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Abstract

By means of atom probe tomography (APT) and creeping property testing, the affecting of Re/Re on the element’s distribution 
and creep property of nickel-based single crystal alloy is studied. Results show that the microstructure of alloys consists of cubical  
y and  y  phases, and the most of elements Mo, W, Re, Ru, Cr, Co are dissolved in  y  phase, while the most of Ta, Al, Ni are dissolved in 
y  phase. Adding Re/Ru atoms may evidently enhance the creep resistance of alloy, which is ascribed to the Re/Ru making more Al, 
Ta, Mo, W, Re atoms dissolved in  y matrix and  y phase to increase the alloying degree. Particularly, the W, Re, Mo atoms in  y phase 
are excluded, during creep, for enriching in g phase near the interface to form their peak content, the lattice distortion from the 
enriched atoms may hinder dislocations gliding to delay the   phase being sheared. The deformed mechanisms of alloy during later 
creep are the dislocations sliding in  y phase and shearing  y phase, the ones of shearing  y phase may cross-glide from {111} to {001} 
planes to form the KW locks which may restrain their gliding and cross-gliding to improve the creep resistance of alloy. While the 
interaction of the Re/Ru with W atoms make some Re, W atoms reserving in  y phase to delay the diffusing of elements, which may 
maintain the KW locks from being released to keep the good resistance of alloy. 
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Introduction 
Single crystal nickel-based alloys consisted of cuboidal 'γ  phase 

and γ  matrix possess an excellent mechanical and creep properties, 
and their strength increases with the refractory elements [1,2]. Par-
ticularly, adding Re, Ru, W, Mo, Ta may decrease the diffusion rate of 
elements, wherein, the saturated content of the elements increas-
es from 14.6% (the first-generation single crystal alloys) to 20.7% 
(the third-generation alloys) [3], which enhances the temperature 
capacity of alloy about 30℃ and 60℃, respectively, by adding 3% 
and 6%Re [4]. The Re atoms possess a lower diffusion coefficient 
in nickel alloy [5], especially, these atoms may form the atomic clus-
ter to enrich in γ  phase [6] for impeding dislocations gliding. But 
the precipitation of TCP phase occurs in alloys with the increase of 
Re content [7], which decays the strength and resistance of alloys 
[8]. This is ascribed to some refractory elements being consumed 
due to TCP precipitated from γ  phase. Moreover, the initiation and  
propagation of cracks occur easily, during creep of alloys, due to 
the stress concentration being easily caused by TCP phase [9]. The 
element Ru can effectively inhibit the precipitation of TCP phase in  

 
Re-containing single crystal alloys to enhance their creep resistance 
at elevated temperature [10,11]. And appending 3% and 5%Ru at-
oms in 6%Re alloys become the principal features of the fourth and 
fifth generation alloys due to the action of Ru atoms enhancing the 
resistance of alloys [12]. On one hand, the Ru atoms make the rafted 

'γ  structure being more regularized and integrated during creep 
[10]. For one thing, the Ru atoms may increase the '/γ γ  mismatch 
to abate the nucleating rate of TCP phase [11]. Thus, the Ru may 
greatly enhance the alloying degree of elements, which make the 
alloys displaying an excellent creep resistance. Consequently, the 
microstructure and creep behavior of Re/Ru alloys are widely in-
vestigated [13]. But the literatures declare [14,15] that no obvious 
effect is revealed on the Ru improving the elements distribution of 

'/γ γ phases [16], which hints that the cause of Ru restraining TCP 
precipitation is still an open problem. Furthermore, the effect of Re, 
Ru improving the elements distribution of alloy needs to be inves-
tigated.
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The deformation features of Re/Ru-containing alloys during 
creep at 1100℃ is the dislocation pairs shearing 'γ  phase [17]. And 
the reason of alloys displaying different creep lives is attributed to 
the various strength and volume fraction of 'γ phase [18]. Moreover, 
it is considered that the reason of nickel-based alloys exhibiting the 
excellent mechanical and creep property is related to the anoma-
lous yield strength of Ni3Al phase [19], which is attributed to form-
ing the KW locks by the cross-gliding of dislocations [20]. And it 
had been reported that the better creep resistance of both Ni3Al 
single crystal at 700°C [21] and 2%Re Ni-based alloy at 980°C [22] 
is related to the formed KW locks. But if the KW locks can be formed 
and retained in the Re/Ru-containing alloys during creep at 1080°C 
is still unclear. Even though the microstructure and creep property 
of the Re/Ru-containing alloys had been investigated [23,24], the 
effect of the element’s distribution on the deformation features of 
alloys at high temperature is not clear. Hereby, in the paper, the Re/
Ru-free and 4.5%Re/3.0%Ru single crystal alloys were prepared, 
passing through the creep property testing at 1080℃ and micro-
structure observation, to reveal the distributing feature of elements 
in alloys under atom probe technology (APT), so that the affecting 
of Re/Ru on the distributing feature and creep behavior of alloy is 
studied.

