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Nonrad ia l  diffuse s t r eaks  and complex diffuse s c a t t e r i n g  pa t t e rns  o c c u r r i n g  in f l-phase 
Cu-A1-Ni(DOs) and Cu-Zn(B2) al loys have been  sys t ema t i ca l l y  s tudied in de ta i l  us ing  
t r a n s m i s s i o n  e l ec t ron  di f f ract ion.  As a consequence,  the p r e sence  of in tense  (110>~ r e l  
rods  has been  conf i rmed  unambiguously ,  in addit ion to weak {111}~ r e l  walls  a r i s i n g  f rom 
the Honjo effect.  It was found that a l l  the complex diffuse pa t t e rns  could be explained on 
the ba s i s  of the i n t e r s ec t i ons  of the obse rved  r e l  rods  with the Ewald sphere .  F r o m  the 
d i rec t ion  of the r e l  rods  and condit ions for the i r  ext inct ion it is  concluded that they or ig i -  
nate f rom the p r e sence  of a low f requency  t r a n s v e r s e  acoust ic  phonon mode, { l l0)*( i l0>.  
Since ident ica l  r e s u l t s  were  obtained for both the Cu-A1-Ni and C u - Z n  al loys it appears  
that such effects may be genera l ly  c h a r a c t e r i s t i c  of o rde red  f l-phase a l loys .  The r e l a t i on  
between the diffuse r e l  rods  and the known ma r t e ns i t i c  t r a n s f o r m a t i o n s  in these al loys is 
a lso cons idered .  

I. INTRODUCTION 

SINCE the breakdown of the classical theory of nu- 
cleation, I the nucleation mechanism in martensitic 
transformations has for sometime remained an im- 
portant unsolved problem. Various alternative at- 
tempts have been made, both experimentally and 
theoretically, and investigators are now paying some 
attention to the possible role of lattice vibrations, 2,s 
and the presence of defects such as dislocations, 
stacking faults and boundaries as means to overcome 
the nucleation difficulty. %s Experimentally, the lattice 
vibration effects can be studied by measuring elastic 
constants (e.g., the ultransonic technique), by meas- 
uring phonon dispersion curves by inelastic neutron 
scattering, or by electron and }(-ray diffraction tech- 
niques. In the particular case of ~-phase alloys ex- 
tensive studies have shown considerable lattice soften- 
ing in C' = [C11 - CIeV2 (Ref. 6) or low values of C' 
(in the case where the temperature dependence is 
small) v prevail over a wide temperature range prior 
to a martensitic transformation, as originally sug- 
gested by Zener. 8 Anomalies are also found in elec- 
tron diffraction and microscopy. That is, the diffrac- 
tion patterns from these alloys are considerably more 
complex than those from a simple ordered bcc struc- 
ture of the DOs or Be types .9,1o Such patterns usually 
contain "extra" reflections, which are often ascribed 
to an co-phase 11 or to 2H type reflections ~z (or others), 
and streaks in various directions. Is Some authors 
claim that these effects are "premonitory", prior to 
a subsequent martensitic transformation, 14,1s while 
others believe that they result from decomposition 
processes which have nothing to do with the marten- 
sitic transformation since the ~-phase alloys gener- 
ally decompose into several phases and even rapid 
quenching cannot suppres s  decompos i t ion  comple te ly .  9 
A d i s t inc t ion  between the above two i n t e rp r e t a t i ons  is  
not ve ry  c l ea r  at p re sen t .  This  chaotic s i tua t ion  
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exis ts  because  var ious  phenomena occur  concu r r en t l y  
in these m a t e r i a l s  which makes it difficult  to under -  
s tand each separa te  phenomenon in a s t ra igh t fo rward  
way. In view of these  c i r c u m s t a n c e s  the p re sen t  
authors  have c a r r i e d  out an extens ive  study of dif- 
f rac t ion  phenomena in the ma t r ix  phase of two fl-phase 
a l loys .  

Since the m a t r i x  phase in ~-phase  al loys genera l ly  
has e i ther  the DOs or B2 type s t ruc tu re ,  we chose two 
al loys ,  Cu-A1-Ni(DOs) and Cu-Zn(B2) as r e p r e s e n t a t i v e  
of ~-phase  a l loys .  F r o m  e l ec t ron  mic roscopy  and dif-  
f rac t ion  of these a l loys ,  we observed  the p re sence  of 
an co-phase, a 2H-type phase,  and diffuse s t r eaks  and 
diffuse pa t t e rns .  However,  we t r ea t  only the diffuse 
di f f ract ion in the p re sen t  paper  s ince  these  effects 
have been analyzed both cons i s t en t ly  and s y s t e m a t i -  
cal ly .  Thus ,  the purpose  of the p r e se n t  paper  is to 
c la r i fy  the na ture  and or ig in  of the diffuse s t r eaks  
and diffuse pa t t e rn s  in these a l loys .  

II. EXPERIMENTAL PROCEDURE 

The Cu-AI-Ni alloy was prepared from 99.99 pct 
Cu, 99.99 pct AI and 99.9 pct Ni by melting in a high 
frequency vacuum furnace, followed by casting into a 
water-cooled copper mold. The resulting ingot was 
homogenized at 1000~ for 24 h and then chemically 
analyzed. The results of the analysis showed the com- 
position to be Cu-14.2AI-4.3Ni (wt pct). After homoge- 
nization the ingot was hot forged at 900 to 950~ and 
then hot roiled at the same temperature to a thickness 
of 0.7 mm. Specimens were then solution treated at 
1000~ for 1 h followed by a water quench. The result- 
ing M s temperature was about 0~ Finally, speci- 
mens were electropolished to electron transparency 
at room temperature in a solution of HaPO4 saturated 
with CrOa. 

