
 

 

 

 

Trans. Nonferrous Met. Soc. China 30(2020) 2107−2118 

 
Incipient melting phase and its dissolution kinetics for a new superalloy 

 

Xin-xu LI1,2, Chong-lin JIA2, Yong ZHANG2, Shao-min LÜ2, Zhou-hua JIANG1 
 

1. School of Metallurgy, Northeastern University, Shenyang 110819, China; 

2. Aero Engine Corporation of China, Beijing Institute of Aeronautical Materials, Beijing 100095, China 
 

Received 11 December 2019; accepted 3 June 2020 
                                                                                                  

 
Abstract: Based on XRD, SEM and EDS analyses, the phases in GH4151 alloy were identified. Differential scanning 
calorimetry (DSC) experiment and metallographic method were carried out to determine the incipient melting 
temperature (IMT) of the alloy. The result shows that the IMT of alloy is situated between 1150 and 1160 °C. 
Subsequently, the dissolution process of Laves phase was carried out, and the dissolution kinetic equations were 
obtained at different temperatures. And then based on the verification of experiments, the model was confirmed to be 
credible to predict the fraction of the Laves phase dissolution. Finally, the results of diffusion coefficients indicate that 
the diffusion of Nb element is a critical factor for homogenization process of GH4151 alloy. 
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1 Introduction 
 

Nickel-based superalloys are important 
materials used to manufacture the critical 
components which operate in severe environments 
for the high-temperature and load-bearing service 
applications [1−3]. The increased thrust-to-weight 
ratio in the advanced aircraft demands higher   
inlet temperature and increased efficiency for the 
turbine [4], which requires excellent thermal and 
mechanical properties of the superalloy. In order to 
meet the critical demands for high temperature 
applications, some refractory and strengthened 
elements such as Nb and Mo are added into 
superalloy [5]. However, due to their different 
atomic sizes and segregation inclination, severe 
micro-segregation and undesirable topologically 
close-packed (TCP) phases will form in many 
as-cast Ni-based superalloys [6,7]. TCP precipitates 
are rich in refractory elements such as W, Co, Cr 
and Mo, so precipitates in the austenite matrix and 

the heavily solute concentration regions are highly 
detrimental to fatigue life of superalloy [8−10]. 
GH4151 alloy is a newly developed γ' precipitation 
strengthened nickel-based wrought superalloy, 
whose optimized compositions have been designed 
with 3.4 wt.% Nb and total content of Al, Ti, Nb up 
to around 10 wt.%. Such a high alloying degree 
would inevitably lead to greater segregation 
coefficient and promote the formation of harmful 
phase. Severe segregation inclination could 
adversely affect subsequent processing, so it is very 
necessary to eliminate harmful phases and alleviate 
segregation degree before subsequent processing. 

Studies have shown that the homogenization 
heat treatment plays a key role in the elimination of 
the segregation and obtaining the homogenized 
microstructure so as to improve the formability of 
ingots for further processing or hot working [11−14]. 
The low temperature homogenization stage is 
routine procedure in an industrial practice that is 
conducted to avoid incipient melting. In general, 
incipient melting during homogenization heat  
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treatment is considered as detrimental to the 
mechanical properties [15−17]. However, lower 
temperature will certainly influence the diffusion 
process of elements. Therefore, the first stage for 
homogenization is proceeded to obtain the highest 
possible temperatures in order to ensure the highest 
possible diffusion coefficients without triggering 
incipient melting. However，it is quite difficult to 
identify the temperature of incipient melting for 
high alloying as-cast superalloys. What’s more, 
complex precipitates make the determination of 
initial melting point more difficult due to high 
alloying elements of GH4151 alloy. In order to 
determine the incipient melting of the materials, 
differential scanning calorimetry (DSC) 
experiments were carried out as a typical method. 
LASA and RODRIGUEZ-IBABE [18] monitored 
the dissolution of the Al2Cu phase in two 
Al−Si−Cu−Mg casting alloys using calorimetry, 
with the aim of investigating the possibility of using 
DSC analysis to optimize solution heat treatment in 
high Cu-content Al−Si−Cu−Mg alloy. However, it 
has been reported that it is quite difficult to identify 
the solvus and solidus temperatures of as-solidified 
superalloys from DSC profiles due to broadening of 
the corresponding endothermic and exothermic 
peaks caused by chemical heterogeneity [16]. To 
overcome this problem, metallographic method was 
applied to determining the incipient melting 
temperature (IMT) for as-cast ingot. MIAO et al [19] 
reported that the IMT of d406 mm Inconel 718 
ingot is situated between 1170 and 1180 °C by 
using metallographic method. In addition to the fact 
that the diffusion coefficient of elements varies 
greatly with temperature, the dissolution rate of 
Laves phase is also greatly affected by temperature. 
Therefore, it is very significant to conduct 
quantitative analysis for dissolution process of 
incipient melting phase. However, at present, few 
investigations have focused on IMT precisely and 
the kinetics analysis of Laves phase dissolution in 
such a highly alloyed and high γ' volume fraction 
GH4151alloy. 

