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Abstract
This work focuses on MAR-M247 Ni-based superalloy manufactured via directional solidification at various withdrawal rates 
(3.4 or 5.0 mm/min) and shell mold temperatures (1510 °C or 1566 °C) after solution heat-treatment (SHT). Observations 
and analyses of four casting variants were carried out using thermodynamic simulations, differential scanning calorimetry 
(DSC), X-ray diffraction (XRD), light microscopy (LM), scanning electron microscopy (SEM), X-ray spectroscopy (EDX), 
and tensile tests at ambient temperature. The solidus and liquidus temperatures were very similar for all variants and were in 
the range of 1263–1264 °C and 1356–1359 °C, respectively. The presence of the γ, γ′, MC carbides, and M5B3 phases was 
confirmed. Microstructure differences were observed depending on the manufacturing parameters. The castings’ dendritic 
regions consisted of γ′ precipitates surrounded by the matrix, with a mean size ranging from 0.203 to 0.250 μm, depending 
on the casting parameters. The amount of the MC carbides in the interdendritic spaces was in the range of 1.87–1.92%. The 
tensile tests determined that castings produced with preheat temperature of 1566 °C were characterized by higher elongation 
and slightly lower yield strength in comparison to 1510 °C.

Keywords  Directional solidification · Superalloy · Aerospace · Casting · Solution

1  Introduction

Directionally solidified Ni-based superalloys are widely 
used in jet engines, especially in large-scale and geometri-
cally complex blades. In contrast to the equiaxed grains, the 
columnar grain structures remove grain boundaries trans-
verse to the main tensile stress axis, enhancing creep resist-
ance by limiting cavitation and cracking along them [1, 2]. 
The excellent strength of cast Ni-based superalloys at service 
conditions originates mainly from γ′ precipitates possessing 
an ordered L12 structure, which is coherent with the disor-
dered γ matrix [3]. However, coarse and irregularly shaped 
secondary γ′ precipitates, significant volume fractions of the 

γ-γ′ eutectic phase and strong dendritic segregation within 
the superalloys inhibit their use directly in the as-cast state. 
Therefore, efforts need to be made to obtain the appropri-
ate morphology and stereological parameters of the γ′ pre-
cipitates [4]. High creep resistance can be reached when 
the matrix is reinforced with cubic particles in the range of 
0.35–0.50 μm [5]. The morphology and size of the γ′ precipi-
tates can be controlled by selecting the appropriate tempera-
ture and heat treatment duration [6–8], whereas the volume 
fraction depends mainly on the Al concentration. Solution 
heat-treatment (SHT) is widely applied before aging in Ni-
based superalloys and constitutes an important stage in the 
shaping the final components’ high-temperature strength. 
The process should lead to the completely dissolution of 
secondary γ′ and some minor phases, partially dissolving 
primary γ′, as well as reducing the dendritic segregation of 
alloying elements during solidification [9, 10]. During sub-
sequent cooling, γ′ phase nuclei precipitate out again, and 
growth. The volume fraction of the γ′ precipitates can then be 
adjusted via aging [11, 12]. Theoretically, the SHT tempera-
ture for Ni-based superalloys should be between the γ′ solvus 
and bulk solidus temperatures. From the industrial point of 
view, increasing the temperature and shortening the holding 
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time would be most optimal; however, this approach cannot 
be used in this case. The superalloy’s chemical composition 
includes many alloying elements, so their segregation during 
non-equilibrium solidification limits this temperature range 
due to increased susceptibility to incipient melting below the 
bulk solidus temperature [13, 14]. In industrial practice, this 
window can be limited to 50–150 °C. Although secondary 
γ′ precipitates dissolve quickly, a substantial amount of time 
is necessary for the partial dissolution of primary γ′, dis-
solution of minor phases and limiting dendritic segregation 
due to several heavy elements that diffuse slowly in the γ 
phase [15]. The MAR-M247 alloy developed by the Martin-
Marieta Company is one of the most widely used Ni-based 
superalloy both in equiaxed and directionally-solidified 
variants in aircraft engines, with many studies dedicated to 
property optimization. Baldan [16] observed during solu-
tion treating (1250 °C/310 min) of equiaxed MAR-M247 
rotor castings that the chemical composition of MC carbides 
becomes enriched in Hf and depleted in Ta. Furthermore, it 
was found that residual Al segregation after treating led to 
localized formation of large γ′ precipitates after subsequent 
one-step aging at 770 °C or 870 °C. Silva [17] investigated 
the possibility of replacing expensive Ta by Nb. Observa-
tions after SHT at 1260 °C showed the reduction in alloy-
ing element segregation and partial carbide dissolution as a 
function of holding time. After 2 h, the dendritic and inter-
dendritic regions were clearly visible, while after 4 h, these 
regions were partially homogenized; however, a chemical 
concentration gradient was still present. After 8 h, a highly 
homogeneous γ matrix was obtained, with those parameters 
determined as the optimum SHT. Increasing the SHT tem-
perature to 1280 °C caused γ-γ′ incipient melting, which is 
not surprising as the temperature is close to bulk solidus. 
Industrial practice maintains the servicing of MAR-M247 
components under fully heat-treated conditions [18]. Costa 
[19] fabricated as-cast DS MAR-M247 (withdrawal rate 18 
cm/h and fixed thermal gradient of 80 °C/cm) with a yield 
strength (YS) of 796 and 671 MPa at room temperature and 
600 °C, respectively (compression tests). Bor [20] investi-
gated the mechanical properties of DS MAR-M247 (with-
drawal rate of 180 mm/h) under fully heat-treated conditions. 
The ultimate tensile strength (UTS) of the produced cast-
ings was around 1000 MPa, whereas at 982 °C it dropped 
to the around 650-750 MPa. In accordance with standard 
requirements [21], after creep testing at 760 °C/724 MPa, 
the elongation of MAR-M247 should be greater than 2% 
(creep life > 23 h), while elongation during tensile testing 
at 899 °C should exceed 4%. The MAR-M247 superalloy’s 

high brittleness can lead to manufacturing problems like 
hot cracking and misruns during castings and welding [22]. 
Technological parameters selected for component fabrica-
tion act on the cooling rate, which influences the dendritic 
microstructure of castings, precipitate size, their distribu-
tion, and morphology, as well as alloying element micro-
segregation. This means that the superalloy’s response to 
SHT, i.e., the degree of precipitates dissolution, chemical 
composition homogenization, strength, and ductility may 
exhibit differences. From the point of view of later aging, 
this may play an important role in optimizing the key func-
tional properties during use.

