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Abstract: The recrystallization kinetics and microstructural evolution of a Ni3Al-based single crystal superalloy were presented, 
especially the different recrystallization behaviors between the dendrite arm and the interdendritic region. The single crystal alloy 
was deformed by grit blasting. A succeeding annealing under inert atmosphere at 1280 °C for different time led to the formation of 
recrystallized grains close to the grit blasting surface. It was found that the recrystallization depth and velocity in the dendrite arm 
were respectively deeper and faster than those in the interdendritic region where the Y-NiMo phase existed. The recrystallization 
process in the interdendritic region was significantly inhibited by the Y-NiMo precipitates. However, the pinning effect gradually 
weakened with the annealing time due to the dissolution of the Y-NiMo phase, and the recrystallization depth in the dendrite arm was 
deeper than that in the interdendritic region. 
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1 Introduction 
 

Single crystal superalloys possess important 
applications in gas turbine blades and vanes due to their 
excellent elevated temperature mechanical properties 
compared with polycrystalline materials. Nevertheless, 
strain-induced recrystallization (RX) is a well-known 
problem in the production and service of the single 
crystal alloy parts. It is known that a certain volume of 
recrystallization may dramatically reduce their creep 
rupture strength [1,2] and fatigue life [3,4]. During 
manufacturing and processing of the new parts, plastic 
deformation might be induced by shell removal, 
stamping identification and grit blasting [5]. 
Subsequently, surface recrystallization may take place 
during the solution treatment, which can introduce 
disadvantageous orientations and high-angle grain 
boundaries. 

To solve this problem, the recrystallization 
behaviors of nickel-based single crystal superalloys such 
as SRR99 [6], CMSX-2 [7] and CMSX-4 [8] have been 

studied. However, the recrystallization behavior of the 
Ni3Al-based single crystal superalloys is not yet clear 
[9,10]. LI et al [10] mainly studied the cellular 
microstructure which transformed by large γ′ particles 
during recrystallization of a Ni3Al-based single crystal 
superalloy, IC6SX. BAKER et al [11] investigated the 
recrystallization kinetics of cold-rolled Ni3Al, whereas a 
deep insight on the recrystallization kinetics and 
microstructural evolution of the Ni3Al-based single 
crystal alloy is not presented. In addition, 
recrystallization kinetics in the dendrite arm and 
interdendritic region has been rarely reported. 

Ni3Al is one of the most extensively studied 
intermetallic compounds and a variety of Ni3Al-based 
materials have been developed for elevated temperature 
applications [12−14]. To meet the ever-increasing 
demand for higher operating temperatures in the 
aeroengine, a new Ni3Al-based superalloy, IC21, has 
been recently developed which exhibits excellent high 
temperature mechanical properties. Systematic analysis 
of recrystallization behavior of IC21 has been limited. 
Thus, a detailed study of recrystallization kinetics and  
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microstructural evolution of IC21was carried out. Efforts 
were also made to understand the role of Y-NiMo phase 
which made a difference on the recrystallization behavior 
between the dendrite arm and the interdendritic region. 
 
2 Experimental 
 

A Ni3Al-based single crystal superalloy, IC21, was 
used in the present study with the nominal composition 
of Ni−(8−9)Al−(10−13)Mo−(1−2)Re (mass fraction, %). 
The master alloy was firstly prepared by a vacuum 
induction furnace, and then the single crystal alloy was 
produced in the <001> direction by screw crystal 
selection method in a DZG−0.025 directionally solidified 
furnace. The as-prepared alloy was cut into small pieces 
of 15 mm × 10 mm × 3 mm (with 15 mm × 10 mm face 
parallel to growth direction), mechanically ground and 
polished, and then grit blasted by Al2O3 balls for 1 min at 
0.40 MPa. The deformed samples were encapsulated in a 
quartz tube under argon atmosphere, and annealed at 
1280 °C for 10, 30, 60, 120, 240, 600 and 1200 min, 
respectively, then followed by air cooling. Samples for 
internal recrystallization observation were cut along the 
cross-section of recrystallized surface by an electric 
discharge machine. 