A Cu-39.6  wt pct Zn  alloy, with M s t e m p e r a t u r e  
about - 50~ was p repa red  f rom 99.99 pct Cu and 
99.999 pct Zn by mel t ing  in an evacuated quar tz  tube, 
following which s ingle  c r y s t a l  rods 7 mm in d iam 
were grown us ing the Br idgman  technique and an a r -  
gon a tmosphe re .  Discs  with [100], [110] and [111] 
o r i en ta t ions  were  cut f rom the c r y s t a l  rods  with a 
s low-speed  diamond cut ter ,  and then shaped into 
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spec imens  3 mm in d iam and 0.5 mm in th ickness  by 
e lec t ropo l i sh ing  in an H3PO4-CrO3 solut ion.  These  
spec imens  were then placed in evacuated quar tz  tubes 
and solut ion t r ea ted  for 5 min  at 850~ following which 
the quar tz  tubes were quenched (and immedia t e ly  
broken) in a 10 pct NaOH solut ion at - 15~ The speci-  
mens  were then lightly mechanica l ly  po l i shed ,  followed 
by e lec t ro ly t ic  jet  pol ishing in H3POJC2HsOH/H20 
( 1 : 3 : 3 6 ) ,  and f in i sh-po l i shed  in a HNOJCH3OH solu-  
t ion (1 : 3) at - 4 5 ~  E lec t ron  mic roscopy  was pe r -  
formed at room t e m p e r a t u r e  un less  o therwise  speci-  
fied. 

III. RESULTS 

F i g u r e s  1 and 2 show a s e r i e s  of e l ec t ron  di f f rac-  
t ion pa t te rns  taken f rom the Cu-A1-Ni and C u - Z n  a l -  
loys, r e spec t ive ly .  The pa t t e rns ,  f rom dif ferent  
spec imens  in o rder  to cover  a t i l t ing range  of 90 deg, 

a re  a r r anged  to show the changes dur ing  t i l t ing  around 
the [11012 axis* f rom a [001]~ or ien ta t ion  to a [h0]~  

*The asterisk represents a quantity in reciprocal space. Thus, e.g., [uvw] * and 
(hkl)* are directions and planes, respectively, in reciprocal space. 

o r ien ta t ion .  F r o m  these  f igures ,  th ree  d i f ferent  dif- 
f rac t ion  phenomena a re  observed,  in addit ion to the 
fundamenta l  and super la t t i ce  re f lec t ions  f rom the 
ma t r ix  phase .  

i) S t reaks  (Figs .  1 and 2(a, b, c,  e ,  f ,  g ,  h, i, and j)); 
most  of the s t r eaks  run  along (110); d i rec t ions ,  but 
some appear  along (132)~ OF) and (112)~ (j). 

ii) Diffuse pa t t e rns  (Figs .  1 and 2(b, c, d, e, f ,  h, i 
and j)); as indicated by a r rows ,  these re f l ec t ions  
usual ly  appear  in a ve ry  diffuse and weak m a n n e r .  
The shapes of the re f lec t ions  a re  di f ferent  f rom one 
or ien ta t ion  to another ,  and the i r  conf igura t ions  a re  
s o m e t i m e s  quite complex at f i r s t  sight as shown in (f) 
and (i). Ex t r a  re f lec t ions  in (b) and (h) a re  of the same 
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Fig. 1--Changes in the electron diffraction patterns for a Cu-A1-Ni alloy during rotation around the [110]~ axis. The angle of 
rotation, c~, from the [001]/3 orientation is: (a) 0 deg, (b) ~0 deg, (e) 15.8 deg, (d) 19.5 deg, (e) 25.2 deg', (f) 35.3 deg, (g) 54.7 
deg, (h) -~55 deg, (i) 70.5 deg and (j) 90 deg. Arrows indicate diffuse patterns. See text for the meaning of symbols used in the 
index diagrams. 
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F i g .  1 - C o n t i n u e d .  

M E T A L L U R G I C A L  T R A N S A C T I O N S  A 
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Fig. 1-Continued.  
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Fig. 1-Continued. 

type,  as  wi l l  be shown l a t e r .  (The e x t r a  r e f l e c t i o n s  
in F i g s .  l (h)  and 2(h) a p p e a r  at d i f f e ren t  loca t ions  
b e c a u s e  the t i l t  angle  i s  oppos i te  in s e n s e  with r e -  
spec t  to the (111)~ plane ly ing  be tween  them.)  

i i i)  co-phase (F ig s .  1 and 20" and j)); r a t h e r  weak  
but  s h a r p  r e f l e c t i o n s  a r e  o b s e r v e d  in (f) and (j). T h e s e  
c a n  be c o n s i s t e n t l y  indexed as  co-phase r e f l e c t i o n s  
(see the a s s o c i a t e d  index d i a g r a m s )  a s  r e p o r t e d  in 
Cu-Sn 11 and o ther  ~ -phase  a l l o y s .  In add i t ion  to the 
above  r e f l e c t i o n s ,  2H type r e f l e c t i o n s  as  r e p o r t e d  
by T a k e z a w a  and Sato for  a C u - Z n  a l loy  12 we re  ob- 
s e r v e d  at  t i m e s ,  but  ne i t he r  the 2H type nor  the co- 
phase  r e f l e c t i o n s  a r e  fu r the r  d e s c r i b e d  he re  s ince  
they a r e  c o n s i d e r e d  i r r e l e v a n t  to the p u r p o s e s  of the 
p r e s e n t  p a p e r .  

Be fo re  going into d e t a i l s ,  the exp lana t ion  of s y m -  
bo l s  used  in the a s s o c i a t e d  index d i a g r a m s  of F ig .  1 is  
given be low.  Some s y m b o l s  (used for the dif fuse  r e -  
f l ec t ions)  s ignify  only a l i t e r a l  mean ing  at  p r e s e n t ,  
and a m o r e  a c c u r a t e  d e s c r i p t i o n  for  t he se  wi l l  be 
given l a t e r .  (The index d i a g r a m s  for  the C u - Z n  a l loy  
have been  omi t t ed  b e c a u s e  they  a r e  e s s e n t i a l l y  the 
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s a m e  as  those  for  the Cu-A1-Ni  a l loy  except  for  the 
condi t ions  that  the s u p e r l a t t i c e  spo t s  with odd ind ices  
in F ig .  1 do not a p p e a r  in F ig .  2, and that  a l l  the in- 
d i c e s  in F ig .  2 should  be d iv ided  in half in o r d e r  to 
c o m p a r e  them to those  in F ig .  1.) 