This work focuses on studying the microstructure and 
selected properties of the directionally solidified MAR-
M247 Ni-based superalloy produced with two different 
withdrawal rates and two shell mold temperatures. Detailed 
investigations into these aspects after SHT will facilitate 
generating the optimal preconditions for further phase trans-
formations occurring during aging, which is important in 
obtaining a broader understanding on the influence of fabri-
cation parameters on the MAR-M247 superalloy.

2 � Materials and methodology

The experimental castings (equipped with a gating system) 
used in this work were made of the DS MAR-M247 Ni-
based superalloy, with a nominal chemical composition 
presented in Table 1.

The setup comprised of a cooling plate base, construction 
pin, pouring pan, and eight castings (length 250 mm and 
diameter 14 mm). Additional vents were prepared to stabi-
lize and reinforce the wax models and facilitate proper auto-
clave dewaxing. Each wax set was strengthened with ceramic 
bars for structure stiffening and an in-house designed grip 
allowed to mount the sets in a robotic station for cleaning 
and shell mold preparation. Each layer was created via the 
dip and stucco technique, i.e., by dipping the wax set pat-
terns into a binder and filler (slurry) and subsequent covering 
by the coarse dry backup. The dried molds were dewaxed, 
burned out, and covered by heat insulation (Fiberfrax). The 
directional solidification process was performed in a verti-
cal Bridgman vacuum furnace ALD VIM-IC 2 E/DS/SC 
(ALD Vacuum Technologies GmbH). Each ceramic mold 
was mounted in the furnace chamber preheated to T0 tem-
perature (1510 °C or 1566 °C) (Table 2). The 4.5-kg MAR-
M247 ingot was inductively melted in a vacuum of 2.9 × 
10−3 Pa. After heating up the furnace to 1600 °C and holding 

Table 1   Nominal chemical 
composition of DS MAR-M247 
Ni-based superalloy, wt %

Element Co W Cr Al Ta Hf Ti Mo Zr B C Ni

Concentration 10.0 10.0 8.40 5.50 3.0 1.4 1.1 0.65 0.05 0.015 0.15 Bal.
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for 0.5 h, withdrawal was initiated at an established rate. 
The pouring temperature was 1538 °C, so in variants LP3W 
and LP5W, T0 was lower than that, while in variants HP3W 
and HP5W, T0 was higher. During directional solidification 
and cooling of the ingots, a preferred orientation of grains 
was developed. When solidification ended, the molds were 
cooled to ambient temperature, the casts were knocked out, 
and experimental rods were mechanically cut out.

Thermodynamic simulations, using the ThermoCalc 
software (database TCNI10:Ni-Alloys), were carried out to 
predict the phase stability in the temperature range from 700 
to 1400 °C. To analyze the phase transformation tempera-
tures and thermal effects occurring during the heating of the 
superalloy castings, differential scanning calorimetry (DSC) 
was performed with Netzsch STA 449F3 Jupiter equipped 
with a rhodium furnace operating up to 1600 °C. The cali-
bration procedure included notating temperatures and melt-
ing enthalpies of standard elements (Ni, Au, Al, Sn, In) and 
comparing the obtained values with nominal values. Vacuum 
in the furnace chamber was made twice and then filled with 
Ar (purity of 6N). The additional zirconium oxygen trap 
was applied to tie up the residual oxygen and protect the 
samples from oxidizing. The experiments involved heating 
the samples (in Al2O3 85 μl crucibles with lids) from 25 to 
1460 °C (10 K/min). The sample mass did not change during 
heating, therefore the oxidation process of the MAR-M247 
and chemical composition variations were negligible. The 
registered sample values were corrected for the values from 
device calibration, enabling the quantitative analysis of the 
thermal melting effects.

X-ray diffraction was performed in the range of 2θ = 
30–120° to identify the castings’ phase composition. Meas-
urements were performed on mechanically polished speci-
mens (with a diameter of 14 mm and height of 5 mm) in 
Bragg-Brentano geometry using a Bruker D8 Advance 
diffractometer (λCo = 1.789 Å). Microstructure analysis 
was carried out on samples cut off from each of the four 
castings. The preparation procedure included grounding 
on sandpaper, polishing on diamond suspension and col-
loidal silica, and a final chemical etching process in a rea-
gent: 25 ml water, 25 ml HCL, 25 ml HNO3, 1.5 g H2MoO4. 
Observations were carried out with a Leica DM1000 light 

microscope (LM) and scanning electron microscope (SEM) 
Phenom XL (ThermoFisher) with a 20 kV accelerating volt-
age. Quantitative analysis of the captured back-scattered 
electron (BSE) images was carried out via ImageJ. Accord-
ing to the Cavalieri-Hacquert principle, the relative volume 
occupied by a selected constituent is the area fraction taken 
by it on the unit surface of the sample. The volume frac-
tion of secondary γ’ precipitates (mag. ×25k) in dendritic 
regions and MC carbides (mag. ×1k) was evaluated by the 
planimetric method (Eqs. 1 and 2).

where Vv is the total volume of the phase object per unit 
volume of the superalloy, μm3/μm3; AA is the total field flat 
sections on the individual phase of the image per unit area, 
μm2/μm2; Ai is the total field of flat sections on the individual 
i-phase, μm2; and A is the total image area, μm2.

