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Abstract
In the investigation, crystallization behavior of ternary γ–γ′ alloy based on Co–Al–W system was analyzed. The alloy with 
nominal composition Co–9Al–9W (at.%) was prepared via vacuum induction melting. Solidification characteristics of the 
investigated superalloy were obtained by a method of thermal analysis based on temperature measurement of metal solidifying 
in a mold. After casting, obtained metallic materials were investigated by differential thermal analysis in order to determine 
characteristic temperatures and compare results with those of obtained in the first thermal analysis. Furthermore, a description 
of primary microstructure was performed for ingots solidified with two different cooling rates. The analysis was made using 
X-ray diffraction, optical microscopy and scanning electron microscopy. The crystallization path of alloy was investigated. 
The solidification range of alloy was narrow. The crystallization in a sand mold resulted in the dendritic microstructure 
containing γ single phase. The as-cast microstructure after solidification with higher cooling rate was comparable; however, 
observed crystals were mostly columnar, while sand cast was characterized by equiaxed crystals structure.

Keywords γ–γ′ cobalt-based superalloys · Co–Al–W superalloy · Solidification path · Segregation · Dendrite core · 
Solidification microstructure

Introduction

The ternary alloys based on Co–Al–W system were the start-
ing point in the development of new group of superalloys 
strengthened by γ′ phase. For the first time, presence of an 
ordered L12 phase in this system was mentioned by Lee [1]. 
Sato et al. [2] reported existence of a stable γ′-Co3(Al, W) 
phase. The γ′ phase is efficient in view of high-temperature 
strengthening due to very low lattice misfit [2]. Owing to 
strengthening of ordered L12 compounds, alloys are char-
acterized by superior high-temperature strength compared 
to those of conventional Co-based superalloys, which are 
strengthened by carbides precipitation. This qualitative dif-
ference gave possibility for further development of superal-
loys based on Co. The addition of alloying elements, e.g., 
Ni, Ta, Ti, Nb, may stabilize the L12 phase toward higher 
temperatures [3–6]. Substantial effort was done in order to 
investigate the role of alloying elements in a microstructure 

and properties of new superalloys [7–11]. Relatively low 
attention was paid to technological aspects.

Most authors focused on manufacturing of alloys on a 
laboratory scale. Many of them use vacuum arc melting to 
produce small ingots, dedicated for advanced microstruc-
tural researches and other tests. McDevitt [12] produced 
22 kg heats of three Co-based superalloys: Co–9Al–9W, 
Co–9Al–10W–2Ti and Co–9Al–10W–2Ti–0.02B (at.%) by 
vacuum induction melting (VIM) and vacuum arc remelting 
(VAR), and then, the alloys were open-die forged. The ingot 
microstructure of prepared materials was characterized as 
well as hot workability during billetizing. The author proved 
that VIM/VAR ingot production is viable for scale up to 
commercial production and there is a promise for produc-
ing large diameter ingots with acceptable segregation. The 
forging aspects of new Co-based superalloys were further 
investigated by other scientists [13]. In 2015, Koßman et al. 
[14] characterized the microsegregation and solidification 
of a multi-component Co-based superalloy and compared 
it to a ternary Co–Al–W alloy and to two Ni-based superal-
loys. Zhou et al. [15] investigated the effect of Ta and Ti 
on the directional solidification characteristics of novel γ–γ′ 
Co-based superalloys. The same authors published the work 
concerning effect of Al and W contents on the solidification 
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and solution microstructure of new cobalt superalloys [16]. 
Sani et al. [17] performed the research on effect of homog-
enization heat treatment on segregation and microstructure 
of γ–γ′ Co-based superalloys. The heat treatment aspects of 
ternary Co–Al–W alloys were investigation by Tomasze-
wska et al. [18]. Except arc melting and VIM/VAR methods, 
works concerning directional solidification [15, 16, 19] and a 
single crystal solidification [20] of γ′-strengthened Co-based 
superalloys are available.

