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Abstract: A nanocrystalline layer was produced on the surface of Ni3Al intermetallic by means of surface mechanical attrition 
treatment. The surface nanocrystallites were annealed at 250−750 ℃ for 30 min. Microstructure evolution of nanocrystallites during 
annealing was studied by X-ray diffraction (XRD) and transmission electronic microscope (TEM). The experimental results show 
that long-rang order recovers rapidly when annealing temperature is below 250 ℃ and changes slowly at 350−550 ℃, and then it 
increases rapidly at 750 ℃. The grain size of nanocrystallites of Ni3Al keeps stable and crystal defects recover when they are 
annealed below 550 ℃. The grains grow normally in low temperature annealing and abnormal growth occurs at 750 . ℃  
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1 Introduction 

 
Nanomaterials have novel properties in physics, 

chemistry and mechanics. When the grains of 
intermetallics are refined from traditional coarse grains 
to nanocrystallites, they exhibit special properties such as 
higher hardness and lower temperature tensile 
superplasticity[1]. The intermetallic compound Ni3Al has 
attractive high temperature properties for its yield stress 
increases with the temperature increasing[2]. So far, it is 
possible to produce bulk nanocrystallites on intermetallic 
Ni3Al by means of severe plastic deformation methods 
such as high pressure torsion strain (HPTS)[3]. Surface 
mechanical attrition treatment (SMAT), which is a kind 
of severe plastic deformation method in essence, has 
been used to produce nanocrystalline layer on the surface 
of various materials including intermetallic Ni3Al[4−7].  

Meanwhile, the thermal stability of nanostructured 
materials has been concerned, because nanostructured 
materials may be exposed to elevated temperature when 
they are in service, especially for nano- 
intermetallics[8−9]. Under this condition, the growth of 
nanocrystallites and phase transformation will alter the 

microstructure and properties of nanostructured materials. 
So, the thermal stability of nanostructured intermetallics 
has been subject of intensive study in recent 
years[10−15]. The researches on the thermal stability of 
nanostructured Ni3Al focus on the influence of annealing 
on the mechanical properties and microstructure, but the 
microstructure evolution during annealing is understood 
insufficiently[16−18].  

 In our previous work, a nanocrystalline layer was 
produced on directionally solidified intermetallic Ni3Al 
by means of surface mechanical attrition treatment[7]. In 
this work, a nanocrystalline layer was also produced on 
as-cast Ni3Al by means of SMAT. The nanocrystalline 
Ni3Al was annealed at 250−750 ℃ for 30 min under 
vacuum condition subsequently. The microstructure 
evolution of nanostructured Ni3Al during annealing was 
reported. 
 
2 Experimental 
 

Intermetallic compound Ni3Al was cast in vacuum 
condition and its composition was 75.9Ni-24.0Al-0.1B 
(mole fraction, %). The cast ingots were annealed at    
1 200  for 8℃  h to get a homogenous and single-phase 
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microstructure. The average grain size of as-cast Ni3Al is 
about 200 µm. Then, the as-cast Ni3Al samples were 
mechanically polished with 10 µm diamond paste and 
were subjected to surface mechanical attrition treatment. 
The principle of SMAT method was expatiated clearly in 
Ref.[19]. In this work, steel balls with 8 mm in diameter 
were used. The amplitude of vibration was 25 mm and 
vibration frequency was 50 Hz. Ni3Al samples were 
peened for 90 min under vacuum condition of 10−2 MPa. 
After SMAT, the deformed samples were annealed at 250, 
350, 450, 550 and 750  for 30℃  min under vacuum 
condition. The corresponding annealed samples were 
labeled as NT1−NT5, respectively. 

The microstructure of annealed samples was 
characterized by X-ray diffraction(XRD) and 
transmission electron microscope(TEM). XRD was 
performed on a Rigaku PINT 200/PC diffractometer.  
Cu Kα ray was used and the step angle was 0.02˚. To 
compare the phase structures of the annealed samples 
with that of the deformed sample, the count intensity of 
diffraction peaks was normalized. The grain size and 
microstrain of the deformed and annealed samples were 
calculated from diffraction peaks of (111), (200), (220), 
(311) and (222) crystal planes of the Ni3Al phase using 
the Williamson-Hall technique[20]. The crystallites in 
the top surface of the deformed and annealed samples 
were observed on a JEOL JEM-200CX TEM. The 
accelerating voltage was 160 kV and beam current was 
80 mA. To observe the crystallites in the top surface, 
TEM foils were mechanically polished and iron thinned 
only from the matrix side.   
 