Considering that γ′ precipitates in the superalloy usually 
take on a cubic-like shape, their mean size in this work was 
expressed as the square’s side of precipitates (square root of 
precipitates’ area) (Eq. 3). Measurements were carried out 
in 25 locations within the dendritic regions using captured 
images (magnification ×25k). Binarization and de-spackle 
filtering was used to remove noise without blurring edges 
on SEM-BSE microstructure images. Only γ′ precipitates 
characterized by an area in the range of 0.02–1.0 μm2 were 
analyzed.

where A is the area of γ′ precipitate.
Chemical composition analysis of selected regions was 

carried out via X-ray dispersive spectroscopy (SEM-EDX). 
Firstly, to reveal relative composition differences between 
the dendritic regions and interdendritic spaces, the partition 
coefficient was calculated. To this end, 40 measurements 
were performed for each casting variant in accordance with 
Eq. 4.

where Ci

D
 is the “i” element concentration in the dendrite 

core (point analysis), and Ci

0
 is the “i” element concentration 

in the area 53 × 53 μm (area including dendritic cores and 
interdendritic spaces).

Additionally, chemical composition analysis of MC car-
bides and primary γ′ was performed to determine the rela-
tionship between selected alloying elements. Point and area 
measurements were gathered for 90 s (more than one million 
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Table 2   Directional solidification casting parameters

Casting Shell mold 
temperature, 
°C

Pouring temperature, °C Withdrawal 
rate, mm/
min

LP3W 1510 1538 3.4
LP5W 5.0
HP3W 1566 3.4
HP5W 5.0
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counts), whereas for maps the duration was set to approx. 1 
h (ZAF correction). The tensile tests performed at ambient 
temperature were carried out on round threaded specimens 
prepared following the ASTM E8/E8M (diameter 6 mm, 
gage length 30 mm) requirements using a Zwick 250 kN 
machine. Measurements were performed with an initial force 
of 2200 N at a constant rate of 0.004.

3 � Results and discussion

3.1 � Phase stability analysis via ThermoCalc and DSC

Under equilibrium conditions, γ′ was the main strengthen-
ing phase, dominating the structure up to 1040 °C (Fig. 1a). 
With further temperature increase, the γ matrix predomi-
nates. The solvus temperature of the γ′ phase is 1220 °C. 
The data indicate that M23C6 carbides are more stable than 
MC in the medium temperature range, suggesting the pos-
sibility of an MC + γ → γ′ + M23C6 phase transformation 
during annealing. At high temperatures (exceeding 1009 °C) 
MC carbides dominate over M23C6. The solvus temperature 
of M23C6 carbides is 1039 °C. Precipitates of M5B3 borides 
are very stable up to 1009 °C. After exceeding this tem-
perature, they rapidly dissolve, with the possibility of local 
liquid phase appearance due to matrix enrichment in B. The 
liquidus temperature is 1390 °C.

DSC curves registered during specimen heating are pre-
sented in Fig. 1b. The first extensive exothermic effect is 
revealed, occurring in the range of 1200–1290 °C, associated 
with the dissolution of γ′ phase precipitates. Subsequently, 
the endothermic effect related to sample melting is present. 
The γ-γ′ eutectic precipitates could possibly be the first phase 
to melt. The maximum temperature of the peak was taken as 
the liquidus temperature (TL) in the tests, while the solidus 

temperature (TS) was defined as the start of the disturbance 
associated with melting. The melting enthalpy is very simi-
lar and equal to the 140–164 J/g (Table 3).

3.2 � Casting structure characterization

Based on the XRD spectra, the γ matrix, intermetallic γ′ 
phase, MC carbides, and M5B3 borides were all identified 
(Fig. 2). The orientation of the matrix is <001> induced by 
directional solidification. Minor phases like Ni7(Hf, Zr)2 and 
M3C2 carbides present in as-cast condition were dissolved 
during SHT [23]. Chemical etching of the sample revealed 
a typical dendritic structure (Fig. 3). Features of the super-
alloy’s primary structure were still visible after heat treat-
ment. The dendritic areas (primary dendrite cores and sec-
ondary arms of dendrites) are characterized by a relatively 
homogenous microstructure, while numerous γ-γ′ eutectic 
islands and carbide-looking precipitates can be seen in the 
interdendritic spaces. The SHT dissolved the minor phases 
mentioned above and simultaneously did not led to local 
incipient melting.

To present the differences in selected alloying element 
distribution in the castings’ microstructure, a semi-quantita-
tive SEM-EDX analysis was carried out. Using the obtained 

Fig. 1   a Phase stability with increasing temperature under equilibrium conditions. b DSC curves of the DS MAR-M247 castings registered dur-
ing heating

Table 3   Liquidus temperature (TL), solidus temperature (TS), and 
melting enthalpy (ΔHm) of castings

Casting Incipient melt-
ing TS, °C

Liquidus TL, °C Enthalpy of 
melting ΔHm, 
J/g

LP3W 1293 1359 140
LP5W 1294 1357 141
HP3W 1293 1357 160
HP5W 1293 1356 145
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Fig. 2   X-ray diffraction pattern of the DS MAR-M247 castings after SHT

Fig. 3   Dendritic microstructure 
of the DS MAR-M247 castings 
after SHT, LM
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results, the partitioning coefficient ki = C
i

D

C
i

0

 was calculated. 
The ki coefficient for the alloying elements is presented in 
Table 4. A ki < 1 value suggests that the element segregates 
to the interdendritic spaces, which was the case for Hf and 
Ti (strong carbide-formers). The kNi, kCo, and kCr coefficients 
are close to 1, indicating a relatively homogenous distribu-
tion in the castings, as these alloying elements are a mainly 
part of the γ phase. Higher element concentration in the den-
dritic regions is indicated by a ki > 1, values obtained for W, 
Mo, and Al. As the diffusion of W is sluggish, its transport 
from the liquid phase to γ is not completely obtained using 
the usual cooling rates. Silva [17], based on the SEM-EDX 
analysis of the MAR-M247 superalloy after SHT at 1260 °C 
for 8 h, confirmed a very strong segregation of W in the 
dendritic areas. A similar kW > 1 was obtained in the Renѐ 
108 Ni-based superalloy after aging treatment [24]. 
Increased W concentration in the dendritic regions leads to 
the precipitation of (Cr, W, Mo)5B3 on the γ/γ′ interfaces. 
Strong enrichment in W would be difficult to reduce even 
after long-term heat treatment, due to the low solubility of 
B in γ and γ′, so tendency to form borides.

