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Abstract
The X-40 Co-based superalloy is often used in the aerospace industry directly in as-cast condition and its analysis in this 
state is essential to understand further possible phase transformations during service. With this in mind, this work focuses on 
characterizing the material’s as-cast microstructure, phase transformation temperatures and oxidation resistance. Observa-
tions and analyses were performed via thermodynamic simulations, X-ray diffraction (XRD), light microscopy (LM), scan-
ning electron microscopy (SEM), scanning-transmission electron microscopy (STEM-HAADF), energy-dispersive X-ray 
spectroscopy (EDX), dilatometry (DIL) and differential scanning calorimetry (DSC). The microstructure of the dendritic 
regions consisted of the α matrix, with MC, M7C3 and M23C6 carbides being present in the interdendritic spaces. Based on 
DIL, it was found that precipitation of the Cr-rich carbides from the saturated α matrix may occur in the range 650–750 °C. 
DSC determined the incipient melting and liquidus temperatures of the X-40 superalloy during heating to be 1405 °C and 
1421 °C, respectively. Based on oxidation resistance tests carried out at 860 °C, it was found that the mass gain after 500 h 
exposure was 3 times higher in the air than in steam.
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1  Introduction

The main advantages of Co-based superalloys over Ni- or 
Fe-based ones are their higher melting point [1], flatter 
stress rupture curves [2], increased hot-corrosion resistance 
in service atmospheres [3], low susceptibility to cracking 
during welding and good thermal fatigue resistance [4]. 

Cobalt-based alloys have been used to manufacture various 
components, such as vanes or combustion chambers in gas 
turbines (both industrial-type and aero-engines). The alloys 
can be implemented as wrought [5] or as precision-cast 
parts [6]. The importance of Co greatly increased during the 
development and manufacturing of the turbosupercharger, 
early in World War II. The Co-based alloy, widely known as 
Vitallium was found to have a strength and microstructural 
stability that made it suitable for bucket operating conditions 
(> 500 °C). Not long after that, a modified Vitallium marked 
as HS-21 was designed for manufacturing high-temperature 
components. With the material successfully meeting the 
application requirements under industrial conditions, its use 
was further extended to buckets and guide vanes for aircraft 
turbojet engines that operated at very high temperatures (for 
those time) up to 815 °C. Since then, the intensive work over 
developing alloys resulted in the group of materials we know 
today, i.e. superalloys. Active alloy-development programs 
have led to the production of a variety of important Co-based 
superalloys, like X-40 or its other grades, X-45 and FSX-414 
[7]. The experience acquired during the industrial imple-
mentation of these superalloys makes them highly reliable 
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and more difficult to replace by other materials. Moreover, 
Co-based alloys have gained a prominent position due to the 
possibility for most of them to be melted in air and remelted 
under air or argon, as well as their good castability [8] and 
repairability [9]. Cobalt has two allotropes, where the hex-
agonal-close-packed (HCP) crystal structure is stable up to 
417 °C, whereas above this temperature the face-centered-
cubic crystal structure (α) appears [10]. Alloying elements 
like Ni, C and Fe tend to stabilize the FCC structure, while 
Mo and W stabilize the HCP structure [11, 12]. Chromium 
is the main alloying element increasing oxidation and hot 
corrosion resistance, additionally forming M7C3, M23C6 and 
M3C2 carbides. The Mo and W are responsible for solid-
solution strengthening and can create MC and M6C carbides 
[13]. Co-based superalloys usually contain between 0.4 and 
1.0% wt. carbon [14], which is a relatively high value com-
pared to Ni-based superalloys [15]. The carbides’ networks 
formed during casting solidification are relatively stable and 
relevant for high-temperature strength [16]. Hot-working 
leading to a change in carbide networks can increase the 
tensile strength at intermediate temperatures [17], however, 
at the expense of creep resistance at elevated temperatures 
(e.g. MAR-M 509) [18]. Geometrically close-packed phases, 
like Ni3Al, can also be present in the microstructure, how-
ever, their instability at high temperatures hinders them from 
achieving high commercial status [19].

Several studies have been carried out on the X-40 alloy 
[20–22]. Kamma et al. [20] carried out tests of the fatigue 
resistance of the Ni-based superalloy 718 micro-spark coated 
with X-40, as a material characterized by increased wear and 
oxidation resistance. The authors stated, based on the fatigue 
experiments performed at 480 °C and 650 °C, that the fatigue 
life of Alloy 718 with an X-40 layer was comparable or 
slightly improved compared to the uncoated Ni-based super-
alloy. No spalling of the X-40 coating was observed during 
the performed fatigue experiments. The authors suggested 
that the load transfer capability may play a significant role, 
what with the X-40 layer’s increased elastic modulus during 
the high-temperature exposure and the presence of compres-
sive stresses at Alloy 718’s surface. The elastic modulus of 
the as-deposited X-40 layer was equal to 40 GPa, almost 5 
times smaller than that of the Alloy 718 substrate, however, 
when exposed to 650 °C this value increased approx. 2.5 
times. Schoonbaert et al. [21] proposed a new braze repair 
scheme, in which Ni-based alloys repair the X-40 substrate 
in both narrow and wide gap configurations. Based on the 
microstructure analysis, the authors stated that the Ni-base 
braze alloy BNi-9 (also known as Ni-276 and Amdry 775) 
can be used to repair the as-cast Co-based X-40 superalloy 
without the formation of detrimental phases in the braze and 
especially interface X-40/braze regions. They concluded that 
the high carbon concentration in the X-40 superalloy may 
have played a significant role in preventing the TCP phases 

