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Abstract. In this study, the tensile and stress rupture behavior were investigated
on GH4151 alloy with different grain sizes. The test samples were obtained from
turbine disk with different positions. The analysis of micro-structure, grain size,
and fracture morphology were carried out by several typical characteristics way,
indicating that the influence of grain size on tensile and stress rupture behavior is
mainly affected by the number of grain boundary, which affects tensile and stress
rupture behavior of the GH4151 superalloy. The tensile strength of fine-grained
specimens are higher than tensile strength of coarse-grained specimens, and so is
the plasticity. At the same test condition, stress rupture life reduced from 82.5 h to
33.5 h as the grain size decreased from 22.3 um to 11.1 um, which decreased by
59.4%. Moreover, the clongation rate increased from 6.60 % to 25.48 % as the
grain size decreased, which increased by 286%.
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1. Introduction

Nickel superalloys have been used in aircraft, energy, and other fields contributing to
their good comprehensive properties and high temperature resistance [1-8]. The high
efficiency of aero-engine requires higher intake temperature and higher efficiency of
turbine [9], which requires superalloy to have excellent thermal and mechanical
properties. GH4151 alloy is a new nickel-based wrought superalloy strengthened by
v'phase precipitation. Its y' phase precipitation volume fraction is about 52%, which can
be used in turbine disk manufacturing at 750 °C and above. For improving the high
temperature comprehensive properties of GH4151 alloy, the optimum composition of
GH4151 alloy with Nb content of 3.4% and total Al, Ti and Nb content of about 10%
was designed.

The coarse grain size of wrought superalloys is one of the key factors causing the
degradation of alloy properties and application level. Fine grain is good to the benefit
of improving the comprehensive properties [10-18], which is a good means to increase
the service life of castings. Therefore, the influence of refined grain on the
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comprehensive properties is related to the test environment, and the influence of grain
size on the mechanical behavior of superalloys has always been a research hotspot. The
influence of grain size on the creep properties of the alloy was studied [19], and it was
found that the creep properties of IN792 alloy increased with the increasing grain size
from 650 °C to 760 °C. The creep behavior of nickel-based superalloy NR6 with
different grain sizes at 700 °C/700 MPa [20]. It can be seen that coarse grain sizes
increase the inhomogeneity of intragranular creep deformation, but decrease the
inhomogeneity of grain boundary creep deformation, and lead to slip hysteresis of grain
boundary. Researchers [21] analyzed the relationship between grain refinement and
room temperature strength of IN713-LC cast superalloy, and thought that with grain
refinement, the room temperature yield strength of the alloy gradually enhanced.

Although there are many investigation on the relationship between grain size and
mechanical properties of superalloy, most of them are about the influence of refined
grain on deformation mechanism of cast superalloys. The research on wrought alloys is
not exhaustive, therefore, the tensile properties and stress rupture properties of GH4151
wrought superalloy with different grain sizes are studied in this work. The results will
provide help and theory basis for the engineering application of GH4151 alloy.

2. Material and Methods

The electrode was prepared by vacuum induction melting. After casting, the electrode
is polished and trimmed, and its size is ®280mm*1790mm. The electrode needs to be
baked at 350°C* 2h before esR remelting. Finally, electroslag ingot was prepared. The
main chemical constituents of GH4151 alloy are shown in table 1. After
homogenization, extrusion, die forging and final heat treatment, the disk material for
test was obtained. Tensile and stress fracture specimens were prepared using GH4151
alloy disk as raw material.

Table 1. Chemical composition of test material (mass percent %).

Al Cr Mo Ti \ C Nb \ Ce Ni
37 11.9 4.5 2.8 0.5 0.06 34 2.7 trace Bal

The two experiments were taken from different positions of the disk, and there
were different grain sizes due to different strain. However, due to the same solution +
aging heat treatment, the precipitated phase types were the same, so it can be used to
study the influence of grain sizes on stress fracture and tensile behavior.

The microstructure evolution was implemented by transmission electron
microscope (TEM), scanning electron microscope (SEM), optical microscope (OM),
and energy dispersive spectroscopy (EDS).

