Microstructural Evolution and Oxidation Behavior
of Alloy Ni-13Mo-13Cr-9W-3Fe-3Ti-2Al During
Isothermal Exposure at 900 °C
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The microstructure evolution and oxidation behavior of alloy Ni-13Mo-13Cr-9W-3Fe-3Ti-2Al
(alloy K4208), a newly developed Ni-Cr-W-Mo-based wear-resistant superalloy, were investi-
gated by isothermal aging at 900 °C in air. Thermodynamic calculations, microstructure
observations, electron probe microanalysis (EPMA), and precise microchemical analysis were
used to study the microstructure evolution and oxidation mechanism of alloy K4208. The
results showed that alloy K4208 was mainly composed of a P-like phase, McC (and M;,C)
carbide, 7" phase, u phase, and y matrix. During the 900 °C aging, the y” phase coarsened into
irregular shapes, the MgC (and M ,C) carbide decomposed, and the u phase dissolved into the
matrix, providing abundant Cr, Mo, and W for the growth of the P-like phase. Hence, the
relationship between the different phases was established by element redistribution. In addition,
the oxidation of alloy K4208 was a diffusion-controlled process, leading to the formation of a
stable oxide layer composed of three parts: a thin layer of NiCr,O,4 spinel located on the
outermost side, a continuous Cr,03 layer decorated with TiO, in the middle, and an internal
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Al,Oj5 layer.
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I. INTRODUCTION

ALLOY  Ni-13Mo-13Cr-9W-3Fe-3Ti-2Al (alloy
K4208) is a solution-strengthened cast superalloy
designed in China. The nearest equivalent to this alloy
is the BXKJI2-BU alloy (Russia).!"! Alloy K4208 was
developed as a wear-resistant nickel-based superalloy
and can be used long-term at 800 °C in high-wear and
high-corrosion environments. In addition, alloy K4208
can sustain short-term service temperatures of up to
1000 °C."N To achieve excellent wear resistance, alloy
K4208 contains a large amount of alloying elements.
The high concentrations of W and Mo are designed to
provide strength at high temperatures.** Furthermore,
since W can increase the diffusion activation energy and
slow the diffusion process by strongly binding atoms,
the addition of W can provide good heat resistance to
the alloy.'¥ Generally, the addition of Si is beneficial for
improving the castability of alloy K4208 and provides a
solution-strengthening effect. Generally, the Cr and Al
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elements present in nickel-based superalloys can form an
oxide surface layer that protects against degradation at
high temperatures.”!

The addition of alloying elements to alloy K4208
results in the alloy having good mechanical properties
but complicates the phase evolution. To develop mate-
rials for high-temperature applications, a good under-
standing of the phase evolution that occurs during aging
and high-temperature oxidation characterization is nec-
essary to prevent various corrosion problems that occur
at high temperatures.l The understanding of these
processes facilitates a property and performance com-
parison, which aids in materials selection and the
development of design guidelines for industrial applica-
tions.”) Hence, a thorough understanding of the
microstructure and phase evolution during the
high-temperature aging of alloy K4208 is needed. It is
generally accepted that carbides and topologically
close-packed (TCP) phases are comFosed of Cr, Mo,
W, and other refractory elements.®! The combined
amount of W, Cr, and Mo in the K4208 alloy is as
high as 35 pct, providing great potential for the
formation of TCP phases and carbides. However, until
now, few reports have been published about the wear
resistance behavior and castability of alloy K4208,"! but
studies on the microstructure and phase composition of
this alloy have not been published. As a result, one aim
of this work is to clarify the phase composition and
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microstructure evolution of alloy K4208 during
high-temperature aging.

Furthermore, high-temperature applications require
that materials have excellent oxidation resistance.!"”!
The high-temperature oxidation resistance of materials
is usually derived from the formation of a protective
oxide layer, such as ALO;!"" and Cr,05."* However,
the stoichiometries of the oxides that form vary with the
chemical composition of the bulk alloy and the oxida-
tion environment.!"*'¥ The oxidation behavior of
nickel-based superalloys is complex due to the use of
large amounts of alloying eclements; the bulk allo
oxidizes, forming various oxides in various sequences.!'”’
Therefore, it is necessary to investigate the oxidation of
alloy K4208 to determine how its oxidation behavior
compares to different alloys, and information about the
K4208 alloy is scarce.

