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Abstract 

The solid phase transformations on heating a rapidly solidified Al.~TCu.~2..~Mnm.5 alloy 
have been investigated in a hot-stage electron microscope in order to elucidate the nature 
of the phases which participate in the formation of the crystalline equilibrium I"2 phase. 
The sample  was initially formed of a mixture of decagonal quasi-crystalline T~ and a bee 
ordered A I - C u - M n  solid solution.  The  transformation of the d quasi-crystalline phase into 
crystalline Tt was observed directly and in situ before the formation of the  "I"2 phase 
between 650 and 680°C following the reaction /3 +T~----~T2. Finally, "1"2 was reversibly 
transformed into /3 and T~ between 685 and 720"C according to the equilibrium phase 
diagram. 

I N T R O D U C T I O N  

T h e  T2 phase  in the A 1 - C u - M n  sys tem was first reported b y  Guert ler  and 
R a s s m a n n  [1] and was described as MnaCusAlit  (or Als,Cu26Mnz6 where  the 
subscripts represent  n o m i n a l  a tomic  percentages  of  the respect ive e0m-  
portents).  Later on ,  the unit  cell of  T2 was de termine d  by K0ster  and 
G~Sdecke (oP380; a = 1.210, b = 2.408, c = 1.921 nm)  and a small  range of  
h o m o g e n e i t y  around the A157Cua2.sMnm..~ c o m p o s i t i o n  was found  [2]. 

T h e  ev idence  of  the peri tectoid format ion  of  T2 (13 + Tt ) T2) b e t w e e n  
two crystalline phases  /3 and Tt on s low coo l ing  be low 700°C was first 
described in ref. 2. /3 is a bee ordered  ternary  s o l i d  so lut ion  (eI2 [3 ] ,  
a = 0.297 n m  [4]) and T~ a ternary intermetal l ie  phase  With an or thorhombic  
structure ( o C 1 5 6 ,  a = 2 . 4 2 0 ,  b = 1.250 and c = 0.772 n m  around t h e  m e a n  
c o m p o s i t i o n  A172Cut,Mnm [5]). T h e  respective pos i t ions  o f  the Ti ,  Tz and/3  
phases  in the phase  diagram at r o o m  t e m p e r a t u r e  (up to 50 at.% Mn and 
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Fig. 1. Isothermal section at room tempera ture  of the AI-rich side of the A I - C u - M n  system 
(0-50 at .% Cu, 0-50 at .% Mn). 

50 at .% Cu) are shown in Fig. 1. In this figure, the composition ranges of 
the other  various phases have been redrawn by combining the recently 
assessed binary diagrams A1-Mn [6] and Al -Cu  [7] with the isothermal 
section proposed in ref. 2 for the ternary system. The formation of T2 on 
cooling is illustrated at 700°C (Fig. 2) and 6800C (Fig. 3). At 700°C (Fig. 2), 
the Tz phase begins to nucleate by reaction between Ti (composition tt) and 
/3 (composition /3~) along the corresponding tie line tz-/3~. Just below 
700°C, this reaction generates a three-phase field (T, +/3 + T2) between the 
T~, fl and T2 phases (Fig. 3). This three-phase field (T; + fl + T2) allows T2 
to grow at the expense of T~ and/3  when enough time is allowed for solid 
state diffusion in the 650-680°C range. The equilibrium vertical section 
through the T2 range composition (Fig. 4) shows the respective fields of t h e  
various phases versus composition a n d  temperature  [2]. 

I n  a previous pape r ,  we have observed that the  formation of the 
crystalline T= phase is avoided by quenching the alloys from the liquid state 
[8]: quasi-crystalline phases (icosahedral (i) and decagonal (d) which is a 
two-dimensional quasi-crystal  with translational periodicity along the 
ten'fold axis) in coexistence with the fl phase  are the only phases to be 
• detected in the as 'quenched alloys. On heating, the i phase disappears and 
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Fig. 4. The vertical section through the T2 phase, after K0ster et al. [2]. (Note that this 
section is slightly shifted with respect to the T2 composition used in this work.) 

after 2 h at 425°C the alloy consists essentially of a mixture  of d and /3 
phases  with only some traces of "I"2. Af te r  anneal ing  for 2 h at 650°C, the  
crystall ine phase  T2 is obtained.  F rom these  results,  it was not  clear  whether" 
the T2 phase  was formed by •reaction be tween  the decagonal  quasi- 
crystalline or the equi l ibr ium T! phase  with/3.  The  aim of the present  pape r  
i s • t o  clarify this quest ion.  For  this purpose ,  an e lect ron microscope 
equipped with an in situ hot-stage has been  used. 