3 Results and discussion 
 

X-ray diffraction spectra of the deformed and 
annealed Ni3Al samples are shown in Fig.1. 

It can be seen from Fig.1(a) that the disordering 
transformation happens in the top surface of Ni3Al after 
severe plastic deformation for the occurrence of (Ni, Al) 
solid solution. In addition, the Ni3Al disorders totally in 
the top surface for the disappearance of superlattice 
diffraction. After annealing above 250 ℃, the 
superlattice diffraction appears again, which means the 
disordered (Ni, Al) solid solution (Fig.1(b)−(f)) is 
reordered. Moreover, the diffraction intensity of (Ni, Al) 
solid solution changes with the annealing temperature. 
The relative content of (Ni, Al) solid solution is shown in 
Fig.2. 

It is obviously that the content of (Ni, Al) solid 
solution changes hardly when the deformed Ni3Al 
sample is annealed at 250−550 ℃ and decreases sharply 
when the annealing temperature is elevated to 750 ℃. 

 
Fig.1 XRD patterns of deformed(a) and annealed Ni3Al sample 
(b)−(f) 
 
The slow change of solid solution content at 250−550 ℃ 
annealing may result from the slow increase of long-rang 
order. It is noted that the content of solid solution in  
sample annealed at 250 ℃ is lower than that in deformed 
the sample, which may be induced by the reordering of 
solid solution during low temperature annealing. The 
reordering of disordered alloy during annealing occurs in 
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Ni3Al nanocrystallites produced by HPTS and the 
temperature of reordering is in accordance with our 
results. The disordered nanocrystallites produced by 
HPTS whose grain size is about 20 nm are reordered at 
317 ℃. Long-rang order increases slowly with the 
annealing temperature increasing and increases sharply 
when the disordered nanocrystallites annealed at 1 040 
℃[21]. 
 

 
Fig.2 Relative content change of (Ni, Al) solid solution with 
annealing temperature 
 

It can also be seen from Fig.1 that the diffraction 
peaks of the deformed sample broaden and those of the 
annealed samples sharpen. The changes of diffraction 
peak shape mean the changes of grain size and 
microstrain. The changes of grain size and microstrain of 
Ni3Al nanocrystallites with annealing temperature are 
shown in Fig.3.  

 

 
Fig.3 Changes of grain size and microstrain of Ni3Al 
nanocrystallites with annealing temperature 

 
It can be seen from Fig.3 that the grain size does not 

increase markedly when the annealing temperature is 
lower than 450 ℃. However, microstrain decreases 
sharply when the deformed sample is annealed at 350 ℃ 
and keeps stable at 350−550 ℃. It should be pointed that 
the nanocrystallites annealed at 750 ℃ grow to above 
100 nm that is not suitable to calculate grain size and 

microstrain from XRD data. 
The annealing behavior of nanocrystalline Fe 

produced by mechanical milling is similar. The Fe 
nanocrystallites about 20 nm on average keep stable 
when they are annealed at 350−450 ℃ but they grow to 
60 nm at 530 ℃[22]. The nanocrystallites of Ni3Al 
produced by HPTS grow to 0.7−2.0 mm and 2.6 mm 
when they are annealed at 560 ℃ and 740 ℃, 
respectively[21]. 

The stability of nanocrystallites of Ni3Al in this 
work may be attributed to the recovery of crystal defects. 
The disordered solid solution is unstable for its high free 
energy. So, reordering take place firstly in disordered 
solid solution and the ordered alloy grows secondly 
during annealing. When the nanocrystallites of Ni3Al is 
annealed at 250−550 ℃, the long-rang order increases 
slowly and the grain size of nanocrystallites keeps stable, 
so the recovery of crystal defects may be the main 
process of microstructure evolution. 