Experimental Procedure
Two master alloys with Re/Ru-free and 4.5%Re/3.0%Ru com-

position features were, separately, made into the single crystal bars 
with [001] orientation by selecting crystal method in a vacuum 
directional solidification furnace, all bars are within 70 diverging 
from [001] orientation. For convenient description, the Re/Ru-free 
and 4.5%Re/3.0%Ru alloys are defined as Alloy 1 and Alloy 2, sepa-
rately. The compositions of two alloys are Ni-Al-Ta-Cr-Co-Mo-W and 
Ni-Al-Ta-Cr-Co-Mo-W-4.5%Re-3.0%Ru (mass fraction, %). For the 
bars, the solution treatment of grading heated is used to avoid the 
incipient melting of eutectic microstructure having lower melting 

point. Therefore, the heat treatment process of Alloy 1 and Alloy 2 
are given as follows: 1)1300℃ × 2h+1310℃ × 6h, AC. + 1080℃ × 4h, 
AC. +870℃ × 24h, AC. 2)1310℃ × 2h+1320℃×15h+1325℃×10h + 
1328℃ × 5h, A.C.+1150℃ × 4h, A.C.+870℃ × 24h, A.C. After heat 
treated and crept, the single crystal bars of two alloys are processed 
into, respectively, the needle-like specimens of 0.3 mm × 0.3 mm 
and length of 14 mm along [001] orientation. The specimens are, 
separately, placed in the atom probe with LEAP4000XHR model for 
detecting the elements distribution of alloys by atom probe tomog-
raphy (APT). In the period of survey, it is necessary to cool the spec-
imens to 20-80 K, under super high vacuum (UHV), for reducing the 
atoms’ thermal vibration. The specimens are joined to the anode 
so that keeps the atom being activated on the top, and the mass/
electric charge ratio of vaporizing ions is surveyed by mass spec-
trograph, which may identity the mass peak and kinds of atoms to 
obtain the 3D mapping of the elements further. The used method in 
3D atom probe tomography were described in the literature [25]. 
And the IVAS 3.6.8 software is used to make the date analysis.

After reconstructed by APT, the mapping of Al and Cr atoms in 
two alloys are indicated in Figure 1, which labels the sizes of distrib-
uting mapping. Because of the most of Al, Cr atoms being dissolved 
in 'γ  and γ  phases, separately, the enriched zones of Al, Cr atoms 
are defined as 'γ  and γ  phases, separately. In 3DAP mapping, the 
columnar ROIs (region of interest) with the size of φ 10nm x 20nm 
are chosen in the zone near '/γ γ interface to evaluate the affecting 
of Re/Ru on the element’s distribution of alloys. After heat treated, 
the bars with single crystal are processed to make the specimens 
having the sizes of 4.6 mm x 2.6 mm and gauge length of 22 mm. 
The specimens were placed in the creep testing machine (model of 
GWT504) to survey the creep property of alloys at 1080℃/137MPa. 
The microstructure of alloys is observed under SEM and TEM to 
study the affecting of Re/Ru on the content distribution and creep 
property of alloy.