3.3 � γ′ precipitates morphology analysis

The primary γ′ precipitates possessed a diversified distribu-
tion and complex morphology (Fig. 4). They formed via the 
L → γ + γ′ phase transformation during directional solidifi-
cation. Their amount is quite high despite SHT, which indi-
cates a strong residual liquid enrichment in Al during casting 
solidification. The γ-γ′ is an undesirable phase; however, its 
complete dissolution in MAR-M247 during heat-treatment 
would risk incipient melting occurring. The presence of Hf 
in the Ni-based superalloy favors the formation of more γ′ 
primary precipitates [2]. Stereological parameter analysis 
of γ′ precipitates is problematic due to the considerable dif-
ferences in size and distribution. The chemical composition 
of the γ′ precipitates was analyzed via SEM-EDX (Table 5). 
They mainly contain Ni and Al, where the ratio between the 
two is in the range of 3.5–3.7 for all castings. Additionally, 
the ratio of (Ni, Co)/(Al, Ti, Ta, Hf) was calculated, with Al, 
Ti, Ta and Hf being γ′-formers, obtaining values of approx. 
3.0 and 3.1.

Next, the secondary γ′ precipitates found in the dendritic 
regions were analyzed. The morphology of the secondary γ′ 
precipitates is close to cubic (Fig. 5).

The volume fraction of secondary γ′ precipitates in the den-
dritic regions of castings LP3W, LP5W, HP3W, and HP5W 
is equal to 36.0% (±2.7%), 38.4% (±2.7%), 37.7% (±1.9%), 
38.0% (±4.4%), respectively. It is visible that the increase in 
withdrawal rate led to a slight increase in Vfγ′. The higher 
withdrawal rate favors higher matrix saturation, and during 
the cooling a higher volume fraction of the γ′ precipitates can 
re-precipitate. The mean size of the secondary γ′ precipitates, 
expressed as the equivalent side of a square, was calculated 
to quantitatively analyze the differences originating from the 
influence of mold temperature, withdrawal rate and solution 
treatment. Histograms representing the secondary γ′ precipi-
tates’ mean size, and curves describing their log-normal dis-
tribution, are shown in Fig. 6. In castings produced in shell 
molds preheated to 1510 °C (LP3W and LP5W) the increase 
in withdrawal rate from 3.4 to 5.0 mm/min led to the decrease 
in the secondary γ′ precipitates mean size from 0.229 to 0.203 
μm. In casting HP3W (Vs = 3.4 mm/min, T0 = 1566 °C), 
the largest mean precipitate size of 0.250 μm was obtained. 
When the withdrawal rate was increased to 5.0 mm/min 
(HP5W), the mean secondary γ′ precipitate size decreased to 
0.263 μm. The size of the γ′ precipitates is smaller than in the 
analogous variants of castings before solution heat treatment. 
In as-cast condition, the average precipitate size was 0.465 
μm, 0.437 μm, 0.481 μm, and 0.457 μm for castings LP3W, 
LP5W, HP3W, and HP5W, respectively. SHT leads to partial 
dissolution of the γ′ precipitates, which can be observed in 
the microstructure. After solution heat treatment, aging was 
performed to form the final morphology of the γ′ precipitates 
and resultant properties. The influence of γ′ phase size on the 
superalloy’s strength is complex. In the event of obtaining pre-
cipitates below the critical size (border for the occurrence of 
the Orowan mechanism) dislocations could cut right through 
them. Additionally, γ′ precipitate has an ordered L12 crys-
tal structure, meaning that dislocations could cut or bypass 
the phase though various complex mechanisms, depending 
on the stress and service temperature. In the present experi-
ment, the variable parameters were the withdrawal rate and 
mold preheating temperature, while solutioning conditions 
were constant for all casting variants. The higher preheating 

Table 4   ki coefficients of selected alloying elements calculated based on the SEM-EDX measurements

ki kNi kCo kCr kW kMo kTi kHf kTa kAl

Casting

LP3W 0.99 (±0.02) 1.00 (±0.03) 1.00 (±0.06) 1.11 (±0.15) 1.00 (±0.23) 0.91 (±0.16) 0.60 (±0.26) 1.00 (±0.09) 1.03 (±0.10)
LP5W 0.98 (±0.02) 0.99 (±0.03) 1.00 (±0.05) 1.11 (±0.15) 1.06 (±0.28) 0.90 (±0.15) 0.67 (±0.31) 1.00 (±0.08) 1.07 (±0.10)
HP3W 0.98 (±0.02) 1.01 (±0.04) 1.01 (±0.05) 1.11 (±0.09) 1.10 (±0.26) 0.90 (±0.15) 0.72 (±0.30) 0.99 (±0.06) 1.08 (±0.09)
HP5W 0.98 (±0.03) 1.02 (±0.03) 1.02 (±0.06) 1.17 (±0.16) 1.04 (±0.28) 0.88 (±0.19) 0.70 (±0.26) 1.00 (±0.11) 1.01 (±0.13)
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temperature and lower withdrawal rate induced slower cool-
ing rates, giving more time for γ′ nuclei to re-precipitating 
and grow. Local thermodynamic conditions are determined 
by the chemical composition, state of elastic stresses, and the 
mutual interaction between precipitates. These factors change 
with temperature and are conditioned by the system’s attempt 
to achieve thermodynamic equilibrium [25–28].

