Rare Met. (2019) 38(3):227-232
https://doi.org/10.1007/s12598-016-0862-9

RARE METALS

www.editorialmanager.com/rmet

@ CrossMark

Low-cycle fatigue behavior of a directionally solidified Ni-based
superalloy subjected to gas hot corrosion pre-exposure

Hong-Yu Qi, Ji-Shen Yang, Xiao-Guang Yang*

, Shao-Lin Li

Received: 19 August 2015/Revised: 9 November 2015/ Accepted: 19 December 2016/ Published online: 10 March 2017
© The Nonferrous Metals Society of China and Springer-Verlag Berlin Heidelberg 2017

Abstract The influence of gas high-temperature hot cor-
rosion (HTHC) pre-exposure on low-cycle fatigue (LCF)
behavior was characterized for the directionally solidified
(DS) Ni-based superalloy DZ125. Fatigue tests were car-
ried out at 850 °C in the pre-exposed and unexposed
specimens for 2, 15 and 25 h. Experimental results show
that the porous corrosion scale and vy'-depleted layer
formed in gas hot corrosion condition alter the crack ini-
tiation mechanisms of the superalloy. Fatigue cracks of the
pre-exposed specimens originate from multiple surface
locations where spalling of the corrosion products occur,
while nucleation of unexposed specimen begins in the
defects close to the surface. There is a significant reduction
in LCF behavior for pre-exposed specimens in comparison
with unexposed specimens.

Keywords Low-cycle fatigue; Hot corrosion; Pre-
exposure; Burner rig; Ni-based superalloy

1 Introduction

Directionally solidified (DS) nickel-based superalloy, which
has superior fatigue and creep properties in a large temper-
ature range compared with the conventional polycrystalline
Ni-based superalloy, is used for modern aero-engine turbine
hot section components, such as turbine blades.
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During the aero-engine service in a marine environment, the
turbine blades are subject to high-temperature environmental
attack due to the ingested salt from sea water and saline
atmosphere in combination with sulfur, vanadium and other
alkali metals in aviation fuel [1, 2]. The molten salts in the
prevailing temperature generally induce two types of hot cor-
rosion: Type I (high-temperature hot corrosion, HTHC) and
Type I (low-temperature hot corrosion, LTHC) [1, 3]. Mean-
while, the blades also experience significant temperature and
stress fluctuation that lead to localized and small plastic strains.
Hence, the components are designed against low-cycle and low-
frequency fatigue [4]. The interaction of hot corrosion and low-
cycle fatigue (LCF) often determines the ultimate failure of
turbine blades. Therefore, the investigations on hot corrosion
and LCF interaction have been reported [5—10]. However, these
previous studies were generally carried out under the air hot
corrosive condition. Few scholars have focused on the LCF
behavior of DS superalloy pre-exposed in gas HTHC environ-
ment that simulated the actual service condition of the DS tur-
bine blades. This mainly owes to the experimental difficulties
and high costs associated with conducting the experimentations.

The objective of this study is to provide a better
understanding about how gas hot corrosion prior exposure
influences LCF behavior of DS nickel-based superalloy
typically used for aero-engine turbine blades material.
Fatigue tests were carried out in the pre-exposed and
unexposed specimens for different time.

2 Experimental
2.1 Materials and specimen preparation

The DS nickel-based superalloy DZ125 was investigated
after the following heat treatment: 1180 °C/2 h + 1230 °C/
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3 W/AC + 1100 °C/4 h/AC + 870 °C/20 W/AC (AC: air
cooling). The nominal chemical composition of DZ125
alloy (in wt%) is: balance Ni, 0.100 C, 8.900 Cr, 10.000 Co,
7.000 W, 2.000 Mo, 5.200 Al, 0.900 Ti, 3.800 Ta, 1.500 Hf
and 0.015 B.