Figure 1: Reconstructed 3D distribution mapping of atoms and ROIs of the alloys by APT. (a) Alloy 1, (b) Alloy 2.
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Experimental Results and Analysis
Microstructure and Creep Properties

The cubical 'γ and γ  phases constitute microstructure of two 
alloys after heat treated, wherein the cubical 'γ phase arrays regu-
larly along <100> orientation, as shown in Figure 2. But the slight 
difference on the size of cubical 'γ  phase appears in two alloys, 
such as, the size of about 0.44-0.47 μm is surveyed in Alloy 1, while 
the size of about 0.38-0.40 μm is surveyed in Alloy 2. Moreover, 
the sizes of γ  channels arranged along the horizontal and upright 
directions are about 0.1-0.2 mµ , while the volume fractions of 'γ  
phase in Alloy 1 and Alloy 2 are surveyed to be about 64% and 68%, 
separately, by extraction technology. The creep curves of two alloys 
at 1080℃/137MPa are surveyed, as shown in Figure 3, indicating 
that the creep rate of Alloy 1 during steady state is 0.016%/h, the 
creep life of 238 h is surveyed. While the creep rate of 0.0066%/h 
is surveyed during steady state of Alloy 2, its lifetime is 486h. Con-
sequently, it is concluded that the 4.5%Re/3.0%Ru alloy possesses 
a lower strain rate and longer life during creep. Wherein, the life-
time of alloy after adding Re/Ru elements are enhanced to about 

104.2%. As the creep continues, the creep rate of alloy decreases for 
entering steady state stage under the action of strain strengthening. 
The diffusing theory considers [26] that the void diffusing controls 
the creep of alloys at high temperature, especially, the higher void 
concentration being located in the '/γ γ interfaces promote ’s the 
diffusion of atoms along interfaces, which causes the occurrence of 
alloys straining along stress axis. Therefore, the strain rate of alloys 
may be expresses as: 
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Here, D self-diffusion coefficient, k Boltzmann constant, A a 
constant, d the size of 'γ  phase, 3bΩ = the volume of atoms mi-
gration. Consequently, the raised loading may accelerate the alloy’ 
strain rate, but the rate is inversely proportional to the square of 'γ
size. Hence, compared to Alloy 1, the Alloy 2 exhibits a lower creep-
ing rate and longer lifetime due to the smaller diffusion coefficient 
(D) and migration volume of atoms during creep. 

Figure 2: Morphologies of alloys after fully heat treatment (a)Re/Ru-free alloy, (b)4.5%Re/3.0%Ru alloy.

Figure 3: Creep curves of the alloys at 1080oC/137MPa.
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Influence of Re/Ru on Distribution of Elements
The average content distributions (atom fraction, at%) of at-

oms Al, Ta, Mo, W, Cr, Co, Re, Ru in γ  and 'γ  phases of two alloys 
are surveyed by APT, as shown in Table 1. This indicates that the 
most of Al, Ta, Ni atoms are dissolved in 'γ  phase, so the ones are 
the former of 'γ  phase, while the most of Cr, Co, Mo, W, Re, Ru atoms 
are dissolved in γ  phase, the ones are the former of γ  phase [25-
27]. And a bigger content difference of some elements is designed 
in two alloys, such as, the Mo content of 6% and 3% (mass fraction, 
%) are designed, respectively, in Alloy 1 and Alloy 2. Consequently, 
the ratio ( ) of the atoms Me in '/γ γ phases is used for convenient 
comparison, Where the number 1 is defined as the radix of atoms 
with lowest content, the content of atoms with higher content is 
defined as the multiple of the ones with lower content [25], the ra-
tios of the elements in '/γ γ phases are calculated, as listed in Table 
1.  Table 1 provides that the amounts of atoms in 

γ
 phase of Alloy 

1 and Alloy 2 are 42.36at. % and 37.26at.%, separately, while the 
values of 29.49at% and 31.72at% corresponds, separately, the ones 
of 'γ  phase. The ratios of atoms in '/γ γ phase of two alloys is about 
1/1.43 and 1/1.18, separately. Although the γ  phase contains the 
most of atoms Re, Ru, the ratio of Re/Ru making other atoms in 

'/γ γ phases increase. Consequently, it is concluded that the distri-
bution of various elements in 'γ  phase may be improved by adding 
Re/ Ru atoms. 

