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Abstract: Four powder metallurgy (PM) Ni-based superalloys with different Hf and Ta contents were creep-tested at 
650 °C and 970 MPa, 700 °C and 770 MPa, and 750 °C and 580 MPa, respectively. The effect of Hf and Ta on creep 
deformation behaviors of the superalloys was studied from multiple scales by SEM, electron backscatter diffraction 
(EBSD), and aberration-corrected scanning transmission electron microscope (AC-STEM). The results showed that Hf 
and Ta suppressed the intergranular fracture and initiation of cracks during the acceleration creep stage, which 
prolonged the creep rupture time. Hf and Ta inhibited the stacking faults extending and the dislocation climbing and 
promoted the Suzuki segregation of W during the steady-state creep stage, which reduced the minimum creep rate and 
delayed the start time of the acceleration creep stage. The Suzuki segregation of Co, Cr, Mo, Ti, Nb, W, and Ta along 
stacking faults was observed after Hf and Ta addition, leading to the localized phase transformation in the γ′ phase, and 
the stacking fault phase was chemically disordered. This study provided ideas for the composition design of novel PM 
Ni-based superalloys and theoretical foundations for the combined addition of Hf and Ta. 
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1 Introduction 
 

Powder metallurgy (PM) Ni-based superalloys 
are one of the most crucial high-temperature 
structural materials in turbine disks of high- 
performance aero-engines [1,2]. Due to limiting the 
composition segregation within the range of powder 
size, PM Ni-based superalloys can effectively 
eliminate the macroscopic segregation and ensure 
microstructure homogeneity [3]. To further improve 
the thrust-weight ratio and the fuel utilization of 
aero-engines, it is necessary to increase the turbine 
inlet temperature, thereby providing a higher 
requirement on the temperature capability of PM 
Ni-based superalloys. Therefore, how to optimize 

the alloy composition and design novel PM 
Ni-based superalloys has become one of the 
research hotspots [4,5]. 

Hf and Ta have been added to PM Ni-based 
superalloys for a long time to enhance the 
microstructure and mechanical properties. In the 
second-generation PM Ni-based superalloys, 0.5 Hf 
(wt.%, the same below) was added to the N18. In 
the third-generation PM Ni-based superalloys, 
2.4 Ta was added to the René104, 0.9 Ta was added 
to the Alloy 10, 0.3 Hf was added to the N19, and 
0.5Hf+2.0Ta was added to the RR1000 [6]. In the 
fourth-generation PM Ni-based superalloys, the 
combined addition of Hf and Ta has become more 
common, and the addition amount has been  
further increased, such as adding 0.4Hf+4.8Ta in the  
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ME501 [7], 0.37Hf+4.8Ta in the TSNA-1 [8], 
0.36Hf+3.0Ta in the RRHT3, and 0.42Hf+3.0Ta in 
the RRHT4 [9]. It can be seen that the combined 
addition of Hf and Ta has become one of the trends 
in the composition design of novel PM Ni-based 
superalloys. Therefore, studying the effect of the 
combined addition of Hf and Ta has significant 
practical significance. 

The effect of Hf and Ta on the microstructure, 
tensile behaviors, creep rupture characteristics, and 
properties of the PM-Ni-based superalloys was 
reported in our previous studies [6,10,11]. However, 
there are few studies on the effect of Hf and Ta on 
creep deformation behaviors. Previous studies 
mainly focused on the effect of Hf or Ta on creep 
properties. For example, as early as 1961, 
COCHARDT [12] found that adding 0.5Hf 
significantly improved creep rupture properties. The 
rupture time was increased from 868 to 1246 h and 
the rupture elongation was increased from 7.2% to 
13% after creep at 730 °C and 207 MPa. ZHAO  
et al [13] reported that adding 0.4 Hf prolonged the 
creep life and reduced the minimum creep rate  
after creep at 1100 °C and 130 MPa. ZHANG and    
HU [14] found that adding 0.3 Hf improved the 
creep resistance after creep at 750 °C and 460 MPa, 
and eliminated notch sensitivity after creep at 
650 °C and 1020 MPa. YANG et al [15] reported 
that adding 2.4 Ta reduced the steady-state creep 
rate and prolonged the steady-state creep time from 
75 to 240 h and creep rupture time from 140 to 
370 h after creep at 750 °C and 600 MPa. BAI    
et al [16] further reported that adding 2.4 Ta also 
significantly reduced the minimum creep rate and 
prolonged creep rupture time after creep at 650 °C 
and 980 MPa, 700 °C and 770 MPa, and 800 °C 
and 400 MPa, respectively. By comparing the 
Larson−Miller parameter curves, it was found that 
adding 2.4 Ta increased the operating temperature 
by 23 °C after serving for 500 h at the stress of 

1000 MPa, and by 15 °C after serving for 500 h at 
the stress of 550 MPa. However, the effect of the 
combined addition of Hf and Ta on the creep 
deformation behaviors is still unclear, and the 
mechanism behind this effect is even less clear. 