Figure 1 shows the geometry of L-oriented specimen for
LCEF tests. The [001] orientation of DS grains is parallel to
the axis of specimen, i.e., the loading direction corresponds
approximately to the principal orientation. To exclude
surface machining defects, the gauge sections of all solid
specimens were fine-ground with 400, 800 and 1200 grit
SiC sand paper successively before testing [11].

2.2 Pre-exposure LCF testing

The effects of prior high-temperature-fuel-gas hot corro-
sive exposure on LCF behavior were investigated using
pre-exposure time (#,) of 2, 15, 25 h and pre-temperature
(Tpre) of 850 °C. In all cases of hot corrosion prior expo-
sure, a dried mixture salt coating of about 5 mg-cm >
(75 wt% Na,SO, + 25 wt% NaCl) on the surface of each
tested specimen was achieved via several sprays, and a fine
salt distribution on the specimen surface was observed, as
exhibited in Fig. 2a. Prior exposure tests were carried out
using a self-designed burner rig operating at atmospheric
pressure. This burner rig was fired using an aviation fuel
(RP-3). After prior exposure treating, all specimens were
cooled to room temperature and prepared for LCF tests.
Moreover, the LCF behavior of some bare specimens
unexposed was used to compare with that of the pre-ex-
posed specimens.

The high-temperature LCF experiments on pre-exposed
and unexposed specimens were conducted at 850 °C on
servo-hydraulic material fatigue testing system (Shimadzu-
EHF-EM100) with 100 kN under total load-control mode,
while mechanical stress cycle had a triangular shape with a
stress ratio R of 0, a constant stress rate of 400 MPa-s~!
and the maximum stress (G,.x) of 680 MPa. During the
tests, the continuous temperature was measured with
external thermocouples attached to the specimen to keep
the temperature variation of 2 °C within a gauge section.
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Fig. 2 Macrophotographs showing specimen prior to fatigue testing:
a salt-coated and b after exposed to hot corrosion environment at
850 °C for 15 h

2.3 Microstructural examinations

The cross-sectional morphologies and fracture surfaces of
all tested specimens were examined under scanning elec-
tron microscopy (SEM, JEOL JSM-6010) to study the
effects of HTHC pre-exposure on LCF behavior of super-
alloy DZ125. The composition of corrosion products was
analyzed using energy-dispersive spectrometer (EDS)
equipped to SEM.

3 Results and discussion
3.1 Surface layer characterization

High-temperature hot corrosion generally consists of two
stages: the incubation period and accelerated corrosion
attack period [12]. Meanwhile, the corrosion process
contains oxidation reaction. Strictly speaking, high-
temperature oxidation is only one type of high-temper-
ature corrosion. Therefore, a protective Cr,03/Al,03
scale is usually formed in the initial stage of hot cor-
rosion, but is subsequently broken due to the attack of
molten salt on the surface of specimen. And then, a
porous corrosion layer is generated on the external
surface of specimen, which cannot provide an effective
protect to suppress corrosive elements penetration
inward [13, 14]. Further, as the result of Al and Ti being
stripped from vy’ particles, the y’-depleted zone, which
can be also named as the sulfidation layer due to the
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Fig. 1 Shape and dimensions of L-oriented specimen for LCF tests (all dimensions in mm)
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existence of chromium sulfides, is generally found
beneath the corrosion scale.

Figure 2b shows that the prior HTHC exposure alters
the sample surface which is very rough and has a greenish
appearance. The greenish color may be a macroscopic
feature of HTHC products [3, 15]. The high magnification
view of the surface condition of pre-exposed and unex-
posed fatigue specimens scanned by SEM is shown in
Fig. 3. The prior gas hot corrosion exposure influences the
microstructure of specimen surface; however, the pre-ex-
posed specimen surface is rough, while the unexposed is
smooth. Two different regions on the surface of pre-ex-
posed specimen are marked as Regions B and C. The
compositions of the major corrosion products are listed in
Table 1. Owing to just slight spallation on Region C, the
surface produces mainly consist of Al,O3 and NiO. Region
B is mostly composed of a porous and loose Co and Ni
oxides. It indicates that the specimen surface may occur
local corrosion damage after prior gas hot corrosion
exposure, which may be attributed to the nonuniform salt
coating surface under fuel gas flow.