The columns (Region of interest, ROI) of ϕ 10nm x 20nm are 
chosen, in the mapping of atoms concentration, to identify easily 

'γ  and γ  phases, as shown in Figure 1. Wherein, the images of Al 
enriched in the ROIs of two alloys are shown in Figure 4(a),4(b), 
though the same content of Al atoms is added in two alloys, the 
various content of Al atoms display in '/γ γ phases of alloys, as 
shown in Figure 4(a). For the Re/Ru-free Alloy 1, the atomic frac-
tions of Al dissolving in 'γ  and γ  phases are surveyed to be 18.81 
at% and 2.72 at%, separately, the ratio of Al dissolved in 'γ  and g 
phases is 6.92/1, as shown in Figure 4(a) and Table 1.  After adding 
4.5%Re/3.0%Ru, the contents of the Al in 'γ  and γ  phases of Alloy 
2 are identified to be 18.12 at% and 3.56 at%, respectively, and the 
ratio of Al dissolved in '/γ γ phases of Alloy 2 is 5.08/1, which is given 
in Table 1 and Figure 4(b). Consequently, it is concluded from the 
data that the Re, Ru atoms may promote much more Al atoms dis-
solving in g phase to improve the distributing feature of elements 
in g and 'γ  phases [25]. In the mapping of atoms in '/γ γ phases, the 
size of φ 10nm x 20nm is chosen in the Region of Interest (ROI) 
near '/γ γ  interface for drawing the outlines of elements, the out-
lines in the region near interface are constructed by the average 
contents of the atoms in ',γ γ phases. Here, the outlines of atoms Al, 
Re, Ru, Mo and W in the zone near interface are indicated in Figure 
5. Wherein, the content curves of elements Al in Alloy 1 and Alloy 2 
are labeled by the numbers 1 and 2 in Figure 5(a), and the content 
of the element Al AlC  =10 at. % is defined as the “0” point in the hor-
izontal coordinate. Therefore, the left side region of the “0” point in 
horizontal coordinate is distinguished as 'γ  phase, the right-side 
region of the “0” point in the one is distinguished as γ matrix. It 
is indicated from Figure 5(a) that, although two alloys design the 

same Al content, the ',γ γ phases in Alloy 1 and Alloy 2 display the 
various contents of Al atoms. And the element Ta displays also a 
similar feature of distribution. According to the definition of phase 
composition [28], the contents of the element Al AlC  = 90% '0

AlCγ  and 
AlC  = 110% 0

AlCγ   are defined as the composition points of ' andγ γ
phases, respectively, ( '0 0

Al AlC and Cγ γ  and are the average contents of 
Al in 'andγ γ phases, respectively, as indicated in Table 1. And the 
region between the composition points is defined as the transition 
zone between 'andγ γ phases. It is indicated from Figure 5 that the 
size of the transition zone in two alloy is measured to be 2 nm (from 
-1.0 nm to 1.0 nm). The average contents of atom Cr in 'andγ γ
phases of Alloy 2 are determined to be 8.34 at% and 1.17 at%, and 
the ratio of Cr atom in 'andγ γ phases is 1/7.13, as shown in Table 
1. The outlines of Ru, Ru atoms distributing in the ROIs of Alloy 2 
is expressed in Fig. 5(b). Because the most of Re, Ru atoms are dis-
solved in γ  phase, and the ratios of atoms Re and Ru dissolving in 

' /γ γ phases of Alloy 2 are about 1/5.02 and 1/3.86, respectively, 
thus, the content of Re in 

'γ  phase is slightly increased by adding 
Ru [25]. The average contents of Re in ' andγ γ phases of Alloy 2 
are identified to be about 0.71 at% and 3.56 at%, respectively, con-
sequently the bigger content gradient of Re maintains still in the 
interface zone, as labeled in Figure 5(b). Furthermore, the average 
contents of Ru in ' andγ γ phases are identified as 0.81at. % and 
3.13at%, so the bigger content gradient of Ru atoms maintains still 
in the ROI, as labeled by the outline of Ru. The distribution curves of 
the W and Mo atoms in two alloys are shown in Figures 5c & 5d, in-
dicating that the W atoms are uniformly distributed in '/γ γ phases, 
as labeled by the black curve of Figure 5(d). Although the most of 
Re/Ru and Mo atoms are distributed in γ phase, the various ratios 
of Re, Ru, Mo atoms in '/γ γ phases are identified to be 1/5.02, 
1/3.86 and 1/2.44, separately, as shown in Table 1. Compared to Al-
loy 1, the ratios of Mo in ' /γ γ phases of Alloy 2 diminish from 1/5.37 
to 1/2.44, as indicated in Table 1, indicating that much more Mo 
atoms may be dissolved in 'γ phase by adding Re/Ru. Similar to the 
distributions of Mo in two alloys, compared to Alloy 1, the ratio of 
W atoms in ' /γ γ phases of Alloy 2 change from 1/4.51 to 1/1.17, as 
indicated in Table 1, because the Re/Ru enhance and decrease the 
content of W in 