The secondary γ′ precipitates located in interdendritic 
spaces are characterized by a more significant variation in 
size and more complex morphology (Fig. 5). Their shape 
deviated from cubic as a function of their size. Generally, the 

reduction of the system’s internal energy drives microstruc-
tural evolution in complex alloys, such as Ni-based super-
alloys [25–27]. Equation (5) can express the energy state 
(Etotal) of a single coherent γ′ precipitate. It is widely accepted 
that minimizing the sum of elastic strain energy and surface 
energy determines the morphology of a single γ′ precipitate.

where Estr is the elastic strain energy caused by the lattice 
misfit between the γ′ precipitate and γ matrix; Esurf is the 

(5)E
total

= E
str
+ E

surf
+ E

int

Fig. 4   Primary γ′ precipitates 
morphology in DS MAR-M247 
castings after SHT, SEM-BSE

Table 5   Results of semi-quantitative SEM-EDX analysis of the primary γ′ precipitates

Casting/
element

Ni Al Co Cr Ta Ti Mo Hf Ni/Al (Ni, Co)/
(Al, Ti, Ta, 
Hf)

1 65.3 (±0.6) 17.6 (±0.5) 7.0 (±0.1) 3.9 (±0.2) 2.7 (±0.2) 2.0 (±0.2) 0.4 (±0.1) 1.0 (±0.2) 3.7 (±0.1) 3.1 (±0.1)
2 64.7 (±0.8) 18.2 (±0.4) 7.0 (±0.3) 4.1 (±0.6) 2.7 (±0.2) 2.0 (±0.2) 0.4 (±0.2) 0.9 (±0.2) 3.6 (±0.1) 3.0 (±0.1)
3 64.6 (±0.8) 18.3 (±0.5) 7.0 (±0.1) 4.0 (±0.3) 2.7 (±0.2) 2.1 (±0.2) 0.4 (±0.2) 0.9 (±0.2) 3.5 (±0.1) 3.0 (±0.1)
4 64.4 (±0.9) 18.0 (±0.7) 7.0 (±0.4) 4.2 (±0.7) 3.0 (±0.3) 2.1 (±0.2) 0.5 (±0.2) 0.8 (±0.2) 3.6 (±0.2) 3.0 (±0.1)
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Fig. 5   Morphology of the 
secondary γ′ precipitates in den-
dritic region and interdendritic 
spaces, SEM-BSE
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surface energy (interfacial energy) of the γ′ precipitate; and 
Eint is the elastic interaction energy between γ′ precipitates.

Transformations following the order of sphere → cube → 
octocube morphology occur very quickly since an interfacial 
reaction controls the process. The atomic jump frequency 
through the interface is more critical than long-distance dif-
fusion [28]. This process can occur via atom diffusion from 
one edge of γ′ to another, filling the γ matrix. This causes 
the merger of two adjacent γ′ phases, creating an elongated 
and/or irregular γ′ phase in the process, as observed in the 
interdendritic spaces. For fine γ′ phase precipitates, the inter-
facial energy is larger, bringing about a spherical or quasi-
spherical morphology. However, as the γ′ coarsens, the elas-
tic energy contribution tends to dominate due to coherency 
loss [29]. Therefore, the γ′ phase changes morphology from 
spherical to cubic. Considering the same heat-treatment 
procedure was carried out on all castings, the slower cool-
ing rate in the directional solidification process could lead 
to a coarser solid-state cuboidal γ′ directly before SHT. In 
the case of complex flower-like secondary γ′ precipitates, 
they can easily become stress concentration sites for cavity 
nucleation and crack initiation due to their more significant 
curvature [30]. In turn, further growth of such precipitates 

is negligible. Their shape changes from complex flower-
like to roughly cubical, which is advantageous for improved 
strength during exposure to elevated temperatures.

3.4 � Morphology and chemical composition of MC 
carbides

The MAR-M247 superalloy contains alloying elements 
with high chemical affinity to carbon, i.e., Ta, Ti, Hf, and 
W. Under conditions of directional solidification, these ele-
ments tend to segregate, in turn creating favorable conditions 
for the precipitation of minor phases within interdendritic 
spaces (Fig. 7). These brightly contrasted precipitates (high 
Z-number) are MC-type carbides, characterized by vari-
ous morphologies like simple blocks, sharp-edged paral-
lelograms, or herringbone (Chinese Script) patterns. The 
Vf value for each casting is LP3W, 1.91% (±0.48%); LP5W, 
1.86% (±0.25%); HP3W, 1.89% (±0.33%); HP5W, 1.87% 
(±0.45%). The data indicate that an increase in withdrawal 
rate can lead to a decrease in the carbide volume fraction. 
Carbide imaging was coupled with chemical composition 
analysis via SEM-EDX (example of point analysis loca-
tion marked in Fig. 7), and the semi-quantitative results are 

Fig. 6   Histogram of the secondary γ′ precipitates in dendritic regions in DS MAR-M247 castings after SHT
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Fig. 7   Distribution and mor-
phology of MC carbides in 
the DS MAR-M247 castings, 
SEM-BSE (EDX analysis points 
marked as red crosses)
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presented in Table 6. Four points were measured for each 
selected carbide to evaluate the differences in the strong 
carbide-former concentrations throughout the fabricated 
castings. The carbides in casting LP3W mainly contained 
Ta and Ti, the sum of which exceeded 60 at%. W and Hf 
were also found, with their contents ranging from 6.8 to 11.9 
at% and 6.4 to 14.5 at%, respectively. In contrast, the domi-
nant carbide-former in casting LP5W was Hf, with measured 
concentrations spanning from 31.8 to 71.8 at%. The Hf-rich 
carbide is located closer to the γ-γ′ eutectic island, indicat-
ing that it precipitated directly from the liquid phase early in 
the solidification stage. For points 5 and 6, Hf exceeded 65 
at%, while the sum of W and Ti was less than 4 at%. Lower 
Hf concentrations were measured for points 7 and 8 (< 45 
at%), with increased amounts of Ta, W, and Ti detected. 
Casting HP3W possessed carbides rich in Ta and Ti, while 
Hf ranged from 8.0 to 23.8 at% and W did not vary signifi-
cantly. Points 13 and 14 of casting HP5W show that Ta and 
Ti are predominantly found in the MC carbides, similarly as 
points 1–4 in casting LP3W. The sum of Hf and W contents 
did not exceed 20 at%. Points 15 and 16 revealed greater 
concentrations of Hf and lower concentrations of Ta, W, and 
Ti, translating to a decrease in Ta/Hf. Similar MC carbide 
chemical composition relationships were found in ref. [23] 
for as-cast state, which may indicate high stability at high 
temperatures.