formation during brazing and subsequent long-term service 
at elevated temperatures. Ghasemi et al. [22] investigated 
the influence of partial solution treatment (1200 °C, 2 h) 
and the subsequent cooling procedure (cooling in air, with 
a furnace or in graphite powder) on the microstructure and 
mechanical properties of the X-40 superalloy. Based on the 
microstructure analysis, it was shown that regardless of the 
applied cooling rate, secondary carbides form during cool-
ing, and the specimens are characterized by almost the same 
microstructure and mechanical properties, which eliminates 
the need for the aging treatment. The partial dissolution of 
the continuous network of M7C3 carbides was observed dur-
ing partial solution treatment, with the transformation of 
M7C3 carbides to M23C6 and the formation of fine second-
ary M23C6 carbides during the cooling after heat treatment. 
Significant differences between the size and volume fraction 
of the secondary M23C6 carbides were not detected during 
the investigated cooling procedures. The heat treatment of 
the X-40 Co-based superalloy allows obtaining in all sam-
ples the time to rupture during creep test (815 °C/210 MPa) 
above 30 h.

The X-40 Co-based superalloy is often used in as-cast 
condition for industrial applications. Solution treatment to 
induce the complete dissolution of primary carbides with 
subsequent ageing to precipitate secondary carbides in the 
α matrix is not recommended. Therefore, it is important to 
obtain more information on the stability of the X-40 Co-
based superalloy and its properties directly in the as-cast 
state. The main aim of this work was to investigate in detail 
the properties of the X-40 Co-based superalloy, including 
strengthening phases, their stability with increasing tem-
peratures, and finally the alloy's oxidation resistance in two 
oxidizing atmospheres.

2 � Experimental procedure

The X-40 Co-based superalloy was used as the experimental 
casting material and gating system. The whole investment cast-
ing process was performed in the Investment Casting Division 
of Consolidated Precision Products Corp. Rzeszow Poland, 
and all technological conditions were as similar as possible 
to internal standards accepted by aerospace customers. Wax 
pattern plates with dimensions 160 × 80 × 8 mm with a gating 
system were combined into a set. Four vents were developed 
to stabilize and strengthen the wax model and to facilitate 
correct dewaxing. The molds were produced through a “dip 
and stucco” method, where each layer was formed by dip-
ping the wax pattern into a slurry (binder and filler) and then 
covering it in a coarse dry backup. After drying, the molds 
were dewaxed in a boiler clave to remove any residual wax, 
and finally were covered by alumina silicate Fiberfrax heat 
insulation. The pouring process of the X-40 superalloy was 
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carried out in a Retech double-chamber vacuum furnace. A 
ceramic mold was placed in the chamber of the furnace and 
preheated at 1240 °C for 120 min. The 4-kg ingot was induc-
tively melted under vacuum (2.9 × 10–3 Pa). The liquid super-
alloy was poured into the mold at 1480 °C and subsequently 
displaced to the cooling zone of the furnace (in about 10 s). 
After solidification and cooling down to room temperature, the 
mold was knocked away, and the cast plates were cut off. The 
material’s chemical composition determined by spark optical 
emission spectroscopy (OES) is presented in Table 1.

Thermodynamic simulations obtained using the ThermoC-
alc software (version 2021a, Stockholm, Sweden), were car-
ried out to make a Scheil solidification simulation and calcu-
late phase stability under equilibrium conditions in the range 
from 600 to 1400 °C. The as-cast superalloy was subjected to 
X-ray diffraction (XRD) to identify the phases. 20 × 20 × 8 mm 
samples, with mechanically polished surface, were prepared. 
Measurements were made in Bragg–Brentano geometry using 
a Bruker D8 Advance diffractometer equipped with cobalt 
radiation (λ = 1.789 Å). Measurements were made at room 
temperature in the range of 2ϴ = 30–120°, with a step size 
of 0.04°.

The X-40 superalloy’s microstructure studies included light 
microscopy (LM), scanning electron microscopy (SEM) and 
scanning-transmission electron microscopy-annular dark-field 
imaging (STEM-HAADF). The light microscopy studies were 
performed using a Leica DM1000 microscope on chemically 
etched (10 s) specimens, in a reagent consisting of 15 ml 
HNO3, 15 ml CH3COOH, 60 ml HCL, 15 ml H2O. The surface 
fraction of precipitates was estimated by the relative space 
taken up by a given microstructure constituent, which is the 
area fraction occupied by this constituent on the unit plane of 
the specimen. The images were binarized and subjected to a 
despeckle filter. The measurements were carried out based on 
5 images captured at a magnification 50×. SEM observations 
were performed using a Phenom XL device, equipped with a 
backscattered electron (BSE) detector, and operated at an 
accelerating voltage of 20 kV. Energy-dispersive X-ray spec-
troscopy (SEM–EDX) measurements were performed to reveal 
the distribution of the alloying elements. Distribution maps 
and quantitative analyzes of selected areas were made (ZAF 
correction). The calculation of the partitioning coefficient of 
the alloying elements was carried out in accordance with the 
relationship ki = C

i

D

C
i

0

 , where Ci

D
—“i” element concentration in 

the dendrite core (point analysis), Ci

0
—"i" element concentra-

tion in the area with dimensions 50 × 50 μm (area including 
dendritic cores and interdendritic spaces). STEM research was 