This study focused on four experimental alloys 
with only Hf and Ta content changes and 
systematically investigated the effects of Hf and  
Ta on creep deformation behaviors under different  
creep conditions. The microstructure changes, 
deformation substructures, and Suzuki segregation 
were investigated by advanced characterization 
methods, and the action mechanisms of the Hf and 
Ta were discussed. This work is expected to provide 
some ideas for optimizing alloy composition and 
support the research of novel PM Ni-based 
superalloys. 
 
2 Experimental 
 

The nominal mass fractions of Hf and Ta in 
four experimental PM Ni-based superalloys were 
0Hf+0Ta, 0.5Hf+0Ta, 0Hf+2.4Ta, and 0.5Hf+2.4Ta, 
respectively. The actual compositions of four alloys 
are listed in Table 1. The experimental alloys were 
prepared by the PM process, which included 
producing powders by plasma rotating electrode 
process (PREP), sieving powders to obtain 
50−150 μm alloy powders, and loading the powders 
into cans for hot isostatic pressing (HIP) at 1200 °C, 
120 MPa and 4 h. The heat treatment (HT) included 
a supersolvus heat treatment of (1180 °C, 2 h) + 
600 °C salt bath for 30 min + air cooling (AC) and 
an aging treatment of (760 °C, 16 h) + AC. The 
creep test conditions included 650 °C and 970 MPa, 
700 °C and 770 MPa, and 750 °C and 580 MPa. 
The creep samples had cylindrical gauge sections of 
d5 mm × 25 mm. 

The microstructure characterization was carried 
out using the Olympus GX71 optical microscope 

 
Table 1 Actual compositions of experimental PM Ni-based superalloys (wt.%) 

Alloy Cr Co W Mo Al Ti Nb C B Zr Hf Ta Ni 

0Hf+0Ta 15.7 12.9 4.0 4.1 2.2 3.9 0.8 0.05 0.01 0.04 0 0 Bal. 

0.5Hf+0Ta 15.6 12.9 4.0 4.1 2.2 3.9 0.9 0.05 0.01 0.04 0.52 0 Bal. 

0Hf+2.4Ta 15.6 13.2 4.0 4.0 2.3 3.9 0.8 0.06 0.01 0.04 0 2.41 Bal. 

0.5Hf+2.4Ta 15.7 13.2 4.0 4.0 2.4 3.9 0.8 0.06 0.01 0.04 0.52 2.40 Bal. 
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(OM), JEOL JSM−7200F field emission scanning 
electron microscope (FE-SEM) equipped with 
Oxford Symmetry S2 electron backscatter 
diffraction (EBSD) detector operated at 5−20 kV, 
and FEI Themis Z aberration-corrected scanning 
transmission electron microscope (AC-STEM) 
equipped with 4 in-column SDD Super-X energy 
dispersive X-ray spectroscopy (EDS) detectors 
operated at 300 kV. OM samples were prepared by 
chemical etching with 20 g CuCl2 + 100 mL 
HCl + 100 mL C2H5OH for 15 s. SEM samples 
were prepared by electrolytic polishing with 20% 
H2SO4 + 80% CH3OH at 20 V for 10 s, and 
electrolytic etching with 30 mL H3PO4 + 3 g 
CrO3 + 2 mL H2SO4 at 5 V for 2 s. EBSD samples 
were prepared by electrolytic polishing with 20% 
H2SO4 + 80% CH3OH at 20 V for 5 s. TEM foils 
were extracted from gauges oriented 45° to the 
stress axis to investigate deformation along 
crystallographic planes edge-on. TEM samples 
were prepared by twin-jet electropolishing with  
10% HClO4 + 90% C2H5OH at −25 °C and 80 mA. 
 
