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Abstract: The effect of withdrawal rate on microstructure and creep performance of directionally solidified (DS) Mar-M247LC

superalloy was investigated. Results show that an increase in withdrawal rate of DS specimens leads to a reduction in primary

dendrite arm spacing (from 479 pum to 322 pm), and the average size of ' precipitate decreases from 460 nm to 345 nm in
interdendritic region and from 298 nm to 203 nm in dendritic core. In addition, the carbide morphology changes from blocky to script-

like. The heat treatment leads to the formation of distinct cuboidal ' precipitates. And the volume fraction of y’ precipitates in heat-

treated microstructure has a significant increase compared to that in DS microstructure. The DS superalloy under the withdrawal rate

of 40 um/s exhibits elongated raft-like y’ structure with narrowed matrix channels and regular dislocation networks, synergistically

prolonging creep rupture life to 96.6 h. Fractographic analysis confirms that the superalloy exhibits a transgranular ductile fracture

mode, with cracks initiating at decomposed MC carbides.
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1 Introduction

Nickel-based superalloys are widely employed in hot-
section components of gas turbines and aero-engines due to
their excellent high-temperature strength and microstructural
stability. To achieve superior high-temperature mechanical
properties, nickel-based superalloys typically exhibit a high
degree of alloying. Elements such as Cr, W, Mo, Hf, Ta, Al,
and Ti are added to promote multiple strengthening
mechanisms, including solid-solution strengthening and
precipitation strengthening. Among these elements, the
addition of Ta, Ti, and Al is particularly crucial, as it
significantly promotes the precipitation of the y’ phase. This
coherent precipitate  provides
effective strengthening in superalloys'

nanoscale exceptionally
1. The volume fraction
and size of the y’ phase significantly influence the endurance

properties of the superalloys. Reducing the y’ phase size and
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increasing its volume fraction, which decrease the inter-
particle spacing, both markedly enhance the creep resistance
of superalloys®®”. Mar-M247 is a precipitation-strengthened
Ni-Al-Cr-Co-Ta-W-Hf superalloy. Its relatively high Cr and W
contents provide solid solution strengthening effect™, while
the combined addition of Ta, Ti, and Al (up to 9.5wt% )
ensures a high y’ phase volume fraction, conferring
outstanding creep resistance to this superalloy.

At elevated temperatures, the primary manifestation of
creep damage in nickel-based superalloys occurs in the form
of voids and cavitation nucleation at grain boundaries”. Grain
boundaries perpendicular to the stress direction often act as
crack initiation sites or propagation paths. Directional
solidification (DS) technique promotes the growth of
columnar grains, which effectively eliminates transverse grain
boundaries that are harmful to creep resistance, thereby
significantly enhancing the creep life of superalloys®'".
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However, the high concentration of solute elements can lead
to segregation during DS process. Elements with a
solidification partition coefficient k<1, such as Nb, Ta, Ti, and
Hf, preferentially segregate at the interdendritic regions,
causing chemical inhomogeneity!"'?. Severe segregation
promotes the formation of substantial amounts of y/y’ eutectic
in the interdendritic regions. The presence of y/y" eutectic
reduces the tensile properties and creep strength of
superalloys. Its coarse structure readily acts as a stress
concentration point during creep, inducing crack initiation.

Furthermore, in the Mar-M247LC superalloy, elements
such as Ta, W, and Hf promote the formation of MC
carbides. These primary MC carbides are unstable at high
temperatures and prone to degenerative decomposition
reactions ¥, Qin et al™ investigated the influence of primary
MC decomposition on the microstructure and endurance
properties of nickel-based superalloys. Results show that the
decomposition involves interdiffusion of elements between
the primary MC carbides and the y matrix, which can increase
the volume fraction of y’ phase to some extent, thereby
improving the endurance properties of superalloy. Zhang et al™”
conducted long-term thermal exposure experiments on DS
nickel-based superalloys. Results show that primary MC
carbides decompose at grain boundaries, promoting the
formation of M,,C, and M,C carbides. Granular M,,C, carbides
can pin dislocations and inhibit grain boundary sliding during
deformation®. However, when carbides form a continuous
chain-like structure along grain boundaries, they promote
grain-boundary coarsening, making the boundaries more
susceptible to becoming crack initiation sites. Based on
Mar-M247 superalloy, Mar-M247LC superalloy changes its
carbon content to 0.07wt% , specifically to mitigate the
detrimental effects of carbides on creep properties. However,
elemental segregation inherent to DS process still leads to the
formation of coarse interdendritic MC carbides™'".

