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InvestIgatIon on MechanIcal ProPertIes of Mar-M247 suPeralloy for turbIne blades  
by exPerIMent and sIMulatIon

This study aimed to investigate the metallographic structure and the impact of the heat treatment process on the mAR-m247 
superalloy, a high-temperature nickel-based superalloy commonly used in turbine blades. The heat treatment process can potentially 
influence the mechanical properties of the mAR-m247 superalloy at different temperatures. A strength simulation analysis of gas 
turbine blades should include the variations in the mechanical properties of the material. The effect of heat treatment on grain size 
was investigated by metallographic experiments, and numerical calculations of material mechanical properties were conducted. The 
mechanical property parameters necessary for finite element analysis of turbine blades were determined. finally, a finite element 
simulation model of the blade was established based on these mechanical property parameters, and strength analysis was performed. 
The simulation results provided the stress distribution and the strength of the turbine blade.
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1. Introduction

Turbine blades bear the centrifugal load, thermal load, 
aerodynamic load, vibration load, and corrosion from high-
temperature gas during operation. Despite advancements in 
cooling and coating technology, the strength requirements for 
turbine blades remain crucial. first, the blade materials should 
have good yield strength, tensile strength, and creep strength 
to meet deformation and accuracy requirements. Second, the 
materials should have sufficient creep strength to withstand 
temperature demands [1]. Third, the material should have high-
cycle and low-cycle fatigue strengths [2].

Based on the aforementioned strength requirements, the 
materials currently used in turbine blades are generally high-
temperature superalloys. High-temperature superalloys are alloys 
of iron, cobalt, or nickel. They are oxidation or corrosion resistant 
at high temperatures (more than 600°C) and maintain structural 
integrity for a long time under certain stress conditions [3]. 
The high-temperature nickel-based superalloys are well-suited 
for turbine blades. These superalloys are based on nickel and 
are solid-solution strengthened with various alloy elements. 
They exhibit good structural stability. The strengthening phase 
is achieved through the formation of a coherent A3B-type inter-

metallic compound, known as phase γ'. Nickel-based superalloys 
have better mechanical properties than iron- and cobalt-based 
alloys at high temperatures (more than 760°C) [4].

To date, high-temperature superalloys have been the most 
widely used materials in turbine blades. The mAR-m247 super-
alloy is the first generation of directionally solidified superalloys. 
its chemical composition (in wt.%) is outlined in TABLe 1. 

TABLe 1

Chemical composition of mAR-m247 superalloy (in wt.%)

c cr Mo al co ti fe W hf b ta Zr ni
0.16 8.6 0.8 5.6 10.0 1.0 0.2 10.0 1.5 0.02 3.0 0.06 Rest

The equiaxed crystal structure of the mAR-m247 superal-
loy has excellent mechanical properties at high temperatures. The 
mAR-m247 superalloy has replaced inconel 713LC alloy and is 
currently widely used in blade disks with operating temperatures 
of 1000°C [5]. The mAR-m247 superalloy is being increasingly 
used in gas turbine blades [6]. This study aimed to focus on the 
mAR-m247 superalloy.

When different heat treatment processes were applied to 
the mAR-m247 superalloy, different sizes of metal lattices and 
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grains were obtained. The mechanical properties of the mate-
rial also changed. The multistep solid solution treatment for the 
mAR-m247 superalloy increased the initial temperature of the 
heat treatment. The primary phase γ' transformed into the second-
ary phase γ' and the 90% dissolved eutectic phase γ/γ' [7]. The 
multistep aging treatment achieved better mechanical properties 
of phase γ'. meanwhile, its tensile strength and fracture life also 
improved [8].

