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ABSTRACT This paper investigated the effect of surface recrystallization (RX) on the low cycle
fatigue (LCF) behaviour of a single crystal (SX) superalloy. LCF tests on both raw
and recrystallized samples showed that fatigue life was significantly reduced by surface
RX. Fractography indicated that fatigue cracks initiated from the casting defects in RX
layer and multiple crack initiations were commonly observed. Moreover, RX grains
exhibited predominantly transgranular cracking, in contrast to the intergranular
fracture reported in literature. The fatigue crack propagation behaviour was discussed
in light of fracture mechanics and crack growth life model. The fatigue cycles required
to penetrate RX layer were estimated to be about one magnitude lower than that in
forming an equivalent crack in SX specimens. It is suggested that the earlier crack
initiation and promoted crack propagation in RX layer, as well as the trend of multiple
initiations, are responsible for the fatigue degradation by RX.

Keywords crack initiation; crack propagation; low cycle fatigue; recrystallization; single
crystal superalloy.

NOMENCLATURE a = crack length or depth
a0 = initial crack size
af = final crack size before fracture

C, n = Paris parameters
C1, m = model parameters
da/dN = crack growth rate

ER = Reuss’s average modulus
Nf = number of cycles to failure
Np = fatigue crack growth life
Ni = fatigue crack initiation life

NpRP = fatigue crack growth life in recrystallization layer
NfRX = fatigue life cycles consumed in recrystallization layer
Nf SX = fatigue crack growth life in single crystal substrate

S11,S12,S44 = elastic compliance constants
ΔK = stress intensity factor range
σa = stress amplitude

INTRODUCT ION

Recrystallization (RX) is a well-known issue in the
casting processing and service of turbine blades made
of directionally solidified (DS) and single crystal (SX)

nickel-based superalloys.1,2 Plastic deformation might
be introduced by several possible sources during
manufacturing and processing of the new blades as
well as during service and reconditioning.1,3,4 And
RX would occur if the deformed parts were exposed
to a high enough temperature in any of the processes.
In recent decades, the RX problem has gained notableCorrespondence: H.-J. Shi. E-mail: shihj@mail.tsinghua.edu.cn
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increasing attention from both scientists and engineers,
because of the demanding safety requirements of mod-
ern turbine components used in aeronautic engine and
industrial land base gas turbine.1–3,5–8 It has been
accepted that surface RX of nickel-based superalloys
may be responsible for the performance deterioration
and failure of DS and SX turbine blades.1,2 And it is pro-
posed2,8 that the transverse grain boundaries introduced
by recrystallized grains can act as the preferred crack
initiation site due to lack of grain boundary strengthen-
ing elements (e.g. B, Hf and Zr) in SX superalloys.3

While there are extensive studies focusing on the
influence factors5,7 and microstructural morphol-
ogies5,7,9,10 of RX, degradation of tensile11 and creep
properties6,11–13 by RX, less attention has been paid to
the influence of RX on low cycle fatigue (LCF) behav-
iours.3,8 Among the limited research in open literature,
studies on different alloy systems under different fatigue
test conditions have not yet produced conclusive results.
For instance, it is reported that remarkable decrease in
fatigue life can be observed in CMSX-4,3 DZ42,14 and
DZ40M8 superalloys with surface RX. However, the
work of Bürgel et al.1 on CMSX-6 superalloy with
0.1mm surface recrystallized layer revealed no significant
difference in crack initiation life between the RX and
raw samples, except for a much higher crack density in
RX layer. Moreover, it is recently found in DZ4 DS
superalloy15 that the sample with RX layer generated
under a high-pressure shot peening exhibited even
higher fatigue life than that of raw DZ4 superalloy. It is
demonstrated that the discrete RX grains are most
harmful to the fatigue properties, whereas compact

recrystallized layer does not necessarily lead to degradation
in fatigue life.15 Besides, there is another issue, that is,
whether the recrystallized grain boundaries are always the
preferential crack initiation site, or if not, the critical
influence factors have been rarely clarified to the author’s
knowledge. Hence, further experimental investigation is
in great need to address and add lights to these questions.

