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Abstract: The morphology evolution and phase transformation of Al9(Mn,Ni)2 eutectic phase in an Al−4Ni−2Mn alloy during heat 
treatment at 600 °C were studied by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Results 
show that nearly all of the eutectic fibers change into prolate ellipsoid and spherical particles in the process of heat treatment, and 
Ostwald ripening phenomenon occurs in the eutectic region with the increase of the heat treatment time. Besides, a phase 
transformation from Al9(Mn,Ni)2 to O-phase is confirmed. The morphologies of the transformed particles indicate that the O-phase 
preferentially nucleates on the specific crystal plane of the Al9(Mn,Ni)2 eutectic phase and grows in a certain direction. During the 
phase transformation, the (010)[001] slip system in O-phase is activated, and the resultant slip traces appear on the surface of some 
O-phase particles. 
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1 Introduction 
 

During the last two decades, Al-based alloy systems 
including transition metals (TMs) have attracted 
increasing attention due to a multitude of binary and 
ternary intermetallics they often contain. Such as 
Al−Ni−Mn alloy system, studies have shown that several 
kinds of intermetallics can be formed in this alloy system 
when the material produced by different casting 
processes. Besides the binary intermetallics Al6Mn, 
Al4Mn, and Al3Ni, at least six ternary phases have been 
reported up to now [1−4], including three ternary 
thermodynamically stable intermetallics, the φ-phase 
(Al5Co2-type, hP26, P63/mmc; a=0.76632(16) nm, 
c=0.78296(15) nm), the κ-phase (κ-Al14.4Cr3.4Nil.1-type, 
hP227, P63/m; a=1.7625(10) nm, c=1.2516(10) nm), and 
the O-phase (O-Al77Cr14Pd9-type, Pmmn, oP650; 
a=2.3316(16) nm, b=1.2424(15) nm, c=3.2648(14) nm), 
as well as three ternary metastable phases, the decagonal 
D3-phase with periodicity about 1.25 nm, the    
Al9(Mn,Ni)2-phase (Al9Co2-type, P1121/a, mP22; 
a=0.8585(16) nm, b=0.6269(9) nm, c=0.6205(11) nm, 
β=95.34(10)°) and the O1-phase (base-centered 
orthorhombic, a≈2.38 nm, b≈1.24 nm, c≈3.22 nm). 

Although several intermetallics in Al–Ni–Mn alloy 
have been reported in recent years, little research has 
been conducted on the phase transformation of the 
known metastable phase. Taking Al9(Mn,Ni)2 phase as an 
example, this ternary compound has been firstly reported 
by BALANETSKYY et al [2]. However, the phase 
transformation of the Al9(Mn,Ni)2 phase is not clear. 
Recently, we observed that the Al9(Mn,Ni)2 eutectic 
phase can transform into a ternary hexagonal κ-phase 
after heat treatment at 350−550 °C for a long  time [5]. 
However, it should be noted that a new phase 
transformation appears in the Al−4Ni−2Mn alloy when 
the heat treatment temperature rises to 600 °C. It is 
important to reveal this phase transformation process, 
because the research can not only enrich the 
understanding of Al9(Mn,Ni)2 phase but also lay a 
foundation for the further study of Al−4Ni−2Mn alloy. In 
this work, we will mainly discuss the phase 
transformation of Al9(Mn,Ni)2 based on SEM and TEM 
observation. 
 