Based on the results of 80 measurements for each 
casting, it was observed that there are concentration rela-
tionships between strong carbide-formers, which can be 
presented as 3D graphs (Fig. 8). It is revealed that with a 
decrease in the concentration ratio (Ta + Hf)/(W + Ti), 

the concentration relationships (Ta/Hf)/(W + Ti) and Ta/
Hf begin to increase.

The MC carbide morphology we observe is mainly 
affected by the production parameters. Ta promotes the 
formation of script-type MC carbides, whereas Hf is 
favorable for forming blocky shapes. The order of carbide 
formation from difficult to easy is as follows: WC, ZrC, 
TaC, TiC, HfC. Hf is a popular alloying element in DS Ni-
based superalloys as it can decrease susceptibility to hot 
cracking; however, it forms stable carbides already during 
solidification. The standard Gibbs energies of formation 
of MC carbides at 1250 °C are HfC (ΔfG0 = −48.1 kcal/
mol), TaC (ΔfG0 = −33.6 kcal/mol), TiC (ΔfG0 = −39.7 
kcal/mol), and WC (ΔfG0 = −8.3 kcal/mol), where HfC 
has the greatest stability [16]. Carbides crystallizing in 
the same crystallographic system can mutually dissolve in 
each other [31]. Murata [32] showed that Ta and Nb addi-
tions to Inconel 100 changed the MC-type TiC carbides’ 
composition. Nb, Ta, and Ti have similar metallic radii, 
which facilitate Ta and Nb replacing Ti in the metallic site 
of MCs, reducing the Gibbs energy. Mo and W have lower 
solubility, as their metallic radii are larger. Therefore, it 
is possible that Hf’s lower concentration in the studied 
MC carbides possessing complex morphologies is due to 
its larger atomic radius (compared to Ta and Ti), as well 
as its lower diffusivity in liquid. The casting solidifica-
tion rate significantly affected carbide morphology and 
distribution. Under near-equilibrium conditions, the MC 
carbides assume block shapes with sharp edges, whereas 
under non-equilibrium conditions they take on more 
complex shapes, e.g., the herringbone-like pattern (a.k.a. 

Table 6   The results of semi-quantitative SEM-EDX analysis of MC carbides

Casting Element point Ni Co Cr Ta W Ti Mo Hf Ta/Hf (Ta + Hf)/
(W + Ti)

(Ta/Hf)/(W + Ti)

LP3W 1 8.3 1.7 2.1 38.8 9.9 28.6 2.9 7.6 5.09 1.20 0.132
2 7.2 1.5 2.4 38.5 11.9 29.6 2.5 6.4 6.04 1.08 0.146
3 9.8 2.9 2.5 36.0 6.8 25.6 1.9 14.5 2.48 1.56 0.077
4 6.4 2.1 2.1 39.3 8.6 27.6 2.2 11.8 3.33 1.41 0.092

LP5W 5 12.3 2.3 2.5 6.2 1.2 2.3 1.3 71.8 0.09 22.37 0.025
6 12.7 2.8 2.2 8.3 1.3 2.1 1.8 68.7 0.12 22.46 0.035
7 9.1 3.0 2.2 22.9 5.8 11.0 1.6 44.5 0.51 4.01 0.031
8 7.5 2.6 1.8 31.3 5.7 17.1 2.1 31.8 0.98 2.77 0.043

HP3W 9 6.3 1.7 0.8 35.9 6.2 22.9 2.5 23.8 1.51 2.05 0.052
10 7.0 1.5 1.3 40.3 7.8 29.8 2.3 10.0 4.05 1.34 0.108
11 7.8 1.6 1.3 36.8 6.7 25.2 2.1 18.7 1.97 1.75 0.062
12 8.4 2.4 2.2 38.5 9.7 28.5 2.3 8.0 4.81 1.22 0.126

HP5W 13 9.1 2.5 3.0 36.7 10.9 27.6 2.5 7.8 4.71 1.16 0.122
14 8.7 3.2 3.3 35.6 9.9 26.9 2.6 9.9 3.59 1.24 0.098
15 9.9 3.3 2.2 20.7 5.8 9.6 1.5 47.1 0.44 4.41 0.029
16 7.6 1.7 1.2 28.3 5.6 13.4 1.0 41.1 0.69 3.64 0.036
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Chinese script). Other carbide types, e.g., M3C2, were not 
found, which might be related to the high SHT tempera-
ture. However, this does not mean that the observed car-
bides will be stable during aging and subsequent usage, 
despite their high melting temperature. The concentration 
of Ta and Hf in the MC carbides influences their behav-
ior during subsequent aging and high temperature servic-
ing. Aged Renѐ 108, characterized by a similar chemical 
composition as DS MAR-M247, predominantly contains 
MC-type carbides. On the edges of herringbone-shaped 
carbides (Ta-rich), M23C6 nano-carbides were found via 
HAADF-STEM [24]. Long-term service or aging/anneal-
ing can lead to the transformation of MC carbides into 
more stable M23C6 or M6C carbides, with a lower car-
bon concentration, according to the widely known phase 
transformations [33]: MC + γ → M23C6 + γ′ (I); MC + 
γ → M23C6 + η (II); MC + γ → M6C + γ′ (III). M23C6 
forms through phase transformation (I), as MC degrada-
tion did not accompany the formation of η due to low 
initial Ti concentration within the material. ThermoCalc 
simulations indicate that this phase transformation can 
occur in DS MAR-M247 below 1010 °C, suggesting that 

