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IT has been  p rev ious ly  shown that the solid so lub i -  
l i ty  of z i r con ium in a luminum could be extended f rom 
the equ i l ib r ium value of 0.27 wt pct to 1 ~ 1.1 wt pct  
by chi l l  cas t ing  an A1-Zr alloy into a wa te r -coo led  
copper mold and that the solute of z i r con ium which 
could not d issolve  in a luminum turned up as a s e c o n -  
dary  phase in the p r i m a r y  ~ solid solut ions  when the 
concen t ra t ion  of z i r con ium was higher than that 
of the extended solid so lubi l i ty .  ~'z On pho tomic ros -  
copic obse rva t ions ,  it  could be seen  that there was 
a d i f ference  in shape between the secondary  phases  
as shown in Fig .  1; i . e . ,  the one was formed by rapid  
sol id i f ica t ion and the other by slow sol id i f ica t ion .  

T h e . p r e s e n t  work was a imed at c la r i fy ing  the 
c r y s t a l  s t r uc tu r e  of these phases .  

Specimens  were  p r epa red  f rom A1-5.39 wt pct 
Zr  al loys containing 0.17 wt pct Fe ,  0.050 wt pct 
Si, 0.002 wt pct Cu,  and 0.009 wt pct T i  and thin 
plate  cas t ings  of the a l loys  (1 by 20 by 40 ~ 50 cu 
m m  3) were  made by us ing a wa te r -coo led  copper 
mold to obtain a high cooling ra te .  The cons t i tuents  
in these al loys were  identif ied by X - r a y  diffract ion 
ana lys i s  with nickel  f i l te red  Cu-Ko~ rad ia t ion  us ing 
a D e b y e - S c h e r r e r  c a m e r a  of 114.6 mm diam and a 
JEOL d i f f r ac tomete r .  Two shapes of spec imen  for 
this ana lys i s  were  p repa red  f rom the thin plate 
cas t ings .  The one was a sheet  polished e l ec t ro ly -  
t ica l ly  and the other was powdery c r y s t a l s  which 
were  separa ted  chemica l ly  f rom the thin plate 
cas t ings  by a method desc r ibed  by Hol l ingsworth  
e t  al .  3 In addition to the above ana lys i s ,  t r a n s -  
m i s s ion  e lec t ron  mic roscop ic  obse rva t ions  (on a 
JEM 200~, 200kv) were  c a r r i e d  out with the thinned 
spec imens  of A1-3 wt pct Zr  al loys cas t  into the 
same  copper mold as ment ioned above. 

X - r a y  di f f ract ion l ines  f rom the separa ted  c r y s t a l s ,  
some of which were  annealed at va r ious  t e m p e r a t u r e s  
for 30 rain,  are  shown in F ig .  2. In case  of no heat  
t r e a t m e n t ,  the di f f ract ion l ines  f rom the separa ted  
c r y s t a l s  and /o r  the secondary  phase in the shee t -  
shaped spec imens  could be indexed as cubic s t r u c -  
tu re  having a lattice constant of 4.0731 + 0.0008A. 
The observed diffraction lines from such an unknown 
phase are summarized and compared with those 
calculated for cubic ordered and fcc structures in 
Table I. After a number of trial-and-error proce- 
dures, the crystal structure of this phase has been 
solved to have the cubic ordered structure of Ll2 
type on the supposition that its composition is based 
on the formula AlsZr. 

After annealing above a temperature of 510~ on 
the other hand, it could be seen that several weak 
diffraction lines appeared in X-ray films and their 
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Fig. 1--Variation of microstructures of A1-Zr alloys with 
cooling conditions: (a) slow cooling and (b) rapid cooling of 
the AI-5.39 wt pct Zr alloys, and (c) rapid cooling of the 
AI-3 wt pct Zr alloys. 

intensities increased with increasing annealing tem- 
perature. These diffraction lines corresponded to 
those from the Al3Zr having a tetragonal structure 
(DOzs type) which is stable up to the melting point 
of 1580~ 4-6 