carried out using the FEI Titan3 Cubed 2 60–300 high-resolu-
tion scanning-transmission electron microscope equipped with 
a ChemiSTEM chemical analysis system. Thin foils were pre-
pared by grinding the material to a thickness of about 50 μm, 
cutting 3 mm discs, dimpling, and low-angle thinning with Ar+ 
ions (PIPS of Gatan). Before loading into the microscope 
chamber, the specimens were plasma cleaned (NanoMill 1040 
Fischione) to remove surface contaminations. The STEM 
imaging with high-angle annular-dark-field (HAADF) contrast 
and EDX mapping was used to characterize the structure. 
Phase identification was carried out using selected area elec-
tron diffraction (SAED), combined with EDX microanalysis. 
The electron diffraction patterns were interpreted using the 
JEMS software. The STEM-EDX data were acquired at 
300 kV and then subjected to analysis using the Esprit soft-
ware (Bruker, v1.9), in which the standardless Cliff-Lorimer 
quantification method was applied. Dilatometric tests were 
performed to analyze phase transformations as a function of 
temperature increase. Measurements were carried out using a 
RITA L78 dilatometer on cylindrical samples with a diameter 
of 3 mm and a length of 10 mm. The change in sample size 
was recorded from room temperature to 1280 °C at a heating 
rate of 0.08 °C/s. Differential scanning calorimetry (DSC) was 
carried out on a Netzsch STA 449F3 Jupiter equipped with a 
rhodium furnace, which can operate up to 1600 °C. It pos-
sesses a microbalance with a resolution of 10–6 g and is char-
acterized by a calorimetric sensitivity of 0.1 mW. The aim of 
DSC was to determine phase transformation temperatures and 
the accompanying thermal effects during sample melting and 
solidification. In the high-temperature range, the transforma-
tion temperatures may be disturbed by the ongoing oxidation 
processes of the sample, significantly above the liquidus tem-
perature of the alloy. Therefore, apart from the DSC signal for 
the activated thermal effects, changes in sample mass were 
additionally recorded. During the measurement, the samples' 
mass remained unchanged, proving the negligible oxidation 
processes of the analyzed superalloy and changes in its chemi-
cal composition. The mass of the analyzed samples was com-
parable and amounted to about 6 mg. Cylindrical samples were 
prepared, with a diameter of 4 mm and a length of about 1 mm. 
The device was calibrated by recording the melting tempera-
tures and enthalpies of pure standard materials (In, Sn, Al, Au, 
Ni) and comparing the results obtained during the calibration 
with the nominal values of the standards. All the values 
recorded on the X-40 Co-based superalloy were corrected for 
the values resulting from the calibration of the device, which 
enabled the quantitative analysis of the thermal melting/solidi-
fication effects. The program included heating the sample in 

Table 1   Chemical composition 
of the X-40 Co-based 
superalloy, wt%

Element Cr Ni W Si C Zr Al B Fe N S O Co

Concentration 25.8 10.96 7.75 0.95 0.51 0.16 0.06 0.006 0.003 0.0019 0.0017 0.0003 Bal
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an inert atmosphere from room temperature to 1465 °C (10 K/
min), holding for 3 min and cooling (10 K/min). The tests were 
carried out in an argon atmosphere with a purity of 6 N. Prior 
to the measurements, the furnace was twice pumped and 
flushed with inert gas. In addition, a zirconium oxygen trap 
was placed in the chamber, to bind residual oxygen and prevent 
sample oxidation. Sample analyzes were performed in 85 μl 
Al2O3 crucibles with lids. Oxidation resistance experiments 
were carried out on heat-treated samples (cuboids with dimen-
sions 20 × 8 × 5 mm). The samples were ultrasonically cleaned 
in isopropanol for 15 min at 40 °C. After drying, the samples 
were weighed using an analytical balance (accuracy 10–5 g). 
Next, the samples were exposed to air and steam separately. 
The steam oxidation rig is shown in Fig. 1 [23–25].

The steam is generated by pumping highly purified 
double deionized water (minimize oxygen potential) from 
a reservoir placed underneath the furnace. In the furnace 
water, steam passes over the tested samples and flows into a 
condenser before the water returns to the reservoir. The rig 
uses a stainless steel cylinder (316L SS) lined with ceramic 
lining to prevent the steam reacting with the inner part of 
the cylinder, where the rig inlets of nitrogen and water are 
connected. 2 h prior to the experiment, the interior of the 
rig was flushed with nitrogen and heated for the next 2 h at 
150 °C. Afterwards, the rig was heated at a rate of 2.5 °C/
min until reaching the required temperature and the nitrogen 
flow was closed. A peristaltic pump was operated at a flow 
rate of 2.833 ml/min to start the steam oxidation process. 
Finally, when the cycle was completed, the rig turned off 

automatically via the Eurotherm controller and was left to 
cool. The peristaltic pump was turned off manually when 
the rig’s temperature reached around 200–300 °C, to avoid 
steam condensation.

X-40 Co-based superalloy samples, similar to those used 
in the steam oxidation process, were exposed to air at 860 °C 
for 500 h. Similar to steam oxidation, air oxidation was 
interrupted after 125, 250, 375 and finally 500 h to meas-
ure the mass gain of the exposed material. The ramp rate 
was 2.5 °C/min until reaching the final temperature, after 
which the rig turned off automatically and cooled to room 
temperature together with the samples inside the silica tube. 
The rig was calibrated to find the furnace’s hot zone, using 
thermocouple K. The samples were placed on a non-reactive 
Al2O3 holder and inserted into the rig’s hot zone. Finally, 
the SiO2 tube inserted into the tubular furnace was closed 
at both ends by ceramic plugs to prevent humid air entering 
from the ambient atmosphere. The air oxidation rig used in 
this work is presented in Fig. 2.

After the oxidation process, the phase composition of the 
formed oxide scales was analyzed via XRD using a Philips 
X’Pert Pro MPD diffractometer, with Cu Kα radiation, in 
Bragg–Brentano geometry. Measurements were performed 
at room temperature in the range of 2ϴ = 30–80°, with a 
scanning step size of 0.00836°. The morphology and chemi-
cal composition of the oxides (semi-quantitative measure-
ments) were analyzed by SEM–EDX on the samples’ surface 
and cross-sections. The set-up was the same as during the 
base material investigation.

