; Research & Development ’ . Y
www.springer.com/41230 Vol. 22 No. 2 Mar?h 2025 CHINA FMINIIM
https://doi.org/10.1007/s41230-025-4120-3

Effect of Hf on microstructure and creep properties
of a hot corrosion resistant nickel-based single
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Abstract: To investigate the microstructure and creep properties of a hot corrosion resistant Ni-based single crystal
superalloy containing different hafnium (Hf) additions (0-0.4wt.%), creep test was performed at 980 °C/200 MPa.
Optical microscopy, scanning electron microscopy, electron probe micro analysis (EPMA), and transmission
electron microscopy were employed to analyze the microstructure differences. With the increase of Hf, the creep
rupture life of the alloys at 980 °C/200 MPa gradually increases. Microstructure analysis reveals that Hf promotes
the transformation of carbide morphology from script to rod-like and finally to blocky. Upon the addition of Hf,
there is an increase in the volume fraction of blocky MC carbides, along with an elevation in the partitioning ratio
of Cr and Mo elements. Concurrently, the y/y' interfacial dislocation spacing undergoes a reduction. It is found
that script carbides are more likely to cause stress concentration in high temperature creep, leading to nucleation
and propagation of microcracks. The formation mechanism of blocky MC carbides is related to the increase in
precipitation temperature and lattice constant, and its beneficial impact on creep resistance is also investigated
based on the analysis of the creep test results.
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1 lIltI‘Odll(‘tiOIl is high due to high scrap rates . The deformation

induced by creep is one of the dominant failure modes
Nickel-based single crystal (SX) superalloys are widely during the service life of turbine blades ™ *. The
used as blades and vanes in advanced aviation turbine existence of grain boundary defects accelerates the

engines and industrial gas turbines (IGTs) due to their
excellent high-temperature performances such as high
creep resistance, fatigue resistance, and corrosion
resistance '\, However, during the casting of these SX
components, especially large-sized IGT blades, there is
a high probability of inducing grain boundaries (GBs)
defects. As a result, manufacturing cost of the blades
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formation of creep cracks and drastically degrades the
creep properties of SX superalloys. Therefore, in some
alloys, minor elements such as carbon (C), boron (B),
and hafnium (Hf) are introduced to make the superalloys
more resistant to problems associated with grain
boundary defects. The objective is to balance safe
service performance and manufacturing costs /',
Compared to C and B, there is relatively less research
on the effect of Hf on the mechanical properties of SX
superalloys. Particularly, the impact of the interaction
between Hf and both C and B on the microstructure
and mechanical properties of hot corrosion resistant
nickel-based SX superalloys is seldom reported.
Shi et al. " reported that a longer stress rupture
life was achieved at 1,100 °C/140 MPa due to the
reduction of interdendrite Y’ size and a low amount of
residual eutectics by addition of a moderate amount
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of Hf in DD6 alloy. Zhao et al. " reported that a longer
creep rupture life was obtained at 1,100 °C/130 MPa with
addition of 0.4wt.% Hf in a C-containing DD11 alloy, which
was attributed to the increase of y/y" misfit and the solution
strengthening effect. However, it was reported that shorter creep
lives were obtained at 950 °C/210 MPa and 950 °C/290 MPa
due to detrimental influence of eutectics containing large and
irregular ¥’ by addition of C, B, and Hf in RR2072 alloy "*

Kong et al. ['”

also reported that higher creep rates during
the primary and secondary creep stages were observed at
950 °C/210 MPa and 1,050 °C/165 MPa due to detrimental
influence of interdendritic regions that contained large, irregular
and partially rafted y' particles and brittle MC carbides by
addition of C, B and Hf in RR2086 alloy.