The morphologies of nanocrystallites in the top 
surface of annealed Ni3Al are shown in Fig.4.  

It is obviously that the crystallites in the top surface 
of all annealed samples are nanocrystallites and those 
nanocrystallites grow from the size of 10−20 nm in the   
sample annealed at 350 ℃ to 40−80 nm in the sample 
annealed at 750  gradually with the elevated annealing ℃

temperature. In these regions of nanocrystallites, the 
grain boundaries are blurry and curved. 

However, the microstructure in the top surface is 
not uniform. Some regions with larger crystallites exist 
in all annealed samples. Some typical regions are shown 
in Fig.5. 

It can be seen from Fig.5 that those larger 
crystallites in the samples annealed at 350−550  ℃ are 
still nanocrystallites for their grain size is less than 100 
nm on average. But the surface crystallites in Fig.5(d) 
grow to 80−150 nm. In addition, the crystal defects 
inside of crystallites changes markedly. Alternating 
contrast can be seen in Fig.5(a), which means the 
existence of dislocations that produced in severe plastic 
deformation. In Fig.5(b), the grain boundaries become 
sharp and nanocrystallites become clear though there are 
alternating contrasts inside of nanocrystallites, which 
indicates the recovery of dislocations. When the 
annealing temperature is elevated to 550 , the grain ℃

boundaries become sharp and flat. The trace of 
dislocations reduces distinctly inside of crystallites and 
exists only near the boundaries. So, the recovery of 
crystal defects is finished mostly. Moreover, the density 
of dislocations inside of crystallites is low in the sample 
annealed at 750 . From the TEM observation, it c℃ an be 
concluded that the crystal defects recovers during the 



REN Jiang-wei, et al/Trans. Nonferrous Met. Soc. China 17(2007) 

 

s72 

 

annealing at 350−550 ℃, which is in accordance with 
previous XRD data analysis. In the disordered Ni3Al 
produced by mechanical milling, the reordering begins at 
200  annealing ℃ that is lower than the annealing 
temperature in this work[23]. This may be attributed to 
the high density grain boundaries induced by severe 
plastic deformation which can impede the recovery of 

long-rang order[23]. Some researches showed that the 
increase of long-range order and grain size during 
annealing depended on the enhanced mobility of atoms 
induced by crystal defects[24−25]. 

In the sample annealed at 750 ℃, a notable 
phenomenon is the abnormal growth of crystallites. A 
typical morphology is shown in Fig.6. 

 

 
Fig.4 Morphologies of nanocrystallites in top surface of Ni3Al annealed at 350 ℃(a), 450 ℃(b), 550 ℃(c) and 750 ℃(d) 
 

 
 
Fig.5 Morphologies of larger crystallites in top surface of Ni3Al annealed at 350 ℃(a), 450 ℃(b), 550 ℃(c) and 750 ℃(d) 
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Fig.6 TEM image of grains formed by abnormal growth at  
750 ℃ 

 
The grains formed by abnormal growth are 0.5−  

1.0 µm and no trace of defects inside is found. The 
abnormal growth of Ni3Al nanocrystallites is also found 
at 500 ℃ annealing in sputter-deposited Ni3Al thin 
films[26].  

It can be seen from Figs.4 and 5 that the grain size 
of nanocrystallites increases gradually with the elevated 
annealing temperature, so normal growth is the main 
mechanism of grain growth at low temperature. The 
reduction of grain boundaries region is the drive force of 
the normal growth of nanocrystallites. The abnormal 
growth of crystallites at high temperature may be related 
to the recovery of mobility of some grain boundaries. 
Grain coalescence is an important mechanism of 
abnormal growth of grains[26]. 
 
4 Conclusions 
 

1) The long-rang order increases rapidly when the 
annealing temperature is below 250 ℃ or above 750 ℃, 
but it changes slowly when the disordered Ni3Al is 
annealed at 350−550 ℃.  

2) The grain size of nanocrystallites of Ni3Al keeps 
stable and the crystal defects recover when they are 
annealed below 550 ℃. 

3) Grains grow normally at low temperature and 
abnormally grow occurs at 750 . ℃  
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