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Abstract

The evolution behavior of precipitates during high-temperature creep of high-
tungsten K416B nickel-based superalloy was investigated through creep perfor-
mance testing and microstructural morphology observation. The results indicate
that in the as-cast alloy, the v’ phase exhibits non-uniform size distribution and
strip-like MC carbides are distributed in a Chinese-character pattern within in-
terdendritic regions; during high-temperature creep under applied stress, fine
M6C carbides can precipitate discontinuously in the deformed matrix, and ther-
modynamic analysis suggests that under stress-induced effects, carbon element
segregates at stress concentration sites and combines with carbide-forming ele-
ments such as tungsten, thereby promoting the precipitation of fine M6C phase
from the matrix; simultaneously, grooves form on the surfaces of strip-like MC
carbides, which gradually decompose and transform into granular M6C phase,
wherein the additional stress formed on the surfaces of strip-like MC phase is the
primary cause for the continuous dissolution and spheroidization of MC phase.
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ABSTRACT

As-cast Ni-based superalloys with high tungsten content are extensively used in
aero-engine turbine vanes due to their excellent oxidation resistance and tem-
perature capability. During high-temperature service, these materials undergo
creep deformation and microstructural evolution, with creep behavior primar-
ily governed by chemical composition and microstructural features such as the
size, distribution, and morphology of ' phase and carbides. Carbide morphol-
ogy is particularly critical to creep resistance—dispersively distributed carbide
particles generally enhance creep resistance, whereas continuously distributed
carbides along boundaries provide easy paths for crack propagation and de-
grade mechanical properties. Furthermore, creep life depends significantly on
microstructural evolution at elevated temperatures. However, the carbide evo-
lution mechanism in K416B superalloy during creep remains unclear.

This study investigates the evolution behavior of precipitates in K416B Ni-based
superalloy with high W content during high-temperature creep through creep
property testing and microstructural observation. The results show that the
~’ phase exhibits inhomogeneous size in the as-cast alloy, with stripe-like MC
carbides distributed in Chinese-script morphology in interdendritic regions. Dur-
ing high-temperature creep under applied stress, fine M6C carbides discontinu-
ously precipitate in the deformed « matrix. Thermodynamic analysis indicates
that carbon segregates at stress concentration sites and combines with carbide-
forming elements such as W, promoting precipitation of fine M6C from the
matrix. Simultaneously, grooves form on the surfaces of stripe-like MC carbides,
which gradually decompose and transform into granular M6C particles. The ad-
ditional stress generated on MC carbide surfaces is identified as the primary
factor driving continuous dissolution and spheroidization of MC phase.

KEY WORDS K416B Ni-based superalloy, creep, carbide evolution, thermo-
dynamics analysis

1. Introduction

High-tungsten cast nickel-based superalloys are considered important materials
for manufacturing aero-engine turbine guide vanes due to their excellent oxida-
tion resistance and temperature capability [1-3]. K416B nickel-based superalloy
contains up to 16.3 wt% W and exhibits good thermal fatigue performance,
making it one of the equiaxed cast superalloys with higher temperature-bearing
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capacity [4]. Tungsten is a crucial solid-solution element in nickel-based super-
alloys, with a partition ratio of approximately 1:1 between v and 7’ phases,
simultaneously strengthening both phases and improving creep resistance [5-7].
Additionally, W is a primary carbide-forming element that forms various types
and morphologies of carbides during solidification [8,9], directly affecting me-
chanical properties. Studies on high-tungsten M963 alloy [10,11] have shown
that as melt processing temperature increases, carbide morphology transforms
from blocky to granular with more uniform distribution, thereby improving
stress rupture properties. During high-temperature thermal exposure, carbides
in Ni-Cr-W alloys can undergo decomposition reactions (M6C — M23C6 + M
(W, Ni, Cr, Mo)), with M23C6 carbides precipitating along grain boundaries
and maintaining specific orientation relationships with the matrix: (100)M23C6
// (100)matrix [12,13]. Furthermore, research [14-16] indicates that after long-
term aging, carbides in cast nickel-based alloys can transform as MC + v — +
M23C6 (M6C), with the amount of secondary M23C6 (M6C) carbides increasing
with higher aging temperatures and longer durations.