2 Experimental 
 

Al−4Ni−2Mn (mass fraction, %, used throughout  
the paper unless noted) alloys were melted in a silicon 
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carbide crucible in an electric resistance furnace by using 
high purity aluminum (99.99%), Al−10Ni and Al−10Mn 
master alloys. After refining with sodium-free refining 
agent, the melt was poured at 750 °C into a steel mold 
preheated up to about 250 °C. The composition was 
measured to be Al−3.67Ni−2.31Mn by using inductively 
coupled plasma optical emission spectrometry 
(ICP-OES). The heat treatment was performed in an 
electric resistance furnace with a temperature accuracy of 
±2 °C. The as-cast samples were heat treated at 600 °C 
for 75, 312, and 432 h, respectively, and then quenched 
into water. The microstructures of eutectic phase were 
observed by ZEISS SUPRATM 55 scanning electron 
microscope. Phase transformation was identified using 
the selected area electron diffraction (SAED) and energy 
dispersive X-ray spectroscopy (EDX) in TecnaiTM G2 
F30 transmission electron microscopy operated at    
300 kV. Samples for SEM observation were prepared 
using standard metallographic techniques. Thin foils for 
TEM investigation were ground to a thickness of about 
100 μm and then punched into discs with a diameter of  
3 mm. Finally, the discs were thinned using dimpling and 
ion milling. 
 
3 Results and discussion 
 
3.1 Morphological change during heat treatment 

Figure 1 shows the eutectic microstructures in the 
specimen heat-treated at 600 °C for 75, 312, and 432 h, 
respectively. In contrast to the morphology of the 

eutectic solidification microstructure in the as-cast 
Al−4Ni−2Mn alloy [6], an obvious change in the 
morphology of the Al9(Mn,Ni)2 eutectic phase can be 
observed during the heat treatment at 600 °C. As can be 
seen, nearly all of the eutectic fibers have changed into 
prolate ellipsoid and spherical particles. With the 
increase of the heat treatment time, Ostwald ripening of 
the eutectic particles appears in the eutectic region. This 
coarsening phenomenon is particularly evident in the 
sample after heat treatment at 600 °C for 432 h      
(Fig. 1(e)). 

However, the detailed morphology evolution 
mechanism of the Al9(Mn,Ni)2 eutectic phase is beyond 
of the scope of the present investigation. In this study, we 
focus our attention on the structural phase transition 
during heat treatment at 600 °C. Observations under 
higher magnification, i.e., the backscattered electron 
images shown in Figs. 1(b), (d) and (f), demonstrate  
that a phase transformation occurred during heat 
treatment at 600 °C. As can be seen, the untransformed 
parts of the particles have a white contrast, while the 
transformation products have a darker contrast. 
Furthermore, the morphology characteristics of the  
partly transformed particles indicate that the   
new-phase particles are likely to nucleate at the  
interface between the Al matrix and Al9(Mn,Ni)2 eutectic 
phase, and then grow into the Al9(Mn,Ni)2 particles. 
During the growth of new-phase particles, a distinct 
phase boundary can be found on the partly transformed 
particles. 

 

 

Fig. 1 Backscattered electron images of samples heat treated at 600 °C for different time: (a, b) 75 h; (c, d) 312 h; (e, f) 432 h 
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3.2 Determination of phase transformation behavior 

The phase transformation of Al9(Mn,Ni)2 eutectic 
phase has also been characterized by TEM. Figure 2(a) 
presents the morphology of the particle after phase 
transformation. The EDX result shows that the phase 
transformation product is a ternary intermetallic with a 
composition of Al79.70Mn13.51Ni6.78 (mole fraction, %), 
which is very close to the stoichiometric composition of 
the Al60Mn11Ni4 and C3,I-Al60Mn11Ni4 phases. However, 
it should be noted that even if the Al60Mn11Ni4 and 
C3,I-Al60Mn11Ni4 phases have the same nominal 
composition, the structure parameters of these two 
phases are not exactly the same. The Al60Mn11Ni4 phase 
is an orthorhombic intermetallic compound with the 
structure parameters: Bbmm, Al31Mn6Ni2-type, a=  
0.755 nm, b=1.25 nm and c=2.38 nm (the unit-cell 
parameters have been rearranged according to present 
systematization) [7]. The C3,I-Al60Mn11Ni4 phase is also 
an orthorhombic intermetallic compound, but it has 
different structure parameters: Pmmm, oP650, 
O-Al77Cr14Pd9-type; a=3.27 nm, b=1.24 nm and c=  
2.40 nm [1,8]. In particular, orthorhombic Al60Mn11Ni4 