In the present study, a 150μm uniform RX layer with
one grain through the depth was prepared on a SX
superalloy by shot peening and subsequent heat treat-
ment. Further, a series of LCF tests were performed at
550 °C, for specimens with and without RX. The effects
of continuous RX layer on the LCF behaviour of SX
superalloy were extensively studied, together with
fractography and microstructural observations, to under-
stand the characteristics of fatigue crack initiation and
propagation. An evaluation of fatigue crack growth life
provided insight into the life percentage consumed in
RX layer and helped to understand its influence on fatigue
life. This study also aimed to provide a more comprehen-
sive viewpoint in understanding the fracture mode and
life degradation of RX layer and hence benefits the
maintenance of SX components with respect to RX issue.

MATER IAL AND EXPER IMENTAL PROCEDURE

The material used in this study is a SX nickel-based
superalloy with a nominal composition as shown in
Table 1. The high content of Cr is to promote its hot
corrosion resistance. SX rods were DS to produce a
[001] crystal orientation. The crystallographic orientation
along the axis of the bar was determined to be within 5o

of dispersion using the Laue X-ray diffraction technique
as described in Ref. [16] The as-received superalloy has a
two-phase microstructure (Fig. 1), which consists of a
face-centred cubic γ phase and a precipitated L12 γ′ phase.
Some blocky carbides rich in Ta are widely distributed,17

Table 1 The chemical composition of single crystal superalloy (wt pct)

C W Cr Co Mo Ti Al Ta Ni

0.067 3.9 12.0 9.0 2.0 4.0 3.6 5.0 Balanced

Fig. 1 Typical microstructure of the single crystal superalloy (a) scanning electron microscope micrograph (b) transmission electron
microscopy micrograph.
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and eutectic pools can be observed occasionally in metallo-
graphic examinations (Fig. 1a). Figure 1b is a typical trans-
mission electron microscope image of this SX superalloy,
in which the γ′ precipitates have an average size of 0.5μm.

The dimensions of LCF testing specimen are shown in
Fig. 2a. Figure 2b shows an example of the as-machined
fatigue specimen. All LCF specimens have the longitudinal
axis oriented along the nominal [001] direction. The SX bars
were subjected to shot peening at 0.45MPa for 10min (about
2×98% coverage) to produce a uniform deformation layer
on the sample surface. (Fig. 2c). The deformed samples were
then sealed in a quartz tube in which a positive pressure of
argon gaswasmaintained. A solution andprecipitate heat treat-
ment was performed followed by air cooling, to be consistent
with the standard procedure of turbine blade in practice. The
LCF specimens with recrystallized layer were polished using
3μm and 1μm diamond paste prior to LCF testing (Fig. 2d).

The LCF tests of both raw SX specimens and recrystal-
lized specimens were conducted in ambient atmosphere
under fully reversed (R=�1) axial strain control mode,
employing a SHIMAZU servo-hydraulic system of ±98kN
dynamic load capacity. Axial strain was measured and con-
trolled from an axial gauge length extensometer mounted

on the test specimen prior to LCF testing. A strain rate of
10�3 s�1 was employed for all tests. The specimens were
heated in a furnace installed on the fatiguemachine. Uniform
heating of the specimen gauge lengthwas attained by carefully
monitoring and controlling the specimen temperature using
three separately adjustable thermocouples. The temperature
profile remained within about ±2 °C of the nominal tempera-
ture throughout each test. To understand the crack initiation
and propagation of recrystallized samples, seven fatigue spe-
cimens with 150μm RX were subjected to interrupted tests
under the same strain amplitude. The drop-in load was mea-
sured by decrease of force compared with the stabilized force
or the force at middle life. Fractography of all fatigue speci-
mens and microstructural analysis were performed using a
scanning electron microscope (SEM) of Quanta 200F.