During high-temperature service, nickel-based superalloys undergo microstruc-
tural evolution including ~’ phase coarsening and rafting, carbide transformation
(such as MC — M23C6 or M6C), and secondary precipitation of strengthening
phases (7" and carbides) [17,18]. This evolution is closely related to service
life [19]. The microstructure of high-tungsten K416B alloy consists primarily
of v phase, 7' phase, and carbides. During high-temperature creep, creep de-
formation inevitably occurs accompanied by precipitate transformation, yet the
carbide evolution mechanism in high-tungsten alloys during creep remains un-
clear.

This work investigates the evolution mechanism of precipitates in K416B alloy
during high-temperature creep through creep testing and microstructural ob-
servation using scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), aiming to provide theoretical basis for alloy development
and application.

2. Experimental Methods

K416B master alloy ingots were remelted in a 10 kg vacuum induction furnace
and cast into equiaxed crystal bars. The nominal composition (wt.%) was: C
0.13, Cr 4.90, Co 6.82, Nb 2.06, Al 5.75, W 16.3, Ti 1.00, Hf 1.00, Ni balance.
The alloy bars were machined into cylindrical creep specimens with a gauge
length of 25 mm and diameter of 5 mm. Creep tests were conducted at 1000 °C
under 150 MPa stress for various durations using an F-25 creep/stress rupture
testing machine.

Creep-interrupted specimens were ground and polished, then chemically etched
using a solution of 20 mL HCl + 5 g CuSO4 + 25 mL H20. Microstructural
observation and energy-dispersive spectroscopy (EDS) analysis of precipitates
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were performed using an S-3400N SEM. For TEM analysis, 0.5 mm thick slices
were cut from creep-interrupted specimens, mechanically thinned to 50 m on
both sides, and punched into 3 mm diameter discs. TEM samples were pre-
pared by twin-jet electropolishing at -25 °C using a 10% perchloric acid ethanol
solution. A TECNAI-20 TEM was used to examine the microstructure of crept-
to-fracture specimens.

3. Experimental Results
3.1 Creep Behavior and Microstructural Evolution

The creep curve of K416B alloy at 1000 °C under 150 MPa is shown in [Figure 1:
see original paper|. The alloy exhibits a low steady-state creep rate of approx-
imately 0.00716 %/h with a steady-state duration of about 120 h, achieving a
creep life of 154 h and post-fracture elongation of 4.7%.

The microstructure of as-cast K416B alloy is presented in [Figure 2: see original
paper]. The " phase shows inhomogeneous size distribution, with larger +’
particles (1-2 m) irregularly distributed in interdendritic regions [FIGURE:2a,
upper right], while smaller 4’ particles (0.3-0.6 m) are observed in dendrite
cores [FIGURE:2a, lower left]. [Figure 2b: see original paper| shows carbide
precipitation morphology in the as-cast alloy, revealing stripe-like MC carbides
with straight surfaces distributed in Chinese-script patterns in interdendritic
regions.

Microstructures after different creep durations at 1000 °C under 150 MPa are
shown in [Figure 3: see original paper], where 5 h, 50 h, and 154 h correspond to
primary, steady-state, and tertiary creep stages, respectively. After 5 h of creep,
slight coarsening of interdendritic v’ phase occurs with minimal deformation and
only a few white particles precipitated [Figure 3a: see original paper|. After 50
h, significant 7’ coarsening and rafted structure formation are observed, accom-
panied by increased precipitation of fine white particles [Figure 3b: see original
paper]. In the crept-to-fracture condition [Figure 3c: see original paper], the
rafted 4’ structure becomes distorted and irregularly distributed, with further
increased fine white particles. EDS analysis reveals these particles are rich in
W, Cr, and C, indicating that numerous fine particles precipitate dispersively
in the deformed matrix during creep compared to the as-cast condition [Figure
2a: see original paper].

The evolution of stripe-like carbides in interdendritic regions during creep at
1000 °C under 150 MPa is shown in [Figure 4: see original paper|. After 5
h, grooves form on carbide surfaces, creating an uneven morphology [Figure
4a: see original paper]. After 50 h, groove depth increases and local regions of
stripe carbides undergo fission into granular particles [Figure 4b: see original pa-
per]. At fracture, stripe carbides are completely fissioned into granular particles
distributed discontinuously [Figure 4c: see original paper], demonstrating that
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stripe-like carbides gradually fuse into discontinuous granular particles during
high-temperature creep.