The present study is focused on GH4151 
superalloy with excellent thermal and mechanical 
properties. The investigation of homogenization on 
GH4151 alloy is meaningful as the guidance for 
commercial application. The experiment was 
designed to take an initial step to determine the 
temperature of incipient melting and calculate the 

kinetics of Laves phase dissolution based on    
the Johnson−Mehl−Avrami−Kolmogorov (JMAK) 
analysis at different temperatures and soaking time. 
 
2 Experimental 
 
2.1 Processing 

The as-cast d350 mm GH4151 ingot was 
prepared by vacuum induction melting and vacuum 
arc remelting with chemical composition as shown 
in Table 1. The sample of 8 mm × 20 mm × 40 mm 
was cut from ingot and electrolyzed on the DC 
power device. The electrolyte was C3H8O3(50 mL) 
+HCl(50 mL)+C6H8O7 (10 g)+CH3OH(900 mL), 
the current density was 0.1−0.2 A/cm2, and the 
electrolytic temperature was 0−5 °C. The anode 
sludge was washed 3 times with citric acid aqueous 
solution and distilled water, cleaned with methanol, 
and then pumped and dried with 0.2 μm organic 
filter membrane. The powder obtained was tested 
on D8 Discover XRD equipment, and the results 
were calibrated on Jade 6.5. 
 
Table 1 Main chemical composition of GH4151 alloy 

(wt.%) 

Al Ti Nb Cr Mo W V C Ni

3.8 2.8 3.5 11.2 4.4 2.6 0.6 0.07 Bal.

 
Small rectangular samples (10 mm×10 mm×  

5 mm) were cut from the center of ingot for 
homogenization treatment. A muffle furnace having 
the temperature control system with the accuracy of 
±3 °C was used for these thermal treatments. The 
samples were soaked at 1100, 1130, 1140, 1150, 
1160, 1170, 1180 and 1190 °C for 1 h and then 
quenched in water. The parameter of 
homogenization was generated according to the 
incipient melting temperature determined by the 
metallographic method. To investigate the effect of 
homogenization parameters on the dissolution of 
Laves phase, the ingot was homogenized at 1050, 
1100, 1140 and 1150 °C for different holding 
durations in order to calculate the dissolution 
kinetics of Laves phase. The samples were 
quenched in water for examining the microstructure 
evolution. Samples were ground and polished using 
standard sample preparation techniques for 
metallographic observations. 

The differential scanning calorimetry (DSC) 
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experiment was carried out on a NETZSCH STA 
404C instrument to reveal the incipient melting 
temperature of GH4151 alloy. The DSC sample was 
cut from as-cast ingot with dimensions of 4 mm ×  
1 mm and then placed in an alumina crucible and 
tested in an argon atmosphere. The maximum value 
of heating temperature was set as 1400 °C, while 
heating rate was controlled at 10 °C/min. Prior to 
the experiment, a heating curve was recorded as a 
baseline in the case of a crucible without the  
sample. The heating curves of the sample and 
crucible minus the baseline could be regarded as the 
heating curves of the sample. The incipient 
temperature was obtained on the heating curve. 
 
2.2 Microstructure characterization 

The microstructural features were revealed by 
Kalling’s reagent (100 mL HCl + 100 mL ethanol + 
5 g CuCl2) as the standard chemical etchant for 
detection of dendritic structure and precipitates of 
nickel-based superalloy. Leica DM6000M optical 
microscope and Quanta 200FEG scanning electron 
microscope were employed to inspect micro- 
structure, and energy dispersive spectroscopy  
(EDS) was employed to perform semi-quantitative 
microanalysis of precipitates. The volume fraction 
of Laves phase in the quenched samples was 
measured by quantitative image analysis using   
the Photoshop software. An average of values 
obtained from five SEM micrographs was used to 
represent the fraction of Laves phase. The 
uncertainty of these measurements was estimated 
through independent calculation by different testers 
to be <5%. 
 