�9 fundamenta l  r e f l e c t i o n s  of the fl m a t r i x  phase ,  
[] s u p e r l a t t i c e  r e f l e c t i o n s  of the ~ m a t r i x  phase ,  
A co-phase r e f l e c t i o n s ,  
�9 i n t e r s e c t i o n s  of [i01]~ s t r e a k s  with the Ewald  

s p h e r e ,  
�9 i n t e r s e c t i o n s  of [011]~ s t r e a k s  with the Ewald 

s p h e r e ,  
i n t e r s e c t i o n s  of [011]~ s t r e a k s  with the Ewald  
sphe re ,  

{) i n t e r s e c t i o n s  of [101]~ s t r e a k s  with the Ewald  
s p h e r e ,  and 
i n t e r s e c t i o n s  of [110]~ s t r e a k s  with the Ewald 
s p h e r e .  

We now c o n s i d e r  the diffuse s t r e a k  p a t t e r n s  f i r s t .  
It  is  widely  known that  Honjo e t  a116 r e p o r t e d  non rad i a l  
s t r e a k  p a t t e r n s  in e l e c t r o n  and X - r a y  d i f f r ac t ion  pa t -  
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t e rn s  f rom a number  of meta l l ic  and nonmeta l l i c  ma-  
t e r i a l s .  They found that r e l  walls  were  p r e s e n t  in 
these  m a t e r i a l s  which run  n o r m a l  to the c lose-packed  
d i rec t ions  in r e a l  space,  and that the observed  
s t r eaks  cor respond  to the in t e r sec t ions  of these r e l  
walls  with the Ewald sphere .  These  inves t iga to r s  
fu r the r  suggested that the t e l  walls  a r i s e  as a r e su l t  
of a more  or less  independent  l inear  chain motion in 
the c lose-packed  d i rec t ions ,  s ince  a toms in a c lose-  
packed d i r ec t ion  cannot move r e l a t ive  to each o ther .  
If we apply this effect to i3-phase al loys,  we expect the 
p re sence  of {111}~ re l  walls ,  s ince the c lose -packed  
d i rec t ions  in these al loys a re  of the type (111>9. In 
fact, a l l  the s t r eaks  in F igs .  1 and 2, including those 
in (f) and (j), can be explained as i n t e r sec t ions  of 
{111}~ r e l  walls  with the Ewald sphere .  Thus,  the dif- 
fuse s t r eak  pa t t e rns  in i3-phase al loys a re  genera l ly  
accepted as  the r e s u l t  of the Honjo effect, 13 although 
some authors  1~ c la im the p r e sence  of (110)~ r e l  

rods .  However,  as far as the p re sen t  au thors  know, 
no sys temat i c ,  c l e a r - c u t  expe r imen t s  have been  made 
to d is t inguish  between the two poss ib i l i t i e s ,  i .e . ,  
{111}~ wal ls  or  (110)~ s t r eaks  p e r  se .  In fact, the d is -  
t inc t ion  is not a s t ra igh t fo rward  mat ter ,  s ince (110}~ 
r e l  rods  always lie in {111}~ r e l  walls  and the ob- 
se rved  (110}~ s t r eaks  can be explained by e i ther  model.  
We can at tack this p rob lem as follows. 

The above ques t ion  has been  ra i sed ,  in spite of the 
fact that a l l  s t r e a k  pa t t e rns  in F igs .  1 and 2 can be 
explained by the p resence  of {111}~ r e l  walls  as s tated 
above, on the bas i s  of the following obse rva t ions .  
F i r s t ,  the (110)~ s t r eaks  a re  usual ly  much more  in- 
tense  than the other observed  s t r eaks  such as the 
(132>~ s t r eaks  in (f) and the (112)~ s t r eaks  in (j), both 
of which can be in t e rp re t ed  as the r e su l t  of the i n t e r -  
sec t ions  of {111}~ walls  with the Ewald sphere .  Sec- 
ondly, when a spec imen  is  t i l ted sl ightly f rom a pe r -  
fectly r a t iona l  or ien ta t ion ,  ex t ra  re f lec t ions  appear  

taJ (c)  