Based on the abovementioned reasons, there is an
urgent need to systematically understand the
microstructure evolution and oxidation behavior of
alloy K4208 during high-temperature exposures, which
will provide a basis for further development and the
application of alloy K4208 and related alloy systems.
Since this alloy is designed to be used in the temperature
range of 800 °C to 1000 °C, the isothermal exposure in
this study was carried out at 900 °C. The surface and
cross-sectional morphologies of the oxide layer were
examined by scanning electron microscopy (SEM), and
the compositions of the oxides were determined by
energy dispersive X-ray spectroscopy (EDS) and X-ray
diffraction (XRD). The phase evolution during aging
was investigated by observing the microstructure and
preparing a phase diagram. The results of this work can
provide theoretical references for the microstructure
stability and oxidation resistance of alloy K4208 during
high-temperature isothermal exposures.

II. EXPERIMENTAL MATERIAL
AND PROCEDURE

The chemical composition of the K4208 alloy used in
this study is listed in Table I. The material used in this
work was manufactured by vacuum induction melting
(VIM) and then remelted for investment casting to
obtain a bar. The bar was solution treated at 1200 °C
for 1 hour and aged at 870 °C for 3 hours. Samples with
12 mm diameters and 15 mm heights were sectioned
from the bar, abraded with 800 grit SiC abrasive paper,
and ultrasonically cleaned in ethanol to prepare for the
isothermal exposure experiment.

Table I. Chemical Composition of Alloy K4208 (Where the
Compositions Are Represented as Wt Pct).

C Cr \\% Mo Al Ti Fe Si B Ni

0.15 13.44 898 13.62 228 2.58 3.06 .46 0.034 bal
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The isothermal aging tests were carried out at 900 °C
by a muffle furnace for different periods of time (5, 10,
20, 50, 100, 200, and 300 hours) to investigate the
microstructure evolution and oxidation behavior of
alloy K4208. The composition of the oxide layer was
determined by a D/MAX-TTRIII X-ray diffractometer.
Then, the samples were carefully abraded and mechan-
ically polished to expose the cross-sectional structure of
the oxide layer. Scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDS) were used to
observe the cross-sectional morphology and analyze the
elemental distribution. A JSM-6510A scanning electron
microscope equipped with EDS was used in this work.

Next, to prepare the samples for morphology obser-
vations, the samples were electrolytically polished with a
solution of 20 pct CH3OH and 80 pct H>SO4 and then
electrolytically etched with a solution containing 15 g
CrOs;, 10 mL H,SOy4, and 170 mL H3PO,. The evolution
of the phases during aging was studied by field emission
scanning electron microscopy (FESEM) and electron
probe microanalysis (EPMA). FESEM was carried out
on a Zeiss Ultra 55 field emission scanning electron
microscope, and EPMA was performed by a
JXA-7800F electron probe microanalyzer. The hardness
of the sample was measured by an HB-3000B Brinell
hardness tester. JMatPro commercial software was used
to perform the thermodynamic calculation. The only
input in the calculation was the alloy composition.

In addition, a more detailed phase analysis was
carried out by microchemical phase analysis. The
electrolytes used to separate the phases were selected
based on Reference 16. The " precipitates were elec-
trolytically extracted by an aqueous solution containing
10 g/L (NH4)»,SO4 and 10 g/l CcHgO5 using a current
density of 0.03 A/em? at 15 °C to 20 °C. The carbides
and the other phases were electrolytically extracted in a
methanol solution containing 10 g/ KCI, 40 g/L
C;HgO4S, and 5 pct CsHgO7 using a current density of
0.05 Ajem? at —5 °C to 0 °C. The extracted precipitates
were then washed, dried, and collected for further
determination. The crystallographic structures of the
phases were determined by X-ray diffraction analysis
using an X’Pert MPD X-ray diffractometer equipped
with Cu Ko radiation. The chemical compositions of the
phases were determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES) using an
Optima 2100DV ICP-AES system.

III. RESULTS

A. Microstructure

A typical microstructure of the as-received K4208
alloy is shown in Figure 1, and the calculated results
obtained by the JMatPro software are shown in
Figure 2 for comparison. The microstructure shown in
Figure 1(a) is characterized by large amounts of a
plate-shaped phase. The EDS analysis shows that this
phase is rich in Mo and W. The chemical compositions
of the equilibrium phases calculated by the JMatPro
software are summarized in Table I1. There are two Mo-
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Fig. 1-—Original microstructure of the as-received K4208 alloy: (¢) x200 magnification and (b) x5000 magnification.
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Fig. 2—Calculation results obtained by the JMatPro software: (a) property diagram calculated for alloy K4208 and (b) change in the solid

fraction of the phases during solidification.

