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Stress relaxation behavior and creep rupture property of GH4145 alloy
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Abstract. The stress relaxation behavior and creep rupture property of GH4145 alloy were studied.
The results show that GH4145 alloy has good resistance to stress relaxation. During the stress
relaxation test at 566 °C, the coarsening rate of secondary vy’ particles was very slow and the
hardness of the alloy increased due to the increase in the volume fraction of the dispersed secondary
v particles and the precipitation of tertiary y’ particles. The relational expression between stress and
creep rupture life for GH4145 alloy at 566 °C was obtained. The creep rupture strength for times
longer than that of the experimental data can be estimated by using this equation.

Introduction

GHA4145 alloy is a precipitation-strengthened nickel-based superalloy, similar to Inconel X-750.
It exhibits high strength and low creep rates up to a temperature of 900 °C, together with good
corrosion and oxidation resistance in a large number of media and oxidants [1] and is currently
applied for bolts in middle/high-pressure cylinders of large capacity steam turbine [2] [3]. The bolts
are usually subjected to tensile stress resulting from tightening during service. However, at high
temperature environment, relaxation of such stress would take place. When the residual stress is less
than the minimum sealing stress, the steam would escape from the joint face of the cylinder, causing
an accident. Therefore, the stress relaxation behavior as well as the creep rupture property is also of
critical importance for GH4145 alloy to ensure the safe operation of the supercritical (SC) and
ultra-supercritical (USC) units. But little data on these subjects have been reported to date. The
present study will focus on the stress relaxation behavior and creep rupture property of the alloy
under supercritical conditions.

Material and experimental procedures

GHA4145 alloy are used as the material for this study and its chemical composition is listed in
Table 1. The alloy was solution treated at 1130 °C for 2 h followed by cooling in air and then aged
at 845 °C/24 h/FC + 705 °C/20 h/AC. The standard specimens, 10 mm in diameter and 50 mm in
gauge-length, were prepared from the aged alloy. Stress relaxation tests were conducted at 566 °C
and the strain level of 0.2% for 2000 h. The microstructure and Brinell hardness of the samples
before and after the relaxation test were studied by means of an optical microscope (OM), a field
emission scanning electron microscope (FESEM) supplemented by energy dispersive spectrometry
(EDS) and a Brinell hardness tester. For OM observation, the samples were mechanically polished
and chemically etched in a solution containing 15 g CuCI2 + 100 ml HCI + 100 ml C2H50H. For
FESEM observation, the samples were electrolytic polished in a solution of 20% H2S04 + 80%
CH3O0H with a voltage of 20 V and electrolytically etched in a solution containing 150 ml H3PO4 +
10 ml H2S0O4 + 15 g CrO3 with a voltage of 5 V.
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Creep rupture tests were also performed at 566 °C and at different stress levels on the cylindrical
specimens of 5 mm in diameter and 25 mm in gauge-length, which were machined from the aged
alloy.

Table 1 Chemical composition of the investigated alloy / mass%

C Cr Fe Al Ti Nb Si Mn S P Cu Ni
0.048 | 1533 | 6.96 | 0.74 | 2.58 | 0.99 | 0.10 | 0.05 | 0.001 | 0.004 | <0.07 | Bal.

Stress relaxation behavior

Fig. 1 shows the relationship of remaining stress in the aged GH4145 alloy with relaxation time
at 566 °C. The curves can be divided into two stages. Stress drops very fast in the first stage while
quite slowly in the second stage and residual stress approaches a limit after a long relaxation time.
The initial stress was 364.7 MPa. After the test end at 2000 h, the remaining stress was 327.3 MPa
and stress decreased by only 10.3%, implying that the alloy has good resistance to stress relaxation.
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Fig. 1. Relationship of remaining stress in the aged alloy vs. relaxation time at 566 °C

Fig. 2 shows the microstructure of the alloy before and after the relaxation test. The optical
microstructure of the aged alloy consisted of equiaxed grains of f.c.c. y with an average size of 117
um. Primary carbides of various sizes ranging from 1 to 10 um were aligned arrays, as shown in Fig.
2 (a). It is known that the precipitates in GH4145 alloy are mainly y’ phase and carbides [4]-[7]. Fig.
2 (b) shows the morphology and distribution of the precipitates in the aged alloy. It can be seen that
y' particles with different shapes and sizes, which are often referred to as secondary y' precipitates,
were distributed in grain interiors. The cuboidal y’ particles are surrounded by the spherical particles.
The size of the former is significantly larger than that of the latter (see Table 2).