RESULTS AND DISCUSS ION

Recrystallization microstructure

Figure 3 shows the typical microstructure of RX on the
fatigue specimen surface. The RX depth was about

Fig. 2 Low cycle fatigue testing specimen: (a) specimen dimension (all dimensions in mm), (b) as-machined, (c) after shot peening and (d) after
recrystallization and polishing.

Fig. 3 Optical microstructure of surface recrystallized specimen: (a) transverse section and (b) longitudinal section.
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150μm on average in Fig. 3a and b. Of interest is that
there is generally a single grain through the RX layer
thickness in all samples, which is similar to that obtained
in CMSX-2 superalloy.12 Residual stresses originated
from shot peening assisted dissolution of the existing
phases during the solution heat treatment. Annealing
twins can be observed in some RX grains, as arrowed in
Fig. 3a and b.

The inset in Fig. 3a is a SEMmicrograph of RX grains
showing the triple joints. The RX grains have comparable
microstructure with the substrate SX superalloy, in terms
of the size and morphology of γ′ precipitates. This is
distinct from the cellular RX microstructures with coarse
γ′ obtained in Bürgel’s1 and Okazaki’s work.3 It is reason-
able as the present study used a solution heat treatment
above the γ′ solvus, where equiaxed RX grains containing
comparable γ′ size were expected because of the absence
of most of the barriers, for example, γ′ particles and
eutectics.5 The RX grain boundaries contain a higher
fraction and slightly larger size of γ′ precipitates, which
can be evidently observed in Fig. 3a.

Strain-life curve

The strain amplitude was plotted in terms of the number
of cycles to failure for specimens with and without RX,
shown in Fig. 4. It is seen that the 150 μm surface RX
layer has a significant effect on the LCF life of SX
superalloy. Taking the specimens under the same ampli-
tude (i.e. ε3), for example, the average fatigue life of raw
specimens is around 11 400 cycles, whereas that of RX
specimens is 1347 cycles. That is to say, the LCF life
was about one magnitude lower because of RX. With
higher strain amplitude (i.e. ε2), the fatigue life was also
reduced by about 80%. The results in Fig. 4 indicated
that the RX had remarkable detrimental influence on

the LCF life of SX superalloy. This degradation of
fatigue life by partial RX is similar to that reported in
other SX superalloy3 and DS superalloys,8,18 despite of
different alloy systems and testing conditions.

Fatigue fracture behaviour
Fractography

To understand the observed effect of surface RX layer on
fatigue life, all samples were examined under SEM after
fatigue tests. For raw SX specimens, the overall appear-
ance of the fracture surfaces at 550 °C revealed that
fatigue fracture occurred predominately on either one
(Fig. 5a) or multiple crystallographic planes (Fig. 6a).
Higher magnification of the crack initiation sites (region
‘b’ in Fig. 5a) showed that casting pores or defects are the
primary crack initiators in this superalloy (arrowed in
Figs 5b and 6b). The aforementioned observation agrees
with our former studies of this superalloy at intermediate
temperature.17 The crack propagation was inclined about
50o from the specimen axis (i.e. [001]), indicating that the
crack propagated on an octahedral slip plane, which is
the preferred cracking mode for SX superalloy at low
temperatures or high frequencies (>3Hz).17 Figure 5c
is a higher magnification observation of region ‘c’ in
Fig. 5a, where river patterns were readily observed.
Figure 5d shows the fracture at high ΔK region before
final rupture, where ridges were formed by fracture on
two intersecting {111} planes.

