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Abstract: The high-temperature stress rupture properties of K417G superalloy with various Mn contents (0.09wt%~0.35wt%) were
studied and the existence form and distribution of Mn were evaluated as well. The results show that Mn is solid-dissolved in y matrix
and enriched in y’-depleted matrix in front of y+y’ eutectic cap. Mn elements promote the segregation of Al and Ti to interdendrite

zone, thus increasing the volume fraction of y+y’ eutectic in interdendrite zone and decreasing the size of y’ phase in dendrite core.
With the increase of Mn content, the stress rupture life and the plasticity decrease greatly under the condition of 950 °C/235 MPa. The

alloy with the minimal Mn content shows the optimal high-temperature stress rupture properties.
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Nickel-based cast superalloys are widely used in aero-
engine turbine blades due to their good performance at
elevated temperatures and low manufacturing cost™!. K417G
alloy evolved from K417 (IN100) alloy contains amounts of
alloying elements, such as Ti, Al, Co and Cr, and is one of the
most commonly used materials for typical hot end com-
ponents of acro-engine. Although the alloy possesses excellent
yield and tensile strength, favorable microstructure stability at
elevated temperature, the yield and performance stability of
castings are low. This is mainly due to the formation of cast
porosity and harmful phases during the solidification. Even
though effort has been made to refine more stable phases, the
formation mechanism of cast porosity and harmful phases is
still unknown and needs to be further explored.

Prior studies have shown that Mn tends to segregate around
the grain boundaries, weakening the grain boundary binding
force and significantly reducing the creep rupture strength of
the alloy™. In CrNi80Ti alloy, when the Mn content increases
from 0.3wt% to 2.5wt%, the stress rupture life decreases by
50%"". Besides the detrimental effect of Mn to the grain
boundary, the enrichment of such impurity at grain boundaries
may also promote the precipitation of harmful phases, which
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degrades the mechanical properties of the alloy. For instance,
in 25Ni-15Cr iron-based superalloy, the fraction of Laves
phases increases with the increase of Mn content, which
deteriorates the hot workability of the alloy'. Mn also has
some positive effects, for instance, it can be a getter of S by
forming MnS to reduce the detrimental effect of S. In
Hastelloy X and Inconel 718 alloys, Mn segregates in the
weld fusion zone to decrease the tendency of hot cracking,
and improve the weldability””. In Ni-20Cr alloy, it is found
that with the addition of 3wt% Mn, the oxidation resistance
can be significantly improved"”.

Mn in K417G alloy is introduced from the raw material
during the smelting process. However, the effect of Mn on the
microstructure and mechanical properties of K417G is still
unknown. The existence form and distribution of Mn in
K417G also need to be further explored. Therefore, in this
work, the effect of Mn content on high-temperature stress
rupture properties and segregation behavior of Mn in K417G
were systematically studied, which can provide the experi-
mental evidence and theoretical basis for the optimization of
Mn content and further reveal the influence mechanism of Mn
in casting superalloy.
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1 Experiment

In the present work 50 kg master alloy was prepared by
vacuum induction melting (VIM) furnace in a CaO crucible.
The chemical composition (wt% ) of the master ingot was:
9.07 Cr, 10.15 Co, 3.03 Mo, 5.16 Al, 4.44 Ti, 0.78 V, 0.017 B,
0.02 Zr, 0.17 C, 0.0005 O, 0.0003 S, 0.0004 N and the balance
Ni. Then it was divided into three parts, re-melted with
addition of various amounts of high-purity manganese metal
and poured into ALO, precise shell at the same pouring
temperature (1420 ° C). Mn content of the round bars was
chemically analyzed by inductively couple plasma atomic
emission spectrometer (ICP-AES) as 0.09wt% (no addition,
residual Mn in master ingot), 0.17wt% and 0.35wt%, named
as Mn0.09, Mn0.17 and Mn0.35, respectively.