Table II. Chemical Composition of the Equilibrium Phases Calculated by JMatPro (Wt Pct)

Cr Mo w Fe Ti Al Si C Ni
y Matrix 19.54 4.95 1.81 6.53 0.71 1.70 1.63 — 63.13
Y 3.5 0.35 0.88 1.83 6.63 4.98 2.69 — Bal
MC 14.42 44.48 12.97 2.8 — — 0.48 2.52 Bal
M;;3Cq 67.01 19.42 0.59 1.14 — — — 5.11 Bal
P Phase 19.34 31.83 25.75 1.15 — — — Bal

and W-rich phases: MgC carbides and the P phase.
However, the M4C carbide is depleted in Cr and rich in
Si compared with the matrix. EPMA was used to obtain
a more thorough understanding of the elemental distri-
bution of the phases, as shown in Figure 3. The electron
microprobe result further confirms that the large
plate-shaped phase is rich in W and Mo, and the
concentration of Cr in the plate-shaped phase is
comparable with that in the y matrix, which agrees with
the result calculated for the P phase, which was obtained
by JMatPro. The calculation results and elemental
distribution results indicate that the P phase in alloy
K4208 is partially composed of large Mo- and W-rich
plates. Furthermore, the P phase is also composed of
some particles that are depleted in Cr and rich in C. By
combining these results with the results of the JMatPro
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calculations, it can be deduced that these particles are
M;C carbides and have an intergrowth relationship with
the P phase in alloy K4208. In addition, Figure 1(b)
shows the morphologies of some round block particles
in the matrix. The electron microprobe analysis and
calculation results demonstrate that these particles are
also M¢C carbides. M¢C carbides are one of the most
common carbides observed in superalloys, and these
carbides are usually rich in W and Mo and poor in
Cr.'" However, a Cr-rich M¢C carbide can form in
Cr-rich superalloys during the solidification pro-
cess,!'®1%) as demonstrated by this study.

7" particles with diameters of approximately 200 nm
are also distributed in the matrix. The 7" particles have
rounded cubic shapes. Furthermore, some needle-like
phases are also distributed throughout the matrix of
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Fig. 3—Elemental distribution map for the as-received K4208 alloy, which was obtained by the electron microprobe analysis.

alloy K4208 (Figure 1(b)). The change in the solid
fraction of the phases present in the alloy during
solidification was calculated by JMatPro. Figure 2(b)
shows that the u phase can form from a liquid in alloy
K4208. This is a dynamic process and needs a driving
force. The phase diagram for alloy K4208 (Figure 2(a))
only shows an equilibrium state. Therefore, the u phase
is not achieved, as shown in Figure 2(a). Furthermore,
investigations show that the stability of the u phase can
be underestimated by calculated equilibrium phase
diagrams.”” It is generally accepted that W and Mo
are y-phase-forming elements.”") The high content of W
and Mo in alloy K4208 facilitates the formation of the u
phase. The abundance of Mo and W in the needle-
shaped phase is also confirmed by the electron micro-
probe analysis, as shown in Figure 3. It is commonly
accepted that the L E)hase precipitates during long
thermal exposures.”>**) However, when the content of
refractory elements (such as Cr, Mo, W) is high enough
and the content of W and Mo achieves a certain ratio,
the u phase can precipitate as the primary phase in cast
nickel-based superalloys.**?> The precipitation of the u
phase is also reported in alloy K466 (which is another
cast nickel-based superalloy with high W and Mo
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contents).®) Hence, it is reasonable that the u phase
precipitates in alloy K4208, but the amount of the u
phase is very limited in this case, as shown in
Figures 1(b) and 2(b). The formation, evolution, and
effect of the u phase in superalloys are complicated and
strongly depend on the service environment”*?®! and
variations in the concentrations of the u-forming ele-
ments (particularly Mo, W, and Fe).*” The evolution of
the u phase in alloy K4208 will be discussed in another
manuscript and will not be analyzed in detail in this
study.

To further investigate the phases present in alloy
K4208, microchemical phase analysis was carried out.
The 7" phase and MyC carbide were detected, as shown
in Figure 4 and Table III, which agrees with the
abovementioned microstructure observations and cal-
culation analyses. Another type of carbide is a M;,C
carbide, which was detected in this study by micro-
chemical phase analysis. However, this phase is not
shown in the thermodynamic calculation, and the
thermodynamic properties of the M,C carbide are
similar to those of the M¢C carbide. Therefore, the
combined weight fractions of these two carbides were
determined, as shown in Table III, and the individual
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Fig. 4—XRD results of the phase determination during the microchemical phase analysis: (a) y” phase and (b) P-like phase and carbides.