For recrystallized specimens, it is found that fatigue
fracture was initiated from the surface RX layer, where
casting pores (Figs 7c and 8a) or other defects (Figs 7b
and 8b) acted as the fatigue crack initiators. It should be
noted that the RX grains exhibited transgranular cracking
mode, that is, fatigue cracks passed through RX grains,
indicated by the crystallographic fracture features in
Figs 7b–d and 8. This is distinct from the widely reported
intergranular cracking of recrystallized grains under
either fatigue3,8 or creep11,12 loading conditions in
previous studies. According to the fractography of all fa-
tigue samples, recrystallized grain boundaries were not
the preferred crack sites in this study. The underlying
mechanism will be discussed in the following sections.
After penetrating the RX layer, the crack propagation in
the substrate SX superalloy occurred via crystallographic
cracking, that is along {111} slip planes (marked in Figs 7b
and 8), similar to those in Figs 5a and 6b. River pattern
features were evident on the {111} planes.

Besides, some RX grains can be identified on the frac-
ture surfaces (Figs 7b–d and 8a and b), according to the
different appearance of fracture features, which is mainly
due to the different crystal orientations of RX grains
against the SX substrate. Also, it is emphasized that
recrystallized specimens preferred multiple fatigue crack

Fig. 4 Low cycle fatigue strain-life curves of raw single crystal and
recrystallized specimens.
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initiation, as shown in Figs 7c and 8a. This feature was
commonly observed in all RX samples. Hence, it is indi-
cated that the degradation effect of RX layer is partly due
to the increased possibilities of fatigue crack initiation
from multiple sites.

Sectioned microstructure analysis

Some fatigue specimens were sectioned near the crack
initiation site to disclose the fracture features beneath
the surface. The longitudinal section of an SX specimen
is shown in Fig. 9, which reveals a casting micropore and
a blocky carbide at the crack initiation site. An energy
dispersive spectroscopy analysis indicated that the carbide
is rich in Ta, which is a secondary crack initiator in the
studied superalloy.17 It is reported that Ta-rich blocky

carbides would act as the primary crack initiators in this
series of SX superalloys after reducing the casting porosity
by advanced hot isostatic pressing techniques.19

For recrystallized specimens, the fatigue cracking
features on longitudinal section were shown in Fig. 10.
The RX grain boundary was observed beneath the initia-
tion site (arrowed) in Fig. 10a, indicating a transgranular
fracture mode of the primary crack, which coincides with
the fractography depicted earlier. Some secondary
transgranular cracks were also found, for instance, in
the RX grains in Fig. 10b. Besides, intergranular cracking
was occasionally observed in the examined samples, see
Fig. 10c, where another transgranular crack (arrowed)
was also observed. Figure 10d shows a crack initiated at
the RX grain boundary, which evolved into transgranular
mode eventually. The observations in the preceding text

Fig. 6 Fatigue fracture surface of raw single crystal specimen (185 cycles): (a) overview of fracture surface and (b) crack initiation from casting pores.

Fig. 5 Fatigue fracture surface of raw single crystal specimen (6919 cycles): (a) overview of fracture surface, (b) crack initiation from casting
pore, (c) cleavage fracture and (d) ridges in high ΔK region.
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indicate that transgranular cracking is the predominant
fracture mode of RX grains in the SX superalloy under
study. It reminds one about the temperature-dependent
strength of intra-grain and grain boundary. At tempera-
tures below the so-called iso-strength temperature Ts,
transgranular cracking would be favoured; whereas
intergranular cracking would be dominant above Ts.
The author’s recent studies on DZ4 superalloy15,20 have
also suggested that the difference in fracture mode is
attributable to test condition, especially the temperature,
that is, transgranular cracking dominates below Ts

(between 350 and 760 °C for DZ4 alloy15). For the SX
superalloy under study, it is known that it prefers crystal-
lographic shearing fracture mode at 600 °C or below;17

thus, the transgranular cracking observed in RX grains
can be somewhat rationalized. Intergranular cracking of

recrystallized layer can be expected at much higher
temperatures, which is being studied by additional tests
and will be shown in a follow-up work.21

