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The present study was devoted to investigating the stress corrosion behavior of Ni-based
single-crystal superalloys using in situ three-dimensional X-ray tomography. The dynamics of a
total of 169 cavities were tracked in situ for representative statistics. Our results demonstrated
that the growth rate of the cavities under stress corrosion conditions was correlated with their
size and spatial distribution, which provides new insights for preventing premature cavity

coarsening through the tailoring of the cavity.
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NI-BASED single-crystal superalloys have been
extensively used as turbine blades due to their excellent
creep performance, fatigue resistance, and antioxida-
tion.!"* During alloy solidification, casted cavities were
frequently generated”® " because (i) the merging of the
secondary dendrite arms diminishes the liquid supply in
the direction perpendicular to the primary dendrite
stem. These cavities are often formed at the intersections
of primary dendrites and dendrite arms or within the
interior of dendrites,®” and (ii) thermal shrinkage
promotes solidification of residual liquid between den-
drites, which leaves room for pore formation.”’ A large
number of investigations have focused on the influence
of shrinkage cavities on the mechanical characteristics of
Ni-based single-crystal superalloys in recent years.['* 1%
It is generally known that shrinkage cavities easily
evolve into early cracks if loaded.'¥ Additionally, the
fatigue and creep properties of Ni-based superalloys are
primarily affected by the size, shape, and distribution of

HAOYI NIU is with the College of Materials Science and
Engineering, Chongqing University, Chongqing 400030, P.R. China.
FANGCHENG ZHENG, HAO WANG, CHENGLU LIU,
RENGENG LI, XUEWEN LI, and HAO WU are with the Key
Laboratory for Light-weight Materials, Nanjing Tech University,
Nanjing 210009, P.R. China. Contact e-mail: hwu@njtech.edu.cn
QING LIU is with the College of Materials Science and Engineering,
Chongqing University and also with the Key Laboratory for Light-
weight Materials, Nanjing Tech University. GUOHUA FAN is with
the Key Laboratory for Light-weight Materials, Nanjing Tech
University and also with the Advanced Materials Research Institute,
Yangtze Delta, Suzhou 215100, P.R. China. Contact e-mail:
ghfan@njtech.edu.cn
Manuscript submitted August 23, 2022; accepted November 15, 2022.

Article published online December 26, 2022

METALLURGICAL AND MATERIALS TRANSACTIONS A

casted cavities."> "® For instance, the creep resistance of
superalloys below 1000 °C can be greatly enhanced by
reducing the cavity size and density through hot isostatic
pressing.['”!

The aforementioned research was mainly focused on
the impact of shrinkage cavities on the tensile, fatigue,
and creep characteristics of Ni-based single-crystal
superalloys. Nevertheless, turbine blades were subjected
to a large centrifugal stress derived from high-speed
rotation upon service.”® ?? At the same time, Ni-based
single-crystal blades may operate in an acidic environ-
ment, such as chloride ions, and suffer from corrosion
damage caused by the gas combustion products and the
deleterious pollution of the atmosphere.*> > The actual
working conditions of Ni-based single-crystal turbine
blades are analogous to the stress corrosion environ-
ment. As a major casting defect, shrinkage porosity is
one of the common sources for crack initiation, which
significantly degrades the mechanical properties of the
superalloy. Therefore, it is crucial to investigate the
influence of cavity defects on the mechanical perfor-
mance of Ni-based superalloys under stress corrosion
conditions. Traditional characterization techniques gen-
erally provide a two-dimensional view of the size and
distribution of shrinkage cavities. In recent years,
rapidly developed high-resolution X-ray computed
tomography has enabled the identification of micro-
n-scale cavities,”” % which makes it serving as a more
suitable method to study the porosity effect. In the
present study, in situ X-ray tomography was performed
to study the stress corrosion behavior of Ni-based
single-crystal superalloys and thus to further elucidate
the growth kinetics of casted cavities at the sample
surface and in the sample interior.
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Fig. 1—Shrinkage cavities of as-received Ni-based single-crystal superalloys. (a¢) Three-dimensional rendering; (b) sphericity distribution; and (c)

number and volume frequency.