Subsequent solution heat treatment processes aim to
activate elemental diffusion at high temperatures to promote
the dissolution of the eutectic y’ phase and carbides. However,
given the low melting point of the eutectic phase, the solution
temperature cannot be too high to avoid incipient melting.
Under these constraints, the dissolution of some eutectic
improves the saturation level of the matrix. Consequently, this
highly saturated matrix cannot further dissolve eutectic,
resulting in residual eutectic retained in the superalloy™**".
Therefore,  interdendritic = segregation  and  similar
inhomogeneities cannot be completely eliminated, and they
will still affect the properties of the superalloy to some extent.
Furthermore, merely extending the duration of the solution
heat treatment not only reduces production efficiency but also
yields only limited improvement in solute diffusion. Crucially,
prolonging the duration of heat treatment can lead to the
formation of pores/cavities within the superalloy, ultimately

1921531 - Consequently, compared with

degrading its creep life'
relying solely on heat treatment, directly controlling the
solidification parameters to regulate the initial segregation

profile of the superalloy is more effective in enhancing its

microstructural homogeneity.

In DS process, both the temperature gradient (G) and the
withdrawal rate (V) are key parameters influencing the
microstructure. However, since adjusting the temperature
gradient often relies on equipment and is relatively unstable,
controlling the withdrawal rate offers a more direct and
efficient approach to adjusting the solidification microstructure
of superalloys, showing significant importance for optimizing
properties®>".
demonstrated that increasing the withdrawal rate refines the
microstructure. For instance, Li et al® investigated the
solidification characteristics and high-temperature tensile
properties of IN713C superalloy at different withdrawal rates

their mechanical Previous studies have

using DS. They demonstrated that increasing the withdrawal
rate promotes the micro-segregation of Mo, Nb, and Zr,
favoring the precipitation of y/y’ eutectic and borides. An
appropriate increase in withdrawal rate is beneficial to
improving high-temperature tensile properties. However, when
the withdrawal rate exceeds 50 pum/s, the increased y/y" eutectic
and borides lead to a decrease in high-temperature strength.
Liu et al®™ studied the effect of withdrawal rate on the
segregation behavior of the Ru- and Re-containing nickel-based
single-crystal superalloys. They revealed that as the withdrawal
rate increases, the segregation degree of Al, Ta, W, and Re
initially increases and then decreases. The reduction in
segregation at fast withdrawal rates is attributed to the
refinement of the dendritic structure. Furthermore, the addition
of Ru and Re increases the segregation degree of Al and Ta.

Therefore, this study investigated the influence of
withdrawal rate (F=20-70 pm/s) on the as-cast microstructure
of DS Mar-M247LC and its subsequent creep performance at
980 °C/220 MPa. Additionally, the mechanisms governing
creep fracture under these specific conditions were
investigated. The primary focus was to elucidate how
withdrawal rate governs critical microstructural characteristics,
including primary dendrite arm spacing (PDAS), y' precipitate
size/morphology/volume fraction, and carbide formation.
Ultimately, the creep rupture life of the superalloy was
obtained. This research aimed to identify the optimal
withdrawal rate, which can optimize microstructural
characteristics, such as refined y’, narrowed matrix channels,
and regular dislocation networks, thus enhancing creep
resistance.

2 Experiment

The master alloy ingot of nickel-based Mar-M247LC
superalloy was used as the raw material, and the nominal
composition is listed in Table 1. DS superalloy rods were
fabricated via liquid metal cooling installation under argon
atmosphere at withdrawal rates of 20, 40, and 70 pum/s, which
were named as WR20, WR40, and WR70 in this research,
respectively. Subsequently, the DS rods were subjected to
solution and aging heat treatments. The solution treatment is
1228 °C/2 h+1240 °C/2 h+1255 °C/2 h/air cooling (AC). The
aging treatment is 1079 °C/4 h/AC+870 °C/20 h/AC. All heat
treatments were performed with the rods vacuum-sealed in
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Table 1 Nominal chemical composition of Mar-M247LC superalloy (wt%)

Al Cr Co Ta W Hf

Ti Mo Zr C B Ni

5.500 8.000 9.500 3.300 9.400 1.400

0.700 0.500 0.020 0.070 0.016 Bal.

quartz ampoules.