0 0 0  110 

(b) (d) 
Fig. 2--Changes in the electron diffraction patterns for a Cu-Zn alloy when rotated around the [110]~ axis. The patterns are es- 
sentially the same as those in Fig. 1 except for (d) and (i) which are different orientations. (a) [00lift c~ = 0 deg, (b) ~ [001]/3, 
(c)[[15]/3 ~ = 15.8 deg, (d) [~.19]/3 c~ = 8.9deg,(e) [i13]/3 ~ = 25.2 deg, b e ) [112]/3 c~ = 35.3 deg, (g) [111]/3 a = 54.7 deg, (h) 
~ [1111/3, (i) ~[331]/3 c~ = 76.9 deg, and (j) [i10]/3 c~ = 90 deg. 
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around  each  r e c i p r o c a l  l a t t i c e  point  and the s e p a r a t i o n  
of the e x t r a  r e f l e c t i o n s  b e c o m e s  wider  a s  they be -  
come  f a r t h e r  f r o m  the t i l t ing  ax i s  ((b) and (h) in F i g s .  
1 and 2, and (d) in F i g .  2). Th i s  is  a s t r ong  ind ica t ion  
to show that  the  e x t r a  r e f l e c t i o n s  a p p e a r  a s  a r e s u l t  
of the i n t e r s e c t i o n s  of sp ike s  or  s t r e a k s  with the 
Ewald  s p h e r e ,  a s  p r e v i o u s l y  d e m o n s t r a t e d  in an ex-  
t ens ive  s tudy of ep i t ax i a l  cobal t  f i l m s .  TM In fact ,  the 
r e l a t i v e  pos i t ion  of each  e x t r a  r e f l e c t i o n  in (b) and 
(h), and (d) in F ig .  2 i s  cons i s t en t  with what i s  ex-  
pec t ed  f rom the p r e s e n c e  of <110)~ r e l  r o d s ,  a s  indi-  
ca ted  in each  index d i a g r a m .  F u r t h e r m o r e ,  it  is  to be 
e m p h a s i z e d  that  a l l  the complex  diffuse p a t t e r n s  in 
F i g s .  1 and 2(c, d, e, f ,  i and j)  can be exp la ined  as  
i n t e r s e c t i o n s  of these  (110)~ r e l  r ods  with the Ewald  
s p h e r e ,  as  shown in each  index d i a g r a m  and d e s c r i b e d  
in de ta i l  l a t e r .  Thus ,  t h e r e  a r e  good r e a s o n s  to be -  
l ieve  the p r e s e n c e  of <110)~ r e l  r ods  in the Cu-A1-Ni  
and C u - Z n  a l loys ,  and that  the appa ren t  (110)~ s t r e a k s  
in F i g s .  1 and 2 a r e  r e a l l y  (110)~ r e l  r o d s  i n r e c i p r o -  
ca l  space  r a t h e r  than s i m p l e  i n t e r s e c t i o n s  of homo-  
geneous  ~ 1 1 } ;  r e l  p l anes  with the Ewald  s p h e r e .  How- 
eve r ,  the above  c o n s i d e r a t i o n s  do not deny the p r e s -  
ence of { i l l }~  r e l  wa l l s .  We have to note a s  wel l  that  
o ther  weak s t r e a k s  a r e  a l so  p r e s e n t  such  as  <112)~ 
s t r e a k s  in F i g s .  1 and 2(/) and (132)~ s t r e a k s  in F i g s .  
1 and 2~).  Obvious ly  t hese  a r e  not exp la ined  by (110)~ 
r e l  r ods  but  can be exp la ined  by the i n t e r s e c t i o n s  of 
~111}~ r e l  wa i l s  with the  Ewald  s p h e r e .  T h e r e f o r e  the 
view adopted  he re  i s  as  fo l lows .  In both the Cu-A1-Ni  
and C u - Z n  a l loys ,  weak {111}~ r e l  p l anes  a r e  p r e s e n t ,  

�9 . . # 6  

whmh conta in  m o r e  in tense  (f10)/3 r e l  r o d s .  
Al though we have been  led to conclude the p r e s e n c e  

of <110)~ r e l  r o d s  above,  m o r e  de t a i l ed  s tudy is  r e -  
q u i r e d  for  i n t e r n a l  cons i s t ency .  Ca re fu l  o b s e r v a t i o n s  
of F i g s .  1 and 2 r e v e a l  the fo l lowing as  c h a r a c t e r i s t i c  
of the <110)~ s t r e a k s .  

i) (110)* s t r e a k s  a r e  u sua l ly  o b s e r v e d  only a long 
l ines  which connect  fundamenta l  r e f l e c t i o n s .  The case  
of F ig .  l (a)  is  the only except ion ,  whe re  faint  <110)~ 
s t r e a k s  a r e  o b s e r v e d  even a long l ines  which connect  
s u p e r l a t t i c e  r e f l e c t i o n s ,  but  t h e i r  i n t ens i ty  i s  ex-  
t r e m e l y  weak.  

ii) The <110)~ s t r e a k s  a r e  absen t  on the < 110>~ 
d i r e c t i o n s  which p a s s  th rough  the o r ig in .  In F i g s .  1 
and 2(a) and (g), (110>~ s t r e a k s  a r e  obse rved ,  even on 
d i r e c t i o n s  which go through the o r ig in .  But, t hese  a r e  
the r e s u l t  of double d i f f rac t ion ,  as  may  be s e e n  by 
c o m p a r i n g  (a) and (b), and (g) and (h) r e s p e c t i v e l y .  In 
(b) and (h), the s p e c i m e n s  a r e  s l igh t ly  t i l t ed  a round  the 
[110]~ ax i s  so as  to s u p p r e s s  the fundamenta l  sou rce  
r e f l e c t i o n s  which cause  (110>~ s t r e a k s  through the 
o r ig in  by double  d i f f rac t ion .  

i i i )  T h e r e  a p p e a r s  to be an ex t inc t ion  ru l e  for  the 
a p p e a r a n c e  of (110>; s t r e a k s .  F o r  e x a m p l e ,  f l l 0 ]~  
s t r e a k s  a r e  absen t  in the [ i l 0 ]~  o r i en t a t i on  (j) and the 
[221]/3 o r i en t a t i on  (i), F ig .  1, and in the [331]/3 o r i e n -  
ta t ion,  F ig .  2(i) a l though fundamenta l  r e f l e c t i o n s  a long 
the [110]~ d i r e c t i o n  a p p e a r  in these  o r i e n t a t i o n s .  

We now look for  the o r ig in  of the (110>~ s t r e a k s ,  
cons i s t en t  with the above c h a r a c t e r i s t i c s .  B a s e d  on 
the fac t s  that  (110)~ r e l  r ods  l ie  in { i l l } ~  r e l  wal l s ,  
and that  a d a r k  f ie ld  image  us ing  these  dif fuse  s t r e a k s  
does  not r e v e a l  any con t r a s t ,  we c o n s i d e r  phonon 
s c a t t e r i n g .  Phonon s c a t t e r i n g  was p r e v i o u s l y  used  by  

Cha nd ra  and P u r d y  19 to exp la in  the s o - c a l l e d  " 1 / 3  
r e f l e c t i o n s "  in T i - N i ,  and l a t e r  by Hehemann e t  al ~~ 
for  the s a m e  pu rpose  in T i - N i  and A u - C d .  We follow 
a s i m i l a r  t r e a t m e n t ,  with some  modi f ica t ion ,  in the 
fol lowing.  