and C3,I-Al60Mn11Ni4 phases belong to the (1/0, 2/1) and 
(3/2, 2/1) approximants of a decagonal quasicrystal 
(DQC), respectively. They have almost the same 
parameter c and the parameter a is rough in 3 
( ( 5 1)/2  ) ratio [9]. Besides, it should be noted 
that the C3,I-Al60Mn11Ni4 phase is also termed as O-phase 
in Refs. [1,2], so we use O-phase to denote the 
C3,I-Al60Mn11Ni4 phase in this work. In order to identify 
the phase transformation product, typical SAED patterns 
have been taken from the transformed particle. As shown 
in Figs. 2(b) and (c), all of the SAED patterns can be 
consistently indexed based upon the O-phase with an 
orthorhombic structure. In addition, it can be found that 
the diffraction patterns shown here present strong spots 
in a hexagonal formation, which is a significant 
characteristic of the O-phase, as reported in Ref. [9]. 
Furthermore, based on the orthorhombic structure, the 
lattice parameters a, b and c of the phase transformation 
product can be easily determined to be a=3.33 nm, 
b=1.25 nm and c=2.42 nm from the SAED patterns, the 
results obtained in this study are in good agreement with 
that of O-phase reported by TENDELOO et al [8]. 

 

 
Fig. 2 TEM image of transformed product in specimen heat treated at 600 °C for 312 h, SAED patterns and EDX result:          

(a) Bright-field TEM image; (b, c) SAED patterns obtained from selected area marked with dotted circle in (a); (d) EDX result of 

transformed particle 
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In  order  to  further  confirm  that  the  phase 
transformation occurred in the specimen during the heat 
treatment at 600 °C, many partly transformed particles 
were examined by TEM. One of the particles is shown in 
Fig. 3(a), bright-field TEM image shown in Fig. 3(b) is 
the high-magnification morphology of this particle. As 
can be seen, during the phase transformation, an 
unambiguous phase boundary formed between the parent 

phase and the phase transformation product. The two 
particles show different contrast even in the bright-field 
image. Figures 3(c) and (d) are the EDX results obtained 
from the two particles in Fig. 3(a) respectively, and 
corresponding SAED patterns are shown in Figs. 3(e) 
and (f). By SAED patterns together with the composition 
of the particles measured by EDX, the two particles have 
been identified to be the untransformed Al9(Mn,Ni)2  

 

 
Fig. 3 TEM images of partly transformed eutectic particle in specimen heat treated at 600 °C for 312 h, SAED patterns and EDX 

results: (a) Bright-field TEM image; (b) High-magnification TEM image; (c, d) EDX results of two particles denoted by solid arrows 

in (a); (e, f) SAED patterns obtained from circled areas in (a) 
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eutectic particle and transformation product (O-phase), 
respectively, as denoted in Fig. 3(a). These results 
confirm that the phase transformation from Al9(Mn,Ni)2 
to O-phase occurred during the heat treatment at 600 °C. 

From the above analysis of phase transformation, it 
can be seen that the composition of transformation 
product is different from that of the parent phase. This 
means that the phase transformation observed in the 
present study is accompanied by redistribution of Ni and 
Mn atoms between the Al9(Mn,Ni)2 and O-phase. 
However, it should be noted that the Al9(Mn,Ni)2 phase 
is enriched with Ni atoms and the O-phase is enriched 
with Mn atoms, therefore, a large number of Mn atoms 
are required for the phase transformation to proceed. It is 
believed that the Mn solute atoms and Mn-containing 
particles in the Al matrix can supply Mn atoms for the 
phase transformation. But beyond that, the dissolution of 
the Al9(Mn,Ni)2 eutectic phase is considered to be an 
important contributing factor. Because the morphology 
evolution is always accompanied by the dissolution of 
eutectic phase [10]. In this case, a large amount of Ni and 
Mn atoms dissolve into the surrounding α(Al), resulting 
in the enrichment of Ni and Mn atoms around the 
undissolved Al9(Mn,Ni)2 eutectic particles, which is 
beneficial for the nucleation of O-phase. 