it can be initiated during subsequent ageing. As observed 
in Renѐ 108, MC carbides with a blocky-like morphology 
and dominant Hf concentration did not degrade according 
to the abovementioned reactions. A similar conclusion 
was stated by Li [30], who observed that Hf-rich blocky 
MC carbides exhibit excellent stability. In contrast, Ta-
rich herringbone-like carbides gradually degenerate with 
M23C6 thin film formation at 800 °C, which is in line with 
our thermodynamic calculations. By studying the effect 
of temperature on the homogenization of the liquid Ni-
based superalloy Inconel 738LC, Liu [34] showed that 
MC carbides could be present at temperatures exceeding 
the liquidus. At approx. 1550 °C, MC carbides dissolve 
entirely in the liquid after only 5–10 min. For comparison, 
the liquidus temperature of the Inconel 738LC superalloy 
is lower (1336–1342 °C). M3C2 carbides and the Ni7(Hf, 
Zr)2 intermetallic phase can also occur in the interden-
dritic spaces of as-cast DS MAR-M247 [23]. After heat 
treatment, M3C2 and Ni7(Hf, Zr)2 were not detected, 
which suggests their complete dissolution in the γ phase. 
Thermodynamic simulations also do not predict these 
phases to be present at elevated temperatures. The Ni7(Hf, 

Fig. 8   MC carbide concentration relationships Ta/Hf, (Ta + Hf)/(W + Ti) and (Ta/Hf)/(W + Ti) calculated based on semi-quantitative SEM-
EDX results
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Zr)2 phase undergoes a phase transformation MC + (Ni, 
Co)7(Hf, Zr)2 + Cr (in the matrix) → (Hf, Zr)C + Cr23C6 
+ γ [32]. Ni7(X)2 precipitates have been observed both in 
superalloys with the addition of Hf, such as MAR-M004, 
and in the Hf-free Inconel 713C [35, 36]. Hf-rich blocky-
shaped secondary MC carbides, precipitated during SHT, 
were found in the interdendritic spaces, confirmed via 
SEM-EDX distribution maps (Fig. 9). Precipitates with a 
bright phase contrast are observed on the castings’ grain 
boundaries, forming both continuous and discontinu-
ous patterns. SEM-EDX point analysis was performed 
(Fig. 10) and the results (Table 7) revealed that these 
precipitates are enriched in W and Cr.

Based on XRD results and as-cast DS MAR-M247 
analysis [23], it can be concluded that these are M5B3 
borides. The addition of boron can have a significant 
impact on grain boundary precipitation in Ni-based 

superalloys. In these alloys, boron atoms are larger than 
interstitial atoms but smaller than substitutional atoms, 
resulting in considerable lattice distortion. Boron, due 
to its small diameter, can fill vacancies at grain bounda-
ries and reduce diffusivity in these regions [37]. From 
an energetic perspective, it is beneficial for B to be in 
areas with less-dense atom packing, such as grain and 
interfacial boundaries. However, the solubility of boron 
in alloys with a face-centered cubic lattice is very low, 
resulting in significant segregation during casting and 
the precipitation of borides with reaching several tens of 
micrometers. This can increase the risk of incipient melt-
ing during SHT. In superalloys, such as Inconel 738 and 
Renѐ 80, the precipitation of borides occurred when the 
B concentration was 0.06 %at and 0.065 %at, respectively. 
In contrast, borides did not form in superalloys, such as 
Inconel 617B and 263, where the B concentration was 

Fig. 9   Alloying element distribution maps of secondary MC carbides, SEM-EDX
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lower (0.02 at% and 0.015 at%, respectively) [38, 39]. As 
the intermetallic γ′ phase forms, W, Cr, and Mo are more 
likely to dissolve in the γ matrix and be expelled to the 
γ/γ′ interfaces, where they interact with B atoms to form 
borides. The formation of these borides at grain bounda-
ries pins them and impedes the grain-boundary sliding 
mechanism at high temperatures. Xiao [38] suggested that 
strong interaction between B atoms and dislocation cores 
could hinder dislocation motion, increasing resistance to 
fatigue failure.

3.5 � Characterization of the mechanical properties 
of DS MAR‑M247 castings

The mechanical properties of the DS MAR-M247 cast-
ings were determined via tensile tests at room tempera-
ture. Based on the obtained curves (Fig. 11), it can be 

Fig. 10   The M5B3 borides in 
the DS MAR-M247 castings, 
SEM-BSE

Table 7   Semi-quantitative 
SEM-EDX analysis results of 
the precipitates along grain 
boundaries, at%

Casting Point Ni W Cr Al Co Ta Mo Ti Hf

LP3W 1 47.8 14.6 12.4 11.2 7.3 2.8 2.5 1.4 0.1
LP5W 2 49.5 12.2 11.3 12.3 7.6 3.3 2.4 1.2 0.2
HP3W 3 47.4 15.8 14.7 9.0 7.0 2.2 2.5 1.1 0.1
HP5W 4 45.6 12.0 13.5 11.4 10.3 3.0 3.0 1.1 0.3

Fig. 11   Tensile test curves of the DS MAR-M247 castings after SHT
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observed that castings produced at a higher temperatures 
and withdrawal rate possessed greater elongation. The 
castings’ elongation, yield point and tensile strength are 
summarized in Table 8. Based on specification EMS-
55447 [21], the minimum required yield and ultimate 
tensile strength for the MAR-M247 castings are 725 MPa 
and 966 MPa, respectively. The obtained results indicate 
that the selected parameters enable the production of cast-
ings with sufficiently high strength. Huang [40], based on 
the tensile test results of fully heat-treated CM-247LC 
castings (like MAR-M247), observed that fine-grain test 
bars (80−90 μm) have a higher yield strength and higher 
elongation than those of coarse grains (2–3 mm). For 
fine-grained samples, the obtained values were UTS = 
1242 MPa, YS = 1010 MPa, and E = 8.1%, whereas for 
the coarse-grained ones they were UTS = 1069 MPa, YS 
= 939 MPa, and E = 5.7%. Intermediate values of UTS = 
1192 MPa, YS = 985 MPa, and E = 7.2% were obtained 
for the 200–300 μm grain size variant.