Cr and Al contents in the exposed Region B, as shown in
Table 1, are less than those in the initial state. Once the
sample is subjected to subsequent fatigue loading, corro-
sion product spallation may locally occur, as shown in
Fig. 3. The corrosion scale prior to fatigue cycling alters

Table 1 Elemental content of DZ125 alloy in Regions A, B, and C of
Fig. 3

Elements  Region A Region B Region C
wiwt%  xlat%  wiwt%  xlat%  wiwt%  xlat%
o 21.45 46.74  21.73 49.09 21.77 45.82
Al 11.03 14.25 3.12 418  15.27 19.05
Ti 0.81 0.59 0.81 0.61 1.48 1.04
Cr 10.41 6.98 5.11 3.55 7.02 4.55
Co 9.09 538 2211 13.56 7.98 4.56
Ni 41.61 24771 47.11 29.00 41.36 23.72

the diffusion and damage processes locally at the surface
and influences the fatigue life and fracture behavior of
superalloy.

3.2 Specimen sections and fractograph

The most conspicuous effects of exposing superalloy
DZ125 under gas HTHC condition can be categorized as
those affecting either the surface or the subsurface of the
microstructure. The crack initiation behavior of DZ125
alloy is influenced not only by the corrosion scale, but also
the y'-depleted layer. After LCF tests, the thicknesses of
the corrosion scale and the y'-depleted layer of the pre-
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Fig. 3 SEM images of a surface of unexposed specimens (850 °C; R = 0; 6 uax = 680 MPa) and b specimens of a prior hot corrosion exposure

(850 °C; R = 0; 0pnax = 680 MPa; f,,. = 25 h; Ag: applied load)
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exposed specimens are approximately 100 and 13 pm,
respectively, as shown in Fig. 4. However, the fatigue
crack of superalloy is generally prone to initiating at the
material surface or inner defect of material [16]. Since
surface degradation is more aggressive in prior hot corro-
sion condition, cracks are easier to generate on the speci-
men surface and subsequently passed through the v'-
depleted layer into the substrate. The presence of the cor-
rosion scale and 7y'-depleted layer influences the crack
initiation mechanisms.

The SEM images of the fatigue fracture surface features
of pre-exposed and unexposed specimens are shown in
Fig. 5. The fracture surface of unexposed specimens (bare
DZ125 alloy) is flat (Fig. 5a), while that of pre-exposed
samples is relatively uneven (Fig. 5b). Spallation is obvi-
ously observed on the outer surface of the specimens
subjected to pre-exposure and low-cycle loading at ele-
vated temperatures, but is not obvious on the surface of
unexposed specimen. The features of Region A marked in
Fig. 5a, b may be produced in the crack initiation and early
propagation stages. The period has a fairly slow crack
propagation velocity, leading to generate a relatively
smooth fracture surface and fatigue striations, and takes a
large portion of the total fatigue life.

For the unexposed specimen, the fatigue cracks are
subsurface-initiated, and one noticeable fatigue source
could be found on the fracture surface. The main crack
sources are situated in the margin of fracture surface where
casting defects exist in. Stress concentration caused by
defects at elevated temperature leads to subsurface crack
initiation and accelerates the crack growth. It is demon-
strated that subsurface-initiated cracking is the dominant
damage mechanism despite the cracks occurred on the
specimen surface.

Conversely, based on the fracture surfaces of pre-ex-
posed specimens, nucleation of specimen cracks generally
begins in multiple surface locations where spalling of the

corrosion products has occurred because of prior exposure.
In a previous pre-exposure study using DS GTD-111 [17],
the fatigue cracks are nucleated by coalescence of micro-
cracks that form during the pre-exposure period, which
may be the dominant mechanism facilitating damage under
prior exposure condition. Therefore, this finding also ver-
ifies that prior gas exposure alters the crack initiation
mechanism locally.