Despite the aforementioned observations of transgranular
cracking, some other features in the sectionedmicrostructure
can be identified. In Fig. 11a, a crack initiated from a
coarse eutectic in the RX grain. Also it is observed that
the fatigue crack has an evident interaction with local
microstructural inhomogeneity. In Fig. 11b, the crack
passed through the carbide, penetrated the RX/SX
interface, coalesced with the casting pore and continued
to propagate. Similarly, in Fig. 11c, the crack penetrated
the carbides in the way. The transgranular crack in
Fig. 11d was arrested by the carbide ahead. From this
point of view, the carbides can act as barriers of fatigue
crack propagation, although it can be a potential crack

Fig. 8 Fatigue fracture of specimens with 150μm recrystallization layers: (a) primary and secondary crack initiation sites (478 cycles) and (b)
primary crack initiation site (6688 cycles).

Fig. 7 Fatigue fracture of specimen with 150μm recrystallization layer (658 cycles): (a) overview of fracture surface, (b) primary initiation site,
(c) multiple initiations from casting defects and (d) crystallographic fracture.
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initiator in some case. The observations in this study
revealed the primary microstructural inhomogeneities
that are responsible for crack initiation, including
casting pores (Figs 7c, 8a and 11d), eutectic (Fig. 11a)
and carbides (Fig. 11c). These surface or near-surface
defects could lead to stress concentration and localized
plastic deformation to facilitate fatigue crack initiation.

Fatigue crack propagation behaviour

Some fatigue tests of RX samples under constant strain
amplitude were interrupted to obtain more information
about crack propagation. These samples were expected
to have a target fatigue life of about 1300 ~ 1400 cycles.

The LCF tests were interrupted at different load drop
values, that is, 0%, 3%, 5%, 8%, to study the crack
evolution with damage. It is seen in Fig. 12 that the
drop-in load has no evident relationship with the fracture
of fatigue specimen. In sorting the fatigue cycles of each
specimen, it is found that the RX specimens would
survive before 1218 cycles and break after 1274 cycles.

A non-destructive inspection technique, that is,
fluorescence penetrant flaw detection, was used to detect
the surface cracks in the interrupted specimens (Fig. 13a).
The cracks were marked, and then the specimens were
sectioned to examine the depth and path of fatigue
cracks. It is seen in Fig. 13b that after 882 cycles of
fatigue loading, the crack has already penetrated through

Fig. 10 Fatigue cracking behaviour on the sectioned 150μm RX samples: (a) transgranular cracking at initiation site, (b) secondary
transgranular crack, (c) coexistance of intergranular and transgranular cracks and (d) transition from intergranular to transgranular cracking.

Fig. 9 Sectioned microstructure of the raw single crystal superalloy: (a) crack initiation site and (b) energy dispersive spectroscopy result of
the carbide.
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the RX layer and propagated into the SX substrate.
Similar long cracks can be found in other specimens,
for example, a specimen at 959 cycles in Fig. 13c. For
the specimen interrupted at 441 cycles, no evident
macroscopic cracks were found on the specimen surface.
For each of the examined sample, the fatigue crack
lengths were measured from the SEM images taken on
the longitudinal section. The crack length was normal-
ized by the RX thickness and plotted in terms of the
fatigue loading cycles in Fig. 14. It is seen that after 882
loading cycles, the maximal fatigue crack lengths in all
samples are larger than RX thickness, suggesting that
the primary fatigue crack has penetrated the RX layer
in less than 882 cycles (~63% fatigue life).

The SEM observations in the preceding text indicate
that the fatigue process of recrystallized SX superalloyFig. 12 Fatigue tests interrupted at different load drops to evaluate

crack propagation behaviour.

Fig. 13 Fatigue cracking in recrystallization specimens: (a) fluorescence penetrant flaw detection, (b) fatigue crack in sample 31#, interrupted at
882 cycles and (c) fatigue crack in sample 34#, interrupted at 959 cycles.