Table III. Microchemical Phase Analysis Results for the As-Received K4208 Alloy

Phase Crystal System Lattice Parameter (nm) Chemical Formula Weight Fraction (Pct)
Y face-centered cubic ap = 0.358 to 0.359 Nis 69Feg.04Cro.20Wo 1M 0g 25Tig 29Alg 35 19.14
M(C face-centered cubic ap = 1.100 to 1.102 8.075
M,,C face-centered cubic ap = 1.086 to 1.088
P-Like orthorhombic agp = 0.8704 Nio(34g FCOA034CI'0A215W0‘110M00A281Ti()‘012 16.85
by = 0.9898
co = 0.4527

chemical formulas of the M ;,C and M¢C carbides could
not be determined. Generally, the chemical composition
and crystal structure of the M;,C carbide is the same as
that of the MgC carbide present in superalloys, and the
XRD patterns of both carbides are similar with only a
slight difference in the d value. As a result, the M;,C
carbide was previously referred to as a C-poor MC
carbide.”® The M(C carbide and M,,C carbide were
also identified in the GH3535 superalloy and can be
stable for as long as 1000 hours at 800 °C.**>% This
paper mainly focuses on the microstructure evolution
and oxidation behavior of alloy K4208, and hence, in
the following discussion, these two types of carbides are
not distinguished and are referred to as the M¢C (and
M;,C) carbide.

Note that the XRD pattern obtained for the P phase
does not completely agree with the patterned obtained
from the Joint Committee on Powder Diffraction
Standards (JCPDS) database. The detailed crystal
structure information of the phases present in alloy
K4208 is shown in Table III. Generally, the P phase
(orthorhombic system, oP56, @ = 1.698 nm, b = 0.475
nm, ¢ = 0.907 nm)®" is a TCP phase and can be
detected in steel and sometimes in nickel-based alloys
with extremely high Mo contents.?**! For example, the
P phase is reported in Hastelloy C276 with 16.25 pct
Mo.P*  Although the P phase has been
researched,?%¥ 371 detailed studies on the P phase are
mainly limited to single-crystal superalloys. As a result,
there are few references that can be used to determine
the P phase, making the determination of the P phase
difficult. Furthermore, superalloys are made using very
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large amounts of alloying metals, which makes the
phase composition complicated and variable. Based on
the thermodynamic calculation, elemental distribution
analysis and microchemical analysis, the large blocky
phase detected in this work is referred to as a P-like
phase in the following discussion.

The microchemical phase analysis shows that the
weight fractions of the )" phase and P-like phase are
19.14 pct and 16.85 pct, respectively. The chemical
formula and lattice parameters of both phases in alloy
K4208 were also determined, as shown in Table III. The
u phase was not detected by the microchemical phase
analysis, which may be attributed to the fact that the
amount of the u phase is too small to be detected by
such a method.

In summary, the microstructure observation, thermo-
dynamic calculation, electron microprobe analysis, and
microchemical phase analysis results together show that
there are three main types of phases in alloy K4208. The
large plate-shaped phase is a W- and Mo-rich P-like
phase. There are also a number of y” particles distributed
in the y matrix. Another major phase is a carbide that is
rich in W and Mo and depleted in Cr. The following
discussion of the microstructure evolution observed
during aging will mainly focus on these phases.

B. Microstructure Evolution During Isothermal Exposure

The microstructure evolution of alloy K4208 during
aging at 900 °C is demonstrated in Figure 5. It can be
concluded from Figure 5 that the amount of the P-like
phase particles decreases slightly as the aging time is
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prolonged, while the size simultaneously increases. In
addition, the thickness of the P-like phase grows during
aging (as illustrated by the blue dashed lines), which can
be seen in the magnification of the microstructure shown
in Figure 5(e), which was obtained after aging for
300 hours.

The morphology shown in Figure 5(b) illustrates that
the edge of the MgC (and M,,C) carbide particle
appears to be irregular after aging at 900 °C for
20 hours. The shape of the M4C particle becomes more
irregular as the aging progresses, as shown in
Figures 5(c) and (d). The microstructure evolution of
the McC (and M;,C) carbide indicates that decompo-
sition occurs during aging. Previous studies have shown
that a MgC carbide is unstable during thermal exposure
and decomposes into a M,3Cg¢ carbide in certain
circumstances.'#3 4% The stability of the MC carbide
is related to the Cr concentration, and degeneration will
occur when the Cr concentration is high enough.!!8-3%-4%!
An investigation of a Ni-Cr-W superalloy revealed that
the Cr concentration in the MyC carbide is up to 14.1
pct, and this leads to the instability of the M¢C carbide.
The decomposition process of the M¢C carbide can be
expressed as M¢C — M»3Cq + (W, Ni, Cr, Mo), indi-
cating that the M,3C¢ carbide forms during the decom-
position of the M¢C carbide, and large amounts of W,
Mo, and Cr are released into the matrix.[*!