It is well known that the morphological development of y' particles in nickel-base superalloys
during coarsening proceeds in the sequence: spheres — cuboids — cuboidal arrays (a group of eight
cuboids, i.e. an octet or a pair of parallel plates, i.e. a doublet) — dendrites [8]-[10]. The y’ particles
are small and the interfacial energy dominates the coarsening process at the early stage of
precipitation. As a result, the particles take a spherical shape. However, as y' particles coarsen, the
elastic strain energy associated with the misfit between the particle and the matrix structures
dominates the coarsening process over the interfacial energy. Consequently, the morphology of y
particles changes from spherical to cuboidal shape and an isolated cuboid splits into a doublet or an
octet due to the anisotropic elastic strain field. In Fig. 2 (b), the cuboidal y" particles were
precipitated at the first-step aging treatment, whereas the spherical y' particles were precipitated at
the following second-step aging treatment [11]. Therefore, the size of the former is significantly
larger than that of the latter and the morphology of the former was also changed from spherical to
cuboidal shape.

Remaining stress / MPa
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(c) Optlcal image, after the test ~ (d) SEM micrograph, after the test
Fig. 2. Microstructure of the alloy before and after the stress-relaxation test

Table 2 Average size of y’ precipitates in the alloy before and
after the stress-relaxation test at 566 °C / nm

Precipitate Before the test After the test
Cuboidal secondary y’ 97.5 104.3
Spherical secondary y’ 39.6 44.4

Spherical Tertiary y’ - 17.1

After the relaxation test, the average grain size of the alloy increased from an initial value of 117
um to about 160 um. Although no obvious change can be found in the morphology and distribution
of secondary vy’ precipitates, but their average sizes increased slightly (see Table 2). In addition,
spherical tertiary y' particles with an average size of 17.1 nm were dispersedly precipitated in grain
interiors.

The Brinell hardness values of the alloy before and after the relaxation test are given in Table 3.
It can be seen that the hardness of the alloy increased during the relaxation test.

Stress relaxation can be considered as special creep during which both stress and plastic strain
rate decrease gradually, but the total strain remains constant. Creep resistance of nickel-base
superalloys depends on such factors as solid solution hardening of the f.c.c. y matrix by the addition
of alloying elements, e.g. Cr, Nb etc. (see Table 1), grain boundary strengthening by carbides and
most importantly, on the ability of y’ phase to impede dislocation motion [12]. GH4145 alloy
contains Ti and Nb, which may partially substitute Al in the y’ phase and increase lattice mismatch
between the vy’ phase and matrix [4], making the strengthening effect of the y’ phase improve. It was
reported that the y' particles in GH4145 alloy may grow to the order of a few microns in diameter
and still remain coherent with the matrix [5]. Therefore, the alloy has good resistance to stress
relaxation. Moreover, the precipitation of fine tertiary y’ particles in grain interiors during the
relaxation test made the strength and hardness of the alloy increase and the creep rate decrease
further.
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Table 3 Brinell hardness of the alloy before and after the stress-relaxation test at 566 °C
Hardness Before the test After the test

HBW 5/750 300 346

Stress rupture property

Fig. 3 shows the creep rupture life of the aged GH4145 alloy under different stress levels at
566 °C. The rupture time increased from 186.5 to 2817.3 h when the applied stress dropped from
780 to 680 MPa. The relational expression between stress and rupture time can be obtained by a
linear regression analysis of experimental data in Fig. 3 and is shown as follows:

lg6=3.004-0.0495Ig t 1)

where o is the applied stress, t is the rupture time (i.e. the creep rupture life). The correlation
coefficient of the above fitting is 0.9991. The creep rupture strength for times longer than that of the
experimental data can be estimated by using the above equation.
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Fig. 3. Stress vs. creep rupture time curves for the aged alloy at 566 °C

Conclusions

GHA4145 alloy has good resistance to stress relaxation. During the stress relaxation test at 566 °C,
although the average grain size of the alloy obviously increased, the coarsening rate of secondary vy’
phase is very slow. The precipitation of tertiary y' particles made the hardness of the alloy increase.

The relational expression between stress and creep rupture life for GH4145 alloy at 566 °C was
obtained. The creep rupture strength for times longer than that of the experimental data can be
estimated by using this equation.
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