The nominal composition of the selected Ni-based
single-crystal superalloys in the present study was
Ni-5Cr-1.0Ti-5.8 Al-1.0M0-11.8W-9.0Co-1.5Nb-1.0V
(all in wt pct, unless otherwise stated). Stress corrosion
samples were extracted from the single-crystal rod along
the [001] crystal orientation by a medium wire cutting
machine with dimensions of 3 mm (length) x 1 mm
(width) x 1 mm (thickness). The samples were then
polished with 200 to 2000 SiC sandpapers and polished
on microfiber cloth with 1.0 to 0.05 um diamond pol-
ishing agent to remove surface defects. The stress
corrosion test was performed by a Zeiss Xradia Versa
620 X-ray microscope equipped with a stress corrosion
device, as shown in electronic supplementary Figure S1.
The X-ray energy was 150 keV, and the power was
23 W. The corrosive solution was composed of 280 g/L
FeCl; plus 120 g/L HCI. A tensile stress of 450 MPa was
always applied. Image processing, 3D rendering, and
quantitative analysis of the number density, size, and
sphericity of cavities were performed using Avizo
software.

The microstructure of the as-received Ni-based sin-
gle-crystal superalloy is shown in electronic supplemen-
tary Figure S2. Dark shrinkage cavities were clearly
observed on both sides of the dendrite stem. The
formation of such cavities was due to insufficient liquid
at the dendrite stem caused by the merging of dendrite
arms. Similar cavities were also detected between
dendrite arms, or dendrites, as well as at the interaction
between dendrites. We then characterized the shrinking
cavities by removing the pixel of the matrix. As shown in
Figure 1, the shrinkage cavities were uniformly dis-
tributed but differed in the equivalent diameter and
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sphericity. Quantitative statistics indicated that the
smaller the size, the larger the sphericity (Figure 1(b));
more specifically, the sphericity of the shrinkage cavities
was close to 1 when the equivalent diameter was very
small and deviated from the ‘‘ideal” sphericity with
increasing cavity diameters. It was also found that small
cavities were predominated; for example, the number
density of cavities with volumes of <9 x 10° um?
occupied approximately 90 pct; however, their volume
fraction was only 45 pct (Figure 1(c)).

In situ stress corrosion was performed on the
Ni-based single-crystal superalloys. Prior to corrosion,
typical microstructures, such as dendritic stems, primary
dendrites, and secondary dendrites, are presented in
Figure 2(a). The sample was then subjected to an acidic
corrosive environment for 5 minutes. The morphologi-
cal characteristics after corrosion are shown in
Figure 2(b). Corrosion cracking was frequently
observed between the dendrites and secondary dendrites
of the single-crystal superalloy since chloride ions can
easily access the matrix via shrinkage cavities and
dendrites. Figure 2(c) indicates the microstructure after
stress corrosion for 12 hours. It is visible that the early
crack further propagated along the dendrite. In addi-
tion, the surface cracking of the sample started to
behave inhomogeneously. When the corrosion period
was prolonged up to 24 hours, the cracking degree
became more severe and almost traversed the whole
dendritic arm (Figure 2(d)). For clear visualization, the
pixels corresponding to the cracks/voids are colored
navy blue in Figure 2(¢). We found that the internal
shrinkage cavity did not change significantly throughout
the stress corrosion process, and the cavities were mostly
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Fig. 2—In situ three-dimensional rendering of Ni-based single-crystal superalloys after stress corrosion at (a) 0 minute, (b) 5 minutes, (c)
12 hours, and (d) 24 hours. (e) The evolution of the cavities and (f) quantitative statistics of the cavity volume upon stress corrosion.

spread between the dendritic stem and dendrite arm.
The latter implied that the gap between the dendrite
stem and dendrite arm served as a corrosion channel,
causing local rapid failure. The quantitative statistics in
Figure 2(f) also indicated a fast increase in the void
fraction with prolonged stress corrosion.