In addition, the needle-shaped u phase coarsens, and
the shapes become irregular after 20 hours of aging.
Studies have reported that, by prolonging the aging
time, the needle-shaped p phase can dissolve and
transform into block shapes to lower the interfacial
energy.””! The needle-shaped u phase cannot be detected
after aging at 900 °C for 200 hours, as shown in
Figure 5(d).

By comparing the enlarged microstructures shown in
Figures 5(a) through (c), the size of the )" phase
increases with increasing aging time. Some of the
particles lose their rounded cubic shape and become
irregularly shaped after 50 hours of aging (Figure 5(c)).
The morphologies of most of the 9" particles become
irregular when the aging time increases to 200 hours or
more, as shown in Figures 5(d) and (e).

The elemental distribution map of alloy K4208 after
300 hours of aging, which was obtained by the electron
microprobe analysis, is shown in Figure 6. The shapes of
the phases shown in Figure 6 become irregular com-
pared with Figure 3. Furthermore, the plate-shaped
P-like phase coarsens significantly. The Al- and Ti-rich
regions of the matrix contain y” phase particles. The
comparison of Figures 3 and 6 further confirms that the
7" particles coarsen during aging and their shapes
become irregular, which agrees with the observations
made from Figure 5.

The hardness evolution of alloy K4208 during aging is
demonstrated in Figure 7. Figure 7 shows that the
hardness of alloy K4208 is very high since it is a
wear-resistant  alloy. Furthermore, the hardness
decreases with increasing aging time, indicating that
the coarsening of the phase will cause the mechanical
properties of alloy K4208 to deteriorate during aging at
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900 °C. However, the hardness of alloy K4208 still
remains high.

C. Oxidation Behavior

Oxidation resistance plays an important role in the
evaluation of the high-temperature properties of alloys.
The oxide scale did not spall during the isothermal
exposure. The surface morphology of alloy K4208 after
aging at 900 °C is shown in Figure 8, and the corre-
sponding results of the EDS analysis performed on the
oxide surface are summarized in Table IV. A thin Cr-
and Ti-rich oxide layer covers the alloy surface after
5 hours of aging at 900 °C, as shown in Figure 8(a). The
XRD analysis indicates that the Cr- and Ti-rich oxide
layer is a mixture of Cr,O; and TiO,, as shown in
Figure 9, which agrees with the results of previous
reports.'>*1 An alloy with a Cr/Al ratio (by weight)
greater than 4 is referred to as a ‘“‘chromia former,”
according to the literature.*) The Cr/Al ratio of alloy
K4208 is 5.89, which classified alloy K4208 as a
“chromia former.” Hence, it is reasonable that alloy
K4208 has an oxide scale composed primarily of Cr,Os.
In addition, the formation of TiO; is Possible since Ti* ™"
can diffuse through the Cr,O; layer.!'”

As the aging proceeds, a Cr-Ni-rich oxide with a
spinel structure appears on the surface of the alloy after
50 hours of aging (Figure 8(b)). The EDS and XRD
analyses confirm that this spinel oxide is a NiCr,Oy4
spinel. The lattice diffusion coefficient of the Ni ions in
the Cr,0s film is reportedly two times larger than that of
the Cr ions.*! Furthermore, oxidation is a diffu-
sion-controlled process,** and Cr is consumed gradu-
ally as the oxide layer grows. Moreover, the
concentration of Cr in alloy K4208 is relatively low,
and oxidation results in the depletion of Cr in the
subsurface. Hence, Ni is forced to participate in the
oxidation process that occurs after longer aging times,
owing to the high concentration of Ni in the alloy, which
accelerates the formation of the Ni-rich NiCr,O4
spinel.*”) The abundant Ni in the alloy facilitates the
formation and growth of the NiCr,Oy4 spinel, as shown
in Figures 8(c) and (d). Such a NiCr,Oy spinel can also
be found in other common superalloys, such as Inconel
718.1%% Inconel 625,19 and Inconel 740H,4, during
oxidation.