3 Results 
 
3.1 Microstructures of HT alloy 

Figure 1 exhibits the microstructures of HT 
experimental alloys. As shown in Figs. 1(a1−a4), the 
addition of Hf and Ta has little effect on the grain 
size which is about 40 μm, but significantly 
suppresses the prior particle boundaries (PPBs), 
which are indicated by arrows in Fig. 1(a1). 
Figures 1(b1−b4) show the morphology of γ′ 
particles. Due to the supersolvus HT, there are few 
primary γ′ precipitates. Hf and Ta have little effect 

on tertiary γ′ precipitates, but significantly change 
the secondary γ′ precipitates. Compared with 
0Hf+0Ta alloy, the volume fraction of secondary γ′ 
precipitates in 0.5Hf+2.4Ta alloy is increased from 
40% to 45%, the equivalent size of secondary γ′ 
precipitates is increased from 130 to 180 nm, and 
their shapes change from spherical to cubic and 
petal shaped [10]. 

 
3.2 Creep curves and creep performances 

A typical creep curve of PM Ni-based 
superalloys can be divided into three stages 
according to the variation of creep rate: (I) the 
deceleration stage, (II) the steady-state stage, and 
(III) the acceleration stage. Figure 2 shows an 
example of 0Hf+2.4Ta alloy after creep at 650 °C 
and 970 MPa. To divide the three stages more 
accurately, the first and second derivatives of the 
creep strain are plotted in Fig. 2(a). The stage where 
the second derivative of strain is approximately 0 
and the first derivative of strain (i.e., creep rate)   
is approximately constant is divided into the 
steady-state stage. Figure 2(b) shows the creep 
curve after dividing into three stages, and it can be 
seen that the steady-state stage is approximately a 
straight line. 

According to the above method, creep curves 
of the 0Hf+0Ta, 0.5Hf+0Ta, 0Hf+2.4Ta, and 
0.5Hf+2.4Ta alloys after creep at 650 °C and 
970 MPa, 700 °C and 770 MPa, and 750 °C and 
580 MPa are plotted in Fig. 3, and three creep 
stages are divided. The addition of Hf and Ta 
obviously increases the creep rupture time. 
However, regardless of the addition of Hf and Ta, 
the durations of the deceleration stages and steady-  

 

 
Fig. 1 OM (a1−a4) and SEM (b1−b4) images of HT alloys: (a1, b1) 0Hf+0Ta; (a2, b2) 0.5Hf+0Ta; (a3, b3) 0Hf+2.4Ta;   
(a4, b4) 0.5Hf+2.4Ta 
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Fig. 2 Schematic diagrams of 0Hf+2.4Ta after creep at 650 °C and 970 MPa showing division of creep stages: (a) Creep 
rate (the first derivative of creep strain with respect to creep time) and second derivative of creep strain with respect to 
creep time; (b) Creep curve  
 

 

Fig. 3 Creep curves (black) and creep interruption curves (red) of 0Hf+0Ta, 0.5Hf+0Ta, 0Hf+2.4Ta, and 0.5Hf+2.4Ta 
alloys after creep at 650 °C and 970 MPa, 700 °C and 770 MPa, and 750 °C and 580 MPa (The creep interruption strain 
is marked in the figures) 
 
state stages are all relatively short, while 
acceleration stages are all relatively long due to the 
high damage tolerance of the alloy. Because the 
creep strain increases rapidly in the acceleration 
stage, the deformation in the acceleration stage is 
always not allowed for engineering specimens in 
practice, so the research on the deformation in   
the steady-state stage has greater engineering 
significance. Therefore, creep interruption tests 

interrupted in the steady-state stage were conducted 
by the time control. The creep interruption curves 
are shown in Fig. 3 in red curves. Although 
experimental errors result in two kinds of curves 
without completely overlapping, the three separate 
creep stages are still applicable. 

To demonstrate the effects of Hf and Ta on the 
creep performances more clearly, Fig. 4 shows 
quantitative creep performances of experimental 
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Fig. 4 Effect of Hf and Ta addition on creep rupture time (tr), start time of acceleration creep stage (t2), and minimum 
creep rate ( minε ) 
 
alloys in the form of contour maps, where the 
horizontal and vertical coordinates are the Hf and 
Ta contents, respectively. It can be clearly seen  
that Hf and Ta prolong the creep rupture time (tr), 
delay the start time of the acceleration creep stage 
(t2, i.e., the end time of the steady-state creep stage), 
and decrease the minimum creep rate ( minε ) under 
all creep conditions. Therefore, the addition of   
Hf and Ta significantly enhances the creep 
performances. 