Fig. 1   Steam oxidation rig used 
in the study
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3 � Results and discussion

3.1 � Solidification simulation via the Scheil model 
and stability of the X‑40 Co‑based superalloy 
under equilibrium conditions

In Fig. 3a the solidification sequence predicted by the Scheil 
model is presented. It should be noted that the model took 
into consideration the segregation of alloying elements dur-
ing solidification. The solidification path started at 1371 °C, 
with the crystallization of the α-phase. A gradual increase 
in the amount of α-phase was observed, following the tem-
perature decrease to 1293 °C, with the fraction of solid (fs) 
changing to 0.62. As solidification proceeded, the M7C3 
starts to precipitate (fs increase to 0.77), followed by MC 
carbide formation at 1283 °C. At 1266 °C, the final type 
of carbide, i.e. M23C6, begins to precipitate (fs equal 0.9). 
M7C3 formation ends at 1260 °C, at fs equal to 0.93. It was 
assumed that complete solidification occurs when the liquid 

phase in the simulation is less than 1%, therefore here, X-40 
Co-based superalloy solidification was calculated to end at 
1107 °C. A similar approach in solidification process analy-
sis was presented by Cao et al. [26]. Based on the obtained 
data, it can be concluded that the solidification sequence of 
the X-40 superalloy is as follows: L → L + α, L + α + M7C3, 
L + α + MC + M7C3, L + α + MC + M23C6 + M7C3, 
L + α + MC + M23C6.

A phase stability diagram (equilibrium conditions) was 
also prepared for the X-40 Co-based superalloy (Fig. 3b). 
It has been shown that the main strengthening phase in the 
intermediate temperatures is M23C6, with a mole fraction of 
0.11. Additionally, the MC and M6C carbides are present. 
The amount of M23C6 decreases at temperatures exceeding 
810 °C, and the first M7C3 carbides appear. Above 918 °C, 
M7C3 is the main strengthening phase, with a maximum 
mole fraction of 0.07. The solvus temperature of M23C6 is 
979 °C, whereas above 991 °C, the M7C3 carbides gradually 
start to dissolve. The MC carbides are relatively stable in the 

Fig. 2   Air oxidation rig used in 
this study

Fig. 3   a Scheil solidification simulation; b phase stability under equilibrium conditions in the X-40 Co-based superalloy
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range of 600–1290 °C. The calculated incipient melting and 
liquidus temperatures are 1289 °C and 1371 °C, respectively.

3.2 � X‑40 superalloy as‑cast microstructure 
characterization

XRD was performed to analyze the phase composition of 
the as-cast X-40 superalloy (Fig. 4). Two strong peaks, cor-
responding to the cobalt matrix (α), are visible, with the 
FCC structure (Fm-3m) [27] being registered. Additionally, 
the peaks originating from the M7C3 [28] and M23C6 [29] 
carbides were detected.

The microstructure of the X-40 Co-based superalloy is 
presented in Fig. 5. A typical dendritic structure is observed 
with second-phase precipitates located in the interdendritic 
spaces (Fig. 5a). Based on the image analysis, it was shown 
that the mean surface fraction of all precipitates is 10.1% 
(± 1.6%). The strengthening precipitates are unevenly dis-
tributed in the casting (Fig. 5b). They are characterized by 
a varied morphology, from very complex shapes and elon-
gated rectangular shapes to blocks with sharp edges. Such 
distribution and differences in the precipitates’ morphology 
indicate segregation of the alloying elements during solidi-
fication. This was confirmed by calculating the partitioning 
coefficient (Fig. 5c). The dendritic regions are enriched in 
Co and Ni since kCo and kNi are 1.06 and 1.08, respectively. 
Cr, W and Zr are dominant in the interdendritic spaces. 
Their segregation coefficients do not exceed 1. The lowest k 
value of 0.23 corresponds to Zr, which indicates its strong 
segregation into the interdendritic spaces.

Elemental distribution maps, shown in Fig. 6, indicate 
the enrichment of the interdendritic spaces in Cr, W and 
Zr. These elements form the precipitates that strengthen the 
α-matrix. The Cr-enriched areas correspond to the M7C3 

carbide precipitates. Moreover, the differences in W con-
centration in the matrix surrounding the precipitates are 
revealed, which may indicate local differences in the chemi-
cal composition in the casting volume.

Closer observation of the Cr M7C3 carbides in SEM-BSE 
contrast revealed the presence of additional precipitates or 
bright layers at the edges (Fig. 7a). According to thermody-
namical simulations, two Cr-rich carbides can be present in 
the X-40 superalloy, namely M7C3 and M23C6. The first one 
is stable at high temperatures, and the second at lower. The 
M7C3 carbides form at a low Cr/C concentration ratio, and it 
is metastable in the X-40 Co-based superalloy during high-
temperature exposure. The decomposition of M7C3 to M23C6 
can occur via an in situ reaction 23Cr7C3 = 7Cr23C6 + 27C 
and tend to form potent secondary carbides strengthening. 
The released C atoms locally diffuse into the matrix and 
can combine with Cr, allowing to form fine precipitates 
according to 6C + 23Cr = Cr23C6. The formula of the M23C6 
estimated with electron beam microprobe was presented as 
Cr17Co4W2C6, so a significant amount of Co occurs in this 
phase [30]. The local change in Cr concentration in region 
II (Fig. 7b) on the M7C3 carbide suggests that the primary 
M23C6 is present or the phase transformation M7C3 → M23C6 
started during the cooling of the cast. The cooling rate from 
melting temperature to 650 °C in a similar shell mold was 
measured by Matysiak et al. [31] and was equal 10–12 °C/
min. It can suggest that the cooling rate in ceramic shell 
molds is very low, giving time for such transformations. 
Ghasemi et al. [22] indicated that the M7C3 → M23C6 phase 
transformation takes place from the outer edges of the M7C3 
carbide during solution heat-treatment, while in the MAR-
M509 superalloy this transformation was observed in as-cast 
state after slow cooling [30].