Creep rupture tests were conducted on heat-treated Mar-
M247LC superalloys with different withdrawal rates under the
conditions of 980 °C/220 MPa using an RDL30 creep testing
machine. The heat-treated rods were machined into tensile
creep specimens with a gauge length of 25 mm and a gauge
diameter of 5 mm.

During the test, real-time monitoring of specimen temper-
ature was achieved using thermocouples attached at three
locations along the gauge length. For each condition, creep
tests were performed using two independent specimens. All
tests were repeated, and the obtained results are reproducible.

Metallographic specimens were sectioned from the DS
specimen and heat-treated specimen. All metallographic
specimens were mechanically ground using abrasive paper of
400#—3000# and polished using diamond paste of 1.5 pm.
Then, all metallographic specimens were electrolytically
etched in a solution of 45vol% H,SO,+42vol% HNO,+
13vol% H,PO, at 5 V for 3—5 s to expose the y’ precipitates,
and they were chemically etched with a solution of 10 mL
HNO,+20 mL HF+30 mL glycerol to expose the y channel.

Dendritic  structures were observed using an Olympus
OLS400 laser
microstructural characterization was performed using a
scanning electron microscope (SEM, Zeiss Gemini500).
Quantitative microstructural analysis was conducted using the

scanning confocal microscope. General

image analysis software Image-Pro Plus 6.0. The area fraction
of the y’ phase was measured by image thresholding according
to the grey values. To ensure statistical significance, at least
three representative images were analyzed for each condition.

Specimens for electron backscattered diffraction (EBSD)
analysis were electropolished in a solution of 10vol%
perchloric acid in ethanol at 20 V for 20 s. The phase statistics
of the superalloy were analyzed on a TESCAN AMBER SEM
operated at an accelerating voltage of 20 kV, a probe current
of 10 nA, and a scan step size of 0.05 pm.

Dislocation  configurations were observed on the
transmission electron microscope (TEM, FEI Talos F200X)
operated at 200 kV. Thin foils for TEM were prepared by
punching them into 3 mm-thick disks, mechanical grinding
until the thickness is approximately 40 pm, and twin-jet
electropolishing in a solution of 10vol% perchloric acid in

ethanol at =30 °C and 30 V.
3 Results and Discussion

3.1 Microstructural evolution in DS Mar-M247LC
superalloy
3.1.1 Microstructure characteristic

The microstructure of DS Mar-M247LC superalloy undergoes

significant evolution with the increase in withdrawal rate, as
shown in Fig. 1. Microstructure analysis (Fig. la—1c) reveals
progressive refinement of the dendritic structure with the
increase in withdrawal rate. This dendrite refinement can be
quantified by a decrease in PDAS from 479+22 um (WR20)
to 403+27 um (WR40) and 322420 um (WR70) (Fig. 1)),
which is primarily governed by the increased thermal
undercooling and the reduced local solidification time at
higher withdrawal rates, restricting dendritic coarsening.
Concurrently, solute segregation dominates the formation
of interdendritic phase. Because the partition coefficient k<1,
y' -forming elements (Ti, Ta, and Al) are rejected into the
interdendritic liquid during solidification. This progressively
enriches the solutes in the remaining liquid phase, thus pro-
moting the formation of a substantial interdendritic eutectic.
Phase transformation is further evidenced in y’ precipitates
(Fig. 1d — 1i). p" precipitate in both dendritic core and
interdendritic region of WR20 exhibits the maximum size and
a butterfly morphology. With the increase in withdrawal rate,
y' precipitate undergoes progressive refinement and transitions
toward a cuboidal shape. Notably, the size of y’ precipitates in
that in
interdendritic regions. Quantitative analysis (Fig. 1k — 11)
confirms that the higher withdrawal rates reduce the average
diameter of y’ while increasing its volume fraction in both

dendritic cores is consistently smaller than

regions.