 
3.3 Creep fractures and morphological changes 

of γ′ phase 
Figure 5 shows the creep fractures of 0Hf+0Ta 

and 0.5Hf+2.4Ta alloys. The crack source area 
(CSA) shows a typical intergranular fracture, and 
the crack propagation area (CPA) shows a mixture 
of intergranular and transgranular fracture, which 
indicates that the intergranular damage is the main 
cause of creep rupture. The area fraction of CSA is 
statistically analyzed, and it increases with the 
increase of temperature and decreases with the 
increase of addition of Hf and Ta. This shows that 

high temperature promotes intergranular fracture, 
while the addition of Hf and Ta suppresses 
intergranular fracture in the acceleration creep 
stage. 

Figure 6 shows the morphologies of γ′ phase  
of 0Hf+0Ta and 0.5Hf+2.4Ta alloys after creep 
interruption and creep rupture. Firstly, compared to 
creep interruption, the size of the secondary γ′ phase 
increases and its shape becomes more split after 
creep rupture. This indicates that the high 
temperature and stress during creep promote 
secondary γ′ particles coarsening and splitting. 
Secondly, the quantity of tertiary γ′ particles 
significantly decreases after creep interruption at 
750 °C and 580 MPa, and tertiary γ′ particles almost 
disappear after creep rupture at 750 °C and 
580 MPa. This indicates that during the creep at 
750 °C and 580 MPa, tertiary γ′ particles are 
gradually dissolving. It is worth noting that due to 
the differences in creep interruption and rupture 
time, the effects of Hf and Ta on the morphology of 
γ′ particles during creep are unable to be directly 
analyzed. 
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Fig. 5 Creep fractures of experimental alloys under different creep conditions (Area fractions of CSA are marked in 
images) 
 

 

Fig. 6 Morphologies of γ′ phase of experimental alloys after creep interruption and creep rupture under different creep 
conditions  
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4 Discussion 
 
4.1 Effect of Hf and Ta on annealing twin 

boundaries after creep 
EBSD boundary maps of experimental alloys 

after HT and creep under different conditions are 
shown in Fig. 7. Due to the angular resolution of 
EBSD being 1°−2° [17], the misorientation angle 
that is less than 2.5° is not included. Low-angle 
grain boundaries (2.5°≤θ<10°), high-angle grain 
boundaries (θ ≥10°), and annealing twin boundaries 
(A-TBs) are represented by green, black, and red 
lines, respectively. A-TBs are characterized based 
on Brandon’s criterion [18]. Because the creep 
strain of 0.5Hf+0Ta alloy after creep at 750 °C and 
580 MPa is significantly higher as shown in Fig. 3 
and the large creep deformation can promote the 
formation of low-angle grain boundaries [19], there 
are obviously more low-angle grain boundaries. 

The statistical length fractions of annealing 
twin boundaries are plotted in Fig. 8. Firstly, the 
proportion of annealing twin boundaries in each 
alloy after creep is reduced compared to that after 

HT. In addition to the reason mentioned above that 
creep deformation increases low-angle grain 
boundaries, it is also because creep deformation 
causes some annealing twin boundaries to lose their 
coherence with the matrix [16], and transforms 
them into random high-angle boundaries [20]. 
These two reasons together result in a decrease in 
the length fraction of annealing twin boundaries 
after creep. Secondly, Hf and Ta inhibit annealing 
twin boundaries after HT. The internal crystallo- 
graphic crack initiation is closely related to the high 
fraction of annealing twin boundaries after HT [21]. 
Due to the addition of Hf and Ta, the content of 
carbides is increased, and carbides are transformed 
from distributed along PPBs to more uniformly 
distributed within grains [10]. It inhibits the 
annealing twin initiation and propagation, thus 
decreasing the fraction of annealing twin 
boundaries after HT [22]. Therefore, by inhibiting 
annealing twin boundaries after HT, Hf and Ta 
effectively suppress the initiation of cracks, thereby 
prolonging the creep rupture time. It is also worth 
noting that Hf and Ta do not always reduce the 
fraction of annealing twin boundaries after creep,  

 

 
Fig. 7 EBSD boundary maps of experimental alloys after HT and creep under different conditions 
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Fig. 8 Length fraction of annealing twin boundaries of 
experimental alloys after HT and creep under different 
conditions 
 
especially at 750 °C and 580 MPa. This is due to 
the significant difference in creep strain among 
alloys with different Hf and Ta contents at 750 °C 
and 580 MPa, as shown in Fig. 3, resulting       
in the influence of creep strain on annealing twin 

boundaries exceeding the influence of Hf and Ta on 
annealing twin boundaries. 
 