STEM-EDX distribution maps of selected alloying ele-
ments in interdendritic regions are presented in Fig. 8. 
Selected area electron diffraction (SAED) was carried on 
the matrix, as well as on Cr, Zr- and W-rich precipitates. 
The SAED of the matrix (Fig. 9a) indicates that it has an 
FCC structure (Fm-3m) with a nominal lattice parameter 
of a = 3.54 Å [27]. HCP-structured matrix areas were not 
found. The Cr-rich regions, i.e. M7C3 carbides, are charac-
terized by a hexagonal (P63mmc) crystal structure (Fig. 9b), 
with nominal lattice parameters of a = b = 13.938 Å and 
c = 4.477 Å [28]. The areas with increased concentration 
of Zr (and also with W) are MC carbides (Fig. 9c) with a 
face-centered cubic crystal structure (Fm-3m) and lattice 
parameter of a = 4.76 Å [32]. The crystal lattices represent-
ing the detected phases are shown in Fig. 9d.

It should be noted that the precipitate-free regions 
strongly enriched in W were additionally detected in our 
experiments (Fig. 6). Such W-rich areas cannot be attributed 
to incomplete diffusion or another solid phases since there is 
no interface with the γ matrix, as shown by STEM-HAADF. Fig. 4   XRD spectrum of the as-cast X-40 Co-based superalloy
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Therefore, the formation can correspond to the enrichment 
of the residual liquid phase in W in the last stage of super-
alloy solidification. Similar results have been obtained by 
Guyard et al. [34], who stated, based on experiments on Stel-
lite 6, that W concentration was higher in the liquid phase 
compared to solid phases. Tungsten, being very sluggish, 
hinders diffusion from the liquid into the matrix, and M7C3 
carbides are not fully obtained using the usual cooling rates. 
Some residual liquid is retained by W supersaturation. The 
authors stated that undercooling of most as-cast Co-based 
alloys, like satellites, could be caused by the behavior of W. 
Hamar-Thibault et al. [35] detected M6C carbides in regions 
enriched in W, induced by solidification segregation. Johans-
son and Uhrenius [36] proposed the following reaction that 
takes place during heat-treatment: matrix (high W) + car-
bon → matrix (low W) + M6C. Jiang et al. [37], based on the 
investigation of directionally solidified DZ40M superalloys, 

suggested that after heat treatment, M6C precipitates appear 
on the surface of M7C3 carbides adjacent MC carbides. The 
formation of the tungsten-rich M6C was attributed to W seg-
regation originating from phase transformation of the W-rich 
MC carbides and good lattice matching with the M7C3. Con-
sidering the presented results and analysis, it can be con-
cluded that in the X-40 superalloy, the above-described reac-
tion and presence of M6C precipitates are probable. Areas 
with increased sulfur content were also detected and are 
considered as contaminations. To obtain more information 
about these regions, additional STEM-EDX measurements 
were performed. A “core–shell” type morphology area was 
observed on the disclosed cross-section, i.e., a plate-like 
precipitate enclosed in MC carbide (Fig. 10). The plate-like 
precipitate is approx. 15–20 nm thick. Similar plate-like 
precipitates with an increased concentration of Zr and S are 
most likely carbide-sulphides Zr4S2C2. Sims et al. [30] and 

Fig. 5   a General microstructure of the X-40 Co-based superalloy, LM; b distribution and morphology of precipitates, SEM-BSE; c partitioning 
coefficient calculated based on the SEM–EDX measurements
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Xie et al. [38] confirmed the presence of Zr4S2C2 in cast 
superalloys. Zr plays the role of a “getter” and minimizes the 
presence of elemental sulfur at the grain boundaries by cre-
ating Zr4C2S2. According to the Co–S phase diagram, sulfur 
is insoluble in cobalt, so potential S segregation may lead 
to eutectic phase formation characterized by a low melting 
point. The presence of the liquid phase along grain bounda-
ries broadens the solidification range, which may increase 
casting susceptibility to hot cracking during solidification.

Wallace et al. [39] stated that in cast alloys, precipitates 
form due to the segregation of sulfur and carbon to interden-
dritic spaces, and they increase in size and amount with slow 

cooling from liquidus. The structure and chemistry of the 
M4C2S2 phase were investigated by Kudielka and Rohde [40] 
in Fe-based alloys. They presented that sulfo-carbide has a 
hexagonal structure P63/mmc with nominal lattice parame-
ters of a = 3.395 Å and c = 12.11 Å, when Zr is in the M 
position. Similar plate-like sulfo-carbide with adjacent M(C, 
N) precipitates have been observed in the IN713LC superal-
loy [39]. Chemically, a stoichiometric M4S2C2 phase can be 
considered as an MC or M(C, N) phase, in which half of the 
carbon (or nitrogen) is replaced by sulfur. In this case, the 
following crystallographic relationship can occur 
< 110 >Cubic||< 1120 >Hexagonal . The a0 for the hexagonal 

Fig. 6   Alloying elements distri-
bution maps, SEM–EDX

Fig. 7   a Morphology of the M23C6 (region II) carbide on the edge of M7C3 (region I) carbide, SEM-BSE; b distribution of the selected alloying 
elements in the precipitates and matrix. White arrow marks measurement direction, SEM-EDX
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structure is equal around 
√

2a
2

2
 , whereas the 

√
2a

2

2
 calculated 

for Zr-rich M(C, N) in the IN713LC is 3.13 Å [39, 40]. It 
indicates that a crystallographic orientation relationship 
between MC carbides and M4S2C2 sulfo-carbides is possible. 
The revealed “core–shell” morphology in the X-40 superal-
loy suggests that the misfit and coherency strain would be 
reduced if the Zr-rich layer of MC carbides (ZrC = 4.69 Å) 
precipitate on the sulfo-carbide ahead of the bulk (Zr, W)C.

