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Abstract

The y-y' Co-based alloys have attracted extensive attention
as a new class of materials for high temperature applica-
tions. The work is focused on quantitative and qualitative
microstructural characterization of selected y-y' type Co-
based superalloys obtained by gravity casting. The four
Co-based alloys were prepared via vacuum induction
melting. The microstructure was analyzed by means of light
microscopy and scanning electron microscopy. The
microstructural parameters such as porosity and secondary
dendrite arm spacing (SDAS) were evaluated by image
analysis. The new Co-based superalloys are characterized
by proper as-cast microstructure owing to low SDAS and

limited microporosity. The values of secondary dendrite
arm spacing are comparable for all alloys. The W-free
alloys containing Mo and Nb exhibit substantially lower
shrinkage porosity compared to those of Co-Al-W and Co—
Ni—AI-W. Due to crystallization of Mo and Nb rich phases
at lower temperatures, these alloys are characterized by
higher solidification range.

Keywords: cobalt-based superalloys, electron microscopy,
SDAS, microporosity, W-free alloys

Introduction

The novel y-y' Co-based superalloys have gained attention
of investigators since discovery of Sato et al." The newly
developed alloys are promising structural materials for
aero-engine blades. The high temperature strength of the
alloys may be substantially optimized due to efficient
strengthening mechanism, which was not available in the
case of conventional Co-based superalloys.*

The microstructure of new Co-based alloys is composed of
v—Cog (Co solid solution), and cuboidal and coherent y'—
Cos(Al, W) precipitates.* The base alloy exhibiting y-y’
microstructure was Co—9AI-9W (at. %), whereas presence
of the desirable double-phase microstructure was reported
also in the case of alloys other than ternary.®’ Furthermore,
formation of ' phase was noticed in Co-based systems
other than Co—AI-W.*"'" Therefore, there are many pos-
sibilities to create Y-y microstructure of novel Co-based
alloys. Numerous authors describe as heat-treated
microstructure of new cobalt superalloys.'*'®> Moreover,
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the articles which describe as-cast microstructure of alloys
are also available."*'® Considering fabrication of y-y’ Co-
based superalloys, the investigators are often focused on
microsegregation, partition coefficient, solidification path
and other.'”™" In most of cases, the microstructural anal-
ysis is qualitative. However, the information about new
class of superalloys could be supplemented with data
concerning quantitative description of microstructure.

Analyzed alloys belong to a new group of cobalt-based
materials reinforced with Cos(Al, X) phase with properties
like ¥’ phase in nickel superalloys and NizAl formula. The
production of a Cos(Al, X) type coherent reinforcing phase
requires the addition of, among others, components such as
tungsten, as well as molybdenum and niobium. This allows
to produce alloys based on a cobalt solid solution matrix
strengthened by heat treatment with Cos(Al, W) and
Cos(Al, Mo, Nb) phases for tungsten based and tungsten-
free alloys, respectively. In the case of tungsten-free alloys,
it is necessary to introduce both components: molybdenum
and niobium, because so far it has not been possible to
confirm the presence of CosMo and CosNb phases with
L1, lattice, but only in the D0,y form. Moreover, the
introduction of Mo and Nb instead of W lowers the density
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of the alloys, which is an important exploitation factor. The
introduction of nickel, in turn, increases the equilibrium
range of the L1, phase and increases its thermal stability. It
also increases the temperature of the L1, phase solvus,
which improves the heat resistance of these alloys and
increases the operating temperature.

Additions of the Ni, Mo and Nb alloying elements are
among the most used in the new type of cobalt superal-
loys.?*® Typically, for this type of alloys, treatment
consisting in homogenization and supersaturation or only
supersaturation at a temperature range of 1250-1300 °C
for up to 24 hours with cooling in water, followed by late
supersaturation in the range of the solvus temperature of
the L1, phase, i.e., 900-1000 °C.%"~**

In the study, we analyze qualitatively and quantitatively the
v-Y' type Co-based alloys. For this purpose, different
ternary, quaternary and quinary alloys were prepared,
including two 7'-Cosz(Al, W) forming alloys and two
W-free ones. The analysis included assessment of gas and
shrinkage microporosity, which is typical defect in as-cast
superalloys. Excessive pores fraction may invariably
degrade mechanical properties of superalloys castings.
Furthermore, secondary dendrite arm spacing (SDAS) was
investigated. The representative results as well as assess-
ment procedures are provided.