We cons ide r  a d i s p l a c e m e n t  wave of the f o r m  

R n = A(q)Co cos 2rr ( q . r  n -  at) [1] 

where  

R n = d i s p l a c e m e n t  vec to r ,  
A(q)  = d i s p l a c e m e n t  wave ampl i tude ,  

co = unit p o l a r i z a t i o n  vec to r ,  
q = phonon wave vec to r ,  

r n = l a t t i ce  vec to r ,  
v = f requency ,  and 
t = t i m e .  

The ampl i tude  of the d i f f r ac t ed  wave i s  then, 

~ F g e - 2 7 r i ( g  + S)" (r n + R n) [2] $g 
n 

where  

g = r e c i p r o c a l  l a t t i ce  ve c to r ,  
s = vec to r  r e p r e s e n t i n g  the dev ia t ion  f rom a r e -  

~ p r o c a l  l a t t i ce  point  (d i f f rac t ion  e r r o r ) ,  and 
F g  = s t r u c t u r e  f ac to r .  

A s s u m i n g  that  A(q) i s  v e r y  s m a l l ,  

qbg = F g ~ e  -27r is  . r n -  7riFgA(q) (g + S)-Eo 
n 

• [e-  27ri/2t~ e -  27ri(S - g) �9 rn + e27ri/2t 
n 

• ~-2~i(, + g)"rn]. [3] 
n 

The first term in the above represents diffraction 
from a crystal without displacement, and the second 
and third terms the effect of phonon scattering. It can 
be seen from the latter two terms that subsidiary 
m a x i m a  appea r  at  s = i q  due to phonon s c a t t e r i n g .  
Next,  the ampl i tude  of the d i s p l a c e m e n t  wave is  ob- 
t a ined  f r o m  the r e s u l t s  of l a t t i ce  d y n a m i c s  as ,  ~z 

A ~ = E,/2~r2Nm/22 [4] 

where  

E ,  = phonon energy ,  ~- leT when the t e m p e r a t u r e  is 
not v e r y  low, 

nz = a tomic  m a s s  (average) ,  and 
N = number  of a t o m s  in the  c r y s t a l .  

Thus ,  f r om Eqs .  [3] and [4], the in tens i ty  of phonon 
s c a t t e r i n g  is 

i~gph[2 cc~rgP z �9 I ( g + q )  " EoJ z [5] 
/22 

If the d i s p l a c e m e n t  wave Eq.  [1] is  t r a n s v e r s e  in 
na tu re ,  which wi l l  be the p r e s e n t  concern ,  a s  shown 
l a t e r ,  then q �9 Eo = 0. Thus 

o ]Fg[Z " [g �9 Eo[ 2 
t ~gPht 2 [~'] 

/22 

When phonons a r e  cont inuous ly  d i s t r i b u t e d  in q - s p a c e  
such that  the d i r e c t i o n s  of the wave v e c t o r s  and 
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p o l a r i z a t i o n  v e c t o r s  a r e  unchanged,  s t r e a k s  a long the 
v e c t o r  q r e s u l t  f r om the above scheme ,  and Eqs .  [5] 
or  [5'] s t i l l  hold at each  point  a long the s t r e a k s .  

F r o m  the above,  the c h a r a c t e r i s t i c s  of the <II0}~ 
s t r e a k s  d e s c r i b e d  p r e v i o u s l y  a r e  e a s i l y  r a t i o n a l i z e d .  
The  f i r s t  c h a r a c t e r i s t i c  i s  c o n s i d e r e d  to begin  with.  
We take 200# and 220# for  Cu-A1-Ni  and 100# and 
110# for  C u - Z n  as  r e p r e s e n t a t i v e  of s u p e r l a t t i c e  and 
fundamenta l  r e f l e c t i o n s ,  r e s p e c t i v e l y .  Then s i m p l e  
ca l cu la t ions  show that  I F 2 o o l ~ / I F 2 2 o l  2 ~- 1/50 fo r  the 
Cu-A1-Ni  a l loy ,  and that  I F l o o 1 2 / I F l l o l  2 ~- 1/3750 for  
the C u - Z n  a l loy .  Since the in tens i ty  of phonon s c a t t e r -  
ing is  p r o p o r t i o n a l  to I F g l  2, the in tens i ty  of the s t r e a k s  
a s s o c i a t e d  with s u p e r l a t t i c e  r e f l e c t i o n s  is  much 
w e a k e r  than that  of those  a s s o c i a t e d  with fundamenta l  
r e f l e c t i o n s .  Thus  the f i r s t  c h a r a c t e r i s t i c  has  been  
r a t i o n a l i z e d .  

The second  c h a r a c t e r i s t i c  can a l so  be r a t i o n a l i z e d  
if  the d i s p l a c e m e n t  wave i s  t r a n s v e r s e  in na tu re .  F o r  
a s t r e a k  going th rough  the o r ig in  the v e c t o r s  g and q 
a r e  p a r a l l e l ,  while  q and Co a r e  n o r m a l  for  a t r a n s -  
v e r s e  wave .  Thus ,  g .  Co = 0, and consequent ly  I ~ P h [  ~ 
= 0 for  Eq.  [5'].  T h e r e f o r e ,  the second  c h a r a c t e r i s t i c  
can be taken  as  an ind ica t ion  that  the (110)~ s t r e a k s  in 
the p r e s e n t  c a se  is  due to the p r e s e n c e  of a t r a n s -  
v e r s e  phonon mode.  