3.3 � Analysis of the linear coefficient of thermal 
expansion by dilatometry

Figure 11 shows the change in specimen length (ΔL), lin-
ear coefficient of thermal expansion (α), and the change of 
active power with temperature (ΔP).

The first dilatation effect around 600–800  °C could 
be related to the formation of secondary phases from a 

super-saturated matrix. Lobl and Tuma [41], based on 
annealing experiments (T = 550–900 °C, t = 1–300 h) of 
the Co–28Cr–1.45C alloy, indicated that the amount of pre-
cipitated carbides with increasing temperature and holding 
time alloys tend to equilibrium, which is achieved fairly 
rapidly above 700 °C. The amount of carbides gradually 
increases with temperature and time to the peak at 750 °C. 
At higher temperatures, the amount of carbides decreases 
due to dissolution. The authors observed M7C3 and M23C6 
carbides, whereas, at lower temperatures, the M7C3 carbides 
predominated. The diffusion activation energy calculated 
via Arrhenius’s equation (60–67 kcal/mol) suggests that 
the diffusion of Cr controls carbide precipitation. Conse-
quently, at service temperatures further carbide precipita-
tion can occur. It can lead to hardening after several hours 
or long-term exposure (depending on temperature), after 
which the coagulation of precipitates can also take place. 
The potential formation and presence of M23C6 need a short 

Fig. 8   Alloying elements distribution in the primary precipitates, STEM-EDX
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clarification. Low interfacial energy of M23C6 with the α 
phase is connected with a good match across the interface 
[42]. The lattice parameter of the carbides is approximately 
three times higher than the matrix’s, therefore, the misfit 
in the selected planes is tiny [43]. Nucleation of M23C6 is 
favorable, however, it is not a stable phase [44]. The sec-
ond dilatation effect starts at approx. 950–1000 °C. This 
range coincides with the increase in active power, which 
also indicates a change in the magnetic permeability of the 
superalloy. This effect may originate from the phase trans-
formation M7C3 → M23C6 or/and precipitation of the second 
phase from the matrix. Hamar-Thibault et al. [34], based 
on experiments focusing on carbides transformation during 
ageing in cobalt alloys, stated that the tungsten necessary 
to build up M12C carbides is removed from the α phase. 
Simultaneously, the carbon concentration of the different 
primary carbides decreases after ageing, providing carbon to 
form new M12C carbides. During ageing, M7C3 decomposes 
and is replaced by M6C, while the chemical composition of 
the latter evolves to M12C. In the case of M12C carbides, the 
misfit with the matrix is approx. 2 pct, so nucleation is more 
difficult and will be referred to later. The Cr-rich M7C3 or/
and M23C6 carbides tend to precipitate first, as the diffusion 
of W, required for M6C carbide growth, is very low.

3.4 � Analysis of phase transformation temperatures 
by DSC

The incipient melting (TS) and liquidus (TL) temperatures of 
the X-40 superalloy were determined during heating, with a 
rate of 10 K/min. It is equal to TS = 1405 °C, TL = 1421 °C, 
and the enthalpy of melting is 218 J/g (Fig. 12a). The DSC 

curve shows the thermal effects of dissolving Cr-rich car-
bides and the dissolving of MC carbides at 1283 °C. Based 
on thermodynamic simulations, it was found that M7C3 car-
bides are characterized by lower stability and will transform 
first. The thermodynamical simulation predicts the phase 
transformation of M7C3 to M23C6, proven previously via 
electron microscopy. Some other reported experimental 
works suggest that this can also take place also during heat-
ing [22, 43, 44]. Considering this, the melting process of the 
primary M7C3 carbide can be that the M7C3 first undergoes 
a phase transformation into M23C6 and then melts, instead 
of directly melting.

The analysis of DSC curves recorded during cooling 
(10 K/min) was performed to determine the liquidus and 
solidus temperatures, and the enthalpy of solidification 
(Fig. 12b). Due to overheating and subsequent undercooling, 
the phase transition temperatures obtained from the cooling 
curve are lower than those obtained from the heating curve. 
The first exothermic effect (1.6 J/g) is observed at 1393 °C 
and is probably related to the formation of primary carbides. 
The solidification process of the α dendrites and precipitates 
of the eutectic M7C3 carbides starts at 1366 °C. The soli-
dus temperature designated as the extrapolated end of the 
exothermic peak (endset) is equal to 1365 °C. The enthalpy 
of solidification of the X-40 superalloy determined in the 
tests (217.1 J/g) is comparable with the enthalpy recorded 
during melting (218 J/g). The solidification process of the 
X-40 superalloy occurs in a very narrow temperature range, 
which results from the supercooling. The degree of super-
cooling depends on the cooling rate and the sample's mass. 
Small samples undergo significant supercooling due to 
small amounts of crystallization nuclei, which causes that 

Fig. 9   SAED pattern: a matrix; 
b M7C3 carbides; c MC car-
bides; d lattice structures of the 
detected phases calculated by 
Vesta [33]
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the recorded freezing points differ from the equilibrium tem-
peratures or those recorded during heating [50]. Therefore, 
the superalloy solidification temperatures obtained in the 
tests are closely related to the adopted measurement condi-
tions, especially the cooling rate.

3.5 � Corrosion resistance in the air and steam

The X-40 cobalt superalloy is directly used in the aerospace 
industry in the as-cast condition. One of the most impor-
tant requirements during operation is appropriately high 
corrosion resistance, therefore the as-cast superalloy was 
exposed to corrosion tests in steam and air. In this work, 
two samples with the same surface finishing (600 SiC) were 
exposed. The mass gain of the X-40 Co-based superalloy 
samples increased with exposure time, while the mass gain 
rate decreased gradually with time (Fig. 13).