4.2 Effect of Hf and Ta on deformation 

substructures after creep 
Figure 9 shows the typical deformation 

substructures of 0Hf+0Ta and 0.5Hf+2.4Ta alloys 
after creep interruption. After creep interruption   
at 650 °C and 970 MPa, extended stacking faults 
(ESFs) and microtwins (MTs) which sheared several 
secondary γ′ precipitates and extended in the γ 
matrix are widely observed in both alloys, as shown 
in Figs. 9(a) and (b) indicated by red arrows. 
Figure 9(c) shows the high-resolution TEM image 
of an MT in the 0Hf+0Ta alloy. However, the 
extension of a large number of ESFs or MTs in the 
0.5Hf+2.4Ta alloy is hindered, as shown in Fig. 9(b) 
indicated by yellow arrows. This is mainly due   
to three reasons: Firstly, the addition of Hf and Ta 
increases the volume fraction and equivalent 
particle size of secondary γ′ precipitates, making the 
stacking faults extending more difficult. Secondly, 
the addition of Hf and Ta increases the lattice 

 

 
Fig. 9 Typical deformation substructures of experimental alloys after creep interruption (Beam direction (BD) is close 
to 〈110〉 zone axis): (a, b) TEM images of 0Hf+0Ta and 0.5Hf+2.4Ta alloys after creep interruption at 650 °C and 
970 MPa, respectively; (c) High-resolution TEM image of MT in 0Hf+0Ta alloy; (d, e) TEM images of 0Hf+0Ta and 
0.5Hf+2.4Ta alloys after creep interruption at 750 °C and 580 MPa, respectively; (f) High-resolution TEM image of 
SESF in 0Hf+0Ta alloy 
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mismatch of γ and γ′ [10], and the interfacial 
dislocation networks generated by large lattice 
mismatch further hinder stacking faults   
extending [23]. Thirdly, Hf and Ta mainly enter the 
Al position of γ′ phase and increase the stacking 
fault energy of γ′ phase [24,25], thus increasing the 
required energy of the leading dislocation shearing 
γ′ phase and forming ESFs and MTs. Therefore,  
the addition of Hf and Ta inhibits the extension   
of stacking faults. After creep interruption at  
750 °C and 580 MPa, the dominated deformation 
mechanism changes to superlattice stacking faults 
(SSFs) shearing, as shown in Figs. 9(d) and (e) 
indicated by green arrows. Figure 9(f) shows the 
high-resolution TEM image of a superlattice 
extrinsic stacking fault (SESF) in the 0Hf+0Ta alloy. 
Due to the high creep temperature, a large number 
of matrix perfect dislocations bypass secondary γ′ 
precipitates by dislocation climbing, as indicated by 
blue arrows. However, the dislocation climbing in 
the 0.5Hf+2.4Ta alloy is more difficult to observe. 
This is mainly because the addition of Hf and Ta 
reduces the stacking fault energy (SFE) of the γ 
matrix, making it easier for perfect dislocations to 
decompose into partial dislocations and generate 
stacking faults [11]. It increases the density of 
stacking faults in γ matrix and hinders the 
dislocation climbing. Therefore, the addition of Hf 
and Ta inhibits the dislocation climbing. The 
extending of stacking faults and dislocation 
climbing are the main sources of creep deformation, 
and they are inhibited by the addition of Hf and Ta. 
Therefore, Hf and Ta effectively decrease the 
minimum creep rate and delay the start time of the 
acceleration creep stage. 