The round bars for stress rupture test were machined into
gauge of ¢5 mmx25 mm, which was performed at 950 °C
with 235 MPa"" on RJ-30D test machine. The microstructures
of different samples were analyzed using Zeiss observer Zlm
optical microscope (OM), JEOL JXA-8530F electron probe
microanalyzer (EPMA), JSM-6301F scanning
microscope (SEM) and FEI Tecnai G* F30 transmission
electron microscope (TEM) equipped with an energy-

electron

dispersive X-ray detector. Chemical etching was performed
with a solution containing 20 g CuSO,+100 mL HCI+100 mL
H,0+5 mL H,SO,, for the general microstructural observation.
Deep etching with an electrolyte of 10 mL H,PO, and 90 mL
H,O, which removes y matrix, was employed for the
observation of y+y’ eutectic and ' phase. Sisc IAS image
analysis system was used to analyze size and volume fraction
of y+y' eutectic and y’ phase. In each specimen, the volume
fraction of y+y’ eutectic and y’ phase were measured in 20 and
15 different random regions, respectively, to obtain the
average value of the microstructure analysis.

2 Results and Discussion

2.1 Microsegregation

Cast samples with various Mn contents were sectioned
transversely, ground and polished to characterize the element
segregation. The chemical compositions in the dendritic and
interdendritic regions were determined by EPMA. The values
of elemental segregation coefficient (k) were defined as the
ratio of average concentration of alloying elements in the
dendrite core to that in the interdendritic region, i.e., k=
C/C,"*". The value of k less than 1 indicates that the
elements tend to segregate to the interdendritic region, while &
greater than 1 indicates that the elements are prone to
segregate to the dendrite core'*. As shown in Fig.1, Ti and Al
are positivly segregated elements, which tend to concentrate
in the residual liquid during solidification corresponding to
the interdendritic region in cast. It is noted that the segregation
of Ti and Al becomes much more obvious with the increase of
Mn content. Cr, Co, V and Mo were negativly segregated
elements. The k£ values of V remain basically unchanged,
while the & values of Cr, Co and Mo increase with increasing
the Mn content. Mn can be considered as a neutral element,
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Fig.1 Segregation coefficient & of different elements in the

specimens with different Mn contents

because it has no obvious segregation tendency. But Mn is
slightly segregated to the dendrite core with increasing the Mn
content.

2.2 Existence form and distribution of Mn

In order to explore the existing form and distribution of Mn
in K417G alloy, three samples with different Mn contents
were analyzed by EPMA and TEM. However, with the
exception of the common phases which are y matrix, y’
strengthening phase (Ni,Al), y+y" eutectic and MC carbides in
the as-cast K417G alloy™, new Mn-rich phase cannot be
found. By EDS analysis of TEM, as illustrated in Fig.2, it is
found that the elements of Cr, Co, Mo and Mn are segregated
in y matrix. In other words, Mn is solid-dissolved in the y
matrix.

The result is also confirmed by the first-principles calcu-
lation. According to the theoretical research, the substitution
enthalpy of Mn for Ni and Ni,Al is listed in Table 1. All the
energy was calculated within the Vienna Ab Initio Simulation
Package (VASP) "7 with the projector augmented wave
(PAW) method"*" and generalized gradient approximation
described by the parameterization of Perdew-Burke-Ernzerhof
function (GGA-PBE) ™. The computations were performed
within a 108-atom periodic supercell. The substitution
enthalpy of Mn for Ni,Al is much higher than that for Ni, in
good agreement with the results of Chao et al”'*”. The results
give a positive support for the previous experiments. There-
fore, compared to y’ phase, Mn is more likely to dissolve in y
matrix.

According to elemental mapping images obtained through
EPMA of Mn0.09 and Mn0.17, Mn is slightly enriched in the
y'-depleted area which is in front of y+y’ eutectic, as marked
by white lines in Fig.3. At the same time, quantitative analysis
was conducted in the y’-depleted area and the results are listed
in Table 2. With increasing the Mn content in the samples, the
enrichment of Mn in the y’-depleted area is more significant.
Meanwhile, the content of Cr and Mo in the y’-depleted area
also increases a little with increasing the Mn content, but the
content of y’ formation element Al decreases.

y + 9" eutectic is formed from the interdendritic residual
liquid phase by L—y+y’ eutectic reaction during solidification.
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Fig.2 TEM dark-field image of the morphology of y and y"in Mn0.35 (a) and corresponding EDS mapping results (b~i)

Table 1 Substitution enthalpy of Mn with Ni and Ni,Al

Substitution site of Mn Ni (X)) Ni,Al (X)) Ni,Al(X,)
Substitution enthalpy/eV -0.43 0.18 1.81

The typical y+y’ eutectic is composed of eutectic nucleation

[23]

zone, eutectic heart and eutectic cap”, as shown in Fig. 3b.