Fig. 10   Distribution of the alloying elements in the selected region with a “core–shell” morphology, STEM-HAADF

Fig. 11   Change of the specimen length, active power and linear coef-
ficient of thermal expansion with temperature
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The results suggest the formation of a protective oxide 
scale on both samples during the high-temperature oxida-
tion in both environments, with no spallation or chipping of 
the oxide scale being found. The X-40 Co-based superalloy 
exposed to air showed a much higher mass gain than the 
sample exposed to steam. These results indicate that higher 
oxygen activity was found in the air than in steam, leading to 
the formation of a thicker oxide scale developed on the X-40 
Co-superalloy. The calculated “n” exponent factor indicated 
that the sample exposed to air showed a close to parabolic 
rate constant behavior, where n = 0.4, whereas the sample 
exposed to steam atmosphere showed n = 0.1. The low “n” 
factor value means that in the case of the steam oxidation 
process, the oxide scale growth is completely slowed down. 
This can be attributed to low oxygen activity in steam due to 

the very low steam flow (2.833 ml/min). In contrast, constant 
access to oxygen from the ambient atmosphere was present 
in the air, leading to the formation of a thicker oxide scale. 
The situation can be rationalized by the fact that there is 
no need to break the water molecule during air oxidation, 
whereas in steam it is required to release oxygen to form 
the oxide. Hence, this process consumes the time neces-
sary to contribute to oxide scale formation. This situation 
contradicts the results presented by Archana et al. [51]. The 
researchers found that the mass gain of the exposed Ni-based 
alloy in steam was higher than that in air and followed a 
parabolic rate law for both atmospheres. Similar results in 
the case of low Cr boiler steels over the temperature range 
500–700 °C have been described in literature [52]. The data 
inform that the air oxidation process is at least three times 
slower for low Cr steels than that for steam oxidation. In 
general, Co-based alloys oxidized in the air follow a para-
bolic rate in the temperature range 800–1100 °C, according 
to work presented by Buscail et al. [53]. There are no results 
related to steam oxidation behavior, therefore a compari-
son is not possible. However, the results achieved from air 
oxidation work are in good agreement with the previously 
mentioned studies. Figure 14 presents XRD analyses of the 
samples after exposure to steam and air at 860 °C for 500 h.

The oxide scale of the superalloy’s surface mainly con-
sists of Cr2O3, CoCr2O4, CoO, and SiO2 after both oxidation 
exposures. However, some distinct differences can be seen 
between the samples exposed to steam and air. A strong peak 
from the α-substrate is observed in both cases, suggesting a 
thin oxide scale. That situation is confirmed by the kinetic 
data presented in this work. Furthermore, the more intense 
peaks from Cr2O3, CoO, SiO2, and CoCr2O4 are observed 
in the sample exposed to air, which was also confirmed by 
kinetic data, as higher mass gain in the air was attributed to 
a thicker oxide scale. A thicker oxide scale indicates more 

Fig. 12   DSC curve of the X-40 Co-based superalloy: a on heating; b on cooling

Fig. 13   Mass gain of the X-40 superalloy during cyclic-oxidation at 
860 °C for 500 h in air and steam
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oxygen diffused inwards into the material than in the case 
of the steam process. As previously mentioned, the 600SiC 
surface finish plays an important role in distributing more 
Cr from the metal matrix to the surface from the subsurface 
regions. 

The surface microstructure of both samples after isother-
mal oxidation at 860 °C for 500 h in air and steam are shown 
in Fig. 15. The images were captured in BSE mode for both 
samples. There are visible morphology differences between 
the surfaces exposed to air and steam. The air process pro-
duced an oxide scale with larger grains (round and globular 
in size) than that observed for the steam-induced corrosion, 
where thin long grains, with a dimension of 1 × 3 µm are 
present. In both cases, no crack delamination was found, 
suggesting good adhesion between the formed scale and the 
X-40 Co-based substrate.

The SEM–EDX measurements were carried out on the 
outer surface of the oxide scales to determine and compare 
their chemical composition (Fig. 16). It was observed that 
Cr is the main alloying element in the oxide layer found 
for both atmospheres, with the difference between the two 
almost negligible. Slightly more Co was found in the steam-
induced oxide, similarly as for Ni and Si. The highest dif-
ference in element concentration within the oxide scale was 
found for Al, where considerably more was detected in the 
steam-induced oxide. In general, steam atmosphere develops 
a scale on X-40 Co-based superalloy richer in elements than 
observed for the air sample with the highest variation of Al.

Comparing those results with the XRD analysis and semi-
quantitative chemical composition analysis, it can be con-
cluded that the Cr2O3 precipitates are dominant in the oxide 
scale. The formation of the external oxide scale is a result of 
outward diffusion of Cr, Co and Ni in the highest rates. The 
other alloying elements either underwent internal  oxidation, 
as XRD did not show evidence of Al-based phases within 
the oxide scale, or formed locally where XRD analysis could 

not reach those particular phases. SEM-BSE images were 
taken of the exposed materials (Fig. 17). The oxide scale 
formed in the air has a thickness of 3–7 μm, while the one 
formed in steam was thinner in the range of 2–4 μm, as 
Fig. 17 shows. These findings are in good agreement with 
the kinetic data, where the material exposed to air showed a 
higher mass gain than the material exposed to steam. Both 
materials exposed to a rich oxygen atmosphere underwent 
internal oxidation. The measured internal oxidation depth 
reached 25 µm and 35 µm for air and steam, respectively. 
This may lead to further conclusions that the oxide scale 
formed on the sample exposed to steam showed the forma-
tion of a more porous scale than the oxide scale formed in 
the air. As previously mentioned, mainly Cr2O3, CoCr2O4, 
CoO, and SiO2 formed in both samples.