3 Results and analysis 
 
3.1 Analysis of as-cast ingot 

The electrolytic extraction method was applied 
to characterizing the secondary precipitates. Most 
of γ phases and γ' phases were removed by 
electrolytic corrosion, and the obtained powders 
contained minor secondary phases of GH4151  
alloy. As illustrated in Fig. 1, γ matrix, γ' phase, 
(Nb,Ti)C carbides, η phase, and Laves phase were 
identified in as-cast GH4151 alloy. 

The optical micrographs taken from center 
sections of as-cast GH4151 ingot are shown in   
Fig. 2(a), and it can be seen that the microstructure 
presents an obvious dendrite structure, consisting of  

 

 

Fig. 1 XRD pattern of as-cast GH4151 alloy 

 

 

Fig. 2 Microstructures of GH4151 alloy: (a) Dendrite 
structure; (b) Secondary phases in OM; (c) Secondary 
phases in SEM 
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dendrite arms and interdendritic regions. The large 
secondary dendrite spacing implies that the 
segregation of GH4151 alloy is great. Moreover, the 
precipitates in interdendritic regions are complex as 
described in Fig. 2(b). In order to identify these 
secondary phases, scanning electron microscope 
(SEM) was employed to further obtain the 
morphologies, as illustrated in Fig. 2(c). 

The EDS analyses of secondary phases are 
listed in Table 2. It was demonstrated that the 
secondary phases existing at interdendritic regions 
mainly consisted of Laves phase, (Nb,Ti)C phase 
(MC), η phase, and eutectic γ+γ' phase. According 

to Table 2, the EDS results illustrate that Laves 
phases are rich in Co, Cr, Mo, and Nb, while MC 
carbides and η phases are both rich in Nb and Ti in 
as-cast GH4151 alloy. This also implies that high 
amounts of the major elements, including Nb, Cr, 
Co, Mo and Ti are concentrated in these precipitates. 
The concentrations of these elements in these 
phases are accompanied by their reduction in the 
matrix and inhomogeneity in the cast structure, 
consequently resulting in degraded mechanical 
properties. 

As presented in Fig. 3, the EDS map scanning 
taken from Fig. 2(c) illustrates the distributions of 

 
Table 2 EDS analysis of secondary phase (wt.%) 

Phase Ni Co Cr W Al Mo V Nb Ti C 

Laves 23.1 18.4 17.2 3.7 0.4 15.6 0.2 15.0 1.4 4.9 

MC 4.3 2.3 0.1 2.8 − 2.6 − 58.8 13.3 15.7 

γ+γ' 53.8 14.2 11.0 2.0 2.6 4.9 0.8 4.0 4.6 2.2 

η 59.6 13.0 3.5 1.0 2.0 1.6 0.4 8.0 7.3 3.7 

 

 
Fig. 3 Element map-scanning of selected region in Fig. 2(c): (a) Nb; (b) Mo; (c) Cr; (d) Co; (e) Ni; (f) Al; (g) Ti; (h) W; 

(i) V 
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the main alloying elements, including Nb, Mo, Cr, 
Co, Ni, Al, Ti, W, and V. In the as-cast GH4151 
alloy, Nb, Ti, and Mo are significantly enriched in 
interdendritic region, while Al, Co, and Cr are 
enriched at dendritic arm. It can be seen that the 
Laves phase is enriched in Nb, Mo, Co and Cr, but 
its Ni, Al, and Ti contents are lower than those of 
the matrix. This indicates that the dissolution 
process of Laves phase is controlled by these 
elements, including Nb, Mo, Co and Cr. The η 
phase mainly consists of Ni, Ti, Nb and Co. 
According to their composition, these MC carbides 
particles can be written by (Nb,Ti)C. 
 