TEM images of stripe-like carbides during creep at 1000 °C under 150 MPa
are presented in [Figure 5: see original paper]. After 50 h, stripe carbides
show uneven surfaces with a few slip dislocations terminating at the carbides,
indicating effective obstruction of dislocation motion. EDS analysis shows these
stripe precipitates are rich in Nb, W, Hf, Ti, and C, and the corresponding
selected-area electron diffraction (SAED) pattern [inset in [Figure 5: see original
paper|a] identifies them as MC-type carbides.

[Figure 5: see original paper|b shows TEM images of fissioned carbides in the
crept-to-fracture specimen. Noticeable dissolution grooves form on carbide sur-
faces with numerous dislocation traces nearby. The fissioned granular particles
are rich in W, Nb, Cr, and C, and SAED analysis [inset in [Figure 5: see orig-
inal paper|b| identifies them as M6C-type carbides. This indicates that inter-
dendritic stripe-like MC carbides transform into granular M6C carbides during
high-temperature creep.

[Figure 6: see original paper| shows the microstructure of K416B alloy crept to
fracture at 1000 °C under 150 MPa for 154 h. Fine granular carbides precipitate
dispersively at dislocation pile-up sites and ~/+" interfaces. SAED analysis
[inset in [Figure 6: see original paper]a] identifies these as M6C carbides, with
numerous deformation dislocations tangled around them. In another region,
fissioned carbides show chain-like distribution with mobile dislocations piled
up at granular carbides, demonstrating that both secondary fine carbides and
fissioned granular carbides effectively hinder dislocation motion and improve
creep resistance.

4. Discussion
4.1 Stress-Induced Precipitation of Fine Carbides

During steady-state creep at 1000 °C under 150 MPa, K416B superalloy exhibits
a low creep rate of 0.00716 %/h. As creep progresses, the v matrix deforms more
than the stronger v’ phase, leading to increased dislocation density and stress
concentration in the matrix and at interfaces, creating high flow stress. This pro-
vides favorable conditions for fine carbide precipitation in the matrix, promoting
dispersive precipitation of M6C from the deformed alloy [Figure 6a: see original
paper], indicating that stress induction enables fine carbide precipitation during
creep.

Stress-induced precipitation can be analyzed using phase equilibrium thermo-
dynamics. The high W content (16.3%) in as-cast K416B alloy and absence of
fine carbides in the as-cast matrix [Figure 2a: see original paper] indicate that
carbon is in equilibrium, providing necessary conditions for M6C precipitation.
During creep, plastic deformation of the matrix increases the chemical potential
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of carbon in the v phase, creating supersaturation. Additionally, crystal slip
and plastic deformation release deformation heat, promoting precipitation of
fine M6C in the v matrix. The effect of applied stress on carbon solubility can
be analyzed using thermodynamic theory of stress effects on phase equilibrium
[20]. The relationship is given by:

14
X9 = X0 (——U )
C C exp T

where XZ and X% are the mole fractions of solute C dissolved in the 7 phase
with and without applied stress, respectively; o is the applied stress; R is the
gas constant; T is thermodynamic temperature; and V is the molar volume.
This equation shows that applied stress affects carbon solubility in the + phase.
During creep under tensile stress, o is negative, making the exponential term <
1, indicating that tensile stress reduces carbon solubility in the ~ phase. Dur-
ing tensile creep, increasing dislocation density releases deformation heat while
causing carbon segregation at stress concentration sites. With its small atomic
radius and thermodynamic activity for carbide formation, carbon combines with
strong carbide-forming elements like W and Cr, promoting discontinuous pre-
cipitation of carbides in the matrix or at v/« interfaces.