As alloy K4208 is exposed to a high-temperature
environment, the following reactions can occur, based
on the Ellingham—Richardson diagram!*’*%!;

3
2Cr(s) + 5 0(g) = Cr,05(s), AGcr,0,
— 109244+ 02387  [1]

Ti + 05(g) = TiOs(s), AGrio, = —944.75 + 0.1854T
2]

Ni+ %Oz(g) = NiO(s), AG = —248.58 + 0.09435T [3]
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Fig. 7—Hardness evolution of alloy K4208 during aging at 900 °C.
NiO + Cr,03 = NiCr,04, AG = —1378.26 + 0.3677T.
(4]

Obviously, the above oxidation reactions can all occur
spontaneously at 900 °C, because the corresponding
Gibbs free energy values are negative.*”) It can be
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concluded that the different thermodynamic stabilities
of the oxides will drive the oxidation process.*”

To study the oxidation behavior of alloy K4208, a
cross-sectional morphology investigation was carried
out. The backscattered electron (BSE) image obtained
for the cross-sectional morphologies of alloy K4208
after aging at 900 °C is illustrated in Figure 10. The
oxide layer is composed of external (light gray) and
internal (dark gray) layers. The composition and evo-
lution of the external layer has been discussed in detail
in the abovementioned surface morphology section. An
internal oxide layer forms, indicating that O can
penetrate the matrix. In this condition, O penetrates
the matrix either by traveling through the oxide scale
and metal or adsorbing to the alloy surface during the
early stages of aging or prior to oxidation.*Y The EDS
analysis indicates that the internal oxide layer is mainly
composed of island-shaped Al,O3. Al,O5 is a common
internal oxide detected in superalloys,[é’m? because it has
high thermodynamic stability and is able to form at the
lowest oxygen partial pressure compared to other
oxides.[">>! Furthermore, as previously discussed, alloy
K4208 is classified as a ““chromia former,” due to its Cr
and Al content. This means that the steady-state
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Fig. 8—Surface morphology of alloy K4208 after aging at 900 °C for (@) 5 h, (b) 50 h, (¢) 100 h, and () 300 h.

Table IV. EDS Analysis Results for a Typical Composition
of Alloy K4208 Oxides, as Shown in Fig. §

(0] Al Ti Cr Ni Mo '

I# 2525 299 1142 3512 2388 0.17 1.07
2# 3078 147 1400 27.11 2562 0.11 0091
3# 2403 0.11 1.19 4589 2845 — 0.33

B gamma
0 Cr,04

A TiO,

* NiCr,0,

Relative intensity

20/degree

Fig. 9—XRD analysis results obtained for the oxide scale that
formed on alloy K4208 after aging at 900 °C for different periods of
time.

oxidation is characterized by the slow growth of a dense

Cr,0; film and the internal oxidation of AL as shown
in this work. With increasing aging time, Al,O3 grows
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deeper into the matrix and becomes coarser, as shown in
Figure 10, indicating that O continuously diffuses into
the matrix. In addition, when the aging time increases to
200 hours, a spinel oxide layer can be found on the
outermost oxide layer, as marked in Figure 10(c). This
agrees with the abovementioned analysis, which indi-
cated that the continuous outer diffusion of Ni acceler-
ates the formation of the NiCr,0Oy spinel.

The elemental distribution maps obtained by EDS
provide a more direct understanding of the elemental
diffusion trend observed during oxidation, as demon-
strated in Figure 11. Ti accumulates on the outer layer
after the alloy was aged at 900 °C for 10 hours
(Figure 11(a)), and this is more apparent after the aging
time is increased up to 100 hours (Figure 11(b)). The
accumulation of Ti can be observed both at the matrix/
oxide interface and on the surface of the external oxide.
Ti accumulates due to the outward diffusion of Ti*". A
similar phenomenon was also reported for Haynes
282" and Inconel 740.°% The diffusion rate of Ti*"
was shown to be greater than that of Cr’ " .[°*! Further-
more, Ti has a high affinity for oxygen,”” and the
formation of TiO, is more thermodynamically favored
than the formation of Cr,05."” As the aging time is
prolonged, the accumulation of Ti is more apparent in
the outermost oxide layer, as shown in Figure 11(b).
The external oxide layer is a mixture of Cr,O5 and TiO».
In addition, the accumulation of Al beneath the external
oxide layer/matrix interface is more apparent with
increasing aging time. This agrees with the morphology
analysis shown in Figure 10, which shows that the
internal oxidation is becoming more obvious.

The effect of aging time on the growth of the oxide
layer is summarized in Figure 12. The thicknesses of
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external oxidation layer

(€) NiCr,0, spinel

Fig. 10—BES images showing the cross-sectional morphologies of the oxide on the alloy surface when alloy K4208 was aged at 900 °C for (a) 5

h, (b) 20 h, and (c) 200 h.