Some studies investigated the directionally solidified su-
peralloy and found that the microstructure was incomplete solid 
solution after the solid solution treatment at 1210°C. When the 
solid solution temperature was 1260°C, a small amount of melt-
ing occurred in the microstructure. The heat treatment process 
influenced the mechanical properties, and good comprehensive 
mechanical properties could be obtained through a specific 
heat treatment. in this paper, the heat treatment process is de-
termined to be: 1230°C/2 h/ air cooling +980°C/5 h/ air cooling 
+870°C/20 h/ air cooling [9].

metallographic experiments showed that the heat treatment 
impacted the grain size. The mechanical properties of the mAR-
m247 superalloy were also changed by the heat treatment pro-
cess. Some studies carried out numerical calculations and finite 
element analysis on the strength of gas turbine blades [10-13]. 
However, the strength simulation analysis of gas turbine blades 
mostly does not consider the effect on the mechanical proper-
ties of the material used. Hence, the effect of heat treatment on 
improving material mechanical properties is not considered. 
Therefore, we aimed to accurately obtain the mechanical property 
parameters of the mAR-m247 superalloy to analyze the strength 
of the turbine blade.

This study first focused on the metallographic structure and 
effect of the heat treatment on the mAR-m247 superalloy. met-
allographic experiments were performed to examine the impact 
of heat treatment on the grain size, and numerical calculations 
of mechanical properties were carried out. The mechanical prop-
erty parameters were obtained for the strength analysis of turbine 
blades. finally, the finite element simulation model of the turbine 
blades was established, and the strength analysis was carried out.

2. heat treatment experiment and metallographic  
analysis

in this study, the mAR-m247 superalloy was fabri-
cated by directional solidification. The hexahedron samples 
(length×width×height = 5×5×10 mm3) were subjected to heat 
treatment in the WZ-30 vacuum furnace. The heat treatment 
process was set as 1230°C/2 h/ air cooling +980°C/5 h/ air cool-
ing +870°C/20 h/ air cooling [14].

After heat treatment, the sample was polished using silicon 
carbide sandpaper on a metallographic polishing machine. The 
scanning electron microscope (Sem) and the energy dispersive 
spectrometer (eDS) were used to analyze the samples. The in-
struments used was jSm-6390AT. The surface morphology was 
analyzed, and composition and proportions were determined. 
Samples without heat treatment were also analyzed and compared.

The results of the metallographic analysis for the mAR-
m247 superalloy without heat treatment are depicted in fig. 1. 

The results of the metallographic analysis for the mAR-
m247 superalloy with heat treatment are depicted in fig. 2.

fig. 1. Results of metallographic analysis for mAR-m247 superalloy (without heat treatment)

fig. 2. Results of metallographic analysis for mAR-m247 superalloy (with heat treatment)
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The grain sizes and distribution were obtained at a mag-
nification of 10,000 through a metallographic experiment, 
and the surveyor’s rod was 1 µm. The grain sizes of the 
 mAR-m247 superalloy without heat treatment were relatively 
large  (0.28-0.55 µm) (fig. 1). The grain sizes of the mAR-m247 
superalloy after the heat treatment were refined (0.19-0.38 µm), 
and the shapes of grains were mostly quadrilateral (fig. 2). The 
grain sizes with heat treatment were smaller. The number of 
dislocations was increased compared with those without heat 
treatment.

The grain sizes were calculated following the average 
method. The grain size of the phase γ' without heat treatment 
was about 0.45 µm, and that with heat treatment was approxi-
mately 0.3 µm. This indicated that the grains of the mAR-m247 
superalloy without heat treatment were coarser than those after 
heat treatment.

fig. 1 shows the distribution of different phases without heat 
treatment. The distribution of carbides (mC) could be clearly 
observed with incipient melting. The figure also shows elongated 
carbides and the distribution of the eutectic phase γ/γ' without 
heat treatment. However, the long carbides were distributed dis-
cretely after heat treatment, as shown in fig. 2. The distribution 
of carbides, eutectic phase γ/γ', and incipient melting became 
uniform. Comparing fig. 2 with fig. 1, the size of the eutectic 
phase γ/γ' was smaller after heat treatment.

fig. 3 shows the material composition results of the mAR-
m247 superalloy after heat treatment as analyzed using eDS.

fig. 4 shows the eDS results of the carbide defect without 
heat treatment.

fig. 5 shows the eDS results of the carbide defect after 
heat treatment.

fig. 4 and fig. 5 show that the carbides were TaC, WC, TiC 
and HfC. The amount of each component at different positions 
was also different.

Comparing fig. 5 and fig. 3, it could be concluded that the 
content of TaC was the highest in carbides, accounting for half 
of the content on average. The smaller the size of the carbide, 
the lower the content of TaC and WC, and the higher the content 
of TiC and HfC.