4.2 Evolution Mechanism of Stripe-Like Carbides

EDS analysis shows that Nb, W, Hf, and Ti are the main constituents of stripe-
like MC carbides, while fissioned M6C carbides are rich in W, Nb, and Cr.
These carbide-forming elements are collectively designated as Y elements. Since
both MC and M6C carbides have fcc structures, stripe-like MC carbides can
transform into secondary M6C during stressed high-temperature creep [Figure
5: see original paper], with the transformation reaction expressed as:

MC(stripe-like) — M6C(granular) + ~

The fission process can be analyzed using equilibrium thermodynamics. During

creep, stripe-like carbides effectively obstruct dislocation motion [Figure 5: see

original paper], creating stress concentration and generating additional stress
Pyrc)., at their surfaces. Combining with the previous equation yields:

P Ve

X2 = XMC oyp, [ . ZMC/ M

yo Ay e RT

where X/ ¢ and X7 are the mole concentrations of Y element in MC and ~y
phases, respectively, and V), is the molar volume of MC carbide. As creep
progresses and matrix deformation increases, the additional stress on stripe-like
MC surfaces increases, raising the concentration of Y element in adjacent -
phase and accelerating diffusion of Y from MC to « matrix, thus promoting MC
decomposition.
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The additional stress (Py;¢/,) generated by applied stress at the MC /7 interface
significantly affects the equilibrium concentration of Y element, causing groove
formation and eventual spheroidization of stripe-like MC carbides. This process
is illustrated in [Figure 7: see original paper]. In as-cast K416B alloy, stripe-like
MC surfaces are smooth. During stressed creep, Py;¢/, develops at the MC/~
interface [Figure Ta: see original paper], leading to groove formation under stress
[Figure 7b: see original paper|. The instantaneous balance between interface
tension and Py ., at groove intersections is:

UMC/,YCOSOZ = PMC/’)’

where o)/¢/, is the interface tension between MC phase and vy matrix at the
groove, and « is the groove angle. As creep continues, Y elements continuously
diffuse from MC to adjacent v phase under additional stress, creating high-
concentration regions that subsequently diffuse toward low-concentration areas,
with Y also diffusing from ~ into stripe-like MC, gradually transforming it into
granular M6C [Figure 7c: see original paper]. This disrupts interface tension
balance at groove intersections. To maintain equilibrium, the curved front of
granular M6C continuously dissolves, with the interface tension relationship
during spheroidization being:

/ p—
Opeyy o8 = Pyoyy,

Thus, the additional stress P/, on stripe-like MC surfaces is the primary
factor driving groove deepening and MC decomposition. In other words, under
combined strain and interface energy, elemental diffusion deepens grooves and
increases thickness, causing adjacent MC phases to decompose into granular
M6C.

4.3 Effect of Microstructural Evolution on Creep Performance

During stressed high-temperature creep, fine M6C carbides precipitate discon-
tinuously at dislocation pile-up sites and -/~ interfaces through stress induction.
As creep progresses, the number of fine M6C precipitates increases [Figure 3: see
original paper], effectively hindering dislocation motion [Figure 6a: see original
paper]. The strengthening effect [23] can be expressed as:

knf1/2
o T

Ao

where Ao is the strengthening effect from fine carbides, r is the average radius of
fine carbide particles, f is the volume fraction of precipitated fine carbides, and n
and k are material constants. This shows that increasing fine M6C precipitation
(increasing f) enhances creep resistance, contributing to the alloy’ s low steady-
state creep rate.
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Previous studies [24,25] indicate that during creep, deformation dislocations
easily pile up at stripe-like phases, creating stress concentration. When this
concentrated stress exceeds the bonding strength between the stripe-like phase
and matrix, cracks initiate and propagate along the interface, accelerating frac-
ture and creating weak links. In contrast, granular phase regions are less prone
to stress concentration and provide dispersion strengthening, improving alloy
strength [26]. Therefore, transformation of stripe-like MC carbides into granu-
lar M6C during creep helps relieve stress concentration, improves creep strength,
and extends the steady-state duration of K416B alloy.

5. Conclusions

1. In as-cast K416B alloy, the v’phase shows inhomogeneous size and irregular
distribution in both interdendritic and dendrite core regions, with stripe-
like MC carbides distributed in Chinese-script patterns in interdendritic
regions.

2. During high-temperature creep, fine granular M6C carbides precipitate
dispersively through stress induction. Applied stress reduces carbon solu-
bility in the v matrix, causing carbon segregation at stress concentration
sites where it combines with carbide-forming elements like W, promoting
discontinuous precipitation of fine M6C in the matrix and at ~/+ inter-
faces.

3. During stressed high-temperature creep, stripe-like MC carbides become
coarsened and uneven, gradually dissolving and transforming into granular
M6C. The additional stress formed on MC carbide surfaces is the primary
factor driving continuous decomposition and spheroidization of MC phase.
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