The SEM and OM samples were prepared by 10% phosphoric acid solution and 3-
4V electrolytic etching in Cr,O3(15g) + H3PO4 (150ml) + H>SO4 (10ml) solution,
respectively. The microstructure was observed by Leica DM6000M optical microscope
and Quanta 200FEG. In TEM analysis, the sample was prepared from several thin
slices with thickness of 50 pum and diameters of 3 mm and then double-jet
electropolishing was performed with a solution of 95% ethanoland 5% perchloric acid
at 40 V. The microstructure characteristics of polished samples were studied by using
200 kV TECANI G2 transmission electron microscope.
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3. Results
3.1. Influence of Grain Size on Tensile Behavior

The microstructure of GH4151before tensile tests was observed by SEM and OM, and
the results are exhibited in figure 1. The two samples are equiaxed crystals, as seen in
figures 1(b) and (e). Using the cross-section-method, the grain sizes for the two
samples are 82.3 um and 12.1 pum, respectively. The distribution of MC carbides and y'
phase in the two samples is similar after the same solution and aging heat treatment.
MC carbides and y' structures were randomly distributed in grains and at grain
boundaries, as described in figures 1(a), (c), (d) and (f).
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Figure 1. The MC, grain, and y’ phase microstructure of specimens. (a)-(c) Coarse-grain specimen; (d)-(f)
Fine-grain specimen.

Sampling along the chord direction of the disc was taken to test tensile properties
of GH4151 alloy. Table 2 exhibits the test results of tensile behavior of samples with
different grain sizes. The fine-grained tensile strength at room temperature is higher
than strength of coarse-grained specimens, and so is the plasticity. It can be found from
the fracture surface that coarse-grained specimens have obvious brittle fracture
characteristics (see in figures 2(a), (b), and (c)), while fine-grained specimens have
dimples characteristics (see in figures 2(d), (e), and (f)). The fraction of transgranular
fracture is the majority in the fracture surface within coarse-grain specimen, as shown
in figures 3(a) and (b), and intergranular fracture is the main feature at within fine-grain
specimen, as shown in figures 3(d) and (e). Figures 3(c) and (f) show that the
distribution characteristics of y'phase under the two conditions are consistent.

Table 2. The tensile properties of coarse-grained and fine-grained specimen.
o,/Mpa op0.2/MPa 0s/% ¥/%
Coarse-grain specimen 1433 1091 12.0 139
Fine-grain specimen 1701 1309 16.9 17.2
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Figure 3. Microstructure and fracture side microstructure. (a)-(c) Coarse-grain specimen; (d)-(f) Fine-grain
specimen.

It is considered that the improvement of tensile strength is related to fine grain
strengthening. The grain size is small, while the grain boundaries increase and
obstacles increase, which requires a large external force to make the crystal slip [22].
Therefore, the yield strength of materials with fine grains increases. Because of the
different orientations of two grains, the movement direction of dislocation must be
changed when moving from one grain to another and the mismatch between two grains
will seriously hinder the movement of dislocation. Therefore, the smaller the grain size,
the stress distribution is more uniform when the alloy undergoes plastic deformation,
which delays the generation of cracks, so the plasticity increases.

3.2. Effect of Grain Size on Stress Rupture Properties

The micro-structure of GH4151disc was observed by two characteristics methods. The
results are shown in figure 4. Both samples are composed of equiaxed grains, as seen in



58 A. Yu et al. / Influence of Grain Size on Tensile and Stress Rupture Behavior

figure 4. According to cross-section method, the average grain sizes of the two samples
are 22.3 pm and 11.1 pm, respectively. Combined with precipitation and redissolution
law of precipitated phase, y’ phase distribution of the two samples is similar after the
same solution + aging heat treatment, as shown in figures 4(b)-(f).

Figure 4. The grain and y’ phase microstructure of stress rupture specimens. (a)-(c) Coarse-grain specimen;
(d)-(f) Fine-grain specimen.

Sampling along the chord direction of the disc was taken to test the high
temperature stress rupture behavior of the GH4151, as shown in table 3. The data
indicates that the stress rupture lifetime reduced more obviously with decreasing grain
size. At the same test condition, it reduced from 82.5 h to 33.5 h as the grain size
decreased from 22.3 pm to 11.1 pum, which decreased by 59.4%. Moreover, the
elongation rate increased from 6.60 % to 25.48 % as the grain size decreased from 22.3
pmto 11.1 um, which increased by 286%.

Table 3. Stress rupture properties of coarse-grained and fine-grained specimen.