Experimental Methods
Preparation of Alloys

The alloys chosen for investigation were Co-9A1-9W, Co—
20Ni-7Al-7W, Co-10Al-5Mo-2Nb and Co—20Ni-10Al-
5Mo-2Nb (at. %). The alloys were prepared by vacuum
induction melting (VIM) technique. The raw metals were
melted in alumina crucible at temperature over 1600 °C for
approx. 5 minutes. Subsequently, the molten metal was
casted at ca. 1600 °C to previously prepared graphite mold.
The obtained cylindrical ingots are measured as J18 x
150 mm. The experimentally measured composition of
alloys may be seen in Table 1. The microstructural char-
acterization was based on observation of three character-
istic zones of ingot: A, B, C (Figure 1). The observations
were made on surfaces perpendicular to the ingot axis.

The observations and measurements were carried out using
light microscope and scanning electron microscope (SEM)
equipped with the energy dispersion spectrometer (EDS).
The average chemical composition of alloys was measured
by ICP-OES (inductively coupled plasma optical emission
spectrometer) method.

To measure porosity in each zone of ingot, ten random

images of porosity were recorded by light microscopy
(bright field technique) at a magnification of 200x. It is
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Table 1. Measured Chemical Composition of Castings

Analyzed alloys Measured chemical composition (ICP-

OES) in wt %

Al-  Co- Ni-K W-M Mo- Nb-
K K L L
Co-9AI-9W 402 Bal. - 2455 — -
Co-20Ni-7A-7W 2.85 Bal. 18.36 20.02 - -
Co—-10AI-5Mo— 432 Bal. - - 8.39 3.02
2Nb
Co—20Ni—10Al- 411 Bal. 2095 - 8.45 3.1
5Mo—-2Nb

Figure 1. Macrograph of single casting with marked
areas of sampling.

important to differentiate gas and shrinkage pores and their
selective measurement. The porosity assessment was per-
formed by the Image] software, using porosity macroin-
struction. The instruction enables selective measurement of
gas and shrinkage porosity basing on the dimensionless
shape factor (&),

4nA

S

Eqn. 1
where A is the flat cross-sectional area, and P - the flat
cross-sectional perimeter. To classify detected pores as gas
(Figure 2c) or shrinkage (Figure 2d) porosity, the value of
the dimensionless shape factor (0.8) was taken as a
criterion.™”

The stereological parameter Ay, was used to describe the
distance between secondary dendrite arms. The Aq can be
defined as the distance between centers of two consecutive
dendrite arms. The actual distance between dendrite arms
is based on measurements made on flat metallographic
specimens. Although longitudinal metallographic samples
are from the axis of the casting, the secondary dendrite
arms may be oriented perpendicular to the plane of the
landing. Moreover, the plane of metallographic sample
may by not parallel to the axis of the main arms. Therefore,
the so-called apparent distance 1, or random /A, between the
dendrite arms is measured (Figure 2e). In the case of binary
images of the secondary dendrite arms, the incisor per-
pendicular to the secondary arms is projected by measuring
the apparent distance Aa as the distance between the points
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Figure 2. Schematic of microporosty and SDAS assessment.

of intersection of these lines with the dendrite arms (Fig-
ure 2f). In this case, the average real distance between the
arms can be determined from the formula:

T n L
)\. = — ia = —— E . 2
0T 4T YN an
where L—-the length of the incisor perpendicular to the
secondary arms [pm], N—the number of intersections with

the secondary dendrite arms.

Taking into consideration that

Ao =22,

1 Eqn. 3

partial results (4,; do 4,,) allow for determination of SDAS
distribution (Figure 2f). The schematic of porosity and
SDAS detection using image analysis is shown in Figure 2.