Analysis shows that Hf is a significant carbide forming
element, and its addition tends to increase the carbides content
and promote the precipitation of blocky carbides "* ' '”, while
the quantity and morphology of carbides are closely related to
crack initiation and alloy properties. For example, it is reported
that microcracks preferentially nucleate and propagate near the
script MC carbides rather than blocky carbides . However,
the local stress and strain generated during creep loading near
the carbides with different morphologies have rarely been
reported. In addition to the effect on quantity and morphology of
carbides, Hf reduces the volume fraction of micropores because
carbides fill the shrinkage of micropores in the later stages

of solidification " [191

, promoting the formation of eutectics
Therefore, the effect of Hf on creep could be a trade-off. On
one hand, fewer micropores and modified carbide morphology
benefit the creep property. On the other hand, solution heat
treatment becomes challenging when there is a large volume
fraction of eutectics in the as-cast alloys. A less homogenized
microstructure is detrimental to creep.

In this study, a corrosion resistant nickel-based SX superalloy

was used as the master alloy. Various concentrations of Hf
ranging from 0 to 0.4wt.% were introduced into the master
alloy. A comprehensive comparison of the microstructure of the
experimental superalloys in both the as-cast and heat-treated
states was conducted. Subsequently, creep tests were conducted
at 980 °C/200 MPa to assess the influence of Hf on high
temperature creep properties of the experimental superalloys.
The objective of this study was to optimize the Hf addition in
nickel-based SX superalloys, so as to provide insights that could
enhance the mechanical properties of these superalloys.

2 Experimental procedures

The base alloy investigated in this study was a corrosion resistant
nickel-based SX superalloy, with the nominal composition (in
wt.%) of 12.5% Cr, 4.5% Co, 3.8% Al, 0.5% Mo, 5% W, 5.5% Ta,
4% Ti, 0.05% C, 0.005% B, and Ni is the balance. Three SX slabs
with dimensions of 20 mmx80 mmx220 mm and containing
various Hf content (0, 0.2wt.%, and 0.4wt.%, referred to as
0 Hf, 0.2 Hf, and 0.4 Hf, respectively) were prepared through a
high rate solidification (HRS) process. The solution and aging
treatment processes of the three experimental alloys, as listed
in Table 1, were determined by both the metallurgical analysis
and differential scanning calorimetry (DSC). To avoid incipient
melting of 0.4 Hf alloy, a pre-solid solution was performed at
1,230 °C for 2 h. After aging treatment, the specimens for creep
test were machined. The dimensions of the gauge section was
5 mm in diameter and 25 mm in length. The creep tests were
conducted at 980 °C/200 MPa in air with the loading direction
parallel to the <001> orientation of the specimens. Deviations
from <001> orientation were measured as 2.2°, 4°, and 6.5°,
respectively for 0 Hf, 0.2 Hf, and 0.4 Hf alloys. Two creep tests
were interrupted in the tertiary creep region at 135 h for 0 Hf
alloy and 145 h for 0.2 Hf alloy, respectively.

Table 1: Solution and aging heat treatment of three experimental alloys

Alloy Solution heat treatment Aging heat treatment

0 Hf 1,250 °C/6 h, air cooling (AC) 1,110 °C/4 h, AC + 870 °C/24 h, AC
0.2 Hf 1,250 °C/6 h, AC 1,110 °C/4 h, AC + 870 °C/24 h, AC
0.4 Hf 1,230 °C/2 h; 1,250 °C/6 h, AC 1,110 °C/4 h, AC + 870 °C/24 h, AC