Figure 10 shows the typical deformation 
substructures of the 0.5Hf+2.4Ta alloy after creep at 
650 °C and 970 MPa. Due to the reduction of SFE 
by the addition of Hf and Ta, the density of ESFs 
and MTs is increased in the 0.5Hf+2.4Ta alloy [11]. 
The intersecting position between ESFs and MTs 
and grain boundaries, or the intersecting position 
among ESFs and MTs has a higher dislocation 
density, as shown in Figs. 10(a) and (b), which is 
prone to the formation of creep cavities in the 
acceleration creep stage, promoting the transformation 
of secondary cracks from propagating along grain 
boundaries to propagating along ESFs and MTs 
inside grains, and thus the high density of ESFs and 
MTs can suppress the intergranular fracture [16]. In 

the 0.5Hf+2.4Ta alloy, some secondary cracks 
propagated along ESFs and MTs were observed, as 
shown in Fig. 10(c). It indicates the addition of Hf 
and Ta indeed suppresses the intergranular fracture 
by changing the crack propagation path, and 
because the intergranular damage is the main cause 
of creep rupture in the acceleration creep stage as 
mentioned in Section 3.3, Hf and Ta effectively 
prolong the creep rupture time. 
 

 
Fig. 10 Typical deformation substructures of 0.5Hf+2.4Ta 
alloy after creep at 650 °C and 970 MPa: (a) Intersection 
of MT and grain boundary; (b) Intersection of MT and 
ESFs; (c) Secondary crack propagated along ESFs and 
MTs 
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4.3 Effect of Hf and Ta on element segregation 
along stacking faults after creep 

Alloying elements have a tendency to 
spontaneously segregate towards stacking faults, 
which is called Suzuki segregation [26]. The Suzuki 
segregation has been widely observed in many 
alloys, and it varies based on the alloying 
composition and the type of stacking faults [27−31]. 
In some alloys, chemically ordered localized phase 
transformation (LPT) occurs along stacking faults, 
which enhances the creep performances [32,33]. 

The Suzuki segregation of 0.5Hf+2.4Ta alloy 
is observed in Fig. 11. Figure 11(a) shows two 
stacking faults, where one superlattice stacking 
fault (SSF) is in the γ′ precipitate, and the other 
stacking fault (SF) is in the γ matrix. EDS mapping 
and line scanning were performed on the area 
indicated by the yellow box in Fig. 11(a), and EDS 
results are shown in Fig. 11(b) and (c). Because the 
left side of the EDS scanning area is in the γ′ 

precipitate and the right side is in the γ matrix, the 
contents of Ni, Al, Ti, Hf, and Ta on the left side are 
higher than those on the right side, while the 
contents of Co, Cr, and Mo on the left side are 
lower than those on the right side. But whether 
stacking faults are in the γ′ precipitate or in the γ 
matrix, the depletion of Ni and Al and the 
enrichment of Co, Cr, Mo, Ti, Nb, and W along 
stacking faults are observed. It is worth noting that 
Ta also exhibits slight segregation along stacking 
faults, but Hf does not exhibit any obvious 
segregation. 

To further investigate the Suzuki segregation 
of Hf and Ta and determine the occupancy of atoms 
in 0.5Hf+2.4Ta alloy, atomic level EDS mapping 
and line scanning were performed on a superlattice 
intrinsic stacking fault (SISF) in a γ′ precipitate, and 
the radial Wiener filter was used for post processing, 
as shown in Fig. 12. The results are similar to those 
in Fig. 11. There are Ni, Al depletion and Ti, Co, W, 

 

 
Fig. 11 Element segregation along stacking faults in 0.5Hf+2.4Ta alloy after creep interruption at 750 °C and 580 MPa: 
(a) High-angle annular dark-field (HAADF) image showing one stacking fault in γ' precipitate and the other stacking 
fault in γ matrix; (b) Bright-field (BF) image, HAADF image, and corresponding EDS net maps of area marked by 
yellow box in (a); (c) Corresponding EDS line scans data showing variation of element content with scanning length of 
area marked by yellow box in (a) 
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Fig. 12 STEM images along 〈110〉 zone axis, showing edge-on SISF in 0.5Hf+2.4Ta alloy after creep interruption at 
750 °C and 580 MPa: (a) STEM-BF image, STEM-HAADF image, corresponding EDS net maps; (b, c) Corresponding 
EDS line scans and contrast intensity line scans showing variation of element content and contrast intensity of atomic 
sites with scanning length of area marked by yellow boxes in STEM-HAADF image of (a), respectively 
 