' andγ γ phases, separately. This hints that adding 
Ru, Re atoms may improve the distribution of W in ' /γ γ phases. 
Furthermore, compared to in Alloy 1, the ratios of atoms Ta, Cr, Co 
in ' /γ γ phases of Alloy 2 are slightly diminished by adding Ru, Re 
atoms, as shown in Table 1.  The outlines and gradients of Al, Re/
Ru, Mo and W atoms distributing in ' /γ γ phases of two alloys are 
indicated in Figure 5, wherein, the bigger gradients of Al, Mo, W 
atoms in ' /γ γ phases display in Alloy 1, as shown in Figures 5(a, 
c, d). Here the outlines of Co, Cr atoms in ' /γ γ phases are omitted 
because the ones are similar to the distribution of Mo. Compared 
to Alloy 1, the outline gradient of Al distributing in ' /γ γ  phases of 
Alloy 2 decreases greatly, as labeled in the curve 1 of Figure 5(a), 
therefore, the decreased content of Al in 'γ phase and increased 
one in γ  phase may be realized by adding Re/Ru. Furthermore, the 
contents of Mo in Alloy 1 and Alloy 2 are designed to be 6.0 wt.% 
and 3.0wt%, respectively, thus the Mo content in Alloy 2 displays a 
lower content and ratio, as shown in Figure 5(c). 
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Table 1: Distribution and ratios of elements in γ/γ¢ phases of two alloys (Atomic fraction, at.%).

 Regions Al Ta Mo W Cr Co Re Ru Total

Alloy 1

γ phase 2.72±0.1 0.46±0.1 8.22±0.4 2.80±0.2 16.51±1 11.65±0.4 0 0 42.36

'γ  phase 18.81±0.4 3.82±0.2 1.53±0.2 0.62±0.2 1.76±0.2 2.95±0.2 0 0 29.49

Ratio 6.92/1 8.31/1 1/5.37 1/4.51 1/9.39 1/3.95 - - 1/1.43

Alloy 2

γ phase 3.56±0.2 0.60±0.2 3.42±0.2 1.96±0.2 8.34±0.2 12.69±0.4 3.56±0.2 3.13±0.2 37.26

'γ  phase 18.12±0.4 3.77±0.2 1.40±0.2 1.68±0.2 1.17±0.1 4.06±0.2 0.71±0.1 0.81±0.1 31.72

Ratio 5.08/1 6.28/1 1/2.44 1/1.17 1/7.13 1/3.13 1/5.01 1/3.86 1/1.18

Alloy 2 After 
crept

γ phase 3.31 -- -- 1.91 5.58 11.14 3.57 3.36 32.92
'γ  phase 14.94 -- -- 1.65 0.78 3.7 0.42 0.86 27.41

Ratio 4.51/1 6.55/1 1/2.62 1/1.15 1/7.15 1/3.09 1/8.50 1/3.91 1/1.20

Note: “--” in the Table is not suitable for public element concentration

Figure 4: Atomic distribution of Al atoms in / phases of superalloys (a) Al mapping in Alloy 1, (b) Al mapping in Alloy 2.

Figure 5: Distribution of elements in the region of interest (ROI) of two alloys (a) Al, (b) Re and Ru, (c) Mo, (d) W.

Influence of Creep on Distribution of Elements
After creeping, the content mapping of Ta and Co atoms in Alloy 

2 are shown in Figures 6a & 6b, in which the enriching zones of 
the atoms Ta, Co are located in the up and down sides, separately. 