The intention of authors is increase in the literature data 
concerning technological aspects of γ/γ′ Co-based superal-
loys. The scientific goal of the work is characterization of 
crystallization behavior of a ternary Co–Al–W alloy under 
different cooling conditions, including slow cooling, which 
was not analyzed in the previous studies. The formation 
of desirable microstructure free of detrimental phases and 
segregation, upon low cooling rate, is important taking into 
account manufacturing of greater components. Such casting 
products are characterized by a longer time of solidification 
due to a higher thickness. The studies concerning solidifica-
tion of the Co-based alloys were limited to microstructural 
aspects. Moreover, from technological point of view, it is 
important to characterize the temperature window between 
liquidus and solidus temperatures. In the case of DSC or 
DTA analysis of Co–Al–W alloys, there is no distinct effect 
on cooling curve that may be attributed to crystallization 
finish. Therefore, in this article, except differential thermal 
analysis, the characterization of solidification was improved 
by another method of thermal analysis, which allows to 
directly characterize thermal behavior of alloy during crys-
tallization in a mold.

Materials and methods

The Co–Al–W alloy with nominal composition Co–9Al–9W 
(at.%) was prepared by vacuum induction melting in the 
VSG 02 Balzers furnace. In this process, pure metals includ-
ing Co, Al and W were used as a feedstock. The alloys were 
melted in the temperature range 1600–1700 °C for a time of 
approximately 10 min. The investigated alloys were casted 
under argon into two types of molds in order to vary cool-
ing rate. The first one, sand mold, was selected due to high 
isolation properties. This mold was made of  CO2-hardened 
silica sand. The second mold was made of graphite in order 
to provide conditions of fast heat dissipation in a solidifying 
alloy. For obtainment of solidification curves, an appropriate 
experimental set was developed (Fig. 1). During solidifica-
tion of the alloy, temperature was recorded via thermocouple 
(PtRh10-Pt) fit in the sand mold. The thermocouple wires of 
ø0.5 mm were put in alumina shield. The wires in alumina 
were additionally fit in quartz tube, which was placed inside 
the mold. The obtained signal was recorded with a step of 
0.5 s by the temperature recorder Crystaldigraph PC-8T con-
nected to a computer. The experimental set including mold 
and thermocouple was placed inside the furnace chamber. 
The crystallization curve for alloy solidified in cold graphite 
mold was not recorded due to very fast crystallization (up 
to 10 s).

After casting, the thermal analysis including differen-
tial thermal analysis (DTA) was carried out on the as-cast 
specimens. The DTA analysis was carried out using the 
NETZSCH STA 449 F3 Jupiter device. The temperature 
range of analysis was 40–1500 °C, whereas the heating and 
cooling rate was 20 °C min−1. An empty alumina crucible 
was used as a reference.

The microstructure in as-solidified state was analyzed 
by optical microscopy (OM), scanning electron micros-
copy (SEM) and X-ray diffraction (XRD). The optical 

Fig. 1  Schematic and real 
experimental set for registration 
of crystallization curves
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micrographs were carried out using the Nikon Eclipse 
MA200 light microscope. In the case of SEM/EDS analysis, 
the scanning electron microscope (SEM, Hitachi S-3400N) 
equipped with the energy dispersion spectrometer (EDS, 
Thermo Noran System Seven) was used. The SEM images 
were captured with the use of backscattered electron (BSE) 
mode. The phase composition was evaluated using the 
Phillips X’Pert3 Powder diffractometer. A chemical etch-
ing of specimens in solution containing 25 mL H2O, 50 mL 
HCl, 15 g  FeCl3 and 3 g  CuCl2  ×  NH4Cl  ×  2H2O was 
used in order to reveal a primary microstructure of as-cast 
specimens.

Results and discussion

The first part of work concerns thermal analysis of the 
solidification of a ternary Co–Al–W alloy. The cooling 
curve and its derivative are shown in Fig. 2. The molten 
metal contacted thermocouple at temperature slightly higher 
than 1600 °C. The temperature rapidly decreased down to 
1450 °C. At this temperature, the plateau effect may be 
observed on solidification plot. The measured temperature 
is constant due to crystallization heat. After about 80 s of 
solidification, an isothermal section of the plot ends which 
is also indicated on the derivative curve with the local 
minimum. Temperature of 1395 °C corresponding to this 
minimum can be interpreted as solidus temperature. Below 
1395 °C, the plot changed its character to typical for cool-
ing without any considerable thermal effects in solid state. 
The course of cooling curve implies that only one phase 
crystallized during solidification. Taking into account the 
literature data concerning these alloys, this phase should 
be γ-Coss. Therefore, the solidification path should be as 
follows: L → L1 + γ → γ. Afterward, a microstructural evalu-
ation was performed for the analyzed material.