E X P E R I M E N T A L  P R O C E D U R E  

T h e  alloy composi t ion used for T2 w a s  AlsvCus2..~Mnlo.s ob ta ined  by rapid 
quenching  from the melt  and then annea led  for 2 hours  at 425°C. The  
prepara t ion  of the mas te r  ingot,  the quench ing  of the alloy and the 
identification of the various phases  has been  descr ibed e lsewhere  [6, 9]. A 
Se ta ram micro differential thermal  analyser  ( D T A )  was used to reveal  the 
successive t ransformat ions  on heat ing the a s - q u e n c h e d  or annea led  
samples.  The  specimens  (typically 20 mg) were  put  inside a lumina  crucibles 
and hea ted  at 10°Cmin - '  in flowing pure  argon up to 1100°C. X,ray  
diffraction ( X R D ) t r a n s m i s s i o n  was  used to establish the s t ruc tures  of the 
various phases.  Samples  for t ransmission electron microscopy ( T E M ) w e r e  
th inned  by jet  e lectropol ishing with an acid solut ion of 1.5% HNO3 and 
5 %  HCIO4 in methano l  at -40°C .  The  observat ions  were  carr ied out  on a 
120 CXII  Jeol e lectron microscope equipped  with a Jeol E M - S H H 4  h o t  
stage. The  s ample s  were  placed directly on a copper  grid. 
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Fig. 5. D T A  curve obtained with the sample used in this work, Al.s~Cu.~2.sMnm_~ annealed for 
2 hours at 425"C. 

RESULTS A N D  I N T E R P R E T A T I O N  

D T A  

The  fo rma t ion  of the crystall ine T2 phase  on hea t ing  the •sample 
descr ibed above  is revea led  on the D T A  curves by a b road  exo the rmic  
effect be tween  450 and  550°C (Fig. 5). Be low 450°C, the d and /3  phases  a r e  
present .  A b o v e  550°C, the crystall ine "1"2 phase  is ob ta ined  and above  700°C, 
the e n d o t h e r m i c  peaks  are in good a g r e e m e n t  with the vertical s e c t i o n  
shown in Fig. 4. The  first e n d 0 t h e r m i c  effect beginning  at ~680°C 
cor responds  to the t ransi tory format ion  of T~ + T2 + / 3 .  The  non-congruen t  
invar iant  t r ans fo rma t ion  T2 >T, + /3  is then  revea led  as the sharp  a n d  
intense e n d o t h e r m i c  p e a k  at ~-7200C. The  two-phase  field T~ + /3  is crossed 
before  the  fo rma t ion  of the  liquid phase  ( L + T ~ + / 3 ) ,  Bo th  fields • are  
observed  in the  range  730-800°C.  The  second invar iant  t r ans fo rmat ion  at 
~-810°C (L + T, + /3  ----> L + Tt + A I M n )  is finally de tec ted  as the small and  
sharp  e n d o t h e r m i c  effect before  comple te  mel t ing  of  the  sample  at ~880°C.  . 

r e M  

P r e v i o u s  s tudy of  X-ray diffraction pa t t e rns  indicated • the coex is tence  of 
d and  /3 phases  as the m a j o r  Components ,  wi th  some t r a c e s  of pe r iod ic  T2 
phase  in the spec imen  annea led  for 2 h at  425°C [8, 9]. 

The  typical T E M  mic ros t rue tu re  ob ta ined  at r o o m  t e m p e r a t u r e  wi th  such 
a specimen• was fo rmed  of a very fine mix ture  of d and /3  phases  with a mean  
size of abou t  2 0 0 n m .  The  presence  o f  b o t h  phases  was con f i rmed  b y  
selected a rea  diffractions ( S A D )  (Figs. 6 and 7). T h e / 3  phase  is identif ied in 
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F i g .  6. (a) Selected area diffraction ( S A D )  showing the presence of the /3 phase in the 
sample  at room temperature• (b) The corresponding indexation of the/3 phase• 

Fig. 6(a). The evidence of a superstructure o f /3  is shown by the two fine 
spots between two reinforced spots• The indexation of the/3 phase with the 
superstructure is shown in Fig. 6(b). A typical S A D  obtained with the d 
phase taken along the ten-fold axis is shown in Fig. 7(a). The presence of 
the ten reinforced spots characteristic of the d phase is illustrated in Fig. 
7(b). Some of the spots are badly revealed on the pattern and others are 
clear• This is a consequence of the very fine, defective microstructure 
typical of the sample. 