The cross-sectional microstructures of as-cast and
heat-treated alloys perpendicular to <001> were examined.
Samples were prepared using standard metallographic
techniques and etched using a solution consisting of 20 g CuSO,,
100 mL HC1 and 80 mL H,O. Microstructural examination
was performed using an optical microscope (OM) and a Zeiss
Supra 55 field-emission scanning electron microscope (FE-SEM).
The volume fractions of y/y’ eutectics, y' precipitates, and
carbides were determined using the standard point count
method by Photoshop software. Image-Pro software was
used for measurement of y’ size, y channel width, and
secondary phase size. To study the crack initiation sites and
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the crack propagation character during creep, the ruptured
specimens were sectioned parallel to the tensile axis. Polished
surfaces were prepared metallographically and observed by
backscattered electron imaging and electron backscattered
diffraction (EBSD). In addition, the dislocation substructure
was analyzed using JEM-2100P transmission electron
microscopy (TEM). Foils for TEM were cut from the gauge
section perpendicular to the applied stress axis, at a position
of 5 mm away from the necked region. These slices were
mechanically grounded to 50 um and electro-polished at -30 °C
and 20 V in a solution consisting of 10% perchloric acid and
90% ethanol. Dislocation network spacing measurement was
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made from images obtained under a <200> type two-beam
condition in the [001] zone axis parallel to the g-vectors.

The elemental partitioning ratio of y and y’ phases, %, is
defined as

cl
b= M

where k; represents each of the alloying elements, C,.V and CI.T
correspond to the atomic concentration of element i within the

v and ¥’ phases, respectively. A value of k; that is greater than
or less than 1 indicates that element i preferentially partitions
into the y or y’ phase, respectively. Concentration profiles of
v and y' phases were also measured by a TEM with energy
dispersive spectrum (EDS). EDS data were collected from
both y and y' phases in at least five different areas for each

experimental alloy. Values of C! and CI.V' were averaged over
the multiple measurements taken from different areas.

3 Results

3.1 As-cast microstructure

Figure 1 shows the OM microstructures of the as-cast experimental
alloys. The microstructures of all the three specimens exhibit
a typical dendritic structure. The average primary dendritic
arm spacing (PDAS), area fraction of the y/y’ eutectic, and the
micropores in the three alloys are compared in Table 2. The PDAS
decreases and eutectic content increases significantly with the
increase of Hf content. In addition, the area fraction of micropores
remarkably decreases to 0.11% in 0.4 Hf alloy. Similar effect of Hf
on micropores has also been reported previously .

Fig. 1: Dendritic microstructures of as-cast experimental alloys: (a) 0 Hf, (b) 0.2 Hf; (c) 0.4 Hf. Details of micropore
and eutectic are shown in the enlarged inserts (SEM)

Table 2: Microstructure characterization of three
experimental as-cast alloys

Moy  PoAsGm)  Guece  Meropor
0 Hf 401133 2.98+0.45 0.30£0.12
0.2 Hf 386+13 3.96+0.80 0.24+0.07
0.4 Hf 30716 4.81+0.98 0.11+0.05

Figure 2 shows the BSE-SEM image of the interdendritic
region of the as-cast alloys. The interdendritic region of 0 Hf
alloy exhibits mainly eutectics and Ti- and Ta-rich MC carbides.
As shown in Figs. 2(b) and (c), in addition to MC carbides and
eutectics in the interdendritic region of 0.2 Hf and 0.4 Hf alloys,
Hf containing phase (gray-contrast) near the eutectics that has
been identified as Ni;Hf in a previous report *”is observed. As Hf
content increases, the volume fraction of Ni;Hf phase increases.
EDS results indicate that Ni;Hf phase is rich in Ni, Hf, and Ti.

Figure 3 displays the BSE-SEM images of MC carbides in
the as-cast alloys. In 0 Hf and 0.2 Hf alloys, the MC carbides
exhibit script, rod-like, and blocky morphologies. However, in
0.4 Hf alloy, most of the MC carbides are rod-like and blocky.
Figure 4(a) shows the volume fraction of carbides with different
morphologies. The results indicate that with an increase in Hf
content, the volume fraction of script carbides decreases, while
the volume fraction of blocky carbides increases gradually. The

addition of Hf promotes the transformation of the morphology
of MC carbides from script to rod-like and finally to blocky. The
compositions of script MC carbides and blocky MC carbides
were measured using EPMA. In Fig. 4(b), the ratios of the
metallic elements in the MC carbides are compared. Blocky MC
particles contain significantly higher content of Ti, Ta, and Hf,
but less Cr than the script MC carbides.