Furthermore, as can be seen from Fig. 1, it can be 
concluded that the nucleation of the O-phase particle 
most probably occurs at the boundary between the Al 
matrix and the Al9(Mn,Ni)2 eutectic particle, because 
nucleation at boundary zone is encouraged by several 
factors. First, the phase boundary has a high energy and 
the nucleation energy barrier can be easily overcome at 
the boundary. Second, the atomic diffusion is fast at the 
phase boundary, which can easily cause a relatively 
strong concentration fluctuation, and local solute 
concentration at boundary zone will satisfy the 
nucleation condition of the O-phase. In addition, the 
morphologies of the transformed particles shown in   
Fig. 1(f) also manifest that the O-phase preferentially 
nucleates on the specific crystal plane of the     
Al9(Mn,Ni)2 eutectic phase (i.e. the habit plane) and then 
grows in a certain direction in order to minimize the 
interface energy. As is reported in Ref. [6], Al9(Mn,Ni)2 
has a low-symmetry monoclinic structure, which has few 
equivalent crystal planes. This means that the habit plane 
is probably a certain crystal plane of the Al9(Mn,Ni)2 
eutectic phase. In this case, the phase transformation of 
Al9(Mn,Ni)2 during heat-treatment is likely to occur only 
at the specific interface between the Al9(Mn,Ni)2 and Al 
matrix. Moreover, Al9(Mn,Ni)2 eutectic phase in a 
eutectic cell has the same orientation, therefore, the 
transformed particles in the same eutectic cell will show 
similar phase transition behavior. This conclusion has 
been confirmed by the experimental results. As shown in 

Fig. 1(f), there are three transformed particles in the 
eutectic region. It is apparent that the phase 
transformation appears on the same side of the 
Al9(Mn,Ni)2 eutectic particles, and the interface between 
Al9(Mn,Ni)2 and O-phase nearly has the same 
orientation. 
 
3.3 Slip phenomenon in new-phase particle 

The slip traces were observed on the surface of the 
transformed particle, as shown in Fig. 2(a). In order to 
further investigate the slip phenomenon, high- resolution 
transmission electron microscopy (HRTEM) was used to 
characterize the O-phase particle. Figure 4(a) shows the 
high resolution TEM image of the selected rectangular 
region in Fig. 2(a). Figures 4(b) and (c) are the 
diffraction patterns obtained via Fast Fourier Transform 
(FFT) of the selected square (indicated as numbers 1 and 
2) in Fig. 4(a), respectively. By comparing the two FFT 
patterns, it can be found that the FFT pattern obtained 
from the second area shows a characteristic of stacking 
fault displaying streak lines perpendicular to the (010) 
plane, which is believed to be the slip plane of O-phase. 
According to the classical theory of plastic   
deformation [11−14], different types of lattice have 
different slip systems (slip planes and slip directions). 
The dominant slip plane of orthorhombic system is (010) 
plane, slip direction is parallel to the [100] or [001] zone       
axis [15,16]. In the present study, it should be noted that 
 

 
Fig. 4 High resolution TEM images taken along [10 1]  zone 

axis and FFT patterns: (a) Low-magnification HRTEM image 

of selected rectangular region in Fig. 2(a); (b, c) Diffraction 

patterns obtained via FFT of selected square (indicated as 

numbers 1 and 2 in (a), respectively; (d) High-magnification 

HRTEM image (The inset is the FFT of the HRTEM image) 
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the bright-field TEM image shown in Fig. 2(a) is taken 
along the [100] zone axis, and the corresponding SAED 
pattern (after calibration of magnetic declination) is 
shown in Fig. 2(c). According to the characteristics of 
slip steps and the SAED pattern, it can be concluded that 
the slip direction is parallel to the [001] zone axis of 
O-phase. Therefore, the results show that the (010)[001] 
slip system in O-phase was activated during the phase 
transformation. 