It is  poss ib le  that the AlsZr phase of L12 type 
proposed here  is a high t empera tu re  equ i l i b r ium 
phase above 650~ and is quenched in without t r a n s -  
fo rmat ion .  To conf i rm it,  X - r a y  dif f ract ion ana lys i s  
was also made on the A1-5.39 wt pct Z r  a l loys which 
were  cooled rapidly  f rom a so l id- l iqu id  coexis t ing 
t empera tu re  range .  It was found that a high t e m p e r a -  
ture  equ i l ib r ium phase was not L12 type but t e t ragonal  
as shown in Refs .  4 to 6. 
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Fig. 2--Change in X - r a y  
powder-d i f f rac t ion  pa t t e rns  
of the sepa ra ted  c r y s t a l s  by 
anneal ing  t empera tu re .  

Table I. X-Ray Diffraction Lines From the Metastable Phase in the 
AJ-5.39 Wt Pct Zr Alloys 

Intensity, 1/1111 

Calculated 

Ordered 
d, A h k l Observed Cubic fcc 

4.037 1 0 0 s 50 - 
2.879 1 1 0 m 40 - 
2.351 1 1 1 vs 100 100 
2.036 2 0 0 s 50 50 
1.821 2 1 0 w 20 - 
1.663 2 1 1 w 10 - 
1.439 2 2 0 m 30 30 

1.360 0 vw 10 - 

1.290 3 1 O* vw* 20 - 
1.227 3 1 1 vw, mt 30 30 
1.165 2 2 2* vw* 10 10 

*Not observed in the bulk (sheet-shaped) specimens. 
"['In the case of the separated powder specimens. 

A c h a n g e  in  d o m a i n  s i z e ,  l a t t i c e  s t r a i n  a n d / o r  
s t a c k i n g  f a u l t  d e n s i t y  m a y  be  c a u s e d  by  t he  c h a n g e  in 
c r y s t a l  s t r u c t u r e  d u r i n g  t he  t r a n s f o r m a t i o n  of the  
m e t a s t a b l e  p h a s e  of A l a Z r  b u t  a m e a s u r a b l e  v a r i a -  
t i o n  in l i n e  b r e a t h  o r  p e a k  s h i f t  of X - r a y  r e f l e c t i o n s  
c o u l d  b e  h a r d l y  found  by  m e a n s  of a d i f f r a c t o m e t e r .  

F i g .  3 s h o w s  t r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  
of t he  r a p i d l y  s o l i d i f i e d  A1-3  wt  p c t  Z r  a l l o y s .  T h e  
s h a p e  of the  s e c o n d a r y  p h a s e  o b s e r v e d  w a s  m o s t l y  
s q u a r e  a n d  l i ke  f l o w e r s  w i t h  f o u r  p i e c e s  of p e t a l ,  
F i g .  5. 

F i g .  4 s h o w s  a s e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  
f r o m  the  s e c o n d a r y  p h a s e .  A p p l y i n g  t he  u n i t  c e i l  
w h i c h  had  b e e n  p r e v i o u s l y  o b t a i n e d  by  X - r a y  d i f f r a c -  
t i o n  a n a l y s i s  on  the  m e t a s t a b l e  s e c o n d a r y  p h a s e  an d  
k n o w i n g  t he  s t r u c t u r a l  f a c t o r ,  t he  r e f l e c t i o n s  in  the  
p a t t e r n  c o u l d  be  i d e n t i f i e d  a s  200 a n d  220 and  s o  
f o r t h  w i t h  s u p e r l a t t i c e  r e f l e c t i o n s  of 100 and  110 

Fig. 3 - -T ransmis s ion  e l ec t ron  mic rograph  of the thinned 
spec imens  of the rapidly  solidif ied AI-3 wt pct Zr  alloys. 

an d  s o  f o r t h .  T h u s ,  the  s e c o n d a r y  p h a s e  in  the  
A1-3 w t  p e t  Z r  a l l o y s ;  i . e . ,  L12 t y p e .  

