-Ti alloy with TiC additions--magnification 250 
times, not etched. Small dark crystal of TiC inside large 
light crystal of TiAI 3, with probable orientation relationship 
(lo0) ~l (100); [ooll ~ [oo11. 

b i l i ty  of t i t an ium in liquid a l u m i n u m .  This  r e s u l t s  in 
g ra in  r e f inemen t  at lower t i t an ium contents .  

2) Boron a lso  s teepens  the slope of the l iquidus.  In 
the liquid there  a re  many solid pa r t i c l e s  which can 
nucleate  TiA13 at different  undercool ings .  If the l iqui-  
dus line is r e la t ive ly  f lat ,  as shown in F ig .  7(a), a 
s l ight  undercool ing  (ATA) produces  a pronounced super -  
sa tura t ion  (X), which leads to nuclea t ion  on the avai la -  
ble he te rogeneous  cen te r s .  If the l iquidus is ve ry  steep, 
as in Fig.  7(b), the same supe r sa t u r a t i on  r e q u i r e s  a 
much l a rge r  undercool ing  (LxTB) that p e r m i t s  nucleat ion 
not only on the same cen te r s ,  but a lso on many other 
c e n t e r s  that act  at higher undercool ing.  In addit ion,  the 
t ime to cool f rom the t empera tu re  at which TiAI3 is 
nucleated to that at which it nuc lea tes  a luminum is 
longer  in case (a) and much more  coagulat ion and 
growth of TiAI3 par t i c les  takes place ,  fu r the r  reducing  
the number  of nucle i .  This  expla ins  the more  pro-  
nounced gra in  r e f inement ,  as shown in Fig .  5, that is 
obtained by boron addi t ions.  

The slow diffusion of t i t an ium and boron into a lumi-  
num,  even in the liquid s ta te ,  accounts  for  the fact that 
g ra in  r e f i nemen t  is often found in a11oys that are  out- 
side the field of p r i m a r y  c rys ta l l i za t ion  of TiAI3. In 
nonequ i l ib r ium condi t ions,  which p reva i l  in c o m m e r -  
cial  prac t ice  and also in a large port ion of the ex-  
p e r i m e n t a l  work,  the solution of the TiAI3 c rys t a l s  in- 
to the mel t  could be incomple te ,  leaving suff icient  cen-  
t e r s  for nuc lea t ion .  The diffusion of a luminum into the 
f i r s t  boride c r y s t a l s  formed to t r a n s f o r m  them f rom 
TiB2 to (AI, Ti)B2 with a TiAI3 sheath also cont r ibutes  
to the enhanced re f inement ,  because  of nuclea t ion  by 
the TiAI3 sheath.  Good evidence of this  reac t ion  has 
been obtained by Biickerud. 13 

The few r e su l t s  obtained with A I - C - T i  a11oys r e s e m -  
ble the r e su l t s  with A I - B - T i .  Smal l  addit ions of carbon 
enhance the gra in  r e f inmen t ,  large ones reduce or 
e l imina te  it. No meta l lographic  evidence of nucleat ion 
of a luminum by the ca rb ides  was seen .  The ca rb ides  
were  unevenly and randomly d i s t r ibu ted ,  s o m e t i m e s  
within the c r y s t a l ,  somet imes  at the boundar ies .  A 
s t ruc tu re  that was found in s e v e r a l  a l loys is  shown in 
F ig .  8: A TiC c rys t a l  inside a TiAls c rys t a l ,  whose 

470-VOLUME 2, FEBRUARY 1971 METALLURGICAL TRANSACTIONS 



s h a p e s  i n d i c a t e  a (100)11 (100);  [001]  [I [001]  o r i e n t a -  
t i on  r e l a t i o n s h i p ,  s u g g e s t i v e  of n u c l e a t i o n  of TiA13 by 
T i C .  