Fig. 11 Fatigue cracking features on longitudinal section: (a) fatigue crack originated from eutectic, (b) transgranular crack passed through the
casting pore, (c) transgranular crack passed through the carbides and (d) crack arrested by carbide.
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is composed of three stages: (i) fatigue crack initiation
from casting defects, (ii) short fatigue crack propagation
in RX layer and (iii) continued crack propagation in the
substrate SX superalloy till failure. Hence, the fatigue life
can be given by

Nf ¼ Ni þNpRX þNf SX (1)

Or by two parts if we do not differentiate the life
cycles in RX layer,

Nf ¼ Nf RX þNf SX (2)

where NfRX is the total fatigue life cycles consumed
during crack initiation (Ni) and short crack propagation
in RX layer (NpRX), NfSX is the subsequent crack
propagation life in the SX substrate.

The stress intensity factor range ΔK when the crack
has just passed through the RX layer can be calculated,
with a surface ellipse crack assumption,22,23 as follows:

ΔK ¼ Δσ
ffiffiffiffiffi
πa

p
FI=E kð Þ (3)

where Δσ is the stress range, a is the crack length or depth,
FI is the shape factor, E(k) is the second ellipse integral.22

For each of the test samples, the ΔK value is calculated
using the stress range at mid-life cycle and average RX
thickness. In Fig. 15, it is seen that the results fall in the
range of 16.6 to 25MPam1/2, which exceed the fatigue
crack threshold value of about 12 ~ 16 MPam1/2 for this
superalloy.24 Generally, it showed a lower ΔK value for
longer life sample because of a lower applied stress. It is
thus indicated that the fatigue crack propagation in the
SX substrate is mostly controlled by long crack growth.
Hence, the crack growth life after penetrating RX layer
(NfSX) can be estimated using the Paris law, that is,

da
dN

¼ C ΔKð Þn (4)

where a is the fatigue crack length,N is the fatigue loading
cycles, C and n are model parameters.

By integrating the aforementioned formula, the fatigue
crack growth life in the SX substrate is given by

Nf SX ¼
a 1�n=2ð Þ
0 � a 1�n=2ð Þ

f

CΔσnβn1πn=2
n
2 � 1
� � (5)

where a0 is the initial crack size, af is the final crack length,
β1 is the geometry constant,25 Δσ is the applied stress range,
C and n are Paris parameters. In this study, a0 is taken as
the RX layer thickness. af is set as 2mm, beyond which
the sample is regarded as fractured. The model parameters
are taken according to experimental results in literature.4,24

For recrystallized samples, the fatigue crack growth
life in the SX substrateNfSX is divided by the corresponding
total life and plotted in terms of the total life (solid data
points in Fig. 16a). It is seen that under large strain
amplitude ε2 (with a corresponding fatigue life of 500 cycles),
the Np/Nf ratio is about 70%, indicating that the RX layer
is fractured early in the fatigue life (~30%Nf). The Np/Nf

ratio decreases with increasing fatigue life or decreasing
strain amplitude. Under low strain amplitude ε4 (with a
corresponding fatigue life of 7000 cycles), an Np/Nf ratio
of ~23% is obtained, which indicates that most of fatigue
cycles were consumed in the RX layer. For the
interrupted fatigue tests performed at strain amplitude
of ε3 (solid circular data points in Fig. 16a), the Np/Nf

ratio is about 40% (with one data point being 63%).
These results coincide with the observations in Fig. 13
and quantitative results in Fig. 14.

Fig. 14The crack length in the interrupted fatigue test samples with
150μm recrystallization layer.