The metallographic results were analyzed using the afore-
mentioned experiments. The heat treatment process was found to 
have an influence on the phase γ', carbides, and the eutectic phase 
γ/γ'. The mechanical properties of the mAR-m247 superalloy 
were obtained as described in the following Section 3.

3. numerical calculation of material  
properties

The standard round rod specimens of the mAR-m247 
superalloy were used in the experiment. The heat treatment 
process for the round rod specimens was the same as: 1230°C/2 
h/ air cooling +980°C/5 h/ air cooling +870°C/20 h/ air cooling. 
The tensile tests were conducted on a tensile testing machine. 
The results are presented in TABLe 2.

TABLe 2

Tensile test results of mAR-m247 specimens

temperature 
(℃) σ0.2 (MPa) σm (MPa) elongation 

(%)
shrinkage 

(%)
20 876 937 5.7 6.7

900 640 724 7.3 10.0

Numerical calculations were conducted using material 
property simulation software. The numerical simulation results 
are illustrated in figs. 6-8.

fig. 3. Compositional results of the mAR-m247 superalloy analyzed 
using eDS

fig. 4. eDS results of the component in the carbide defect (without 
heat treatment)

fig. 5. eDS results of the component in the carbide defect (with heat 
treatment)
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fig. 6 shows the results of the yield strength. The yield 
strength at 800°C was calculated to be 740 mpa, which de-
creased significantly compared with the yield strength at room 
temperature.

fig. 7 shows the stress-strain relationship of the mAR-
m247 superalloy. After exceeding the yield strength limit of the 
material, the stress value remained more than 800 mpa.

fig. 6. Relationship between yield strength and temperature

fig. 7. Relationship between Stress and strain at 800°C

As depicted in fig. 8, the tensile strength of the material at 
800°C was 885 mpa.

fig. 9 shows the relationship between temperature and 
Young’s modulus. 

fig. 8. Relationship between tensile strength and temperature

fig. 9. Relationship between temperature and Young’s modulus

figs. 10 and 11 show the relationship between the coef-
ficient of thermal expansion and temperature and between 
temperature and thermal conductivity, respectively.

fig. 10. Relationship between coefficient of thermal expansion and 
temperature

fig. 11. Relationship between thermal conductivity and temperature

The numerical calculation results are presented in TABLe 3, 
providing mechanical property parameters for strength simula-
tion analysis of turbine blades.

The experimental findings of σ0.2 at 900°C could verify the 
numerical calculation, affirming the reliability and effectiveness 
of the results.
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The mechanical properties of the mAR-m247 superalloy 
were calculated based on the tensile test data. The results pro-
vided crucial mechanical property parameters for the strength 
simulation analysis of turbine blades.

3. finite element analysis

in actual operating conditions, heavy-duty gas turbine 
blades, as shown in fig. 12, operate in environments character-
ized by high temperature, high load, and prolong exposure to 
corrosion. The loads acting on blades mainly include centrifugal 
stress, thermal stress, and airflow excitation force. The mechani-
cal property parameters of the mAR-m247 superalloy could 
accurately calculate the maximum stress of turbine blades [15]. 
This is crucial in evaluating their strength.

The finite element modeling of the blade was constructed 
using tetrahedral mesh elements (with an element size of 1 mm), 
as shown in fig. 13. A total of 1,204,283 elements and 1,809,976 
nodes were included. 

The finite element simulation analysis of the blade was 
conducted, and the stress distribution of the blade is shown in 
fig. 14.

fig. 14 shows that stress concentration positions were 
located at the tenon teeth and round corners near the listrium in 
the suction surface and the pressure surface. The stress distribu-
tion in the middle of the blade was relatively uniform. The stress 
was concentrated at the exhaust edge of the listrium, the blade 
shroud near the inlet edge, and the middle of the blade shroud 
in the suction surface.

The stress distribution of the blade body is illustrated in 
fig. 15.

fig. 15 shows that the stress concentration positions of the 
blade body were the exhaust edge of the listrium, the inlet edge 
near the blade shroud, and the inlet edge near the blade shroud 
of the suction surface

The areas of stress concentration, namely the assessment 
areas for strength, were marked as shown in fig. 16. The stress 
distribution was analyzed based on the simulation values through 
analysis paths.