The microstructural analysis was performed on etched and
polished samples. In the case of non-etched ones, speci-
mens for microstructure evaluation were prepared by
grinding, polishing and chemical etching. A reagent
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containing 60ml HCI, 20 ml HNOj3, 20 ml CH3;COOH was
used for etching of samples. The light microscopy (LM)
images were acquired by the Nikon Eclipse MA200
microscope.

Results and Discussion

The first part of investigation concerned quantitative
evaluation of as-cast microstructure. Figure 3 shows
example micrographs presenting primary microstructure of
all investigated Co-based alloys. All materials are charac-
terized by dendritic microstructure, whereas the main dif-
ferences between the studied alloys may be found in
dendrite arms spacing.

The results concerning characterization od SDAS of four
as-cast Co-based superalloys are shown in Figure 4. and
Table 2. Taking into consideration the average SDAS
related to all zones, the microstructure of alloys is similar.
The difference in average dendrite arm spacing is no more
than 2 pm. For all alloys, the highest value of SDAS was
measured in zone C, which is attributed to the lowest
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Figure 3. Average values of porosity in different ingot areas.
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Figure 4. Example micrographs of dendritic structures of Co-based superalloys;
(a) Co-9AI-9W; (b) Co—20Ni-7AI-7W; (c) Co—10AI-5Mo—2Nb; (d) Co-20Ni—10Al-
5Mo—-2Nb.

solidification rate in the upper part of ingot. However, the
difference between SDAS measured in zone A and C was
less than 3 pm. The highest SDAS was reported for Co—
9A1-9W alloy.

The distribution of SDAS within different zones of ingots
is shown in Figure 5. In the case of Co—9AI-9W alloy,
most of detected SDAS were in the range 8-12 pm in A
and B zone. For zone A, SDAS values are mostly between
5 and 9 pum. The similar observation may be done for the
SDAS distribution in the case of Co—20Ni-7Al-7W alloy.
For Co-20Ni-5A1-5Mo-2Nb alloy, secondary dendrite

2150

arm spacings are mostly in the range 2.5-9.4 pm (zones A
and B). The analogous distribution may be observed for
zone A of Co-20Ni-10A1-5Mo-2Nb, however, the SDAS
values for this alloy in zones B and C are rather uniformly
distributed. The SDAS distribution in zone C of Co—10Al-
5Mo-2Nb is more uniform compared to that of zones A
and B of the same alloy.

The results of porosity measurements are shown in Fig-
ure 6 and Table 3. The highest gas porosity was detected
for Co-9AI-9W alloy, especially in zone C. Slightly lower
porosity was observed in the case of Co—20Ni-7Al-7TW

International Journal of Metalcasting/Volume 17, Issue 3, 2023



Table 2. Results of Secondary Arm Dendrite Spacing Assessment

Alloy SDAS

A B Cc

X[um]  o[um]  CV[%]  x[um] olum]  CV[%  x[um] oum]  CV[%]
Co-9AI-9W 7.73 213 27.5 9.57 2.34 245 10 2.6 26
Co-20Ni-7AI-7TW 7.63 2.37 31 7.67 273 35.6 8.92 2.95 33.1
Co-10Al-5Mo-2Nb 6.67 2.87 43 6.73 3.4 50.5 7.87 3.41 43.3
Co-20Ni-10Al-5Mo-2Nb 7.06 2.88 40.8 7.69 5.31 69.1 8.84 3.13 354

SDAS [um]
(=%

Co-20Ni-7A1-7TW

C average A B

C average

C average A B

Co-10Al-5Mo-2Nb Co-20Ni-10Al-5Mo-2Nb

Alloy

Figure 5. Average values of SDAS in different ingot areas.

alloy. The lowest content of gas pores was detected in
W-free Co-10Al-5Mo-2Nb and Co-20Ni-10Al-5Mo-
2Nb. The W-containing alloys are characterized by pres-
ence of shrinkage porosity, which is concentrated mostly in
upper parts of ingot. The W-free alloys were characterized
by substantially lower shrinkage porosity compared to that
of Co—Al-W and Co—-Ni—Al-W alloys. For all investigated
metallic materials, the total porosity was highest in the top
zone of ingot. During the presented research, efforts were
made to maintain the laminar flow conditions of liquid
metal, with particular emphasis on avoiding the effect of
turbulence. For this reason, the flow conditions in all
analyzed variants were assumed to be very similar and it
was assumed that the speed of the metal stream did not
affect the formation of gas pores. Therefore, this issue was
not considered in further comments.