Fig. 15 Stress intensity factor range ΔK at the interface between
recrystal layer and single crystal substrate.
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Also plotted is the fatigue crack growth life Np from
a0 = 150μm to final fracture (af = 2mm) divided by total
fatigue life Nf in SX superalloy (denoted by open data
points in Fig. 16a), for the sake of comparison. Similar
trend is observed that at lower strain amplitude (longer
fatigue life), the Np/Nf ratio decreases evidently. Also
noted is that for raw SX specimens, the Np/Nf ratios are
much smaller than that in RX samples, indicating that a
higher fatigue life percentage was consumed in forming
a 150μm crack in SX specimens. Taking the square data
points (at strain amplitude ε2) in Fig. 16a, for example,
the Np/Nf ratio of raw SX sample is ~24%, which is about
1/3 of that of RX sample (~70%). The relationship
between the Np/Nf ratio and total fatigue life (Nf) in
Fig. 16a can be characterized by a power-law model:

Np=Nf ¼ C1 Nf
� �m (6)

where C1 = 27.85, m =�0.65 for raw SX samples and
C1 = 14.14, m =�0.47 for RX samples.

Moreover, the aforementioned results reflect a fact that
the distinct difference in fatigue life mainly occurs in
forming a crack equivalent to RX layer thickness. For a
better illustration, the fatigue cycles required to form such
a crack in both RX samples and SX samples are plotted in
Fig. 16b. Note that under strain amplitude of either ε2 or
ε3, the number of cycles needed in RX samples is about
one order lower than those in SX samples. Hence, the
observed remarkable life reduction in Fig. 4 can be ratio-
nalized by the early fracture of RX layer in RX samples.

It is known that the surface RX grains tend to show
random orientations, compared with the substrate SX
alloy in [001] orientation.15 This difference in crystal
orientation leads to a higher Young’s modulus of RX
layer, as the modulus in [001] orientation, that is, E[001],
is minimum for face-centred cubic crystal. Considering
the elasticity theory of crystals, the overall Young’s
modulus of RX layer can be estimated via Reuss’s averaging
method,26 which is given by

ER ¼ 5
3S11 þ 2S12 þ S44

(7)

where S11, S12 and S44 are the three independent com-
pliance constants of SX superalloy. Based on the elastic
properties of the studied SX superalloy,4 the modulus
ratio of RX layer and SX substrate, that is, ER/E[001], is
calculated to be 1.55 at room temperature and 1.60 at
550 °C. To check the validity of the aforementioned
prediction, the modulus values of RX grains and SX sub-
strate were measured by nano-indentation tests at room
temperature. The results indicated average modulus of
168.4 and 118. 6GPa for RX layer and SX substrate,
respectively, yielding a ER/E[001] value of 1.42, which is
close to the predicted result by Reuss’s method. The
lower experimental value might be caused by less sample
data in hard orientations, for example, [111].

In cyclic loading, the RX layer was subjected to a com-
parable strain level with the SX substrate due to geometry
constraint. Hence, the average stress in RX layer is
apparently higher than that in SX substrate, which makes
it easier to nucleate microcracks in some RX grains with
preferential orientations (e.g. [001]), or containing large
casting defects, or both. Also, it rationalizes the occurrence
of multiple crack initiations in RX layer as observed earlier.
Moreover, this higher stress level would facilitate the
subsequent fatigue crack propagation process in RX layer.
Regarding the fatigue life reduction byRX grains, RX layer
thickness is one of the primary controlling parameters; that
is, thicker RX layer would lead to lower fatigue life. This is
partly because thicker RX layer means longer cracks
formed in the early period of fatigue life. The effect of
RX layer thickness was not examined in this study though.
Considering that local microstructures, such as grain
orientations and misorientations between neighbouring
grains, are important in affecting the cyclic plastic defor-
mation and fatigue cracking in recrystallized SX superalloy,
crystal plasticity modelling will be used to draw quantita-
tive conclusions in future work.