To quantify the evolution of shrinkage cavities during
stress corrosion, we separated these shrinkage cavities
into internal shrinkage cavities and external surface
cavities based on their spatial position. The evolution of
several randomly distributed internal cavities upon
stress corrosion is shown in Figure 3. Six cavities of
interest were selected and marked by red arrows
(Figure 3(a)). The kinetic analysis revealed that the
internal cavities were not affected during the whole
stress corrosion process, even if a long corrosion period
of 24 hours was applied, only with a very limited surface
deformation. We further evaluated the microdeforma-
tion degree of the internal cavities, and no significant
deviations in the cavity volume were found after stress
corrosion (of the same order of magnitude of merely
5to 15 x 10° um® see electronic supplementary
Figure S3).

METALLURGICAL AND MATERIALS TRANSACTIONS A

We then focused on the evolution of external surface
cavities, since they directly touched the corrosive liquid
and their kinetics may be fundamentally different from
that of the internal cavity. Several representative surface
cavities were selected in Figure 4 to elucidate the
influence of the corrosion environment. The morpholo-
gies of the surface cavities were dramatically changed,
even if the sample was etched for only 5 minutes
(Figure 4(b)). Further corrosion promoted the connec-
tion between the external corrosive liquid and the
internal shrinkage cavity so that the corrosive liquid
could enter the internal cavity, thereby aggravating the
corrosion. In electronic supplementary Figures S4 and
S5, we show the three-dimensional geometry of the
surface cavity and observe coarsening and interconnec-
tion when a cavity is very close to its neighbor.

The aforementioned experimental results pointed out
the significant difference in the growth kinetics of
internal and surface cavities. In particular, the volume
of the internal cavity was slightly varied, while that of
surface cavities rapidly increased. Such a deviation may
be correlated with the environment they situated, where
the surface cavities suffered from the synergetic roles of
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Fig. 3—(a) Spatial distribution and (b) three-dimensional rendering of the evolution of internal shrinkage cavities under different stress corrosion

conditions (Color figure online).

Fig. 4—Two-dimensional slices of shrinkage cavities after stress corrosion at (¢) 0 minute, (b) 5 minutes, and (c) 24 hours.

stress and corrosion; however, for the internal cavity,
the contribution of the stress is much more important.
We further randomly selected a total of 169 cavities to
quantify the growth behavior. Figure 5(a) shows that
the volume change of internal cavities was several times
lower than that of external surface cavities. As an
example, the volume change of external small cavities
can be as large as > 70 pct, while that of internal cavities
was < 10 pct, highlighting the positive effect of the
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corrosion environment on cavity coarsening. In addi-
tion, we elucidated the size-dependent kinetic behavior
using the volume change of the cavity normalized by its
corresponding initial volume as the vertical coordinate
of Figure 5(b). Our quantitative results confirmed that
the smaller the cavity, the larger the degree of the
volume change. This finding also agrees well with the
rapid coarsening of the surface cavity at the initial stress
corrosion stage, as shown in Figure 4(b).
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Fig. 5—Quantitative analysis of the influence of the initial cavity volume on (a) the volume change and () the volume change normalized by the

corresponding initial cavity volume.

In summary, in situ three-dimensional X-ray tomog-
raphy was employed to investigate the stress corrosion
behavior of Ni-based single-crystal superalloys. The
growth kinetics of the cavity were closely correlated with
its spatial position. Quantitative measurements con-
firmed that the dynamics of the surface cavity were
several times larger than those of internal cavities since
the volume change of the surface cavity was substan-
tially accelerated by both the stress and corrosion
environment. In addition, the cavity with a small volume
exhibited a greater growth tendency. The present study
therefore provides insights into protecting the material
by tailoring the cavity size and spatial distribution.
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