Figure 3a shows the final ingot whose solidification was 
analyzed by thermal analysis (Fig. 2). The size of cuboidal 
ingot was 20 × 20 × 100 mm. Figure 3b, c, d shows macro-
structure of the ingot in the plane perpendicular to the ingot 

axis. The specimens were cut from different parts of the 
cast. Moreover, Fig. 3e shows macrostructure of the middle 
part of the ingot in the plane parallel to the ingot axis. All 
macrographs show coarse crystals primary microstructure. 
The size of crystals in primary microstructure is several 
hundred micrometer, and dendrites can be easily observed 
by unaided eye. The crystals are characterized by randomly 
oriented dendrite structures. There is a lack of elongated 
crystals zone. In the case of specimen from the bottom part 
of cast (Fig. 3d), the size of crystals is slightly lower com-
pared to that of other parts of the cast. It can be connected 
with the fact that in this area, the heat dissipation occurred 
faster compared to that of upper parts.

The microstructural evaluation of the obtained as-cast 
Co–Al–W superalloy may be seen in Fig. 4. The images 
show microstructure of upper (Fig. 4a, d, g), middle (Fig. 4b, 
e) and lower (Fig. 4c, f) parts of the ingot. The optical micro-
graphs and SEM micrographs confirm great size of both 
crystals and dendrites. In the case of crystals, the observ-
able range of size is from few hundred micrometer to few 
millimeter. The dendrite cells may measure even more than 
100 micrometer. The OM micrographs (Fig. 4a–c) revealed 
grain boundaries. Moreover, SEM micrographs (in this case, 
specimens were not etched) performed using BSE imaging 
did not show any substantial changes in color contrast that 
implies relatively low degree of segregation (Fig. 4d–g). The 
interdendritic zones are darker that imply some differences 
in chemical composition; the interdendritic areas are very 
thin. The element which segregates to interdendritic spaces 
is Al. However, the measurement of chemical composition 
in micro-areas in upper part of ingot (Fig. 4g) showed that 
differences between dendrites and interdendritic areas are 
very low. The amount of Al in dendrites was about 2 at.% 
lower compared to that of interdendritic areas (Fig. 4g). The 
similar results were obtained in lower parts of the ingot.

Another step of investigation was differential thermal 
analysis (DTA). The appropriate specimen of rectangular 
shape was cut from the middle part of the ingot. The results 
of DTA measurements in the temperature range 40–1500 °C 
are shown in Fig. 5. The heating curve showed a first distinct 
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thermal effect at 977 °C, which is connected with order–dis-
order transition of γ′ phase. The shape of this individual 
thermal effect is a characteristic of order–disorder transi-
tion [21–23]. This observation showed that chemical com-
position obtained in as-cast state allows for formation of 
γ′ precipitates. Further heating of alloy did not show any 
relevant peaks till temperature 1444 °C, which is related 
to start of melting, according to a character of endothermic 
peak. Another distinct effect was observed on cooling curve 
at 1468 °C. At this temperature, considerable exothermic 
peak occurred and is connected with the start of crystal-
lization (liquidus temperature). The maximum of this peak 
is related to temperature 1425, whereas the end of effect is 
roughly 1390 °C. The character of cooling curve is adequate 
to the cooling curve obtained via the first, simple thermal 
analysis measurement (Fig. 2). The slight differences in val-
ues of characteristic points (mainly liquidus) may be con-
nected with different cooling rate in both discussed cases. 

There was no other thermal effects on cooling curve except 
the one occurred at 974 °C. This phenomenon is connected 
with disorder–order transition concomitant precipitation of 
γ′ phase.