3.2 Incipient melting temperature determination 

Severe segregation inclination and formation 
of brittle precipitates could adversely degrade 
mechanical properties of the materials, so it is very 
necessary to eliminate harmful phases and 
segregation degree before subsequent processing. 
The low temperature homogenization stage is 
conducted to avoid incipient melting. Preliminary 
analysis of the incipient melting temperatures in the 
GH4151 alloy was carried out using DSC, as shown 
in Fig. 4(a), where exothermic peaks are 
represented in the upward direction. Figure 4(b) 
shows partial enlarged detail in Fig. 4(a). It can be 
seen that the incipient melting of GH4151 alloy is 
situated between 1158 and 1174 °C. 

In addition, metallographic method was 
applied to further determining the IMT for    
d350 mm ingot. Figure 5 shows the microstructure 
evolution through different heating processes. 
According to the kinetic theory of phase 
transformation [20], non-equilibrium diffusion and 
the reduction of the phase interface are deem to be 
the original driving force leading to incipient 
melting. From Figs. 5(a−e), the fraction of Laves 
phase exhibits a decreasing tendency with 
increasing soaking temperatures while no obvious 
change is found concerning to the appearance of 
Laves phase. As illustrated in Fig. 5(f), incipient 
melting appeared around some areas of large Laves 
phase when the soaking temperature was raised to 
1160 °C. Only bigger particles were dissolved when 
the temperature reached dissolving temperature due 
to the non-equilibrium diffusion and insufficient 
solution time. When the temperatures reach 1170, 
1180 and 1190 °C, γ/Laves eutectic was observed, 

 

 

Fig. 4 Results from differential scanning calorimetry of 

GH4151 alloy (Heating rate: 10 °C/min) 

 
as shown in Figs. 5(g−i). This phenomenon 
indicates that all of the Laves phases have melted 
when soaked at these temperatures. Detailed SEM 
morphologies of γ/Laves eutectic were the result of 
water quenching, as presented in Fig. 6. From the 
above analysis, it can be inferred that the IMT of 
d350 mm GH4151 ingot is situated between 1150 
and 1160 °C and the result is in accordance with 
that of DSC, and then the subsequent 
homogenization temperature should be lower than 
1160 °C. 
 
3.3 Time and temperature dependent 

homogenization model for elimination of 
Laves phase 

As stated above, it has been revealed that 
homogenization temperature should be lower than 
1160 °C. According to the fundamental atomic 
diffusion theory [21], temperature and diffusing 
time play a significant role in dissolution process of 
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Fig. 5 Microstructures of as-cast alloy soaked at 1100 °C (a), 1120 °C (b), 1130 °C (c), 1140 °C (d), 1150 °C (e), 

1160 °C (f), 1170 °C (g), 1180 °C (h) and 1190 °C (i) for 1 h and then quenched in water 

 

 
Fig. 6 Microstructures of γ/Laves eutectic soaked at 1170 °C (a), 1180 °C (b) and 1190 °C (c) for 1 h and then quenched 

in water 

 
Laves phase. Figure 7 shows the morphology of 
Laves phase in as-cast ingot and the microstructure 
evolution at 1050 °C for different soaking time. 
With the proceeding of homogenization, Laves 
phase gradually disappeared. However, when    
the homogenization time reached 26 h at 1050 °C,  
a little Laves phase still existed. This indicates  
that the dissolving rate of Laves phase is very   
low due to low diffusion rate of elements at 
1050 °C. 

In order to enhance diffusion rate of elements, 
homogenization temperature needs to be further 
increased. Figure 8 shows the microstructure 

evolution of Laves phase at 1100 °C for    
different soaking time. With the proceeding of 
homogenization at 1100 °C, Laves phase gradually 
decreased. Compared with the results of 
homogenization at 1050 °C, it required less time to 
dissolve Laves phase at 1100 °C. However, 
homogenization temperature still needs to be raised 
to reduce soaking time. 