3.2 Microstructure after heat treatment

Figure 5 shows the typical OM images of heat-treated
microstructures of the experimental alloys. It can be seen that
with the increase of Hf content, the volume fraction of residual
eutectic increases. The average volume fraction of the residual
eutectic is 1.16% in 0 Hf alloy and increases to 2.15% in
0.4 Hf alloy.

Figure 6 shows the BSE-SEM images of MC carbides in
the heat-treated experimental alloys. In both 0 Hf and 0.2 Hf
alloys, the morphology of MC carbides exhibits script, rod-like,
and blocky shapes. In contrast, in the 0.4 Hf alloy, the MC
carbides exhibits rod-like and blocky morphologies. Therefore,
compared to Fig. 3, it can be seen that there is no obvious
change of MC carbides after heat treatment.

Figure 7 shows typical y' morphology of the alloys after heat
treatment. The morphology of vy’ precipitates is all cubic. The
difference in the size of y' precipitates between the dendrite
core and the interdendrite region in the 0 Hf alloy is minimal.
However, with the increase of Hf content, the difference in
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Fig. 2: BSE-SEM images of the interdendrite regions of 0 Hf (a), 0.2 Hf (b), 0.4 Hf (c) alloys, and the corresponding
EDS element distribution maps of Ni (d), Hf (e), C (f), Ta (g), and Ti (h) in 0.4 Hf alloy

Fig. 3: BSE-SEM images of MC carbides in as-cast alloys: (a) 0 Hf; (b) amplification of script carbide in 0 Hf;
(c) 0.2 Hf; and (d) 0.4 Hf alloys
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Fig. 4: Volume fraction of carbides with different morphologies (a) and percentages of atoms in MC
carbides (b)
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Fig. 7: Typical SEM images of the dendrite core (a, b, and c) and interdendrite regions (d, e, and f) of alloys
after heat treatment: (a, d) 0 Hf; (b, e) 0.2 Hf; and (c, f) 0.4 Hf

the size of y’ becomes larger, especially in 0.4 Hf alloy. The
results of microstructure characterization of the dendrite core
are listed in Table 3. With the increase of Hf content, the
volume fraction of v’ and the width of y matrix channel slightly
decreases, while the size of ¥’ slightly increases.

Table 3: Volume fraction and size of y’ precipitates as
well as the width of y channels in the three
experimental alloys after heat treatment

Volume fraction of Size of y’ phase Channel width

(137 Y' phase (%) (nm) of y phase (nm)
0 Hf 52.2+3.4 3725 7048

0.2 Hf 51.0+1.2 3816 6815

0.4 Hf 48.9£2.5 39416 6743

The elemental partitioning ratios of y/y’ phases obtained from
TEM-EDS in the dendrite core of three investigated alloys
after heat treatment are shown in Fig. 8. The results show that
Mo, Cr, W, and Co are partition in y phase, but Al, Ti, and Ta
are partition in y’ phase in all the three alloys. The partitioning
behaviors of Al, Ti, Ta, W, and Co do not change obviously
with Hf additions. However, the partitioning behavior of Cr and
Mo varies significantly in the three investigated alloys. Their
partitioning ratios increase with Hf addition, indicating that Hf
promotes the distribution of Cr and Mo to y phase.

3.3 Creep properties

Figure 9(a) illustrates the creep strain curves of the three alloys
under 980 °C/200 MPa. Figure 9(b) displays corresponding
strain rate as a function of time. All the creep curves exhibit
distinctive regions of primary, secondary, and tertiary stage
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Fig. 8: Elemental partitioning ratios of y/y’ phase in three
alloys after heat treatment
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creep. The secondary creep stage increases significantly with
increasing Hf content in the alloy. However, it is interesting
to see that creep rate in primary and a large part of secondary
creep is high in the 0.4 Hf alloy.