TABLe 3

mechanical properties of the mAR-m247 superalloy

Temperature (°C) 20 400 500 600 700 800 900
Young’s modulus (gpa) 207 189 184 177 170 166 158

Yield strength (mpa) 877 789 775 763 751 740 640
Tensile strength (mpa) 936 901 894 886 880 848 725

Coefficient of thermal expansion (10–6/K) — 12.92 13.41 13.87 14.34 14.82 15.55
Thermal conductivity (W/m*K) 10.24 15.47 16.76 18.02 19.26 20.52 21.94

fig. 14. Stress distribution of turbine blades

fig. 12. geometric model of gas turbine blades

fig. 13. finite element model of the blade
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fig. 17 shows the stress distribution along paths 1-1', 2-2', 
and 3-3' at the blade tenon teeth.

fig. 17 shows that the stress of the tenon 1, fillet 2 and 
tenon 3 at the inlet edge was relatively high. The stress of fil-
let 2 was the highest near the exhaust edge. The amplitude was 
close to 800 mpa.

fig. 18 shows the stress distribution along paths 4-4' and 
5-5' at the blade body.

fig. 18 shows that the stress at the 4-4' position of the 
blade body was concentrated at the exhaust edge of the listrium. 
The maximum value was 332 mpa. The stress on the suction 
surface was greater than that on the pressure surface. The stress 

(a) Suction surface of the blade body (b) pressure surface of the blade body

fig. 15. Stress distribution of the blade body

fig. 16. Analysis paths of the tenon teeth and the blade body

Position / m

St
re

ss
 / 

Pa

4151
4406
4661
4916
5171
5426
5681
5936

6701
6446
6191

0.98
1.96

2.94
3.92

4.90
5.88

6.86
7.84

8.82
9.800

�Position / m

(x10*-2 )     6481
6651
6821
6991
7161
7331
7501
7671
7841
8011
8181

(x10*5 )        

St
re

ss
 / 

Pa

0.88
1.76

2.64
3.52

4.40
5.28

6.16
7.04

7.92
8.800

(a) 1-1' position (b) 2-2'position

�Position / m

(x10*-2 )     6481
6651
6821
6991
7161
7331
7501
7671
7841
8011
8181

(x10*5 )        

St
re

ss
 / 

Pa

0.88
1.76

2.64
3.52

4.40
5.28

6.16
7.04

7.92
8.800

(c) 3-3' position
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distribution at the 5-5' position was relatively uniform. The stress 
amplitude was 210-240 mpa.

fig. 19 shows the stress distribution along the path 6-6' 
near the blade shround.

fig. 19 shows that the stress on the inlet and the exhaust 
edges of the pressure surface at the 6-6' position was high. Stress 
values in the middle part of the suction surface were large, with 
the maximum value being 314 mpa. High-stress positions were 
located at the exhaust edges near the lower part of the blade body 
and the intake edge near the blade shround.

The strength analysis for the turbine blade was carried out, 
and the stress distribution was obtained based on the mechanical 
property parameters of the mAR-m247 superalloy with heat 
treatment.

4. conclusions

This study conducted a metallographic analysis of the 
mAR-m247 superalloy and a simulation analysis of the blade 
strength. The following conclusions were drawn from this study:
(1) Analysis of the results of metallographic experiments 

revealed that the heat treatment process influenced the 
grain size, phase γ', carbides, and eutectic phase γ/γ'. This 
indicated that the heat treatment improved the mechanical 
properties of the mAR-m247 superalloy.

(2) Based on the tensile tests, the mechanical properties of the 
mAR-m247 superalloy were calculated through material 
property simulation. The results provided the basis for the 
strength simulation analysis of the blade.
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(3) The mechanical property parameters of the mAR-m247 
superalloy were used in the strength simulation for the 
turbine blade. The finite element simulation analysis of 
the blade provided the stress distribution, and the strength 
of the turbine blade was evaluated. Accurate estimation of 
the strength of the turbine blades is significant.
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