Similar to the element Al, the element Ta is a 'γ former, therefore, 
the enriched zone of Ta atoms is identified as 'γ phase, while the 
enriched zone of Co atoms is identified as g phase. But some fine 
particles of enriched Al are precipitated in γ  matrix of Alloy 2 after 
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crept for 486 h up to fracture at 1080 °C/137MPa, as indicated in 
the downside of Figure 6(a). The size of fine enriching Al particles 
is about 10nm, the interval of the enriching Al particles in γ  phase 
far from the interface of 'γ  phase is about 15nm.  After creeping, the 
average content (at.%) of elements in '/γ γ phases of Alloy 2 are mea-
sured by 3D APT, as shown in the down part of  Table 1. Although 
the measured error of the elements content may occur, the effect 
of high temperature creep on the content distribution of elements 
may be evaluated according to the ratio of elements in '/γ γ phases. 
The total atomic fractions of elements in the ',γ γ phases of Alloy 2 
before creep are measured to be 37.26 at.% and 31.72 at.%, respec-

tively, and the most of Re, Ru atoms are dissolved in the γ  phase 
of Alloy 2 . After creeping for 486 h at 1080℃/137MPa, the total 
atomic fractions of elements in ',γ γ phases of Alloy 2 are surveyed 
to be 32.92 at.% and 27.41 at.%, respectively, as shown in Table 
1. Particularly, the average contents of the Al atoms in ',γ γ phases 
of Alloy 2 before/after creep decrease from 3.56at%, 18.12at% to 
3.31at%, 14.94at %, separately, and the data of Cr distributing in 

',γ γ phases of Alloy 2 displays also a similar feature, as shown in 
Table 1. This is related to the spoilage of atoms Al, Cr being oxidized 
during creep [27].

Figure 6: Atomic distribution of Al in‘ Y /Y phases of Alloy 2 (a) Ta mapping in Alloy 2 after crept, (b) Co mapping in 
Alloy 2 after crept.

After Alloy 2 is crept for 486 h at 1080oC/137MPa, the outlines 
of Re, W, Mo, Ru atoms in the zone near interface are expressed in 
Figure 7. Compared to before crept, no obvious change of the con-
centrations and ratios of W, Mo and Co atoms in '/γ γ phases occur 
after crept, as indicated in Table 1. Wherein, the concentration of 
Re dissolved in 'γ phase diminishes from 0.71at.% to 0.42at.%, the 
ratios of Re dissolved in ' /γ γ  phases diminishes from 1/5.02 to 
1/8.50, which depends on the strong binding force of Ru with the 
adjacent atoms [25]. It is considered by analysis that the hybrid-
ization in the d orbit electronic shell of the Ru with Re, W atoms 
increases the binding force between them [29]. During creep, the 
hybridization of the Ru with Re, W atoms make the ones hard to 
diffuse long-range, so that the ones may stably exist in '/γ γ phases. 
Moreover, the Re atom in 'γ  phase may be excluded, as the creep 
continues, due to the lower solubility of Re in 'γ  phase [25], which 
is considered to be one of the reasons for decreasing content of Re 
in 'γ phases after Alloy 2 is crept up to fracture. After crept, the out-
lines of W, Ru, Re and Mo atoms in '/γ γ interface area is labeled 
in Figure 7, the size of the transition area between 'andγ γ phases 
are measured to be about 3.8 nm (from -1.0 to 2.8 nm). Moreover, 
Figure 7 indicates the peak values of W, Re, Mo content appear in γ  
phase close the transition area. Wherein, the peak concentrations 
of the W, Mo atoms are smaller, the peak concentration of Re atoms 

is larger, as labeled by the arrow in Figure 7, which is related to 
the coarsening of 'γ  phase and redistribution of elements during 
creep. As the creep continues, the W, Re, Mo atoms in 'γ phase are 
excluded for enriching in γ  phase near the interface due to the low 
solubility of Re in 

'γ  phase. On the one hand, the directional coars-
ening of 'γ  phase in alloy occurs, and the atoms W, Re, Mo and Ru in 