The difference between these group of alloys may be found
in crystallization behavior. Therefore, it is worth to observe
DTA cooling plots of two representative alloys Co—9Al-
9W and Co-10A1-5Mo-2Nb (Figure 7). Both curves show
great endothermic effects. The onset of those peaks is
corresponding to liquidus temperature. The main difference
is that the crystallization peak of W-free alloy is substan-
tially wider, which implies higher solidification range.
Moreover, the second endothermic effect may be observed
at 1250 °C. This small peak may be corresponding to
crystallization of other phase constituents, which are sup-
posed to form due to partition of Mo and Nb to interden-
dritic spaces. Due to limited segregation, Co—Al-W and

International Journal of Metalcasting/Volume 17, Issue 3, 2023

Co-Ni—AI-W alloys are characterized by relatively narrow
solidification range, which results in crystallization of -
Cog. Solidification of Mo and Nb-containing alloys results
in formation of solid solution and intermetallic phases,
which substantially widen solidification range and shifts
crystallization end to lower temperatures. These observa-
tions may be reflected in microstructure.

Figure 8 shows SEM micrographs of the as-cast alloys by
BSE mode. The SEM image corresponding to Co-9AlI-9W
(Figure 8a) reveals typical as-cast microstructure for this
alloy.?" The similar dendritic structure was observed in the
case of Co—20Ni—-9AI-9W (Figure 8b). These alloys are
characterized by limited segregation, which may be seen in
distribution of elements (Figure 8e). Therefore, crystal-
lization of those alloys occurs in narrow solidification
range and results in dendritic microstructure composed of
v-Cogs dendrites and interdendritic areas. The opposite case
was reported for W-free alloys (Figure 8c-d). Although
these alloys also exhibit dendritic microstructure, the seg-
regation is more pronounced (Figure 8f). Furthermore,
small phases which morphology typical for eutectics were
observed. These phases are known as topologically close-
packed (TCP) phases with formula Coz(Mo, Nb).32 The
discussed phase constituents are characterized by DO;g
structure, and their melting occur at temperatures lower
than melting of Cog.”” Ni may easily segregate to this type
of phase.>* On the other hand, Davydov et al. reported
formation of Laves phases with composition AB, in as
heat-treated Co—Al-Mo-Nb alloys.* Presence of phase
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Table 3. Results of Microporosity Assessment

Quantitative parameter Zone of ingot

A B C Average
Co-9AI-9W
Total porosity [%] 0.026 0.063 0.243 0.111
gas porosity [%] 0.025 0.035 0.157 0.072
Shrinkage porosity [%] 0.001 0.024 0.086 0.037
Co-20Ni-7AI-TW
Total porosity [%] 0.048 0.165 0.180 0.131
gas porosity [%] 0.026 0.066 0.078 0.057
Shrinkage porosity [%] 0.022 0.099 0.102 0.074
Co-10AIl-5Mo-2Nb
Total porosity [%] 0.035 0.041 0.047 0.041
gas porosity [%] 0.035 0.039 0.038 0.037
Shrinkage porosity [%] - 0.002 0.009 0.006
Co-20Ni-10Al-5Mo-2Nb
Total porosity [%] 0.026 0.041 0.053 0.040
gas porosity [%] 0.024 0.038 0.033 0.032
Shrinkage porosity [%] 0.002 0.003 0.020 0.008