In order to avoid IMT of alloy, the next 
homogenization temperature is set at 1140 °C. 
When the homogenization time reached 10 h at 
1140 °C, no Laves phase was observed, as shown in 
Fig. 9. 
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Fig. 7 Laves phase morphology in as-cast ingot and microstructure evolution treated at 1050 °C for different soaking 

time: (a) Ingot; (b) 2 h; (c) 6 h; (d) 10 h; (e) 15 h; (f) 20 h; (g) 23 h; (h) 26 h 

 

 
Fig. 8 Microstructure evolution of Laves phase treated at 1100 °C for different soaking time: (a) 1 h; (b) 3 h; (c) 7 h;  

(d) 9 h; (e) 12 h; (f) 16 h 

 
There is no incipient melting inclination at all 

at 1140 °C, so the homogenization temperature 
could be increased to 1150 °C. Figure 10 shows the 
microstructure evolution at 1150 °C for different 
soaking time. It can be seen that when the 
homogenization time reached 8 h at temperature of 

1150 °C, Laves phase disappeared. Because the 
IMT of d350 mm GH4151 ingot is situated between 
1150 and 1160 °C, homogenization temperature 
cannot continue to increase. 

When the homogenization time reached 10 and 
8 h at temperature of 1140 and 1150 °C, respectively,  
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Fig. 9 Microstructure evolution of Laves phase treated at 1140 °C for different soaking time: (a) 1 h; (b) 3 h; (c) 5 h;  

(d) 7 h; (e) 10 h 

 

 

Fig. 10 Microstructure evolution of Laves phase treated at 1150 °C for different soaking time: (a) 1 h; (b) 3 h; (c) 5 h;  

(d) 8 h 

 
no Laves phase was observed, as shown in Figs. 9 
and 10. While the homogenization time reached 26 
and 12 h at temperatures of 1050 and 1100 °C, 
respectively, a little Laves phase still existed. This 
indicates that homogenization treatment at high 
temperature plays an essential role in dissolving 
Laves phase. 

In order to predict the Laves phase dissolution 
process at different temperatures and time, the 
kinetics of Laves phase dissolution can be modeled 

by the Johnson–Mehl–Avrami–Kolmogorov 
(JMAK) equation [22−24]:  
X=1−exp(−Ktn)                          (1)  
where X is the dissolute fraction of Laves phase, n 
is the Avrami exponent, K is a temperature- 
dependent coefficient, and t is the time. The values 
of X were calculated based on Eq. (2):  
X=(S0−S)/S0                                   (2)  
where S0 and S are related to the initial fraction for 
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as-cast ingot and the current fraction of Laves phase 
in the certain area, respectively. By algebraic 
transformation, the following equation can be 
obtained: 
 

1
ln ln ln ln

1
K n t

X

        
                 (3) 

 
As a result, the value of ln K could be 

determined by the intercept of the plot of 
ln{ln[1/(1−X)]} versus ln t. The corresponding plot 
is illustrated in Fig. 11, where the values of ln K 
were obtained as −2.19105, −1.21084, −0.58255 
and −0.35401 at the temperatures of 1050, 1100, 
1140 and 1150 °C, respectively. Meanwhile, the 
values of n were also obtained as 0.73389, 0.66695, 
0.56268, and 0.49318 at the temperatures of 1050, 
1100, 1140 and 1150 °C, respectively. 
 

 

Fig. 11 Avrami plots for dissolution of Laves phase at 

different temperatures 

 

Therefore, the kinetic equations of Laves 
phase dissolution can be deduced at the 
temperatures of 1050, 1100, 1140 and 1150 °C, 
respectively. And then the following equations can 
be obtained: 
 
X=1−exp(−0.1118t0.73389) (1050 °C)           (4) 
 
X=1−exp(−0.2979t0.66695) (1100 °C)           (5) 
 
X=1−exp(−0.5585t0.56268) (1140 °C)           (6) 
 
X=1−exp(−0.7019t0.49318) (1150 °C)           (7) 
 

In order to predict the Laves phase elimination 
process at different temperatures, it is assumed that 
the Laves phase elimination process is completed 
when the dissolute fraction of Laves phase is 99%. 
According to Eqs. (6) and (7), it can be deduced 
that when the homogenization time reached 10 and 

8 h at temperatures of 1140 and 1150 °C, 
respectively, Laves phase should be eliminated, as 
presented in Figs. 9 and 10. According to Eqs. (4) 
and (5), the homogenization time reached 32 and  
20 h at temperatures of 1050 and 1100 °C, 
respectively, there should exist no Laves phase in 
the microstructure. The fact can be illustrated in 
Fig. 12. Therefore, the relationship obtained   
from JMAK equation is valid to predict the  
fraction of the dissolution of Laves phase for 
GH4151 alloy. 