The temperatures of thermal effects related with solidifi-
cation of alloys are comparable to those of observed in the 
first thermal analysis (Fig. 2). The small differences may 
be connected to differences in cooling rate. Moreover, in 
the DTA method, only certain small section of ingot was 
analyzed, while crystallization curves were captured dur-
ing solidification of whole ingot. Similar to the first thermal 
analysis (Fig. 2), DTA analysis did not reveal any additional 
effects except the start and end of γ phase crystallization. 
Relatively narrow solidification range and lack of additional 
effects imply that in this system, only one phase (solid solu-
tion of Al and W in Co) is being crystallized from liquid 
phase. The X-ray diffraction pattern of as-cast alloy (Fig. 6) 
shows occurrence of only one phase within the primary 
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Fig. 3  Macrostructure of ingot solidified in sand mold
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microstructure. The only detected phase was cobalt (JCPDS 
no. 15-0806), which could be attributed to the solid solu-
tion of Al and W in cobalt (γ-Coss). No detrimental phases 
were recognized. Taking into account the high-temperature 
Co–Al–W system [2, 24], phases such as γ-Co, γ′-Co3(Al, 

W), β-CoAl, μ-Co7W6 and  Co3W may occur. For alloy with 
nominal composition Co–9Al–9W (at.%), dual-phase γ–γ′ 
microstructure is expected. Although XRD pattern showed 
only peaks corresponding to Co, this method cannot exclude 
occurrence of γ′ phase. Peaks corresponding to γ and γ′ are 
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practically indistinguishable due to very low lattice misfit 
[2]. Although microstructural analysis did not exhibit γ′ 
phase in the as-cast state, DTA analysis showed γ′ disso-
lution clearly. Relatively long time of heating from room 
temperature to 977 °C gave possibility to precipitate γ′; 
therefore, disordering of this phase can be easily observed 
on heating curve.

Except analysis of sand cast made of Co-based superalloy, 
the authors analyzed crystallization behavior of the same 
alloy obtained via rapid crystallization in a graphite mold. 
The size of obtained cylindrical ingot was ∅20 × 150 mm. 
The differential thermal analysis was performed under ana-
logue conditions compared to that of sand mold. The course 
of DTA curve was almost the same. Moreover, X-ray dif-
fraction analysis showed that single-phase structure (γ solid 
solution) was obtained in this case. Figure 7 shows mac-
rographs of Co–9Al–9W (at.%) alloy solidified under fast 
cooling condition. The image that reveals macrostructure 
in the plane perpendicular to the ingot axis (Fig. 7a) shows 
elongated crystals that are typical for crystallization with 
intensive heat dissipation. The view in the plane parallel to 
the ingot axis (Fig. 7b) revealed that near the axis of ingot, 
some thin zone of equiaxed crystals may be observable; 

however, columnar crystals are dominant within primary 
microstructure.

The characteristic zones in the as-cast alloy may be easily 
observed in the OM micrographs (Fig. 8). The low-mag-
nification micrograph (Fig. 8a) shows occurrence of three 
zones. The zone of equiaxed crystals (“A”) is roughly 5 mm 
in diameter and is located in the middle of the cast. The 
second zone (“B”), zone of columnar crystals, is substan-
tially greater compared to that of other zones. Other figures 
(Fig. 8b, c) show the characteristic zones in higher magnifi-
cation. The last characteristic area is zone of frozen crystals 
(“C”) with thickness of roughly few hundred micrometer. 
This type of crystals occurs in the outer parts of ingot, where 
a heat dissipation is the most intensive. In view of plastic 
working, the primary microstructure obtained under condi-
tions of fast cooling is unfavorable due to high content of 
columnar crystals. Such problem did not occur in the case 
of alloy solidified with lower cooling rate (Fig. 9). In this 
case, the microstructure in the middle of the ingot does not 
differ substantially compared to the outer zone of the cast. 
The cross section shows occurrence of only one, equiaxed 
crystals zone in the both middle (Fig. 9c) and edge of the 
cross section (Fig. 9b).

Although in the case of ternary Co–Al–W alloy, a fast 
cooling rate caused formation of numerous elongated crys-
tals, this type of solidification has also advantages, e.g., pos-
sible obtainment of supersaturated solid solution. Except 
columnar crystals, the basic difference between two types 
of castings is size of crystals and dendritic structures, which 
is substantially lower in the case of alloy solidified in a mold 
made of graphite.

Figure  10 shows the SEM micrograph of Co–Al–W 
alloy solidified in cold graphite mold. Figure 10a shows 
area of equiaxed crystals. The differences in chemical 
composition between dendrites and interdendritic zones 
are low (Fig. 10b). Although microstructure of Co–Al–W 
sand cast was characterized by relatively low segregation 
level, the thickness of interdendritic space was at least two 
times higher compared to that of alloy solidified in graphite 
mold. Due to low segregation, thin interdendritic areas and 
supersaturation upon fast cooling, such castings can be then 
homogenized easily.