types such as D09 or Laves is detrimental due to their
structure. Moreover, Mo and Nb rich precipitates may
decrease in alloy’s melting temperature. Solution heat
treatment allows for dissolution of the eutectics. However,
formation of these phase during crystallization substan-
tially affects solidification range of the alloys. In the case
of Co-9Al1-9W and Co-20Ni-7Al-7W alloys, crystalliza-
tion of liquid phase in interdendritic spaces occur at tem-
perature slightly lower than that of dendrite cores. Thus,
the crystallization is rapid. For W-free alloys, interdendritic
spaces stay longer in liquid state compared to that of
W-containing alloys due to substantially higher difference
between start and finish od crystallization. Although dif-
ferences in microporosity are observable, the content of
micropores is acceptable for all alloys.
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An important factor from the point of view of the segre-
gation of the chemical composition and the formation of
individual phases, especially in the interdendritic regions,
is also the mobility of alloying elements in the fcc-Co solid
solution—Cog,. The literature data indicate that tungsten and
niobium will have the lowest diffusion tendency in the Cogg
(activation energy 289.2 and 262.0 kJ/mol, respectively,
and the frequency factor Dy = 5.6 x 107> and Dy = 2.0 x
1073 m2/s), in the case of aluminum, these values are,
respectively, 281.1 kJ/mol and 3.6 x 10~* m2/s, and for
niobium 305.2 kJ/mol and 2.8 x 10> m*/s. This indicates
the highest tendency to segregation of tungsten and
molybdenum, and the lowest in the case of niobium.* At
the same time, it should be noted that these values are
lower than for analogous phenomena in nickel solid solu-
tion, which indicates a slower course of diffusion processes
in nickel superalloys with the addition of these compo-
nents.’**® The consequence of this observation is the
conclusion that Co—Al-X cobalt superalloys with the
addition of W, Mo and Nb require heat treatment with time
and temperature parameters considering a slower diffusion
course (chemical composition homogenization). However,
the more important conclusion is the statement that thanks
to this, the new cobalt superalloys will in principle behave
more favorably in the conditions of thermally activated
structural processes, e.g., under creep conditions, which is
a great advantage over nickel superalloys.*~*!

The last part of studies concerned macrostructure of the
alloys. For this purpose, the series of micrographs were
acquired and collected to one image (Figure 9). The
micrographs were captured from the middle of ingot to
outer edge to observe microstructural changes across the
plane perpendicular to ingot axis. All alloys exhibit pres-
ence of very narrow or even lack of equiaxed crystals zone
in the middle area. The thin chill zone may be observed in
outer areas. However, all investigated alloys exhibit mostly
elongated crystals, which are characteristic for fast
solidification.
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Figure 7. DTA cooling plots: (a) Co-9AI-9W; (b) Co—10AI-5Mo—2Nb.
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Figure 8. SEM micrographs of as-cast microstructure: (a) Co—-9AI-9W; (b) Co-20Ni-7AIl-7W; (c) Co-
10AI-5Mo-2Nb; (d) Co-20Ni-10AI-5Mo-2Nb; (e) qualitative elemental mapping images of Al, Co, Ni, W
corresponding to Co-20Ni-7AI-7W alloy; (f) qualitative elemental mapping images of Al, Co, Ni, Mo,

Nb corresponding to Co-20Ni-10AI-5Mo-2Nb alloy.

heat dissipation

v

middle of ingot

Co-20Ni-10AI-5Mo-2Nb

Figure 9. LM micrographs of primary microstructure of
investigated alloys: plan view perpendicular to the ingot
axis.
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Conclusions

The y—y type Co-based alloys are characterized by sec-
ondary dendrite arm spacings comparable to those of Ni-
based superalloys.

The value of SDAS does not vary considerable within the
compositions of the investigated Co-based alloys

W-free superalloys Co—(Ni)-Al-Mo-Nb are characterized
by lower shrinkage porosity compared to that of Co—(Ni)—
Al-W alloys.

The investigated Co-based alloys are characterized by a
typical dendritic structure, composed of equiaxed and

columnar crystals zones, and thin chill zone.

The W-free alloys are characterized by substantially higher
solidification rate, which is caused by the presence of the

International Journal of Metalcasting/Volume 17, Issue 3, 2023



intermetallic phases rich in Mo and Nb, which crystallize at
lower temperature compared to that of Coy.
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