In o r d e r  to r a t i o n a l i z e  the th i rd  c h a r a c t e r i s t i c ,  we 
have to a s s u m e  an o p e r a t i n g  phonon mode which s a t i s -  
f i es  the fol lowing t h r e e  condi t ions .  F i r s t ,  it  mus t  be 
a t r a n s v e r s e  wave as  d i s c u s s e d  above .  Secondly,  the 
phonon wave v e c t o r  q mus t  be p a r a l l e l  to <110}~, s ince  
the o b s e r v e d  s t r e a k s  l ie  a long <110}~. T h i r d l y ,  f r om 
Eq.  [5'] ,  the f r equency  v of the phonon mus t  be sub-  
s t a n t i a l l y  low ove r  a wide range  of the b ranch  of con- 
c e r n .  It is  known f rom the work  of Hoshino e t  a l  2~ for  
the Cu-A1-Ni  a l loy  that  phonons with wave vec to r  
ql l  (110>~ and p o l a r i z a t i o n  vec to r  Co l[ ( i l0>p ( T A 2  
mode in Ref .  23) s a t i s f i e s  these  condi t ions ,  and v e r y  
s i m i l a r  c h a r a c t e r i s t i c s  a r e  a l so  found for  the C u - Z n  
a l loy .  24 If we, t h e r e f o r e ,  choose  th is  phonon mode,  the 
c h a r a c t e r i s t i c s  l i s t ed  in the t h i rd  c a t e g o r y  a r e  con- 
s i s t e n t l y  exp la ined  as  fo l lows .  

F i r s t  we cons ide r  the ca se  of the [i10]# o r i en ta t ion  
[F ig s .  1 and 2(/)]. Since the 220 B r e f l e c t i o n  l i es  in th is  
zone,  q mus t  be p a r a l l e l  to [110]~. Once q is spec i f i ed  
as  such,  then the p o l a r i z a t i o n  vec to r  is  uniquely d e t e r -  
mined  as  r II [ i10]# which is p a r a l l e l  to the zone ax i s .  
Thus ,  g .  Eo = 0 for  any g v e c t o r  in th is  zone.  T h e r e -  
fore ,  I(hgPhl 2 = 0 and [110]~ s t r e a k s  a r e  absen t  in th is  
zone. 

Next to consider is the case of the [221]~ orienta- 
tion in Fig. 1 and the [331]B orientation in Fig. 2. 
Again, q If [ii0]~ and r II [Ii0]~, but not all g vectors 
are perpendicular to co in this case. However the 
maximum value of g. ~o/Igl �9 Ir is only 0.236 for the 
former and 0.229 for the latter. Thus, the [II0]~ 
streaks are still barely visible. However~ as the 
orientation becomes closer to [001]#, g. Co becomes 
larger and the [ii0]~ streaks become visible as shown 
in Figs. I and 2, (a) to (g). The same argument can be 
applied to explain why weak (ii0)~ streaks are observa- 
ble even along lines connecting superlattice reflec- 
tions in the [001]# orientation in the Cu-AI-Ni alloy, 
as noted above. 

In the previous discussion we have neglected the 
change in v as a function of q. If this is taken into ac- 
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count, the in tens i ty  d i s t r i b u t i o n  along each  s t r e a k  is 
given a c c o r d i n g  to Eq. [5'].  As  is wel l  known, 24'25 
changes  s inuso ida l ly  with q to a f i r s t  app rox ima t ion ,  
a l though d e t a i l s  d i f fe r  for  each  m a t e r i a l .  Thus,  the 
s t r e a k  i n t e n s i t i e s  a r e  s t r ong  in the v i c in i ty  of the r e -  
c i p r o c a l  l a t t i ce  point .  Th is  t endency  is c l e a r l y  seen  
in a l l  d i f f r ac t ion  p a t t e r n s  of F i g s .  1 and 2. 

The above a n a l y s i s  wi l l  be good enough to suppor t  
the not ion that  (110}~ r e l  r o d s  o r ig ina te  f r o m  a t r a n s -  
v e r s e  acous t i c  <110}*<110} phonon mode.  In fact ,  th is  
r e s u l t  is  cons i s t en t  with the t h e o r e t i c a l  p r e d i c t i o n s  by 
Komat su  and T e r a m o t o  for  bcc  c r y s t a l s ,  as  b r i e f l y  
d i s c u s s e d  in Ref .  26. 

We now turn  to the diffuse p a t t e r n s .  It was e s t a b -  
l i shed  above that  (110}; r e l  r o d s  a r e  p r e s e n t  which 
join  fundamenta l  r e f l e c t i o n s ,  and that  a long l ines  jo in-  
ing s u p e r l a t t i c e  r e f l e c t i o n s  the rods  a r e  neg l ig ib ly  
weak.  Thus ,  we cons ide r  the f o r m e r  r e l  r o d s  and ne-  
g lec t  the l a t t e r .  Then,  the i n t e r s e c t i o n s  of these  
s t r e a k s  with the Ewald  s p h e r e  give r i s e  to diffuse pa t -  
t e r n s .  Th i s  idea  f i t s  s u r p r i s i n g l y  wel l  with a l l  the 
complex  diffuse  p a t t e r n s  in F i g s .  I and 2, a s  shown by 
the a s s o c i a t e d  index d i a g r a m s .  

In the [ i l0 ]~  o r i en t a t i on  (F igs .  1 and 2(/)), the [ i l 0 ]~  
t e l  rods  a r e  p e r p e n d i c u l a r  to the Ewald  s p h e r e .  Thus  
the dif fuse  r e f l e c t i o n s  in th is  o r i en ta t ion  give a c r o s s  

�9 - , g  . . . .  

s e c h o n  of the [110]~ r e l  r o d s  which is  e l h p h c ,  with a 
�9 . s v ~ . . 

m a j o r  ax i s  a long [001]# and a minor  axis  a long [110]~. 
V a r ious  shapes  of diffuse r e f l e c t i o n s  in o the r  o r i e n -  
t a t ions  were  found to be cons i s t en t  with the i n t e r s e c -  
t ion of such e l l i p t i c  r e l  rods  with the Ewald  s p h e r e .  