The microstructures of the specimens were 
characterized by an optical microscope and Apollo 300 
scanning electron microscope (BSEI) equipped with 
energy dispersive X-ray spectrum (EDS). The chemical 
compositions of the phases and element segregation were 
determined by JXA−8100 electron probe micro-analyzer 
(EPMA). The overall average recrystallization depth, the 
average depth both in the dendrite arm and the 
interdendritic region were measured from at least eight 
optical metallographs for each sample. Microhardness 
values were obtained by a Vickers hardness testing 
machine (HXZ−1000). 
 
3 Results and discussion 
 
3.1 As-cast microstructure 

The as-cast microstructure of the alloy presented in 
Fig. 1(a) exhibited a typical dendritic structure with the 
primary dendritic arm spacing of about 400 μm. There 
were three phases in this alloy illustrated in Fig. 1(b). 
The dark phase was γ′-Ni3Al (Mo, Re), the grey phase 
with a skeletal network around γ′ phase was γ-Ni (Mo, 
Re) and the white phase with irregular, and strip or block 
morphologies, whose chemical composition was 
6.68Al−44.21Ni−46.72Mo−2.40Re (mole fraction, %) 
obtained by EPMA, was identified as primary Y-NiMo 
phase [15−17]. The as-cast microstructure of the 
single-crystal alloy can be divided into interdendritic 

region (IR) and dendrite arm (DA), as shown in Fig. 1(b). 
The interdendritic region consisted of fine γ′ precipitates 
with the size of 0.5−1.0 μm, whereas the γ′ precipitates in 
the dendrite arm was coarse and the size was 1.0−5.5 
μm. 
 

 
Fig. 1 BSE images of as-cast single crystal superalloy:      
(a) Dendritic structure; (b) Enlargement of circular area in (a) 
showing dendrite arm and interdendritic region 
 

The elements contents of the interdendrite and 
dendrite regions were determined by EPMA, as 
illustrated in Table 1. Based on the EPMA results, the 
element segregation coefficient, k, defined as the element 
contents of the interdendrite and dendrite, was obtained 
and also listed in Table 1. Obviously, the γ′ phase 
forming element Al mainly partitioned into the dendrite 
arm. However, element Mo tended to be enriched in the 
interdendritic region since Mo mainly entered in the γ 
phase. Re distributed in both regions with a slightly 
higher content in the interdendritic region. The results 
were consistent with the BSE image in Fig. 1(b). 
 
Table 1 Element contents and element segregation coefficient 
(k) in interdendritic region and dendrite arms 

w/% 
Element 

Interdendrite Dendrite k 
Al 6.18 8.29 0.75 
Ni 68.91 76.56 0.90 
Mo 23.11 13.63 1.70 
Re 1.80 1.52 1.18 
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The microstructure underneath the surface after grit 
blasting was severely tortured, as illustrated in Fig. 2(a). 
It was found that grit blasting caused work hardening of 
the surface layers by means of a microhardness traverse 
with applying 4.9 N load for 10 s. The microhardness 
profile below the surface of the grit blasted material was 
illustrated in Fig. 2(b), where it may be seen that a cold 
worked layer with depth of 100 μm was present. In 
addition, the plastic deformation weakened as the 
distance was gradually further away from the surface of 
the sample. It is considered that the free energy of the 
single crystal alloy was raised during deformation due to 
the presence of dislocations and point defects, in other 
words, the deformed material containing these defects 
was thermodynamically unstable. Subsequently, the 
deformed region would provide the driving force for 
nucleation and growth of the new grains during 
annealing. 
 

 
Fig. 2 BSE image showing microstructure of as-cast single 
crystal superalloy after grit blasting (a) and microhardness 
profile below grit blasted surface (b) 
 
3.2 Recrystallization kinetics 

In this part, the recrystallization kinetics has been 
studied by examining the microstructure variations of the 
samples which were annealed at 1280 °C for different 
time after grist blasting. The recrystallization layer 