'γ  phase are excluded for migrating to the γ  phase near interface 
according to the balance principle of atoms in '/γ γ phases. On the 
other hand, the atoms are hard to diffuse long-range in γ  phase 
due to their low diffusion coefficient, therefore, the W, Re and Mo 
atoms may be enriched in the zone close interface. This is consid-
ered to be one of the reasons for Re reducing ratio from 1/5.02 to 
1/8.50. Furthermore, after crept, the content distribution of the Ru 
atoms in alloy is similar to the one of Al, Co atoms (peak curves are 
omitted), no peak content of the Ru atoms is detected in γ phase 
near interface. This is attributed to that the Ru atoms are easily for 
long-range diffusing, due to the big diffusion coefficient of the ones 
in Ni matrix, to prevent from their segregation during creep. Be-
cause much more refractory elements are dissolved in Alloy 2, the 

'andγ γ phases in alloy maintain an excellent ability of resistance 
creep, and the critical shearing stress ( )cτ of dislocations shearing 

'γ phase is  expressed as follows [30] : 
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Figure 7: Concentration curves of W, Ru, Re and Mo atoms in the γ, γ’ phases of alloy after crept.

          

( ) 1/2. . . . .T APB
c

B c r f
b T

µ α ητ
∆  =  

                                

(2)

Here, B a constant, µ  the shear modulus, b Burger’s vector of 
dislocation, η APB the APB energy of unit area, T the line tension, 
α∆  the mismatch of ' /γ γ phases. The equation (2) indicates that 

the critical shear stress ( )cτ of dislocations cutting 'γ phase may 
increase with the volume fraction, size of 

'γ phase and refractory 
elements.  Hence, Alloy 2 keeps a better resistance of creep due to 
the higher amounts of 'γ phase which dissolves much more refrac-
tory elements.

Effect of Re/Ru on Deformation Feature
The deformed feature of Alloy 1 crept for 238 h up to rupture 

is shown in Figure 8, wherein, the deformed feature in some zones 
is indicated in Figure 8 (a). It is understood from Figure 8 (a) that 

'γ phase in alloy has transformed into the rafted structure, and dis-
location networks distribute in 

' /γ γ interfaces. Although a few 
dislocations appear in the zone A, some dislocations had sheared 
rafted 'γ phase, as indicated in the zone B. In addition, the contort-
ed configuration of rafted 

' /γ γ phases display in the zone A, which 
is ascribed to their bigger strain [27]. The configuration in the zone 
near fracture of alloy crept up to rupture, as indicated in Figure 
8(b), the direction of the applied stress are labeled by the arrows, 
the rafted ' /γ γ  phases in the local zone display the contorted con-
figuration, as labeled in the zone C. Wherein, a great deal of dislo-
cations are slipping in the γ matrix, as indicated in the zone D, and 
the trace direction of dislocation gliding in γ  matrix is about 45o 
angle along loading direction, which corresponds the max shear-
ing stress. Moreover, the denser dislocations are distributed in the 

' /γ γ  interfaces, as indicated in the zone E of Figure 8(b). The fact 
that some dislocations shear 'γ  phase hints the zone having lost 
resistance of creep.

Figure 8: Deformation feature of γ′/γ phases in Alloy 2 crept for 238h up to fracture at 1080oC/137MPa (a) Microstructure 
in some regions, (b) microstructure in the region near fracture.

It is analyzed and considered according to Figure 8(b) that the 
deformed characteristics of alloy during creep are dislocations 
gliding in g matrix and shearing rafted 

'γ phase. The main/second 
gliding dislocations are alternately activated as the creep continues 

[27], the main gliding system of ones is firstly activated, and then 
the second gliding dislocations is activated, and the main/second 
gliding dislocations are alternately activated to shear rafted 

' /γ γ
phases[20, 22], so that the contorted of rafted 

' /γ γ  phases occurs. 
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Further, the contorted of rafted 
' /γ γ phases increase with strain of 

alloy, which promotes the initiation and propagation of cracks along 
' /γ γ interface. This is thought to be the damaging characteristics of 

alloy during creep. The microstructure of the 4.5%Re/3%Ru Alloy 
2 crept for various time at 1080℃/137MPa is shown in Figure 9. 
Figure 9(a) is a configuration of the alloy after crept for 50h, which 
verifies that the 'γ phase in alloy has changed into the N-type rafted 
structure. And some networks are piled up in the 

' /γ γ  interfaces 
due to its bigger mismatch, as expressed in the square frame of Fig-
ure 9(a). During creep, some dislocations glide to 

' /γ γ interface to 
react with the networks, which may change the gliding direction 
to promote the dislocations climbing over the rafted 