However, it should be noted that the existing 
experimental results are unable to fully reveal the 
primary cause of the slip phenomenon. It is believed that 
the activation of this slip system may be related to the 
elastic strain energy induced by the phase transformation. 
Although the microscopic structure of the interface 
between the Al9(Mn,Ni)2 eutectic phase and the O-phase 
is still not clear, the morphologies of the transformed 
particles show that the O-phase preferentially nucleates 
on specific crystal plane of the parent phase. Even 
though the habit-plane index cannot be determined in the 
present study, the existence of habit plane means that 
there exists a definite orientation relationship between 
the new phase and the parent phase, implying that the 
two-phase interface is coherent or semi-coherent. In this 
case, the lattice distortion near the phase interface is 
inevitable owing to the difference of lattice structure 
between the new phase and the parent phase, resulting in 
high elastic strain energy at the interface. Besides, the 
phase transformation is always accompanied by a 
volume change as result of the difference of specific 
volume between the parent phase and the new phase. 
Nevertheless, it is impossible for the new phase to be 
free to contract and expand under the constraint of 
surrounding parent phase. Thus, the elastic strain energy 
is stored during the phase transformation. The strain 
energy induced by phase transformation increases with 
the growth of the O-phase. Eventually, microscopic 
plastic deformation occurs when the phase 
transformation stress is higher than the elastic limit of the 
O-phase. This is why the slip traces are often observed 
on the surface of the O-phase particle. 

Besides, as shown in Fig. 4(d), in one b=1.25 nm 
period, a stacking of six layers can be observed clearly 
along the [010] direction. This characteristic agrees well 
with the layer structural model of the O-phase 
constructed in Refs. [9,17]. 
 
4 Conclusions 
 

1) After heat treatment of the Al−4Ni−2Mn alloy at 
600 °C for different time, nearly all of the Al9(Mn,Ni)2 
eutectic fibers have changed into small particles with 
prolate ellipsoidal and spherical morphology. With the 
increase of the heat treatment time, Ostwald ripening 

phenomenon of the eutectic particles can be observed. 
2) A phase transformation from Al9(Mn,Ni)2 to 

O-phase has been confirmed, for the first time, in 
Al−4Ni−2Mn alloy during the heat treatment at 600 °C. 

3) The slip traces observed on the surface of 
O-phase particle indicate that the (010)[001] slip system 
has been activated during the phase transformation. 
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600 °C 热处理时 Al−4Ni−2Mn 合金中 
Al9(Mn,Ni)2共晶相的相变行为 
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摘  要：采用扫描电子显微镜和透射电子显微镜研究 600 °C 热处理时 Al−4Ni−2Mn 合金中 Al9(Mn,Ni)2共晶相的

形貌演变及相结构转变。结果表明：在热处理过程中，纤维状的 Al9(Mn,Ni)2 共晶相几乎全部转变成了椭球状和

球状颗粒。而且，随着热处理时间的延长，共晶区的 Al9(Mn,Ni)2颗粒发生了 Oswald 熟化现象。此外，通过研究

证实热处理过程中的确存在由 Al9(Mn,Ni)2 到 O 相的相变过程。发生了相变的颗粒形貌表明：O 相优先在

Al9(Mn,Ni)2 相的特定晶面上形核，然后沿一定方向朝母相生长。在相变过程中，由于 O 相的(010)[001]滑移系被

激活，因此，在一些 O 相颗粒表面出现了滑移迹线。 

关键词：Al−Ni−Mn 合金；相变；准晶近似相；滑移现象 
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