Thus fa r ,  we have d i s c u s s e d  the (110}~ r e l  rods  with 
spec i f i c  r e f e r e n c e  to Cu-A1-Ni  and C u - Z n  a l loys ,  but 
the a n a l y s i s  is  not l imi t ed  to these  a l l oys .  The s a m e  
p r i n c i p l e  should apply  to o ther  ~ -pha se  a l l oys  where  
the s t r u c t u r e  is  bcc ,  d i s r e g a r d i n g  o r d e r i n g ,  and where  
the e l a s t i c  cons tant  C' ,  which r e p r e s e n t s  the r e s i s t -  
ance to a (110}*(i10}# shea r ,  is usua l ly  quite soft .  6 

IV. DISCUSSION 

In the preceding section (ii0}* rel rods in fl-phase 
alloys were analyzed as phonon scattering described 
by a linear combination of dynamic displacement waves 
of the form given by Eq. [i], and it was then concluded 
that the presence of the rel rods originates from low 
frequency transverse acoustic (ii0}*<ii0} phonon 
modes. From a purely theoretical diffraction point of 
view, however, the same <II0)* rel rods can also be 
accounted for by other static displacement waves in 
general. We examine such a possibility in the follow- 
ing. First we consider a static displacement wave of 
the form 

R~ = A'Eo c o s 2 ~ q . r  n [1'] 

where  q N J (110>* and co J l <il0}. Us ing  an a r g u m e n t  
s i m i l a r  to the one p r e s e n t e d  in Sect ion  3, the <110}* 
r e l  r ods  can be accounted  for  by tak ing  a l i nea r  com-  
b ina t ion  of the above d i s p l a c e m e n t  waves  and adopt-  
ing a mode l  such that  the dynamic  d i s p l a c e m e n t  
waves  given in the p r e v i o u s  s ec t ion  have been  
" q u e n c h e d " .  A c c o r d i n g  to such a model ,  a t o m s  mus t  
s i t  in uns tab le  pos i t ions  in the f i -phase  in a s t a t i c  man-  
ner ,  which is qui te  unl ike ly .  

As  a second s t a t i c  d i s p l a c e m e n t  mode l  we can con- 
s i d e r  s t ack ing  fau l t s ,  m ic ro tw ins ,  or  an i tphase  do-  
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main  b o u n d a r i e s .  If any of t he se  is  the o r ig in  of (110)* 
r e l  rods ,  then the fault  plane,  twin p lane ,  jo r  plane of 
the an t iphase  boundary  mus t  be a {110} plane and 
s t r i a t i o n s  a long ~110} should be o b s e r v e d .  Such were  
never  seen .  F u r t h e r m o r e  it is  to be pointed out that  
ne i the r  fau l t ing  nor  twinning a r e  p o s s i b l e  on the ~110} 

plane of ~3-phase a l l o y s .  Th is  is  because  t h e r e  a r e  
only two p o s s i b l e  s t ack ing  s i t e s ,  A and B, and no 
o ther  s i t e s  for  faul t ing on the {110} p lane ,  and the 
{110~ plane is a m i r r o r  p lane ,  which p r e c l u d e s  twin-  
ning. Th is  l eaves  only the p o s s i b i l i t y  of ~110} an t iphase  
domain  bounda r i e s  to c o n s i d e r .  But no such bounda r i e s  

Fig. 3--Variation of diffuse s treak patterns upon heating the Cu-A1-Ni alloy from room temperature to 600 C. [i131/3 orienta- 
t ion.  
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w e r e  d e t e c t e d  by d a r k  f i e ld  i m a g i n g  u s i n g  s u p e r l a t -  
r i ce  r e f l e c t i o n s ,  and th i s  p o s s i b i l i t y  i s  r u l e d  out.  

T h e  above  r e a s o n i n g  s u p p o r t s  the c o n c l u s i o n  that  the  
(110}* r e l  r o d s  o r i g i n a t e  f r o m  d y n a m i c  r a t h e r  than  
s t a t i c  d i s p l a c e m e n t s .  

T h e  nex t  q u e s t i o n  c o n c e r n s  the r e l a t i o n  b e t w e e n  
(110)* r e l  r o d s  and { h l } ~  r e l  w a i l s .  Honjo  e t  a l  ~ s u g -  
g e s t e d  that  the  t e l  w a l l s  w e r e  p r o d u c e d  by l i n e a r  
cha in  m o t i o n s  w h e r e  r o w s  of a t o m s  in the c l o s e - p a c k e d  
d i r e c t i o n s  m o v e ,  m o r e  o r  l e s s ,  as  a r i g i d  body,  i n d e -  
penden t ly  os each  o the r .  L a t e r ,  K o m a t s u  and T e r a -  
m o t o  26 r e l a t e d  the  l i n e a r  cha in  m o t i o n  wi th  low f r e -  
quency  t r a n s v e r s e  a c o u s t i c  w a v e s .  H o w e v e r ,  a d i r e c t  
c o r r e l a t i o n  b e t w e e n  the  two is  not  obv ious  f r o m  t h e i r  
p a p e r .  If t h e i r  a s s e r t i o n  ho lds ,  both  (110}~ t e l  r o d s  
and { i l l } ~  r e l  wa l l s  in t h e / 3 - p h a s e  a l l o y s  e v i d e n t l y  
s t e m  f r o m  the s a m e  o r i g i n ,  and one a s k s  why t h e r e  
a r e  two d i f f e r e n t  p h e n o m e n a  f r o m  one " s o u r c e " .  T h i s  
q u e s t i o n  was  not a d d r e s s e d .  We a l s o  note  the  a s s u m p -  
t ion that  t he  c h a i n  d i r e c t i o n  is  p a r a l l e l  to the  p o l a r i z a -  
t ion v e c t o r  of the  low f r e q u e n c y  a c o u s t i c  w a v e .  T h i s  
cannot  be  the  c a s e  in ~3-phase a l l o y s ,  b e c a u s e  the  
cha in  d i r e c t i o n  would  h a v e  to be  (111}/3, wh i l e  the  
p o l a r i z a t i o n  v e c t o r  l i e s  a l o n g  (110}~. F u r t h e r m o r e ,  
r e l  w a l l s  a r e  o b s e r v e d  e v e n  in a l u m i n u m ,  1~ in wh ich  
the  a n i s o t r o p y  f a c t o r  is  c l o s e  to uni ty  and in wh ich  
the  (110}*(i10} a c o u s t i c  w a v e  is  not  v e r y  sof t  r e l a t i v e  
to t h o s e  in o t h e r  b r a n c h e s ,  e . g . ,  (100}*(010}. T h u s  it 
is  un l ike ly  that  t h e r e  would  be  a o n e - t o - o n e  c o r r e -  
s p o n d e n c e  b e t w e e n  low f r e q u e n c y  t r a n s v e r s e  a c o u s t i c  
w a v e s  in one  b r a n c h  and r e l  w a l l s  in one d i r e c t i o n .  
In fac t  when the  f r e q u e n c i e s  of t r a n s v e r s e  a c o u s t i c  
w a v e s  a r e  s u b s t a n t i a l l y  low, we e x p e c t  tha t  the a t o m s  
in p l a n e s  n o r m a l  to the  w a v e  v e c t o r  m o v e  as  a whole ,  
i n s t e a d  of an  i ndependen t  l i n e a r  cha in  m o t i o n  in e a c h  
p l a n e .  T h u s  we e x p e c t  the  p r e s e n c e  of r e l  r o d s  r a t h e r  
than  r e l  wa i l s  in such  a c a s e .  We c o n c l u d e  tha t  what  
i s  d i r e c t l y  c o r r e l a t e d  wi th  low f r e q u e n c y  t r a n s v e r s e  
a c o u s t i c  w a v e s  i s  not  t e l  w a i l s ,  bu t  r a t h e r  r e l  r o d s  
in the  d i r e c t i o n  of the  phonon  wave  v e c t o r .  