Fig. 11—Elemental distribution of alloy K4208 after aging at 900 °C for (@) 10 h and (b) 100 h.

both the internal and external oxide layers increase with
increasing aging time, which agrees with the results
shown in Figure 10. The increasing rate of the oxide
layer formation slows down as the aging proceeds. This
occurs because, after the formation of a continuous
external oxide layer, the growth of the oxide layer is
controlled by the migration of metallic elements from
the base metal and the penetration of O into the
matrix."*¥ In this condition, the increase in the oxide
layer thickness with increasing time is parabolic.® In
addition, a previous study confirms that the formation
of TiO, on the metal/oxide interface can retard the
diffusion of Cr and O through the oxide scales, causing
the oxidation rate to slow.l”

IV. DISCUSSION

A. Phase Transformation Mechanism

The abovementioned experiments and analyses con-
firm that the major phases present in alloy K4208 are the
Mo-W-rich P-like phase, a Mo-W-rich carbide (includ-
ing the MgC-type and M;,C-type carbides), and the ¢’
phase. The y” phase coarsens rapidly during aging, and
in this process, Cr and Mo are released from the y” phase
into the matrix.® The coarsening of the TCP phases
and carbides are both diffusion-controlled processes.®!
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Fig. 12—Influence of time and temperature on the thickness of the
oxide layer of alloy K4208. The solid line indicates the influence of
time, and the dashed line indicates the influence of temperature.

The JMatPro calculation results and morphology obser-
vation results confirm that the P-like phase in alloy
K4208 is stable during aging, while the u phase dissolves
gradually. The p phase is also a W-Mo-rich TCP phase,
and the dissolution of the u phase will release refractory
elements into the matrix. Hence, it is reasonable to
assume that the dissolution of the u phase benefits the
growth of the P-like phase by supplying refractory
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elements. The intergrowth of the P phase and the u
phase in a Ru-containing single-crystal superalloy is
reported by Tan et al., and in this work, the P phase
grows by consuming the u phase.®® Furthermore, the
Cr and Mo elements released by the 7" phase can also
transfer into the P-like phase through the matrix to
facilitate growth. In addition, the MgC (and M;,C)
carbide in alloy K4208 is not stable during aging, as
shown in Figure 5. Large amounts of W, Mo, and Cr
can be released into the matrix during the decomposi-
tion of the MgC (and M,C) carbide.

Based on the abovementioned discussion, the elemen-
tal diffusion-controlled phase evolution process can be
summarized by the schematic diagram shown in
Figure 13. Due to the thermal exposure, the initially
rounded square " phase coarsens gradually, and some
of the shapes of the y” phase particles become irregular.
During this process, Cr and Mo are released from the y”’
phase into the matrix. At the same time, the M¢C (and
M ,C) carbide decomposes and releases W, Cr, and Mo.
The needle-shaped p phase slowly dissolves into the
matrix during aging, which results in the accumulation
of W and Mo in the matrix. The evolution of the
phase, carbide, and p phase during aging leads to the
accumulation of the refractory elements (W, Cr, and
Mo) in the matrix. The adequate supply of W, Cr, and
Mo facilitates the growth of the P-like phase, and these
elements transfer into the P-like phase in this process.

B. Oxidation Mechanism

Based on the abovementioned discussion concerning
the oxidation behavior, it can be concluded that the
oxidation of alloy K4208 is also a diffusion-controlled
process. The oxidation of alloy K4208 and a typical
cross-sectional oxidation morphology are shown in
Figure 14. The oxidation of a pure metal can be
represented by the following equation®”:

M(s) + 1/205(g) = MO(s), [5]

where the two major reactants M and O are separated
by the solid reaction product MO in the following
way:

rounded square
o }I@ o v’ phase

P-like ,
phase W, Cr, Mo ¢
6 b 9; - B
y
Y,

—

d needle shape p phase

block shape
M,C (and

Agiig
M,,C) carbide

MO
oxide

0O,
gas

: [6]

M
metal

Hence, to drive the reaction, the reactants must pass
through the oxide film, and this is an important part of
the high-temperature oxidation mechanism.® The ele-
ments travel through the oxide layer in the form of
electrons and ions. Therefore, either an excess or a
deficit of metal ions (or either a deficit or an excess of
oxygen) always exists in the oxide layer, which results in
the charge difference in the oxide and drives the
transport of the elements.l®”!