According to the scaling law by Kurz et al*”, PDAS (4,)
changes with temperature gradient (G) and cooling rate (R), as
follows:

), o G OSR 0% (1

In DS process with constant G (characteristic of the
experimental system), PDAS is dominantly controlled by R.
Since cooling rate R correlates linearly with withdrawal rate V’
(R=GYV), Eq. (1) can be simplified to 1, oc G ")~ %,
Experimental data (Fig. 1j) confirm this inverse relationship,
showing progressive PDAS reduction from 479+22 pm
(WR20 specimen) to 322420 um (WR70 specimen) with the
increase in V.

Carbides in the superalloy are consistently localized within
interdendritic regions across all withdrawal rates, as evidenced
in Fig.2a—2c. With the increase in withdrawal rate, the carbide
morphology is transformed markedly from coarse, blocky
particles to fine, script-like ones with a more dispersed
distribution. Conversely, quantitative analysis in Fig. 2d
reveals that the withdrawal rate exerts a negligible influence
on overall carbide content. Fig.2e and 2f illustrate the energy-
dispersive X-ray spectroscope (EDS) point-analysis results for
blocky and rod-like carbides, respectively. The results indicate
that Ta is the primary element in these carbides, and Hf and W
can also be detected, thereby confirming them as MC-type
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carbides. Additionally, compared to the rod-like carbides, the
blocky carbides have a lower Ta content and a significantly
higher Hf content.

Although C is added at low levels as an interstitial solute,
its pronounced segregation tendency—driven by a low
solidification partition coefficient of approximately 0.21—
exceeds that of other alloying elements. This preferential
segregation promotes MC carbide formation in interdendritic
regions during solidification. At faster withdrawal rates, the
denser dendritic arrangements restrict carbide growth space,
while an accelerated cooling rate suppresses carbide coarsening
during subsequent solid-state cooling. These combined effects
explain the refined carbide distribution observed at WR70
specimen, showing a characteristic of fine and script-like
morphology with a more dispersed distribution™.

3.1.2 Carbide evolution and y' coarsening in heat-treated

state

Representative SEM images in Fig.3 and Fig.4 illustrate
the microstructural changes after heat treatment. Compared
to the DS specimens, carbides in the heat-treated specimens
(Fig.3a—3c) exhibit significant refinement and more uniform
distribution. Notably, the rod-like and script-like carbides
decompose into small blocks or fine granular particles.
Quantitative analysis reveals a substantial decrease in carbide
content (from 0.99% to 0.67%) in the WR70 specimen.
However, no significant variation in carbide content is
observed in the WR20 (from 1.11% to 1.24%) and WR40
specimens (from 1.00% to 0.88%). Fig. 3d illustrates EDS
point analysis of the primary carbides and the granular

carbides that precipitate after heat treatment. The results
indicate that Hf becomes the dominant element in both types
of carbides. Notably, the primary carbides of heat-treated
specimen show a significant increase in Hf content, along
with a decrease in Ta and Ti contents compared to those of DS
specimen. This change in composition suggests that the TaC
and TiC components in the primary carbides are dissolved
during heat treatment, allowing Ta and Ti atoms to diffuse into
the y matrix and resulting in the enrichment of Hf.

The preferred formation order of MC carbides, based on
stability, is HfC, TaC, NbC, and TiC. Blocky MC carbides,
which are enriched with Hf compared to the rod-like and
script-like ones, demonstrate superior thermal stability. This is
due to the higher resistance of HfC to decomposition com-
pared with that of TaC at elevated temperatures™. In contrast
to other superalloys that contain a significant amount of
blocky carbides, the WR70 specimen mainly features rod-like
and script-like carbides. During the heat treatment, these rod-
like and script-like carbides undergo significant decompo-
sition, whereas the blocky carbides experience far less
decomposition.

MC carbides decompose at elevated temperatures, releasing
elements (C, Ti, Ta, W, Mo) into the matrix. Crucially, the
decomposition of Ta-rich script-like MC carbides elevates the
overall Ta content of superalloy. This elevated Ta content
thermodynamically stabilizes the ' phase, increasing its
equilibrium volume fraction and coarsening rate™ >,

The observed carbide evolution directly influences the
development of y’ phase. Higher-magnification views
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Fig.3 Morphology evolution (a—c) and EDS point analysis results (d) of carbide in different Mar-M247LC specimens after heat treatment
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Fig.4 Microstructures (a—c) and statistical results of diameter distribution and volume fraction (d—f) of y’ precipitates in different Mar-M247LC
specimens after heat treatment: (a, d) WR20; (b, ¢) WR40; (c, f) WR70

(Fig. 4a —4c) confirm that the y' phase exhibits a uniform
distribution and regular cuboidal morphology across all
specimens after heat treatment. Critically, the extent of MC
carbide decomposition, i.e., Ta release, is significantly greater
in the WR70 specimen than in others. Consequently, this
superalloy exhibits the most pronounced increase in both the
volume fraction and size of y’ phase with the increase in
withdrawal rate, as quantified in Fig.4d—4f.