Linear measurements of the alloying element distribution 
were performed via SEM–EDX on the selected regions of 
the air-induced oxide scale (Fig. 18).

Based on the analysis seen in Fig. 18a and b, it was 
revealed that close to the outer surface (area I), besides 
a high concentration of Cr, a high concentration of Co is 
observed (1 µm thick). This may indicate the presence of 
Cr2O3 and CoO and/or a CoCr2O4 spinel near the outermost 
surface. Furthermore, both phases were detected by XRD 
analysis. The area with a high Cr concentration (area II) 
contains Cr2O3, whereas a dark-contrasted precipitate is pre-
sent between the oxide scale and the substrate (area III). The 
SEM–EDX results indicate the presence of a Si region, sug-
gesting SiO2 formation. Figure 18c and d shows the change 
in chemical composition profile from the matrix and into 
the oxide, with visible dark-contrasted fine precipitates vis-
ible in area II. The analysis showed a high Co concentra-
tion corresponding to the matrix, while the region consists 
mainly of Cr associated with the formation of the Cr2O3 
phase. Inside the oxide, about 2.5 μm from the beginning of 
the measuring line (dark precipitate), a local increase in Cr 

Fig. 14   XRD spectrum of the 
X-40 Co-based superalloy after 
oxidation exposure at 860 °C 
for 500 h
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concentration and a simultaneous decrease in O concentra-
tion was observed. This finding may correspond to residual 
precipitates of Cr-rich carbides. Figure 18e and f shows the 
analysis from the matrix and across small block-shaped pre-
cipitates (bright contrast), with a core–shell morphology. 
The fine precipitate was enriched in W, corresponding to 
a carbide, probably MC or possibly M6C. The Co concen-
tration gradually decreased with simultaneous Cr content 
enrichment until the shell's core was reached. Moreover, an 
increase in Zr concentration was observed (bright contrast). 
The elongated precipitate with a high Zr concentration may 
indicate the residual sulfo-carbide phase revealed during the 
base material study. In Fig. 19, similar to air-oxidized sam-
ples, the steam-oxidized samples underwent detailed SEM 
investigations with EDX line scan analyses in three different 
locations.

The results presented in Fig. 19a and b clearly show the 
region is enriched in Cr and O, suggesting the formation of 
a protective Cr2O3 phase. Furthermore, a darker precipitate 
was observed between the oxide scale and substrate with 
increasing Si concentration (SiO2). Additionally, a slight 
increase in Al content was found in this region. The presence 

Fig. 15   Microstructure of the 
oxide scale on the X-40 Co-
based superalloy after oxidation 
at 860 °C for 500 h in: a-b air; 
c-d steam at high temperature

Fig.16   Results of the semi-quantitative SEM–EDX analysis of the 
oxide scales' chemical composition
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of Al in the oxide scale may lead to the conclusion that 
the X-40 Co-based alloy develops an oxide enriched with 
Al. Previous works [20, 54] indicate that the simultaneous 
presence of Cr and Al increases the oxidation resistance 
of Co through the formation of an inner Al2O3 thin layer 
adjacent to the bulk metal and an outer layer consisting of 
Cr2O3. The formation of a stable Al2O3 layer occurs only 
if the Al content exceeds a minimum value, below which 
internal oxidation is observed. Some regions in the X-40 
Co-based superalloy are enriched in Al which suggests that 
a local internal Al2O3 phase could be present. In Fig. 19c 
and d, the oxide scale’s outer layer possesses higher Cr and 
Si concentrations. The changed phase-contrast in the SEM-
BSE image suggests chemical composition fluctuations. The 
image reveals the interlayer dividing the oxide scale and the 
matrix. The last analysis (Fig. 19e and f) was conducted in 
a precipitate with dark contrast several microns below the 
oxide scale. This precipitate has a thickness exceeding 2 μm 
with a strong Si and O concentration, suggesting SiO2 phase 
development.

4 � Conclusions

Microstructure observations of the as-cast X-40 Co-based 
superalloy and analysis of its selected properties at high 
temperatures were performed. The main conclusions of this 
study are the following:

•	 The microstructure of the as-cast X-40 Co-based super-
alloy is mainly controlled by the formation of primary 
solid solution α dendrites and the segregation of carbon 
and alloying elements into the interdendritic regions to 
form MC, M7C3 and M23C6 carbides. Locally, plate-like 
Zr4S2C2 sulfo-carbides have been identified.

•	 In general, the primary structure of cast X-40 Co-based 
superalloys is locally out of thermodynamic equilibrium, 
and subsequent heat treatment or long-term service may 
induce carbide transformation. Based on the differences 
in coefficient of thermal expansion, the precipitation of 
Cr-rich carbides from the matrix may occur between 650 
and 750 °C.

•	 The dissolution effect from Cr-rich carbides was detected 
on the DSC curve around 1283 °C, while from the MC 
carbides at around 1406 °C.

•	 The high Cr content in the X-40 superalloy and the 
relatively low temperature of 860 °C are thought to be 
favorable for the preferential formation of a stable Cr2O3 
layer both in air and steam.

•	 After 500 h of exposure to steam at 860 °C, the mass gain 
was 0.11473 mg/cm2, whereas to air the mass gain was 
three times higher at 0.38298 mg/cm2

Fig. 17   Cross-section microstructure of the X-40 superalloy after oxidation in: a air; b steam, SEM-BSE
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Fig. 18   a–f Distribution of the selected alloying elements in the oxide scale (air). White arrows mark measurement direction, SEM–EDX
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