D a r k  f i e l d  i m a g e  of F i g .  3 an d  a n o t h e r  s e c t i o n  of 
the  t h i n n e d  s p e c i m e n s  a r e  s h o w n  in F i g .  5. I t  w a s  
o b s e r v e d  t h a t  the  s e c o n d a r y  p h a s e  w a s  c o n s t r u c t e d  
f r o m  m a n y  f i n e  d e n d r i t i c  c r y s t a l s  g r o w i n g  a p p r o x i -  
m a t e l y  a l o n g  100 d i r e c t i o n .  T h e  a b o v e  f a c t  m i g h t  
b e  d u e  to  a low b o u n d a r y  e n e r g y  b e t w e e n  the  m e t a -  
s t a b l e  p h a s e  of A13Zr and  the  p r i m a r y  a s o l i d  
s o l u t i o n .  

I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  t h e  c r y s t a l  s t r u c t u r e  
of the  m e t a s t a b l e  A13Zr p h a s e  f o r m e d  by  r a p i d  s o l i -  
d i f i c a t i o n  of the  m o l t e n  A1-3 ~ 6 w t  p e t  Z r  a l l o y s  
i s  the  s a m e  a s  t h a t  of t h e  m e t a s t a b l e  p r e c i p i t a t e  
f r o m  the  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n s  w h i c h  w e r e  
o b t a i n e d  by  r a p i d  s o l i d i f i c a t i o n  of the  m o l t e n  A I - 1  

1.1 wt  p e t  Z r  a l l o y s .  7 
T h e  a u t h o r s  w i s h  to t h a n k  M r .  K.  S h i b a t o m i ,  
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Fig. 4--Selected area diffraction pattern of Fig. 3 showing 
superlattice reflections of L] 2 type. Electron beam axis: 001. 

Cleavage in Ti-8AI-1Mo-IV 

Caused by Hydrogen Gas 

Fig. 5"Secondary phases  observed  in dark field images by 
using (100) super la t t ice  ref lect ion:  (a) the same area  of 
Fig. 4 and (b) another sect ion in the specimens .  

D. A. MEYN 

HYDROGEN gas causes cleavage cracking in tita- 
nium alloys under static I-4 and cyclic 2'S'6 loading 
(fatigue). New observations show that such cleavage 
in Ti-8AI-IMo-IV propagates in regular, minute 
increments under both loading conditions, on a plane 
9 deg from {10l-0}a. Because stress corrosion 
cracking (SCC), 7'a sustained load cracking (SLC) 
in inert environments, s'9 and low amplitude corro- 
sion fatigue cracking ~~ in this alloy propagate on a 
markedly different set of cleavage planes (near 
(0001}a) without similar signs of incremental 
propagation, doubt is cast on the hydrogen-embrit- 
tlement mechanisms proposed to explain them. ~~ 

The starting material for the hydrogen cracking 
experiments was 0.265 in. thick mill annealed Ti- 
8AI-1Mo-IV plate. 7'~~ Three single-edge-notched 
tensile specimens '~ were vacuum annealed, Table I, 
to eliminate susceptibility to SLC in vacuum, thus 
to more clearly register the isolated effects of H2. 
R-7VI and R-7V2 were tested in commercial ultra- 
purity Hz (99.999 pct) containing <I ppm 02 with a 
dew point of -85~ in a vacuum chamber evacuated 
to 1 • 10 -7 torr before filling. Hz was admitted via 
a stainless steel regulator and copper tubing, which 
had been evacuated up to the gas cylinder valve. 
R-7V3 was tested in a small plastic chamber through 
which purified H2 flowed. The purification train in- 
cluded a catalytic 02 reactor, MgCIO4 dryer, and 
liquid nitrogen trap, connected by surgical rubber 
tubing. 

The results of cracking experiments are summa- 
rized in Table I and Figs. 1 and 2. The fracture 
surfaces, where H2 cracking had occurred, were 
covered by a black deposit, Fig. 3, whose X-ray 
diffraction pattern indicates a mixture of bct, fcc, 
and bcc titanium hydrides. Cleavage was the pre- 
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