'γ phase. The 
magnified image of the zone is exhibited in the downside of Figure 
9(a). Moreover, a great number of dislocations are gliding in the g 
matrix for displaying in the region F, but no dislocation is detect-
ed in the rafted 'γ  phase. The microstructure of Alloy 2 crept for 
200h is shown in Figure 9(b), although the slight distorted image 
of rafted 

'γ  phase exhibits in the zone, the orientation of rafted 
'γ  

phase is still perpendicular to stress axis, and the trace of disloca-
tions shearing 'γ rafts is about 45° angles of loading direction [20], 
as remarked by the short arrow in Figure 9(b). Furthermore, the 
size of γ  channels is about 0.1-0.2 mµ , and the regular dislocation 

networks distribute in the ' /γ γ interfaces, as labeled by the longer 
arrow. After creeping for 486h up to rupture, the microstructure 
in the zone near fracture is expressed in Figure 9(c), which indi-
cates that the width of g matrix channels has increased from 0.1-0.2 

mµ  to 0.3-0.4 mµ . Wherein, the traces of dislocations shearing 'γ
rafts are about 45° angles (<011>) relative to the stress axis [20], 
as remarked by the arrows in Figure 9(c). And the dislocations with 
<011> trace in 'γ phase display the various characteristic because 
of the bigger twisted degree of rafted 

' /γ γ phases. Moreover, the 
Burgers vector of dislocations shearing 

'γ phase identified as 
<110> super-dislocation and (1/2)<110> partials which may slip 
in the (111) or (100) planes [20-27]. Wherein, the Burgers vector 
of dislocation trace with double lines feature is identified as b = 
(1/2)<110> and located in (100) plane [20-22]. Therefore, the dis-
location configuration is known as the KW locks coming from the 
cross-slipping of super-dislocation form {111} to {100} planes, the 
one may be decomposed to shape the configuration of (1/2)<110> 
partials plus anti-phase boundary (APB), as remarked by the ver-
tical arrow in Figure 9(c). Therefore, the 4.5%Re /3%Ru alloy at 
high temperature displays an outstanding creep resistance because 
the KW locks formed during creep may restrain their gliding and 
cross-gliding.

Figure 9: Microstructures of 4.5%Re/3%Ru alloy crept for different times at 1100oC/137MPa (a) Crept for 50h, (b) crept for 
200h, (c) crept for 486h up to fracture.

Conclusion
a. The microstructure of alloys consists of cubical 

'γ  and γ  
phases, and the most of Al, Ta, Ni are dissolved in 'γ  phase, 
while the most of Co, Cr, Mo, W, Re, Ru are dissolved in γ  
phase, the atoms are distributed in '/γ γ phases of two alloys 
according to various ratios. 

b. Adding Re/Ru may evidently enhance the ability of alloy resist-
ing creep, and the lifetime of alloy may be enhanced from 238h 
to 486h under 1080oC/137MPa. Wherein, the Re, Ru may pro-
mote more Al, Ta, Mo, W atoms dissolving in γ  matrix and 'γ  
phase, respectively, to increase the alloying degree of γ  and 'γ  

phases, which is one of the reasons of the alloy displaying the 
better creep property. 

c. The W, Re, Mo atoms in 
'γ  phase may be excluded, during 

creep, for enriching in g phase near the interface to form their 
peak content, the lattice distortion coming from the enriched 
Mo, W, Re atoms may hinder dislocations gliding to delay the 

'γ  phase being sheared. Wherein, the Re atom with lower dif-
fusion coefficient may delay the diffusing of Mo, W atoms from 

'γ  phase to maintain their higher content.  

d. The deformed characteristics of alloy during later creep is 
the dislocations gliding in γ  phase and shearing 'γ  phase, the 
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ones of shearing 'γ  phase may cross-glide form {111} to {100} 
planes to form the KW locks for inhibiting their gliding and 
cross-gliding to improve the creep resistance of alloy. 

e. The interaction of the Ru and Re, W atoms make some Re, W 
atoms reserving in 'γ  phase to delay the diffusing of elements 
in alloy, which may maintain the KW locks from being released 
at high temperature to keep the good resistance of alloy in the 
later period of creep. 
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