¥

The lamella distance of y+y’ eutectic in eutectic heart is very
small but at the eutectic cap the distance is very large with
massive y’ phase. During solidification, y+y’ eutectic is formed
in the final stage and the formation consumes little Cr, Co,
Mo, Mn elements and more Al, Ti elements compared with

the surrounding y matrix. The reductant Cr, Co, Mo and Mn

Fig.3 Distribution of Mn element in K417G alloys with different Mn contents: (a, ¢) Mn0.09 and (b, d) Mn0.17
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Table 2 Element content of the matrix in the y’-depleted area
(wt%)

Sample  Co Cr Mo Ti Al \'% Mn Ni
Mn0.09 14.180 167.016 3.833 2.567 2.101 0.569 0.204 Bal.
Mn0.17 13.878 16.305 3.977 2.598 2.043 0.551 0.318 Bal.
Mn0.35 14.000 16.791 4.099 2.532 1.905 0.546 0.507 Bal.

elements are expelled to the front of the eutectic cap, resulting
in a lower Al, Ti content and a higher Cr, Co, Mo, Mn content
in front of the eutectic cap.
2.3 Microstructure evaluation

After etching, the microstructure features of cast samples
with various Mn contents were analyzed by OM. As shown in
Fig.4, K417G has a typical dendritic morphology with small
amounts of carbides, y+y’ eutectic and cast micro-porosity in
interdendrite region. The secondary dendrite arm spacing (1)
is an important characteristic parameter of the solidified
dendritic structure which directly affects the micro-porosity,
element segregation and second phase precipitation”™. The
smaller the secondary dendrite spacing, the smaller the alloy
composition segregation, which is conducive to improving the

B4 From quantitative calculation listed in

material properties
Table 3, the secondary dendrite arm spacing of the three
specimens is 27.1, 27.7 and 28.3 pm. It can be seen that the
addition of Mn element makes the secondary dendrite slightly
coarser in K417G superalloy. After calculation, the volume
fraction of cast porosity and MC carbide is 0.11%~0.13% and
1.5%~1.7%, respectively. In addition, the Mn content has no
significant effect on the morphology and size of MC carbide
in K417G superalloy.

Usually, y+y" eutectic is considered as a harmful solidifi-
cation structure in superalloy. The volume and morphology of
y+y" eutectic depend on the chemical composition and cooling
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rate during solidification®”. By electrolytic corrosion with
10% phosphoric acid solution, the morphology and
distribution of y+y’ eutectic can be observed very intuitively.
As shown in Fig.5, y+y' eutectic is located in the interdendrite
and always can be easily detected around micro-porosities.
With the increase of Mn content from 0.09wt% to 0.35wt%,
the size of y+y’ eutectic is almost the same, but its volume
fraction increases from 3.4% to 3.9%, increased by about
14.7%, as shown in Table 3. The formation of the y+y’ eutectic
is strongly related to the microsegregation. The increased Mn
content promotes the segregation of Al and Ti elements into
the interdendritic region, and these two elements are the
forming elements of the y+y' eutectic. Therefore, more y+y’
eutectic is formed.

The y’ phase is the main strengthening phase of precipi-
tation hardened nickel-base superalloys, and its volume
fraction, particle size and shape are the decisive factors to the
room temperature and high temperature strength of y’ -
strengthened superalloys™*.. As shown in Fig. 6, y' particles
are in good cubic shape in the dendritic regions with different
Mn contents. The volume fraction of y' phases in the dendrite
cores is 63.1%, 62.9% and 63.3%, and the average sizes vary
from 642 nm to 579 nm, as listed in Table 3. With increasing
the Mn content, the average volume fractions of y’ phases in
the dendrite are invariant, but the sizes decrease. As known,
Al and Ti elements are also the forming elements of y’ phases.
The increased Mn content promotes the segregation of Al and
Ti elements into the interdendritic region. Therefore, the
content of Al and Ti elements in the dendrite core in Mn0.09
sample is higher than that in Mn0.35 sample, which results in
a larger size of y’ phases in Mn0.09 sample.