The high-volume fraction of γ′ precipitates gives the 
superalloy its desirable strength. A further increase in 
mechanical properties originates from γ solution strength-
ening and the precipitation of MC carbides and borides. 
In the matrix, deformation occurs by dislocation slip in 
the {111}<110> systems and at elevate temperatures via 
transverse dislocation slipping and climbing. The γ′ pre-
cipitates deform also through dislocation slipping in the 
{111}<110> systems. There, the Burgers vector of the 
total dislocation has a length of (a√2), which is twice 
as long as in the matrix. Therefore, complete disloca-
tion slipping from γ to γ′ phase is impossible without the 
formation of a high-energy antiphase boundary defect. 
The doubled length of the γ′ phase’s dislocation vector 
originates from its 4-times greater energy in compari-
son to γ. To reduce this energy, superpartial dislocations 
(characterized by shorter Burgers vectors, a/2<101>) 
would need to form. In turn, these dislocations, connected 
by an antiphase boundary, would travel in pairs (super-
dislocations) through the γ′ phase. They tend to change 
from {111} to {100} by transverse slipping [41–43]. The 

appearance of dislocation anchor points accompanies this 
change, the number of which increases with increasing 
temperature, and resulting in increased strength of the γ′ 
phase [44]. At 700–900 °C, Ni-based superalloys with a 
γ′ precipitate volume fraction of γ′ precipitates of at least 
40% showed increased yield point values, which is related 
to the deformation mechanism of the ordered γ′ phase 
[45]. Similar behavior can be expected during service 
at high temperatures of the heat-treated DS MAR-M247 
superalloy.

Selected images of sample fractures are presented 
in Fig. 11. The complex nature of the sample cracking 
was observed in all castings, with the main feature being 
dimples and cleavage surfaces at the fracture surfaces 
(Fig. 12a). Moreover, cracks occurred along the grain 
boundaries. It can be inferred that the fracture model 
is intergranular due to the lower strength of the grain 
boundaries. Brittle fractures are observed in MC carbides 
and γ-γ′ eutectics (Fig. 12b, c). Large carbides, charac-
terized by high hardness and brittleness, have numerous 
secondary cracks with pronounced edges, indicating no 
plastic deformation. During tensile tests, the MC carbide 
interface cannot be accommodated by gliding, the pre-
cipitates do not deform, resulting in a buildup of dis-
locations around them. The castings exhibited relatively 
low elongation, while increasing strain at the interfaces 
led to crack formation and their continuous propagation. 
The fracture surfaces display script-like cracks on the MC 
carbide/matrix interfaces, while the γ matrix channels 
exhibit considerable plastic deformation. Due to the sub-
stantial segregation of carbides and eutectic islands into 
the interdendritic spaces, a greater number of dimples 
can be observed in dendrite cores and arms, indicating 
matrix plastic deformation (Fig. 12d). This is attributed 
only to fine γ′ precipitates surrounded by channels of the 
deformable matrix in those areas.

Figure 13 illustrates the microstructure of the fractures’ 
cross-section, revealing various features. Numerous MC 
carbide and γ-γ′ eutectic precipitations on the edges can 
be observed, suggesting crack initiation and propagation 
through the interdendritic spaces. No oxides or other non-
metallic inclusions on the fracture edges were identified; 
however, local secondary γ′ precipitate deformation was 
registered. Secondary cracks were found near the carbides 
at a distance from the main fracture. The carbides play a 
crucial role in either hindering or promoting the initia-
tion and propagation of intergranular cracks. They can 
affect the strength of grain boundaries and significantly 
impact the material’s mechanical properties. Cracks tend 
to originate more readily along grain boundaries parallel 
to the major stress axes.

Table 8   Summary of DS MAR-M247 castings’ mechanical properties

Casting Elongation, % Yield point, 
MPa

Tensile 
strength, 
MPa

LP3W 7.4 834 1130
LP5W 6.4 830 1094
HP3W 12.0 800 1111
HP5W 11.4 818 1250
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4 � Conclusions

In this paper the microstructure and properties of the solution 
heat-treated DS MAR-M247 superalloy produced using dif-
ferent withdrawal rates (3.4 or 5.0 mm/min) and shell mold 
temperatures (1510 or 1566 °C) was analyzed. Based on the 
obtained results, the following conclusions can be drawn:

(1)	 The presence of γ, γ′, MC carbides and M5B3 borides 
was confirmed in each casting variant via XRD.

(2)	 The volume fraction of the secondary γ′ precipitates in 
the dendritic regions increased with increasing with-
drawal rate. For a shell mold temperature of 1510 °C, 
the value changed from 36.0 to 38.4% and for 1566 °C 
from 37.7 to 38.0%.

(3)	 The increase in withdrawal rate during directional 
solidification led to a decrease in the mean size of 
secondary γ′ precipitates in the dendritic regions. 
In castings LP3W and LP5W, the mean size of the 
secondary γ′ precipitates decreased from 0.229 to 
0.229 μm. For castings produced using a shell mold 
temperature of 1566 °C, the size changed from 0.250 
μm (HP3W) to 0.243 μm (HP5W).

(4)	 The fraction of MC carbides slightly decreased with 
increasing withdrawal rate, i.e., from 1.92 to 1.86 
pct for T0 = 1510 °C and from 1.89 to 1.87 pct for 
T0 = 1566 °C.

(5)	 The castings produced with a shell mold temperature 
of 1566 °C were characterized by higher elongation 
(min. 11%).

Fig. 12   Selected fracture 
images: a brittle fracture of 
carbides; b secondary fracture 
of carbides; c plastic deforma-
tion of the matrix in the area of 
eutectic γ-γ′; d plastic deforma-
tion (dimples) of the matrix in 
the dendritic region, SEM-SE
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Fig. 13   Morphology of the 
cross-sectioned tensile test 
fractures of DS MAR-M247 
castings, SEM-BSE
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