Fig. 16 Analysis based on fatigue crack growth life: (a) life ratio of the fatigue crack growth from recrystallization (RX) layer thickness to final
fracture, (b) fatigue cycles required to form a crack equivalent to RX thickness in RX and single crystal samples.
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Regarding the question whether fatigue fracture is
dominated by the cracking process in RX layer, no con-
clusion has been obtained in open literature except for
limited specific cases. Zhang et al.2 suggested that the
RX layer broke early in the LCF fracture of a turbine
blade. Note that intergranular fracture is predominated
in their case. In another study of the RX issue in DZ4
DS superalloy, in situ SEM observations proved that
more than 90% of fatigue life was consumed in the RX
layer (80 ~ 300μm) under maximum stress of 850MPa
at R = 0.1. The present study provides evidence that it is
crucial to make evaluation for specific strain amplitude
or fatigue life, as the life ratio (Np/Nf) follows a decreasing
function with fatigue life (Eq. 6). This conclusion is of
practical value in evaluating the influence of RX on the
safety of turbine components in terms of LCF failure.

Indication from the fracture of recrystallization

Review of previous studies on similar superalloys1,3,15

indicates that RX microstructure is an important aspect
in affecting the strength and the fracture mode of the
alien RX grains. With lower annealing temperatures, as
used in the work of Bürgel1 and Okazaki,3 cellular RX
with coarser γ/γ′ would be formed, which has poor
mechanical properties compared with the raw SX. In this
study, recalling the RX microstructure in Fig. 3a, the
morphology and size of γ′ precipitate are comparable
with that of the SX substrate. And there is a high concen-
tration of γ′ precipitate in the RX grain boundary, which
may benefit its crack resistance to some extent. Hence, in
this study, the main difference between the RX grain and
SX substrate is the crystal orientation. The transgranular
fracture is mainly induced by crystallographic slip-
dominated deformation mechanism at this temperature,
similar to the fracture mode of DS superalloy15 or
polycrystalline nickel-based superalloy.23 Note that the
conclusions obtained here are under the present testing
conditions, especially the temperature. At higher tem-
peratures (e.g. 950 °C) when intergranular cracking is
predominated, multiple cracks along the transverse grain
boundaries of RX grains will be expected. In that case,
the effect of RX on LCF behaviour should be revisited.
Future work will be on quantitative analysis of the orienta-
tion and misorientation of the RX grains by electron
backscattering diffraction to extract the controlling
parameters of fatigue fracture.

CONCLUS ION

By studying the effect of 150μm RX layer on the LCF
behaviour of a SX superalloy at 550 °C, the following
conclusions have been reached:

1. For raw SX superalloy, casting pores were the primary
fatigue crack initiators. ForRX specimens, fatigue failure
initiated from surface RX layer, more specifically, from
the casting pores (primarily), carbides, eutectic or
other casting defects. Multiple crack initiation sites
were commonly observed in RX specimens.

2. It is found that RX grains exhibited transgranular
cracking, which is distinct from the intergranular frac-
ture mode reported in former studies. It is suggested
that the variation of fracture mode of RX grains is
ascribed to the testing conditions, especially the
temperature. The results emphasize the practical
importance to evaluate the effect of RX according to
the exposed temperature of each turbine component.

3. The fatigue crack growth after penetrating 150μm
RX layer is controlled by long crack growth in this
study, based on which the relative importance of the
fatigue crack growth life Np (from ~150μm to frac-
ture) has been evaluated. For both RX and SX sam-
ples, the life ratio (Np/Nf) follows a decreasing power
law with the total life Nf, suggesting its dependence
on the strain amplitude. The results coincide with
the observations in the interrupted fatigue tests. Np/
Nf is much higher in RX sample than that of SX
sample under the same strain.

4. The RX layer significantly reduced the fatigue life of
SX superalloy. The fatigue cycles to form a crack of
RX thickness were almost an order of magnitude
lower than that in raw SX alloy. It is suggested that
the earlier crack initiation and promoted crack propa-
gation in RX layer, as well as the trend of multiple
crack initiations, can be responsible for the observed
fatigue life degradation by RX.
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