formed after annealing with the depth of recrystallization 
shown in Fig. 3(a). The relationship between the 
annealing time and the recrystallization depth of the 
whole sample, the dendrite arm and the interdendritic 
region is illustrated in Fig. 3(b). It is seen that the 
development of recrystallization was very fast within the 
first 60 min and gradually slowed down with the 
isothermal time. This tendency was consistent with 
previous literatures [6,18]. However, recrystallization 
kinetics in the dendrite arm was different from that in the 
interdendritic region. Not only was the recrystallization 
depth in the dendrite arm deeper than in the 
interdendritic region, but also the recrystallization 
velocity was faster, as indicated in   Fig. 3(b). It has 
been reported that the migration of recrystallization can 
be pinned by undissolved γ′ phase [6,18]. While most of 
the γ′ phase dissolved at 1280 °C in the present 
investigation, thus the advancing front of recrystallized 
grains would not be retarded by γ′ phase heavily. In 
addition, the size of γ′ phase in the dendrite arm was 
larger than that in the interdendritic region and 
consequently more hardly dissolved. Therefore, γ′ phase 
was not the key factor which may lead to the difference 
in the recrystallization kinetics between the two regions. 
 

 
Fig. 3 BSE image illustrating depth of recrystallization layer (a) 
and relationship between average recrystallization depth and 
annealing time at 1280 °C (b) 
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3.3 Microstructural evolution 
As discussed above, γ′ phase was not the factor 

which may lead to the different recrystallization kinetics 
between the dendrite arm and the interdendritic region. 
In order to make clear the reason which accounted for it, 
the microstructural evolution of the samples close to the 
grit blasting surface was studied, as shown in Fig. 4. It 
can be seen that the recrystallization behavior in the 
dendrite arm was quite different from that in the 
interdendritic region where there were the white 
precipitates. Obviously, the recrystallization depth grew 
faster in the dendrite arm than that in the interdendritic 
region. This agreed well with that seen in Fig. 3. In the 
interdendritic region, a large amount of white phase with 
needle, granule, short rod and bulk shapes was observed 
in Fig. 4(a) and the amount became more (Fig. 4(b)), 
then reduced greatly (Figs. 4(c)−(f)). Meanwhile, the 
recrystallization was severely inhibited by the white 
precipitates in the interdendritic region, but they did not 

retard the advancing front of the recrystallized grains 
after 10 h, as shown in Figs. 4(e) and (f) in contrast with 
Figs. 4(a)−(d). 

Figure 5 shows the microstructural morphologies of 
the matrix further away from the grit blasting surface. 
From the as-cast microstructure, it was known that the 
primary Y-NiMo phase with irregular, and strip or block 
morphologies existed in the interdendritic region. Figure 
5 suggested that the primary Y-NiMo phase gradually 
dissolved into the matrix. When the sample was annealed 
at 1280 °C for 1200 min, this phase completely 
disappeared. Obviously, the microstructural 
morphologies of the matrix were quite different from 
those close to the grit blasting surface which would be 
discussed subsequently. 

Firstly, the identification of the white precipitates 
with needle, granule and short rod shapes in Fig. 4(a) 
was carried out. Compared with Fig. 5(a), the white 
phase with bulk shape in Fig. 4(a) was the primary  

 

 

Fig. 4 BSE images showing microstructural morphologies of samples close to grit blasting surface after annealing at 1280 °C for 10 
min (a), 30 min (b), 60 min (c), 240 min (d), 600 min (e) and 1200 min (f), respectively 
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Fig. 5 BSE images showing microstructural morphologies of matrix further away from grit blasting surface after annealing at 1280 
°C for 10 min (a), 30 min (b), 60 min (c), 240 min (d), 600 min (e) and 1200 min (f), respectively 
 
Y-NiMo phase. The compositions of other white 
precipitates were analyzed by EDS. And the results 
showed that the white precipitates mainly consisted of Ni 
and Mo with mole ratio nearly 1:1. Furthermore, the 
white phase was enveloped by γ′ phase, as illustrated in 
Fig. 4(a). Based on the morphology and the chemical 
content, the precipitates should be Y-NiMo phase 
[15−17]. 

Secondly, the reasons accounted for the formation 
of secondary Y-NiMo precipitates were discussed. It was 
believed that the secondary Y-NiMo phase formed by the 
reaction γ-Ni(Mo)→Y-NiMo+γ′-Ni3Al [17]. For one 
thing, the element Mo segregated in the interdendritic 
region seen in Table 1, which means the interdendritic 
region provided the chemical contents. For another, 
plastic deformation induced by grit blasting accelerated 
the reaction and provided the driving force as there was 

almost no secondary Y-NiMo phase in the matrix far 
from the grit blasted surface (Fig. 5(a)). 