 

 
Fig. 12 Microstructure evolution of alloy during 

homogenization at 1050 °C for 32 h (a) and at 1100 °C 

for 20 h (b) 

 
3.4 Element segregation in dendritic structure 

during homogenization 
In addition to the elimination of Laves phase, 

elimination of micro-segregation is also an 
important issue for homogenization treatment. In 
order to identify the effect of homogenization, the 
concept of residual segregation index δ is 
introduced. The following equation [25] was used 
to express the relationship between dendrite spacing 
L and element diffusion coefficient D at 
homogenization temperature, homogenization time 
t and index δ: 
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2
max min
0 0 2
max min

4
exp( )

t tc c
Dt

c c L


 
  


              (8) 

 
where max

tc  and min
tc  are the maximum and 

minimum concentrations after homogenization, 
respectively, and 0

maxc  and 0
minc  are the  

maximum and minimum concentrations before 
homogenization, respectively. 

By algebraic transformation, the following 
equation can be obtained: 
 

2

2

4
ln Dt

L
 
                             (9) 

Table 3 shows the change of residual 
segregation index (δ) homogenized at 1150 °C for  
8 h. 

Then, diffusion coefficients (D) were 
calculated by fitting the linear relationship between 
ln δ and t, which is described in Fig. 13. The results 
show that diffusion coefficients of Nb, Ti, Mo, W 
were obtained as 2.86×10−11, 5.09×10−11,  
3.16×10−11, and 3.92×10−11 cm2/s, respectively. 
Therefore, this indicates that severe segregation and 
low diffusion coefficient of Nb contributed to the 
difficulties in homogenization treatment of GH4151 
alloy. 

 
Table 3 Element content and residual segregation index (δ) during homogenization  

Time/h 
Nb  Ti Mo  W 

max
tc /% min

tc /% δ  max
tc /% min

tc /% δ max
tc /% min

tc /% δ  max
tc /% min

tc /% δ 

1 5.27 2.11 0.90  3.71 1.69 0.89 5.46 3.62 0.81  3.63 2.14 0.89

3 4.99 2.13 0.82  3.58 1.79 0.79 5.39 3.68 0.76  3.55 2.19 0.81

5 4.90 2.21 0.77  3.49 1.96 0.68 5.33 3.79 0.68  3.46 2.25 0.72

8 4.82 2.41 0.69  3.38 2.11 0.56 5.19 3.81 0.61  3.38 2.34 0.62

 

 

Fig. 13 Linear relationship between ln δ and t for Nb (a), Ti (b), Mo (c) and W (d) homogenized at 1150 °C 
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4 Conclusions 
 

(1) DSC experiment and metallographic 
method were applied to determining the incipient 
melting temperature. And it can be concluded that 
the IMT of d350 mm GH4151 ingot is situated at 
1150−1160 °C. 

(2) Based on the JMAK analysis at different 
temperatures, the kinetic equation of Laves phase 
dissolution can be obtained at the temperatures of 
1050, 1100, 1140 and 1150 °C, respectively, and the 
equations are respectively as follows: X=1− 
exp(−0.1118t0.73389); X=1−exp(−0.2979t0.66695); X= 
1−exp(−0.0.5585t0.56268); X=1−exp(−0.7019t0.49318).  

(3) Based on experiments, the model was 
verified to be credible to predict the fraction of the 
dissolution of Laves phase for GH4151 alloy. 

(4) The diffusion coefficients of Nb, Ti, Mo, 
and W were obtained as 2.86×10−11, 5.09×10−11, 
3.16×10−11, and 3.92×10−11 cm2/s, respectively, 
indicating that the diffusion of Nb element is the 
critical factor for homogenization process of 
GH4151 alloy. 
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一种新型高温合金的初熔相及溶解动力学 
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摘  要：基于 XRD、SEM 和 EDS 分析，确定 GH4151 合金的组成相。采用差示扫描量热法(DSC)和金相法测定

合金的初始熔化温度。结果表明，合金的初熔温度在 1150~1160 °C 之间。随后， 研究 Laves 相的溶解过程，得

到不同温度条件下的溶解动力学方程。基于实验，预测 GH4151 合金中 Laves 相溶解分数模型的可靠性得到验证。

扩散系数的研究结果表明 Nb 元素的扩散是 GH4151 合金均匀化的关键因素。 

关键词：GH4151 铸锭；均匀化；初熔；Laves 相；动力学 
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