3.4 yly' interfacial dislocation

The TEM images from the [001] zone axis of typical y/y'
interfacial dislocation network of ruptured specimens are
shown in Fig. 10. The average dislocation spacing decreases
from 30 nm in 0 Hf to 14 nm in 0.4 Hf alloy. The results
indicate that with Hf addition, the y/y" interfacial dislocation
spacing decreases.
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Fig. 9: Creep strain versus time (a) and corresponding strain rate versus time (b) of the three experimental

alloys under 980 °C/200 MPa

Fig. 10: TEM <200>-type two-beam images from the [001] zone axis of y/y’ interfacial dislocation networks in
0 Hf alloy (a), 0.2 Hf alloy (b), and 0.4 Hf alloy (c) after creep rupture under 980 °C/200 MPa

3.5 Creep fracture behavior

The microstructures of the 0 Hf and 0.2 Hf alloys after
interrupted creep tests are shown in Fig. 11. Figure 11(a) shows
that the script MC carbides fracture during creep, while no
fracture are observed around blocky carbides in 0 Hf alloy.
This indicates that blocky MC carbides are more effective in
suppressing fracture than script MC carbides. Figure 11(b)
illustrates that MC carbides debonded from matrix, while
the interface of residual eutectics are intact in 0.2 Hf alloy.
Obviously, residual eutectics are not the main location for cracks
initiation.

Figure 12 illustrates the geometrically necessary dislocation
(GND) density around script and blocky MC carbides in the
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interrupted creep specimens. The accumulation of plastic
deformation around the script MC carbides is apparently larger
than that around a blocky carbide.

4 Discussion

Hf elements are usually added to Ni-based SX superalloys to
improve the castability and the tolerance of low angle grain
boundaries " *. The present study indicates that, Hf changes
the morphology of MC carbides, and affects elemental
partitioning ratios, as well as the spacing of y/y’ interfacial
dislocation network. An appropriate amount of Hf can improve
the creep properties at 980 °C.
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Fig. 11: Microstructures of longitudinal sections of experimental alloys after interrupted creep testing at
980 °C/200 MPa: (a) 0 Hf alloy, 135 h; (b) 0.2 Hf alloy, 145 h

Fig. 12: Backscattered SEM images (a, c) and corresponding geometrically necessary dislocations (GND)
density maps (b, d) of MC carbides in an interrupted creep test: (a, b) 0 Hf alloy, 135 h; (c, d) 0.2 Hf

alloy, 145 h

4.1 Effect of Hf on carbide morphology ae E——
The formation temperature of MC carbides changes with 0-6 i —A—L?g(o.z i
composition, which decreases in the order of HfC>TaC>TiC, : —v— HIC (0.4 Hf)
according to the calculation obtained from J MatPro, as shown 05F
in Fig. 13. Therefore, the carbide formation temperature is Ro4
thought to be higher in the alloy with a high Hf content ', z

Chen et al. " reported that octahedron apex direction, g 03
i.e. <100> was the preferred carbide growth direction. The 0.2
morphology of the carbides can be related to their formation 0.1
temperature, which determines their position in the mushy 00 ) )
zone !, A higher formation temperature means that the 1100 1200 1300 1400
carbides appear at higher positions within the solidification Temperature (°C)
process or even above the mushy zone, and therefore their  Fig, 13: Formation temperature of MC carbides calculated
growth is less restricted by the dendrites. Consequently, more by J MatPro
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carbides with blocky morphology are observed in alloys with a
higher Hf content. The carbides with a lower Hf content form
at a lower temperature within the liquid channel of the mushy
zone. It was reported that the onset of thermal solutal convection
was confined to the mushy zone when the y phase fraction was
approximately 63%, and this led to the inhibition of isotropic
growth of carbides *. In this situation, the arm elongates in
the preferred growth direction (<100> for fcc crystal structure)
for easier access to dissolve the carbide forming elements (Hf,
Ta, Ti, and C) **\. Therefore, the preferentially growing along
the preferred direction results in a script morphology.