2.4 Effects of Mn content on the high-temperature stress

rupture properties
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Fig.4 Microstructures and secondary dendrite arm spacing 4 of samples with different Mn contents: (a) Mn0.09, (b) Mn0.17 and (c) Mn0.35

Table 3 Microstructure features of cast specimens with different Mn contents
Size of y+y’ Volume fraction Size of y " at Volume fraction
Mn content/wt% Alpm . . .
eutectic/pm of y+y” eutectic/% dendritic core/nm of y' phase/%
0.09 27.1£3.6 10.7+0.5 3.4+0.9 642+37 63.1£1.7
0.17 27.742.3 11.3£0.5 3.6+0.7 598455 62.9+£2.5
0.35 28.342.1 10.8+0.6 3.9+0.8 579442 63.3£1.0
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Fig.6. Morphologies of y' phase in the dendrites with different Mn contents: (a) Mn0.09, (b) Mn0.17 and (c) Mn0.35

The stress-rupture tests were carried out at 950 °C with 235
MPa and the results are illustrated in Fig. 7. When the Mn
content varies from 0.09wt% to 0.17wt%, the average rupture
life changes from 55.9 h to 55.0 h, and the elongation is
slightly reduced from 12.7% to 12.4%. However, when Mn
content reaches 0.35wt%, the rupture life and the elongation
are greatly reduced to 26.7 h and 4.1%. It seems that when Mn
content is lower than 0.17wt%, it has little effect on the stress
rupture properties, but when Mn content increases to a certain
critical level, the stress rupture performance is greatly
impaired.

The fractographs of samples with different Mn contents
under stress-rupture tests are shown in Fig.8 and all samples
have a transgranular fracture manner. The facture surfaces of
the three samples exhibit a dendritic morphology. Further-
more, the cross-section of Mn0.35 sample is relatively flat.

The longitudinal sections of three fractured samples tested
at 950 °C with 235 MPa are shown in Fig.9. It can be seen
that cracks in all specimens are progressed along y+y’ eutectic
in grain boundary and the interdendrite. The large y’ in y+y’
eutectic cap will hinder the movement of dislocations and lead
to a stress concentration at the interface. Then microcrack
nucleation and propagation occur'. So a large amount of y+y’
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Fig.7 Effect of Mn content on the stress rupture properties of
K417G at 950 °C with 235 MPa

eutectic in the grain boundary and the interdendritic region
decrease the rupture life and the ductility. As shown in Fig.9,
the number of y+y’ eutectic in the margin of the fracture
surface increases as the Mn content increases. This
phenomenon is a good proof of the above point of view.

In nickel-base superalloy with high volume fraction of y’
phase, the distance between the y' phases is very small, the
critical stress of dislocation-cutting y’ phase is less than the
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Fig.10 TEM images of dislocation structures of K417G superalloy after stress-rupture test at 950°C/235 MPa: (a) Mn0.09 and (b) Mn0.35

critical stress required for Orowan bypass mechanism, so the
dislocation incising mechanism always preferentially starts™.
In K417G alloy, the volume fraction of y’ phase is above 60%,
so the dislocation cannot bypass the y’ phase, but only cut
through the y' particles. The dislocation structure after stress-
rupture tests was observed through TEM and the results are
shown in Fig. 10. Lots of dislocation pairs are found in p’
phase, which prove that the dislocations interact with y’
particles through APB shearing mechanism. The volume
fraction of y’ phase in samples Mn0.09 and Mn0.35 is
identical, but the average size of y’ phase in sample Mn0.09 is
relatively large, so the width of y matrix channel in Mn0.35
sample is smaller than that of Mn0.09 sample, namely, d,,, >
d, 5. The dislocations moving within the matrix channel begin

to cut y’ phase when they pile up to a certain level. The wider
channel can accommodate more dislocations, and thus delay
the dislocation to cut y’ phase®™. So the rupture life of Mn0.09
sample is higher than that of Mn0.35.

3 Conclusions

1) The segregation degree of Ti, Al to the interdendritic
region and Cr, Co, V, Mo to the dendrite core become obvious
with the increase of Mn content in K417G alloy.

2) Mn is solid-dissolved in y matrix. Meanwhile, Mn is
slightly enriched in y’-depleted matrix located in front of y+y’
eutectic.

3) The increase of Mn content from 0.09wt% to 0.35wt%
promotes the increase of y+y’ eutectic volume fraction and the
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