3.2 Withdrawal rate-dependent creep behavior

Fig. 5 presents the creep rupture curves of different
specimens under the conditions of 980 °C/220 MPa. The
specimens solidified at 20, 40, and 70 um/s exhibit rupture
lives of 77.4, 96.6, and 61.3 h, respectively. With the increase
in withdrawal rate, the creep rupture life of the specimens
firstly increases and then decreases, indicating that the creep
rupture performance exhibits an optimal value with respect to
the withdrawal rate.

To investigate the wunderlying mechanisms of creep
behavior, a meticulous examination of the fractured specimens
was conducted. The morphologies of the y’ phase near the
fracture surface are illustrated in Fig.6a—6¢. All superalloys
develop N-type raft-like structures perpendicular to the stress
axis. In addition, the post-creep y' morphology adjacent to
fracture  surfaces shows  withdrawal rate-dependent
characteristics. Compared to the other two specimens, WR40
specimen exhibits narrower and more elongated y matrix
channels (557 nm in width). In contrast, the y matrix channels
in the WR70

phenomenon (676 nm in width).

specimen show significant coarsening

During creep deformation, the y’ phase coalesces under the

16 WR20

WR40
WR70

Strain/%

0 20 40 60 80 100
Time/h

Fig.5 Creep rupture curves of different Mar-M247LC specimens at
980 °C/220 MPa

applied stress, forming an elongated raft-like structure™.
Under high-temperature and low-stress testing conditions,
creep deformation is governed by the movement and
climbing of dislocations within the y matrix for superalloys
strengthened by the y’ phase with high volume fraction. The
formation of raft-like structures significantly increases the
distance that the dislocations must climb, thereby enhancing
the creep resistance” *?. Smaller y’ precipitates result in
narrower y matrix channels after the formation of raft-like
structures. These narrower channels hinder dislocation
movement within the y matrix channels. Furthermore, the
constricted y matrix channels make it considerably more
difficult for dislocations to bypass the y’ precipitates via
climbing; instead, they are forced to shear through the y’
phase™ . Consequently, the WR40 specimen, characterized
by the longest rafts and the narrowest y matrix channels,
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exhibits superior resistance to dislocation motion compared to
the specimens solidified at other withdrawal rates. This results
in the longest creep rupture life. Conversely, the deviation in
the orientation of the raft-like structures in WR20 and WR70
specimens reduces their effectiveness in impeding dislocation
movement, leading to shorter creep lives compared to the
WR40 specimen.

Dislocation configurations under identical conditions
further demonstrate microstructural divergences (Fig. 6d—6f).
It shows irregular interfacial networks with high-density
dislocations penetrating the y' phase in WR20 and WR70
specimens but larger and geometrically regular networks in
WR40 specimen. The dislocations are generated within the y
matrix during the initial stage of creep. They can move
through the y matrix channels and subsequently pile up at the
y/y" interfaces, forming dislocation networks. This
accumulation leads to dislocations of high density at these
interfaces. The formation of a dense dislocation network at the
yly hinders the movement of subsequent
dislocations within the y matrix and impedes their shearing

r

’

interfaces

into the y' phase, thereby mitigating creep damage in the
superalloy. A regular dislocation network possesses higher
stability, which can more effectively hinder dislocation motion
and enhance the creep resistance of superalloys™ *.
Consequently, it effectively hinders subsequent dislocation
motion, resulting in superior creep rupture performance.