Temperature Time/h:m  Average Elongation Average
/Stress in time/h 8/% 8/%
Coarse-grain specimen 93:25 5.92
800°C 71:35 82.5 7.28 6.60
Fine-grain specimen /500MPa 32:20 20.24
34:40 333 30.72 2548

The influence of grain size on the stress rupture behavior of GH4151 at
800 °C/500MPa was studied further. Figure 5 exhibits the rupture fracture morphology
at 800 °C/500MPa. It can be seen from the figures 5(a)-(c) that the surface is mixed
fracture morphology, the surface shows quasi-cleavage morphology, which is brittle
characteristics, and cracks occur on the grain boundaries of large grains and propagate
along the grain boundaries; while small grains show good plasticity. It can be seen
from figures 5(d)-(f) that there are local dimples in fracture morphology, showing
plastic characteristics for fine-grain specimen, and less cracks occur at the grain
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boundaries. From the microstructure distribution on the fracture side, as shown in
figure 6, it can be seen that the distribution characteristics of the phase under the two
conditions are consistent. There are more obvious grain elongation phenomenons for
fine-grain specimen.

The start of dislocations in crystals is closely related to temperature. At high
temperature, thermal activation promotes the movement of dislocations, and more slip
systems are opened. At this time, the grain boundary, as a region with higher energy,
will also produce relative movement between grains under the action of stress, which
will make the grain boundary lose its obstruction to deformation. With the increase of
grain size, the grain boundary area and fracture propagation channels decrease, thus
prolonging the fracture life of samples. Coarse grains have poor coordinated
deformation ability among grains. Therefore, the plasticity is lower than that of fine
grain samples.

5 pm

Figure 5. Fracture morphology of rupture properties specimens. (a)-(c) Coarse-grain specimen; (d)-(f) Fine-
grain specimen.
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Figure 6. Microstructure characteristics of fracture side. (a)-(c) Coarse-grain specimen; (d)-(f) Fine-grain
specimen.



60 A. Yu et al. / Influence of Grain Size on Tensile and Stress Rupture Behavior

The dislocation morphology of stress rupture specimens is shown in figure 7. As
shown in figure 7, the coarse-grained microstructure has larger grain size, longer and
more slip bands and higher local stress concentration, which is consistent with the
literature report [23]. Therefore, more uneven intragranular deformation will occur in
coarse grain microstructure. This will lead to a decrease in grain boundary sliding due
to less grain boundary for coarse-grain specimen. Therefore, dislocations will travel a
longer distance before reaching the grain boundary, which will produce more
dislocation accumulation within grain and delay the activation process of grain
boundary sliding. Therefore, the contribution of grain boundaries in the whole
deformation process will decrease due to the increase of grain size, which makes stress
rupture life of coarse-grain specimen increase. In addition, during deformation, grain
boundary sliding and grain rotation are difficult for coarse-grain specimen, and the
deformation of surrounding grains is not easy to coordinate, and the stress
concentration is relatively high. Finally, the non-uniform deformation in coarse crystals
leads to the decrease of plasticity.
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Figure 7. Dislocation configuration near fracture of coarse grain (a) and fine grain (b).

4. Conclusions

The influence of grain size on tensile and stress rupture behavior of GH4151 was
investigated. The results are as follows:

(1) The tensile strength at room temperature of fine-grained samples are higher,
and the plasticity is also higher.

(2) The atoms on the grain boundary are often irregularly arranged and there are
impurities and defects, and fine grains can increase the grain boundary, which can
effectively prevent dislocations from passing through and improve the strength of
GH4151 alloy.

(3) At the same test condition, it reduced from 82.5 h to 33.5 h as the grain size
decreased from 22.3 pum to 11.1 um, which decreased by 59.4%. Moreover, the
elongation rate increased from 6.60 % to 25.48 % as the grain size decreased, which
increased by 286%.

(4) The coarse-grained specimen has larger grain, longer and more slip bands and
higher local stress concentration within grain, which lead to dislocations to travel a
longer distance before reaching the grain boundary, which makes stress rupture life of
coarse-grain specimen increase. In addition, during deformation, grain boundary
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sliding and grain rotation are difficult for coarse-grain specimen, and thus it is not easy
for surrounding grains to coordinate deformation. At this time, the stress concentration
is relatively high due non-uniform deformation for coarse-grain specimen, which
makes cracks easy to initiate and plasticity decrease.

Acknowledgment

This research is not supported by the any funding.

References

(1]

(2]

(3]

(4]
(3]
(6]

[14]
[13]
[16]
[17]

[18]

[19]

Song XX, Zhou L, Li K, Ren KX, Wang JY. Influence of hot corrosion on precipitation of & phase and
tensile properties of GH4169 Superalloy. Rare Metal Materials and Engineering. 2021; 50(10):3427-
3436.