3.3 Fatigue life

Figure 6 compares the pre-exposed and unexposed effects
on the fatigue life of superalloy DZ125. It indicates that the
specimens pre-exposed in a gas hot corrosion condition
have lower fatigue life than that of unexposed samples.
Pre-exposing the alloy in burner rig has detrimental effect
on life. Increasing the pre-exposure time has the effect of
increasing the corrosion penetration, which further
decreases fatigue life. Table 2 exhibits that the lives of pre-
exposed specimens for 2, 15 and 25 h drop approximately
by 41%, 62% and 83%, respectively, compared with that of
unexposed specimen, showing that the trend of fatigue life
is virtually a straight line down.

In the previous studies involving prior exposure, pre-
exposure results in the reduction of alloy fatigue lives
[17-19]. However, the life reduction is normally a direct
consequence of the degraded microstructure and alloy
mechanical properties. Antolovich et al [18] imply that the
v'-depleted zone developed via prior exposure had detri-
mental effects on the subsequent fatigue life of alloy. At
elevated temperature, the Vickers hardness of y’-depleted
layer is less than that of the matrix material [20]. It sug-
gests that the mechanical degradation may be occurred in
the layer [18]. Therefore, pre-exposing the sample in gas
HTHC environment leads to deeper ingression of the cor-
rosion layer and the y'-depleted layer compared with the
unexposed condition, eventually leading to the reduction of

10 pm

10 pm

Fig. 4 Backscattered electron (BSE) images of longitudinal sections of LCF specimens under different conditions: a unexposed specimens and

b pre-exposed 15 h in hot corrosion environment
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: Casting defect nucleation

Fig. 5 SEM images of fatigue fracture surface features: a, ¢ unexposed specimens, showing single crack origin and crack nucleated at internal
defect; b, d pre-exposed specimens, 15 h, showing multiple crack origins and crack nucleated at surface (850 °C; R = 0; 0,.x = 680 MPa)
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Fig. 6 Histogram of fatigue life for pre-exposed and unexposed
specimens with different prior exposure time subjected to maximum
stress of 680 MPa at 850 °C

Table 2 Reduction rate (RR) and LCF fatigue life (Ny) of pre-ex-
posed and unexposed DZ125 samples

Status Time/h Nilcycles RR/%

Unexposure - 80,270 -

Pre-exposure 2 47,365 40.99
15 30,261 62.30
25 13,729 82.89

the net bear section. In addition, as discussed in Sect. 3.2,
the porous corrosion layer is prone to cracking. Thus, the
LCF life severely decreases for pre-exposed specimen.

Rare Met. (2019) 38(3):227-232

4 Conclusion

The porous corrosion scale and y’-depleted layer of the
specimen pre-exposed in gas HTHC condition are
mechanically degraded layers for the materials, which alter
the diffusion and damage processes locally at the surface
and have a detrimental influences on the fatigue life and
fracture behavior of superalloy.

Prior exposure influences the crack initiation mecha-
nisms. Fatigue cracks of the unexposed specimens origi-
nate from the defects close to the surface and propagate
inward, and subsurface-initiated cracking is the dominant
damage mechanism, whereas nucleation of pre-exposed
specimen cracks begins in multiple surface locations where
spalling of the corrosion products occurs. These cracks
were nucleated by coalescence of microcracks that had
formed during the pre-exposure period.

From the LCF tests conducted at 850 °C, it is estab-
lished that there is a significant reduction in LCF behavior
for pre-exposed specimens in comparison with bare spec-
imens. The life of pre-exposed specimens for 2, 15, and
25 h drops approximately by 41%, 62% and 83%,
respectively, compared with the unexposed specimen life.
The trend of fatigue life is virtually a straight line down
with the pre-exposure time. The life reduction is normally a
direct consequence of the degraded microstructure and
alloy mechanical properties.
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