In addition, it should be noted that the dislocation network
in the WR40 specimen demonstrates enhanced density and
structural regularity, directly contributing to the prolongation
of creep life through effective impedance of dislocation

propagation. During the creep deformation, dislocations will
nucleate in the y matrix and propagate through y channels,
finally accumulating at y/y’ interfaces to form dense networks.
These interfacial arrays block matrix dislocation motion while
preventing shear penetration into the p’ phase, thereby
constraining creep damage. Crucially, geometrically ordered
networks exhibit superior stability and barrier efficacy.

The dislocation network formation stems from dislocation
interactions and lattice misfit (5)™”, which can be calculated
by Eq. (2)P*, as follows:

Y ¥
where the lattice parameters a, and a, depend critically on
solute composition. The decomposition of Ta-rich MC
carbides releases additional Ta into the surrounding matrix,
leading to a localized increase in Ta concentration. This
increases the value of a, and thereby increases the value of
6", promoting the formation of denser and more regular
dislocation networks. As the withdrawal rate increases, the
decomposition of the carbides becomes more pronounced. As
a result, superalloys solidified at faster withdrawal rates
exhibit greater local Ta enrichment, thus enhancing the creep
resistance. However, it should be noted that the increase in Ta
content simultaneously increases the y’ phase content in the
superalloy, which also promotes coarsening of the y’ phase
during creep. An excessive amount of the y’ phase can have an
adverse effect on the creep properties™”. In the WR70
specimen, ' phase coarsening results in wider y matrix
channels. This facilitates rapid dislocation motion and climb-
mediated bypass of p’ precipitates. Consequently, the
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dislocation network density of the y/y" interface decreases,

ultimately decreasing the creep resistance.

3.3 Microstructural degradation and creep rupture
mechanism

TEM images of the specimens after creep rupture testing at
980 °C/220 MPa are shown in Fig. 7, which indicates
significant microstructural degradation. The high-angle
annular dark-field scanning TEM (HAADF-STEM) image,
along with the corresponding EDS element mapping,
demonstrates that undergo
decomposition (Fig.7a—7b), accompanied by the precipitation
of Crrich M,,C, carbides. Importantly, continuous y' films
form around these degraded primary MC carbides, and
microcracks are predominantly localized near carbide clusters
(Fig.7c—7f). Notably, M,,C, carbides adjacent to microcracks

the primary MC carbides

exhibit significantly obvious coarsening phenomenon than
those in unaffected regions.

The wunderlying mechanism for this
degradation and its link to fracture initiation can be described
as follows. During creep, the TaC component within primary

microstructural

MC carbides decomposes due to its inferior thermal stability
relative to HfC, following the reaction: MC+y—M,,Ci+y’ >,
This process consumes solid-solution strengthening elements
(e.g. Cr) in the y matrix, thereby diminishing solid-solution
strengthening effect. Additionally, the formation of continuous
y' films lowers the resistance to dislocation movement at the
y/y" interfaces, thus weakening the strengthening effect at the
interfaces. As a result, dislocations can more readily destroy
the dislocation network under applied stress and cut into the y’

phase, eventually accumulating near the carbides. This leads
to stress concentration around the carbides and promotes
crack initiation in these regions. Furthermore, coarsening of
M,,C, carbides during creep decreases their pinning effect on
dislocations. Consequently, the regions surrounding the
decomposed primary MC carbides become microstructural
weak zones, acting as preferred sites for microcrack initiation
and propagation.

The fracture morphologies of the three specimens after
creep tests are presented in Fig.8a—8c. As shown in the inserts,
all specimens exhibit pronounced necking and display clearly
visible dimple rupture features, showing a transgranular
ductile fracture mechanism under these conditions. EDS
analysis of microcracks in the ruptured specimens at different
withdrawal rates (Fig. 8d — 8f) reveals the enrichment of
carbide-forming elements (Ta, W, and Hf) around the
microcracks. This confirms that crack initiation and
propagation occur preferentially near carbide particles.
Therefore, the localized reduction in strength surrounding
decomposed primary MC carbides is identified as the
predominant mechanism responsible for creep fracture
initiation.