Wan ZP, Shen JY, Wang T. Effect of hot deformation parameters on the dissolution of y' precipitates
for as-cast Ni-Based Superalloys. Journal of Materials Engineering & Performance. 2021.
https://doi.org/10.1007/s11665-021-06276-0.

Cao JD, Jiang BC, Cao XY, Xia YY, Huang J and Yao D. Microstructure evolution of nickel-based
Superalloy GH202 after high temperature oxidation from 800 °C to 1100 °C. Rare Metal Materials and
Engineering.2021; 50(12): 4288-4295.

Reynolds TD, Collins DM, Soor NK. Identifying heating rate dependent oxidation reactions on a
nickel-based superalloy using synchrotron diffraction. Acta Materialia. 2019; 181: 570-583.

Li XX, Jia CL, Jiang ZH. Investigation of solidification behavior in a new high alloy Ni-Based
superalloy. JOM. 2020; 72: 4139-4147.

Li XX, Jia CL, Jiang ZH. Segregation and homogenization for a new nickel-based superalloy. Vacuum.
2020; 177: 109379.

Zhang M, Zhang B, Wen Y. Research progress on selective laser melting processing for nickel-based
superalloy. International Journal of Minerals, Metallurgy and Materials. 2022; 29(3): 369-388.

Han ZY, Zhang PX, Song JM. Effect of heat treatment on the microstructure and mechanical
propertiesof P/M Inconel 718 superalloy. Rare Metal Materials and Engineering. 2021; 50(2):693-698.
Zhang P, Li J, Gong XF. Creep behavior and deformation mechanisms of a novel directionally
solidified Ni-base superalloy at 900 °C. Materials Characterization. 2019; 148: 201-207.

AnderssonJ. The influence of grain size variation on metal fatigue. International Journal of Fatigue.
2005; 27(8):847-852.

Ho HS, Risbet M, Feaugas X. The effect of grain size on the localization of plastic deformation in shear
bands. Scripta Materialia. 2011; 65(11):998-1001.

Kobayashi K, Yamaguchi K, Hayakawa M. Grain size effect on high-temperature fatigue properties of
alloy718. Materials Letters. 2005; 59(2/3):383-386.

Torster F, Baumeister G, Albrecht J. Influence of grain size and heat treatment on the microstructure
and mechanical properties of the nickel-base superalloy U 720 LI. Materials Science & Engineering A.
1997; 234-236:189-192.

Chen TJ, Wang RQ, Ma Y. Grain refinement of AZ91D magnesium alloy by Al-Ti—B master alloy and
its effect on mechanical properties. Materials & Design. 2012; 34(Feb.):637-648.

Liu H, Chen Y, Zhao H, et al. Effects of strontium on microstructure and mechanical properties of as-
cast Mg—5 wt.%Sn alloy. Journal of Alloys & Compounds. 2010; 504(2): 345-350.

Zhang DD, Zhang XR, Ge XQ. Effect of low content ca on the microstructures and mechanical
properties of AZ63 alloys. Advanced Materials Research. 2012; 472-475:579-582.

Zhang YZ. Improvement of mechanical properties of Al-Si alloy with effective grain refinement by in-
situ integrated Al2.2Ti1B-Mg refiner. Journal of Alloys and Compounds. 2017; 710:166-171.

Bahador A, Umeda J, Yamanoglu R. Ultrafine-grain formation and improved mechanical properties of
novel extruded Ti-Fe-W alloys with complete solid solution of tungsten. Journal of Alloys and
Compounds. 2021; 875:160031.

Whittenberger JD. Tensile and creep properties of the experimental oxide dispersion strengthened iron-
base sheet alloy MA-956E at 1365 K. Metallurgical Transactions A. 1978; 9:101-110.



62 A. Yu et al. / Influence of Grain Size on Tensile and Stress Rupture Behavior

[20] Thibault K, Locq D, Caron P. Influence of microstructure on local intra- and intergranular deformations
during creep of a nickel-based superalloy at 700°C. Materials Science and Engineering A. 2013;
588:14-21.

[21] Wei CN, Bor HY, Ma CY. A study of IN-713LC superalloy grain refinement effects on microstructure
and tensile properties. Materials Chemistry and Physics, 2003; 80(1):89-93.

[22] Ranjan O, Buck O, Thompson RB. A study on the effect of dislocation on the magnetic properties of
nickel using magnetic NDE methods. Journal of Applied Physics. 1987; 61(8):3196-3198.

[23] Lasalmonie A, Strudel JL. Influence of grain size on the mechanical behaviour of some high strength
materials. Journal of Materials Science. 1986; 21(6):1837-1852.