In the initial stage of oxidation, oxygen molecules are
absorbed onto the alloy surface, Cr* " diffuses outward
toward the matrix, and Cr,Os; forms on the alloy
surface. This occurs because the diffusion rate of Cr* " is
2 to 3 times faster than that of O>~.1"% At the same time,
Ti**, which initially has the highest mobility, also
diffuses quickly toward the metal/gas interface to form
TiO,. However, since there is less Ti in alloy K4208
compared to Cr, the formation of TiO, is limited. A
continuous oxide layer mainly composed of Cr,O5; and
decorated by TiO, gradually forms, as demonstrated in
Figure 11. The external oxide layer grows from the
matrix and forms on the gas side. A previous study has
also confirmed that metal-deficient oxides, such as Ni,
Cr, and Ti oxides, grow outward by the outward
diffusion of metal cations, which react with O at the
oxide/gas interface.®” After the continuous external
oxide layer forms, O must penetrate the oxide layer to
get to the oxide/metal interface, and as a result,
oxidation starts to be controlled by the inward diffusion
of O and the outward diffusion of Cr,"*”! causing the
oxidation rate to slow.

Meanwhile, O penetrates the matrix to react with Al,
which results in the formation of Al,O3. As the aging
proceeds, the Al,O5 layer grows deeper into the matrix
to form an internal Al,O; layer, as indicated in
Figure 11. This agrees with the report that oxygen-de-
ficient oxides, such as Al, W, and Ta oxides, grow
inward from the surface into the matrix by the diffusion
of O%, which reacts with metal cations.®” The lattice
diffusion coefficient and grain boundary diffusion coef-
ficient of oxygen in polycrystalline Cr,O3 at 900 °C are

coarsening and
irregular y’' phase

s & 8 decomposing M,C (and
M,,C) carbide

o o °  dissolved p phase

growing
P-like
phase

Fig. 13—Schematic diagram illustrating the phase evolution process for alloy K4208.
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Fig. 14—Schematic diagram illustrating the oxidation of alloy K4208.

74x107" to 81x 107" and 1.6x107'° to
43 x 107" cm? s, respectively.[®"! Furthermore, the
continuous reaction that occurs in the external oxide
layer results in the depletion of Cr on the surface, while
the concentration of Ni increases due to the outward
diffusion. Therefore, Ni participates in the reaction,
leading to the formation of the NiCr,O4 spinel on the
outermost layer. It is reported that the bulk diffusion
coefficients of Cr and Ni in a Cr,O; film at 900 °C are
8 x 107" and 4 x 107" cm? s™', respectively. The
grain boundary diffusion coefficients of these two
elements in a Cr,O; film at 900 °C are 5 x 10~!" and
1 x 107"% em? s™", respectively.®” Though the value
obtained in this work differs from that of Reference 43,
the diffusion rate of Ni is typically slightly higher than
that of Cr. Hence, Ni can diffuse through the Cr,0O3 film
to the oxide/air interface to form the NiCr,O4 spinel
layer. A typical cross-sectional oxide layer is composed
of three parts: a thin layer of a NiCr,Oy4 spinel on the
outermost side, a continuous Ti- and Cr-rich external
layer in the middle and an internal Al,O3 layer.

V. CONCLUSION

In this work, the microstructure evolution and oxi-
dation behavior of alloy K4208 during aging are
investigated by an isothermal exposure at 900 °C. Based
on the discussion and analyses, the following conclu-
sions were obtained:

1. The major phases present in alloy K4208 are the
P-like phase, McC (and M ,C) carbide, y” phase,
and u phase. During aging, the p phase is not
stable and gradually dissolves into the matrix, while
the )" phase coarsens into irregular shapes. Mean-
while, the M¢C (and M;,C) carbide decomposes.
These phase evolution processes release Cr, Mo,
and W into the matrix, which benefits the growth of
the P-like phase.

2. The oxidation behavior of alloy K4208 during the
900 °C aging is a diffusion-controlled process. A
complex layer containing Cr,03 and TiO, initially
forms during the early stages of oxidation. After-
ward, O penetrates the matrix to react with Al,
forming the Al,O; internal oxide layer. The out-
ward diffusion of Ni leads to the formation of the
NiCr,0y4 spinel on the outermost layer. As a result,
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Cr matrix Ti

W@M@ﬂm NiCr,O, spinel layer

£ -] Ti and Cr rich external layer

internal Al,O; layer

the oxide layer is composed of three parts: a thin
layer of a NiCr,Oy4 spinel on the outermost side, a
continuous Ti- and Cr-rich external layer in the
middle, and an internal Al,O; layer.
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