CONC LUSIONS 

1) At  the  a l u m i n u m  c o r n e r  of the  A 1 - B - T i  e q u i l i b r i u m  
d i a g r a m  t h e r e  i s  a t e r n a r y  e u t e c t i c :  A1 - (A1, T i )B2  - 
TiA13 a t  a p p r o x i m a t e l y  0 .05 pc t  T i ,  0 .01 p c t  B ,  659 ,5  
+ 0.2~ 

2) A1B2 and  T iB2  f o r m  a c o n t i n u o u s  s e r i e s  of s o l i d  
s o l u t i o n s  r a n g i n g  f r o m  one  c o m p o u n d  to t he  o t h e r .  

3) A d d i t i o n s  of b o r o n  e x p a n d  t he  f i e l d  of p r i m a r y  
c r y s t a l l i z a t i o n  of TiA13 t o w a r d  l o w e r  t i t a n i u m  c o n t e n t s  
and  s t e e p e n  the  l i q u i d u s .  

4) G r a i n  r e f i n e m e n t  i s  due  to n u c l e a t i o n  of the  a l u -  
m i n u m  by TiA13 c r y s t a l s  a n d  in  e q u i l i b r i u m  c o n d i t i o n s  
i s  o b t a i n e d  on ly  in  a l l o y s  in  w h i c h  TiA13 i s  p r i m a r y .  
G r a i n  r e f i n e m e n t  in  a l l o y s  o u t s i d e  the  T i A l a  p r i m a r y  
f i e l d  i s  due  to n o n e q u i l i b r i u m  c o n d i t i o n s .  

5) T h e  p e r i t e c t i c  r e a c t i o n  f a c i l i t a t e s  n u c l e a t i o n  by  
TiA13 b e f o r e  o t h e r  i m p u r i t i e s  c a n  n u c l e a t e ,  bu t  i t  i s  
n o t  n e c e s s a r y  f o r  g r a i n  r e f i n e m e n t .  

A C K N O W L E D G M E N T S  

T h a n k s  a r e  due  to  M r .  R .  E .  H a h n  and  F .  V .  S c h a t z  
a n d  t h e i r  s t a f f  f o r  the  c h e m i c a l  a n a l y s e s  and  to M r .  
R.  H.  V a n D e M a r k  f o r  the  p h o t o g r a p h i c  w o r k .  T h a n k s  
a r e  a l s o  due  to M r .  R.  H,  J e n k s  f o r  h i s  e n c o u r a g e m e n t  
a n d  s u p p o r t  a n d  to R e v e r e  C o p p e r  a n d  B r a s s  I n c .  f o r  
p e r m i s s i o n  to p u b l i s h .  

R E F E R E N C E S  

1. A. Cibula: J. Inst. Metals, 1949-50, vol. 76, p. 321. 
2. F. A. Crossley and L F. Mondolfo: AIME Trans., 1951, vol. 191, p. 1143. 
3. C. Mascr6 et al.: Fonderie, 1964, vol. 187, p. 317. 
4. Y. Nakao: Light Metals (Tokyo), 1967, vol. 17, no. 2, p. 65. 
5. H. Nishimura et al. : Osaka Furitsu Kogyo Shoreikan Hokoku, 1964, p. 32. 
6. H. J. Seemann and H. Staats: Z. Metallk., 1968, vol. 59, p. 347. 
7. J. Moriceau: Compt. Rend., 1968, vol. 267C, p. 231. 
8. I. G. Davies et al. : Met. Trans., 1970, vol. 1, p. 275. 
9. M. Hansen and K. Anderko: Constitution o f  Binary Alloys, McGraw-Hill, 1968. 

10. R. P. Elliott: Constitution of  Binary Alloys, First Supplement, McGraw-Hill, 
1965. 

11. M. J. Wheeler: Electron Microscopy andMicroanalysis of  Metals, J. A. Belk 
and A. L. Davies, eds., p. 200, Elsevier, 1968. 

12. J. A. Marcantonio and L. F. Mondolfo: J. Inst. Metals, 1970, vol. 98, p, 23. 
13. L. B//ckerud: unpublished research. 

METALLURGICAL TRANSACTIONS VOLUME 2, FEBRUARY 1971-471 