Then, the deep insights about the effect of the 
plastic deformation were cast. Dislocations and point 
defects were introduced after plastic deformation. Since 
the Y-NiMo phase transformation involves the formation 
of new phases that have a composition and crystal 
structure different from the parent one, the atomic 
rearrangements via diffusion were required. Evidently, 
the diffusion process was time-dependent. The Y-NiMo 
phase precipitated from the Ni3Al based alloy IC6E after 
aging at 1070 °C for 100 h [19]. Except the influence of 
annealing temperature, atomic migration along 
dislocations was much faster than through the regular 
lattice. Thus, no wonder so much Y-NiMo phase 
precipitated in ten minutes in contrast with the strain-free 
matrix. 



WU Yu-xiao, et al/Trans. Nonferrous Met. Soc. China 22(2012) 2098−2105 2103

The amount and size of secondary Y-NiMo phase 
increased with the annealing time, as indicated in    
Fig. 4(b). The Y-NiMo phase exhibited different shapes 
both in Figs. 4(a) and (b) with the distance further away 
from the surface of the sample where the residual stress 
gradient existed. This can be explained by the stored 
energy gradient which provided the driving force for the 
Y-NiMo phase transformation during annealing. 
Therefore, it can be concluded that the granule Y-NiMo 
phase transformation needed higher energy than the 
needlelike one considering the interfacial energy and the 
strain energy. 

In total, the above studies revealed the reasons for 
the precipitation of the Y-NiMo phase in the 
interdendritic region. It can be seen that the 
recrystallization proceeded along with the precipitation 
of the Y-NiMo phase based on the results discussed 
earlier of Figs. 4(a) and (b). Namely, precipitation and 
recrystallization occurred concurrently. The general case 
of the interaction between precipitation and 
recrystallization has been mostly studied in the 
aluminium alloy [20]. HUMPHREYS and HATHERL 
[20] concluded that the recrystallization behaviour could 
be divided into three regimes: precipitation before 
recrystallization, precipitation and recrystallization 
occurring concurrently and recrystallization before 
precipitation. Evidently, in the present study it is 
observed that precipitation and recrystallization occurred 
concurrently. As a consequence of this, precipitation of 
Y-NiMo phase would have a profound effect on the 
recrystallization behaviour which led to the difference in 
the recrystallization kinetics between the dendrite arm 
and the interdendritic region. 

As mentioned above, nucleation on the defects such 
as dislocations and vacancies could consume the stored 
energy which would become less for the driving force of 
recrystallization. In addition, the presence of Y-NiMo 
phase would prevent recrystallization process. It can be 
further explained by microhardness of the Y-NiMo phase. 
XIAO and HAN pointed out [21] that the Y-NiMo phase 
was a hard phase whose hardness was nearly three times 
that of γ′ phase. This could also be supported by Fig. 2(a) 
where it can be seen that the coherent microstructure of 
γ′ particles and γ was more severely distorted than the 
Y-NiMo phase. Hence, the Y-NiMo phase was not easily 
dissolved by the advancing front of the recrystallized 
grains. 

When the sample was annealed at 1280 °C for 1 h, 
the recrystallized grains went on growing inwards into 
the matrix, as shown in Fig. 4(c). Nevertheless, the 
amount of Y-NiMo phase reduced greatly in contrast 
with Figs. 4(a) and (b). HAN et al [17] pointed out that 
the Y-NiMo phase was metastable and can transform 
back to the γ-Ni phase. Figure 4(c) indicates that the 

secondary Y-NiMo phase partially transformed to γ 
phase. The Y-NiMo phase became less and less but still 
existed, as shown in Figs. 4(d)−(f), with the annealing 
time. While the primary Y-NiMo phase completely 
dissolved back into the matrix with the strain-free area, 
as illustrated in Fig. 5(f). This difference can be 
explained by the additional precipitation and dissolution 
of the Y-NiMo phase in the strain area. It should be 
noticed that the Y-NiMo phase did not retard the 
advancing front of the recrystallized grains after 10 h, as 
shown in Figs. 4(e) and (f). As expected, the 
recrystallization velocity in the interdendritic region 
could accelerate when the Y-NiMo phase did not hinder 
the recrystallization. 
 