Additionally, with the addition of Hf, the lattice constant
of MC carbide increases, leading to the increase of the MC/y
lattice mismatch ', The large lattice misfit produces high
interface energy, which always intends to form blocky carbides
so as to reduce the total interface energy.

4.2 Influence of Hf on creep properties

It is easy to understand that the stress concentration leads to
the accumulation of local plastic deformation around the script
carbides observed during creep (Fig. 12). Obviously, this is
detrimental to creep properties. With the addition of Hf, the
volume fraction of blocky carbides increases, leading to smaller
local plastic deformation and a longer creep rupture life.

The partitioning ratios of Cr and Mo increase with an
increase in Hf addition (Fig. 8). This is because Hf segregates
into the y’ phase **. With the addition of Hf, Cr, and Mo
atoms in y’ phase are pushed into y matrix. Moreover, with the
addition of Hf, the fraction of blocky carbides that contain less
Cr and Mo increases. This may also result in more Cr and Mo
being released into the y phase, as shown in Fig. 4(b).

Enhanced solid solution strengthening effect is expected
by partitioning of Cr and Mo in y matrix. The change of
the partitioning behavior of Cr and Mo also benefits a more
negative misfit, and thus a refined interfacial dislocation
network. As reported in previous work, a more negative lattice
misfit with the finer interfacial dislocation network could hinder
the dislocations’ movement in the y matrix and the shearing
of dislocations into the y' phase, leading to a reduction in the
minimum creep rate *">",

The possible reason for a larger primary creep rate observed
in the 0.4 Hf alloy could also be attributed to the morphology of
carbides. Blocky carbides in this alloy may have less resistance
to the creep deformation comparing to that of the script carbides
in the initial stage of creep. Script carbides in the interdendritic
region may serve as a strengthening skeleton upon loading, and
result in a smaller primary creep rate. The orientation of the
creep samples may also show some impact, but is thought to be
negligible because the deviation from <001> is small (2.2°, 4°,
and 6.5°, respectively for 0 Hf, 0.2 Hf, and 0.4 Hf alloys).

To sum up, this investigation indicates that the creep
properties at high temperatures could be influenced obviously by
minor Hf addition. The combination of significant reduction of
the number of script carbides and improvement of solid-solution
strengthening effect by Cr and Mo contributes to the longer
creep rupture life of 0.4 Hf alloy. Meanwhile, residual
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eutectics, that are difficult to be removed by solution heat
treatment in large blades, do not show significant effect on high
temperature creep properties. However, to correlate the amount
of fine and blocky carbides and creep properties would be a
complex and challenging task in the design of Hf-modified hot
corrosion resistant SX superalloys. In such cases, factors such as
the heat treatability, cost, and impact of Hf on other properties
must also be considered.

5 Conclusions

In the present study, the effect of Hf on the as-cast and heat-treated
microstructure and creep properties under 980 °C/200 MPa was
investigated in three hot corrosion resistant SX superalloys
containing various levels of Hf addition (0-0.4wt.%). The
conclusions can be summarized as follows:

(1) Hf addition increases the volume fraction of y/y’ eutectics
from 2.98% to 4.81% and that of blocky MC carbides from 0.15%
to 0.47%, while decreasing the volume fraction of micropores
from 0.3% to 0.11% in the as-cast alloys. Hf promotes the
transformation of carbide morphology from script to rod-like and
finally to blocky, and promotes the distribution of Cr and Mo to y
phase.

(2) Hf addition improves the creep rupture life from 211 h
to 282 h at 980 °C/200 MPa of the experimental alloys, but is
accompanied by an increase in primary creep rate and a large
part of secondary creep rate when Hf content is 0.4wt.%.

(3) Hf addition improves the creep properties by decreasing
the volume fraction of script carbides and increasing the
solution-strengthening effect.
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