The aim of the work was obtained. The solidification of 
Co–Al–W alloys under different cooling conditions was 
compared. In the previous investigations, only crystallization 
under very fast heat dissipation was considered. Such type 
of crystallization occurs mostly in the case of thin-walled 
components. Taking into account the casting of greater 
elements, an increase in the component’s size changes the 
crystallization conditions by slower solidification rate. In 
the investigations, such casting conditions were simulated 
using sand mold, which elongated time of crystallization 
time of the ingot. The results showed that this increase did 
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not affect the microstructure and quality of the ingot nega-
tively. Moreover, in the case of crystals’ morphology, slow 
cooling conditions resulted in more beneficial microstruc-
ture. Within whole cross section, the crystals were character-
ized by equiaxial morphology, which is substantially more 
beneficial compared to that of rapid crystallization. Such 

tendency was confirmed at different ingot heights. Further 
decrease in cooling rate should result in similar effect; how-
ever, increase in crystals’ size is expected. The morphology 
of crystals obtained during slow crystallization is favorable 
from technological point of view. It allows further process-
ing via plastic working, which could be troubling for alloys 

Fig. 8  OM micrographs of primary microstructure of Co–9Al–9W alloy solidified in graphite mold

Fig. 9  OM micrographs of primary microstructure of Co–9Al–9W alloy solidified in sand mold
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characterized by dominance of columnar grains. Further-
more, Co-based alloys maintain the morphology of grains 
after heat treatment. Therefore, such microstructure is also 
beneficial taking into account the application of cast alloy 
after precipitation hardening, especially under conditions of 
high mechanical load.

Furthermore, another considerable finding of casting 
under low solidification rate is phase composition. The lower 
crystallization time as well as elongated time of cooling of 
alloy in solid state may result in precipitation of detrimen-
tal phase, e.g., compounds characterized by  D019 structure. 
However, the X-ray diffraction analysis as well as SEM/
EDS characterization showed that no unexpected phases 
occurred. The lack of unfavorable phases was confirmed by 
X-ray diffraction analysis, SEM/EDS characterization and 
DTA analysis. Furthermore, increase in crystallization time 
did not result in excessive segregation of chemical compo-
sition, and in formation of detrimental eutectics. All these 
advantages imply possibility to cast substantially greater ele-
ments made of Co–Al–W alloys without risk of unbeneficial 
structural effects, which is important in view of manufactur-
ing processes.

The solidification path was comparable to that of alloy 
solidified under rapid heat dissipation and was characterized 
by two thermal analysis techniques. One of them showed 
primary crystallization behavior of the alloy. This technique 
showed temperature window between start and finish of 
crystallization, which could not be observed precisely on 
DTA curves. This temperature window is 50 °C, which is 
relatively thin. Such value should be taken into account in 
the case of casting parameters selection, especially in the 
case of manufacturing of components characterized by com-
plex shape. The complex shape of model connected with 

unsatisfactory technological parameters (e.g., casting tem-
perature) may result in formation of casting defects, includ-
ing misrun.

Conclusions

Thermal analysis and microstructural evaluation confirmed 
that solidification path for Co–Al–W alloy is L → L1 + γ → γ. 
The investigated alloy was characterized by the narrow 
solidification range, and the difference between the start and 
end of crystallization was roughly 50 °C.

The primary microstructures of alloy casted under dif-
ferent heat dissipation rates were characterized by dendritic 
structure. In the case of a rapid crystallization (in graphite 
mold), the ingot’s microstructure was mostly composed of 
elongated columnar crystals. On the other hand, the micro-
structure of sand cast was characterized by higher size of 
dendritic structures, and the structure was beneficial owing 
to dominance of equiaxed crystals.

For Co–Al–W alloy solidified with different cooling 
rates, the segregation of Al and W in interdendritic areas 
was weak. The W-segregation was negligible, whereas the 
interdendritic areas were slightly enriched in Al.

Acceptable level of segregation and lack of detrimental 
phases in the primary microstructure, especially in the case 
of sand cast, imply possibility to produce massive castings 
made of alloys based on Co–Al–W system.
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