It is worth noting that the same S A D  was obtained with a decagonai 
specimen obtained by quenching an alloy of composition corresponding to 
the pure Ti phase  (AlTsCUmMnLs). An example is given in Figs. 8(a) and 

8 ( b ) .  Thus, whatever the way of obtaining the d phase, (i.e. by quenching 
alloys corresponding to the respective compositions of T~ or T2, the same 
S A D  pattern is obtained..This result agrees with the phase diagram shown 
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F.ig•iT; i(~)i SI~D is howing the PreSence of the cl quasicrystalline phase in the sample at room 
• temperature'Theelectr°ndiffracti°n pattern of  the d phase is taken along the ten'fold axis. 
.(b) The corresponding indexation . . . .  
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Fig. 8. (a) SAD showing the presence of the d phase in an alloy with composition 
corresponding to Tn (Ai75Cun(,Mnn.s). The electron diffraction pattern is taken along the 
ten-fold axis. (b) The corresponding indexation. 

in Fig. 2 where the composit ion of T1 in the alloy corresponding to the  "1"2 
phase is given by the point t~ at the extremity of  the t~-/31 tie line passing 
through the T2 composit ion point. 

No  noticeable change in the T E M  patterns was observed on heating from 
room temperature up to 550°C. 

T h e  c o m p l e t e  transformation of  the d quasi-crystalline phase into 
crystalline (orthorhombic)  Tt w a s  achieved after 1 minute at 650°C, as 
shown in Fig. 9(a). In this ease, all the spots are clearly visible and arranged 
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Fig. 9 .  (a) .SAD " after 1 min: at  650°c  ShOwing tne disappearance of the  d phase ,  the 
beginning of the formation of. the orthorhombie T~ phase and the remaining/3 phase.  
(b) The corresponding indexati0n. . . . . .  . . . . .  

' / 



238 . . . . . . . . . . .  : :  

. . . . , . : . ( . .  : . - . . . ,  : . . . . . . . . : .  ! ~  : ~ ' : :  . . . . . . . .  .. . , . .  

S. Maamar et aL/Thermochim. Acta 217 (1993) 231-239 

• . . . .  i o  6 o 

D * . ° , ° G I m  

(b) 

0 2 0  
 ooo 

"~1 O0 

i~ig. I lf~. (a) SAD after 15rain at 650°C:showing the orthorhombic T2 phase. ( b ) T h e  
corresponding indexation. 

periodically. Evidence of an orientation relationship with the /3 phase is 
given by the superimposed strong spots. The indexation of Tt is shown in 
Fig. 9(b) .  

After 5 min at 650°C, the formation of  the orthorhombic "1"2 phase was 
evidenced (Fig. 10(a)) and the corresponding indexation is shown in Fig. 
lO(b). 

This typical pattern remained observable up to 685°C. At  720°C, the "I"2 
phase disappeared and the T t a n d  /3 phases were again observed (Fig. 
l l ( a ) ) .  The indexation of T, and /3 is shown in Fig. l l ( b ) ,  

CONCLUSION 

These results give clear evidence of  three successive reactions on heating 
the  alloy A157Cua2.sMnt0.s prepared by rapid solidification. 

(a) •Transformation of. the quasi-crystalline decagonal phase into the 
crystalline orthorhombic Tt phase at around 550°C, 
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Fig. 11. ( a ) S A D  at 720°C showing the disappearance (absence) of the T2 phase and the 
Presence. °f  the Tt and il3: crystalline phases. (b) The corresponding indexation. 
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(b) Formation of the crystalline orthorhombic T2 phase in the range 
650-685°C by reaction between/3  and T~; it is worth noting that this is the 
first time that direct evidence is given for the formation of the periodic Tt 
phase from the d phase before reaction with/3.  

(c) Decomposit ion of the T2 phase into/3 and T, between 685 and 720°C. 
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