Cr enrichment along the SISF, while Ta exhibits a 
slight segregation and Hf does not exhibit any 
obvious segregation along the SISF. Combined with 
the first-principles calculation results in Ref. [34], it 
can be inferred that Ti, W, Cr, and Ta mainly 
occupy Al sites, and Co mainly occupies Ni sites 
along stacking faults. Figure 12(c) shows the line 
scans of contrast intensity in the HAADF image of 
Fig. 12(a). Line 1 demonstrates that there is obvious 
element segregation along SISF, and Line 2 
demonstrates that Suzuki segregation transforms  
the localized γ′ phase into a disordered stacking 
fault phase along SISF [32,33]. Therefore, no 
chemically ordered LPT occurs along SISF after Hf 
and Ta addition. Compared with TSNA-1 [8] and 
ME501 [30] alloys which have chemically ordered 
LPT along SISF, it can be seen that to promote 
ordered LPT to further improve creep performances, 
in addition to adding Hf and Ta to the alloy, the 
adjustment of other elements contents such as Co, 
Cr, and Mo is also very crucial. 

The Suzuki segregation of the 0Hf+0Ta alloy 
has been reported in the previous study [35], and it 
also shows the depletion of Ni and Al and the 
enrichment of Co, Cr, Mo, Ti, and Nb along 
stacking faults, but W does not exhibit an obvious 
segregation tendency. This difference in Suzuki 
segregation between 0Hf+0Ta and 0.5Hf+2.4Ta 
alloys allows us to reasonably infer that Ta 
promotes the Suzuki segregation of W in the 
0.5Hf+2.4Ta alloy. Because Ta and W have lower 
diffusion coefficients compared to Co, Cr, Mo, Ti, 
and Nb [36,37], the Suzuki segregation of Ta    
and W contributes to suppressing further expansion 
and thickening of SSFs and MTs in γ′ phase  
during the creep, thereby reducing the minimum 
creep rate [38]. 
 
5 Conclusions 
 

(1) Hf and Ta prolonged the creep rupture time, 
delayed the start time of the acceleration creep stage, 



Hao-peng ZHANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 849−862 860 

and decreased the minimum creep rate, which 
significantly enhanced the creep performances. 

(2) Hf and Ta reduced the length fraction of 
annealing twin boundaries after HT, which 
effectively suppressed the initiation of cracks, 
thereby prolonging the creep rupture time. 

(3) Hf and Ta inhibited the extending of 
stacking faults and the dislocation climbing during 
the steady-state creep stage, thereby reducing the 
minimum creep rate and delaying the start time of 
the acceleration creep stag. 

(4) Hf and Ta promoted the transformation of 
secondary cracks from propagating along grain 
boundaries to propagating along ESFs and MTs 
inside grains, which suppressed the intergranular 
fracture during the acceleration creep stage, thereby 
prolonging the creep rupture time. 

(5) There was Suzuki segregation of Co, Cr, 
Mo, Ti, Nb, W, and Ta in 0.5Hf+2.4Ta alloy after 
creep, but no chemically ordered LPT occurred 
along stacking faults. Ta promoted the Suzuki 
segregation of W, further reducing the minimum 
creep rate. 

(6) The combined addition of Hf and Ta can be 
considered in the composition design of novel PM 
Ni-based superalloys. However, further work is 
needed to determine the optimal amount of Hf and 
Ta addition and the adjustment of other elements. 
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摘  要：对 4 种不同 Hf 和 Ta 含量的镍基粉末高温合金分别在 650 ℃、970 MPa，700 ℃、770 MPa 和 750 ℃、  

580 MPa 下进行蠕变试验。采用扫描电子显微镜、电子背散射衍射和球差校正扫描透射电子显微镜研究 Hf 和 Ta

对该合金蠕变变形行为的影响。结果表明，Hf 和 Ta 在加速蠕变阶段抑制了沿晶断裂和裂纹萌生，从而延长了蠕

变断裂时间。Hf 和 Ta 在稳态蠕变阶段抑制了层错扩展和位错攀移，促进了 W 的铃木偏聚，从而降低了最小蠕变

速率和推迟了加速蠕变阶段的开始时间。添加 Hf 和 Ta 后，观察到 Co、Cr、Mo、Ti、Nb、W 和 Ta 沿层错的铃

木偏聚，这导致 γ′相中发生微区相变，而且层错相是化学无序的。本研究为新型镍基粉末高温合金的成分设计提

供了思路，为 Hf 和 Ta 的共同添加提供了理论依据。 

关键词：镍基粉末高温合金；铪；钽；蠕变变形行为；铃木偏聚 
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