3.4 Role of Y-NiMo phase 

Considering the Y-NiMo phase segregated only in 
the interdendritic region, the kinetics of recrystallization 
in the dendrite arm was considered a reference system to 
discuss the role of the Y-NiMo phase. In the present 
work, recrystallization proceeded in the form of a surface 
layer, so the volume fraction of the recrystallization Xr 
can be identified as Xr=R(t)/Rf, where R(t) was the 
average recrystallization depth at the time of t and Rf was 
the average recrystallization depth after infinite 
annealing time [6], namely, Rf can be considered the 
recrystallization depth at 1200 min as derived from   
Fig. 3. The results of the volume fraction of 
recrystallization are shown in Fig. 6. Then, on the basis 
of volume fraction in the interdendritic region and 
dendrite arm, the difference value between the two 
regions was got as illustrated in the plot and the value 
can be used to discuss the role of the Y-NiMo phase as 
just mentioned. 
 

 
Fig. 6 Volume fraction of recrystallization against annealing 
time and difference value of volume fraction between dendrite 
arm and interdendritic region 
 

The difference value firstly increased and then 
descended as shown in Fig. 6 which agreed with 
Y-NiMo phase firstly precipitated and became more, 
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then dissolved back into the matrix. It confirmed the 
pinning effect of the Y-NiMo phase. Obviously, the first 
two difference values of recrystallization volume fraction 
between dendrite arm and interdendritic region were the 
highest as the Y-NiMo phase precipitated and coarsened, 
as shown in Figs. 4(a) and (b). In addition, when the 
Y-NiMo phase did not retard the advancing front of the 
recrystallized grains after 10 h as shown in Fig. 4(e), the 
difference value was so small, just about 4%. In 
conclusion, the Y-NiMo phase inhibited the 
recrystallization and this effect was weakened as the 
Y-NiMo phase dissolved. Finally, the Y-NiMo phase did 
not inhibit the recrystallization; however, depth in the 
dendrite arm was still deeper than in the interdendritic 
region, as shown in Figs. 3(b) and (c). In addition to the 
consumption of stored energy during precipitation, there 
was another reason accounting for it. The microhardness 
of the sample in the interdendritic region (HV385.2) was 
harder than that in the dendrite arm (HV340.8). This was 
partially due to the presence of the primary Y-NiMo 
phase. Correspondently, the plastic area during grit 
blasting in the interdendritic region was not larger than 
that in the dendrite arm. So, the recrystallization depth 
was different in the two regions. In brief, the 
consumption of stored energy and the different 
microhardness made the recrystallization depth deeper in 
the dendrite arm than in the interdendritic region. 
 
4 Conclusions 
 

1) Recrystallization kinetics in the dendrite arm was 
significantly different from that in the interdendritic 
region. The recrystallization depth and velocity in the 
dendrite arm were respectively deeper and faster than 
those in the interdendritic region. 

2) The primary Y-NiMo phase dissolved gradually 
during annealing, while the secondary Y-NiMo phase 
precipitated in the interdendritic region and coarsened 
with the annealing time. The secondary Y-NiMo phase 
dissolved back into the matrix as the annealing time 
further increased. 

3) The Y-NiMo phase had a strong pinning effect 
on the recrystallization of a Ni3Al-based superalloy IC21, 
but this effect would weaken when the Y-NiMo phase 
dissolved. Eventually, the recrystallized grains did not 
reach a uniform depth between the dendrite arm and 
the interdendritic region. 
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摘  要：研究了一种 Ni3Al 基单晶高温合金的再结晶动力学及组织变化，解释了造成枝晶干和枝晶间再结晶行为

不一致的原因。 单晶合金经表面喷砂处理，再在惰性气氛中，于 1280 °C 下退火不同时间形成再结晶晶粒。研究

发现：枝晶干再结晶层厚度大于枝晶间再结晶厚度，枝晶干再结晶速率快于枝晶间再结晶速率。在退火过程中，

枝晶间有 Y-NiMo 相析出，且强烈抑制再结晶。然而，随着时间的延长 Y-NiMo 析出相逐渐溶解，且抑制再结

晶的作用逐渐减弱，最终，枝晶干再结晶层厚度仍然大于枝晶间再结晶厚度。 

关键词：再结晶；动力学；Y-NiMo 相；Ni3Al 基单晶高温合金 
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