The  t e m p e r a t u r e  d e p e n d e n c e  of the  t e l  r o d s  is of  
p a r t i c u l a r  i n t e r e s t  wi th  r e s p e c t  to " p r e t r a n s f o r m a -  
t i o n "  p h e n o m e n a .  T h u s  th i s  e f f e c t  was  e x a m i n e d  by 
h e a t i n g  s e v e r a l  C u - A 1 - N i  s p e c i m e n s  ins ide  the e l e c -  
t r o n  m i c r o s c o p e .  A s  shown in F i g .  3, h o w e v e r ,  t h e r e  
was  l i t t l e  o b s e r v e d  change  upon h e a t i n g  to 600~ o t h e r  
than  the  t e n d e n c y  fo r  the  r e l  r o d s  to g r a d u a l l y  s m e a r  
out  into {111}* r e l  p l a n e s  wi th  i n c r e a s i n g  t e m p e r a t u r e .  
It is  to be  e m p h a s i z e d  tha t  q u a n t i t a t i v e  i n t e n s i t y  in-  
f o r m a t i o n  is  d i f f i cu l t  to  ob ta in  by e l e c t r o n  d i f f r a c t i o n ,  
e s p e c i a l l y  when  a h e a t i n g  s t a g e  is  e m p l o y e d ,  b e c a u s e  
the  B r a g g  c o n d i t i o n  v a r i e s  d u r i n g  hea t i ng .  

T h e  s m e a r i n g  of r e l  r o d s  into r e l  p l a n e s  migh t  p o s -  
s i b l y  be i n t e r p r e t e d  as  fo l l ows .  At  h i g h e r  t e m p e r a -  
t u r e s  the  a t o m s  m o v e  r a t h e r  r a n d o m l y  a l o n g  the  
c l o s e - p a c k e d  d i r e c t i o n s ,  but  wi th  d e c r e a s i n g  t e m p e r a -  
t u r e  th i s  r a n d o m  m o t i o n  t e n d s  to b e c o m e  m o r e  c o r -  
r e l a t e d  in e a c h  {110}/3 p lane  to p r o d u c e  a ( l l 0 } * ( i l 0 }  
s h e a r  w a v e  p r i o r  to the  o n s e t  of the  m a r t e n s i t i c  t r a n s -  
f o r m a t i o n  at  a l o w e r  t e m p e r a t u r e .  It m a y  be  only co -  

i n c i d e n t a l ,  but  n e v e r t h e l e s s  it  is  w o r t h  no t ing  tha t  the 
above  {110}/3 p lane  and (110)~ d i r e c t i o n  c o r r e s p o n d s  to 
the  p h e n o m e n o l o g i c a l  s h e a r  m o v e m e n t s  r e q u i r e d  in 
the  l a t t i c e  d e f o r m a t i o n  f r o m  a B - m a t r i x  to a m a r t e n -  
s i t i c  p h a s e  wi th  a long p e r i o d  s t a c k i n g  o r d e r  s t r u c -  
t u r e  ( i . e . ,  2H,  9 R ,  18R). In th i s  d e s c r i p t i o n  the  l a t t i c e  
c o r r e s p o n d e n c e  is  s u c h  that  the ( c l o s e - p a c k e d )  b a s a l  
p l ane  of the  m a r t e n s i t e  is  p a r a l l e l  to the  above  m e n -  
t i o n e d  {110}/3 p lane ,  and the  ( l l 0 ) t  3 d i s p l a c e m e n t  is  the  
v e r y  d i r e c t i o n  r e q u i r e d  fo r  the  shu f f l i ng  to g e n e r a t e  
an  e l e m e n t a r y  uni t  c e l l  of r n a r t e n s i t e  wi th  a long 
p e r i o d  s t a c k i n g  o r d e r  s t r u c t u r e .  T h u s ,  the (110}2 
r e l  r o d s  and a m a r t e n s i t i c  t r a n s f o r m a t i o n  m a y  be  
c o r r e l a t e d  in th i s  m a n n e r ,  but  no d i r e c t  e v i d e n c e  on 
th is  po in t  has  b e e n  ob ta ined  a s  ye t .  
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