The observed dislocation behavior is integrated into a
schematic illustration of the overall creep fracture mechanism
for Mar-M247LC at 980 °C/220 MPa, as shown in Fig. 9.
Dislocations begin to nucleate within the y matrix channels
and glide under the applied stress, gradually accumulating at
the y/y" interfaces. This accumulation results in extensive
dislocation pile-up and the formation of interfacial dislocation

y" film

. Cr-depleted
\ region

2 um

10 um

Fig.7 Microstructural characterization of creep-fractured WR20 (a—b) and WR70 (c—f) specimens: (a) HAADF-STEM image of carbides; (b) EDS
element mapping corresponding to Fig.7a; (¢) SEM image of Cr-depleted region; (d) EDS element mapping corresponding to Fig.7c;

(e) SEM image of microcracks; (f) EBSD phase map highlighting Cr,,C, phase
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Fig.8 SEM images of the creep fracture morphologies (a—c) and corresponding EDS element mappings (d—f) of different Mar-M247LC

specimens: (a, d) WR20; (b, ) WR40; (c, f) WR70

y matrix
—— MC carbide

y' phase
M,,C, carbide

Raft-like y’ phase

) y' film formation

M,,C, coarsening

——— Dislocation
—— Crack

Fig. 9 Schematic diagram of the key stages in creep rupture mechanism of Mar-M247LC superalloy at 980 °C/220 MPa

networks. During the creep process, the primary carbides in
the superalloy decompose, leading to the precipitation of
M,,C, carbides and the formation of continuous y’ films. As
stress increases, dislocations in the y matrix disrupt the
dislocation networks and penetrate the y’ precipitates. These

dislocations pile up at the carbides and induce significant

stress concentration, eventually triggering crack initiation.
These cracks are initiated discontinuously within the specimen
and propagate perpendicular to the applied stress axis.
Ultimately, the coalescence of these microcracks results in
predominantly transgranular fracture.

Although variations in the withdrawal rate can influence the



1874 Gan Yisheng et al. / Rare Metal Materials and Engineering, 2026, 55(8):1865-1875

microstructure and creep performance of the Mar-M247LC
superalloy, no change in the fracture mechanism is observed.
All tested specimens display nearly identical fracture
mechanisms. Compared to superalloys solidified at other
withdrawal rates, the WR40 specimen exhibits elongated raft-
like y' structures and significantly narrower y matrix channels.
This specific microstructural configuration promotes the
development of denser and more regular dislocation networks
at the y/y’ interfaces. These enhanced dislocation networks act
as potent barriers, effectively impeding dislocation glide
superior dislocation
confinement directly contributes to the prolonged creep
rupture life observed in the WR40 specimen.

within the matrix channels. This

4 Conclusions

1) Increasing the withdrawal rate significantly refines the
dendritic structure and transforms the morphology of MC
carbides from coarse blocky to fine script-like. Following
standard heat treatment, the fine primary carbides exhibit an
enhanced propensity for decomposition into minor granular
particles. This decomposition releases additional Ta into the
matrix, promoting y’ precipitate coarsening, with WR70
specimen exhibiting the coarsest y’ morphology.

2) WR40 specimen exhibits the longest creep rupture life of
96.6 h under the condition of 980 °C/220 MPa. The superior
performance originates from the narrowest y matrix channels
and the densest dislocation network at the p/y’ interfaces,
which effectively impede dislocation motion. The Ta released
from MC carbide increases the y/y’ lattice mismatch, further
facilitating the formation of this beneficial dislocation
network.

3) During creep deformation, the decomposition of primary
MC carbides depletes Cr from the surrounding y -matrix,
which weakens the solid-solution strengthening effect, and
simultaneously promotes the formation of adjacent continuous
y' films. This synergistic effect critically reduces the localized
strength in these regions, creating preferential sites for
microcrack nucleation. Once initiated, these microcracks
propagate preferentially along paths decorated with coarsened
M23C6
transgranular fracture.

carbides, ultimately leading to macroscopic
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HZEME, TS, B E KFEHS FOEL DIRTE, 0!
(1. AL TR B AR A E TR, B i 710072)
(2 bR %‘&&w%rﬁﬁ%%éliﬁ%% , VOJI f5BH 618000)
- RITHR RSB R INRENA R A D_TUII B4 618000)

FHE: WFIC T 3 5 Mar-M247LC 5E [ e [ 2 = B A S AL SURIFE A MERE I RE A . 45 R B g R dh R R 42
— R A T BRIk, AN 479 pm B %2322 pums " FSFS RSHIB/DN (PR f 18] X 30 460 nm [ 22 345 nm,  7EAE i T X 3 ) 298 nm [ 22
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