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Abstract
The service performance of the turbine blade root of an aero-engine depends on the
microstructures in its superficial layer. This work investigated the surface deformation structures
of turbine blade root of single crystal nickel-based superalloy produced under different creep
feed grinding conditions. Gradient microstructures in the superficial layer were clarified and
composed of a severely deformed layer (DFL) with nano-sized grains (48–67 nm) at the
topmost surface, a DFL with submicron-sized grains (66–158 nm) and micron-sized laminated
structures at the subsurface, and a dislocation accumulated layer extending to the bulk material.
The formation of such gradient microstructures was found to be related to the graded variations
in the plastic strain and strain rate induced in the creep feed grinding process, which were as
high as 6.67 and 8.17 × 107 s−1, respectively. In the current study, the evolution of surface
gradient microstructures was essentially a transition process from a coarse single crystal to
nano-sized grains and, simultaneously, from one orientation of a single crystal to random
orientations of polycrystals, during which the dislocation slips dominated the creep feed
grinding induced microstructure deformation of single crystal nickel-based superalloy.

Keywords: gradient microstructure, creep feed grinding, single crystal nickel-based superalloy,
dislocation

1. Introduction

Nickel-based superalloys are widely employed in extreme
environments to manufacture complex components in the
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aero-engine and gas turbine industries due to their high
thermal stability, high corrosion resistance and high strength
at elevated temperatures [1–3]. Grinding is the main mater-
ial removal process currently used to achieve final dimen-
sional accuracy, profile accuracy, and surface integrity for
these safety critical industrial applications [4–10]. However,
due to the complex thermo-mechanical interaction between
the grinding tools and the workpiece, severe plastic deform-
ation (SPD) always takes place in the superficial layer of
the workpieces, usually leading to local alterations of the
microstructure (e.g. grain refinement [11]) and the material

© 2021 The Author(s). Published by IOP Publishing Ltd on behalf of the IMMT
2631-7990/21/045102+14$33.00 1

https://doi.org/10.1088/2631-7990/ac1e05
https://orcid.org/0000-0001-7687-4319
mailto:dingwf2000@vip.163.com
http://crossmark.crossref.org/dialog/?doi=10.1088/2631-7990/ac1e05&domain=pdf&date_stamp=2021-8-30
https://creativecommons.org/licenses/by/3.0/


Int. J. Extrem. Manuf. 3 (2021) 045102 Q Miao et al

properties (e.g. work hardening [12, 13]). Understanding these
alterations and the underlying formation mechanism has been
one of the hot topics of previous studies because of their
significant effects on the surface integrity which determines
the fatigue life, fracture, and tribological properties of nickel-
based superalloy components [14].

For this reason, numerical investigations are dedicated to
clarifying the effects of mechanical grinding on the work-
piece microstructure and material properties at the micro and
nanoscale. For example, Ding et al [15] examined the subsur-
face metallurgical alteration of the ground groove of K424
cast nickel-based superalloy produced by creep feed grind-
ing. A crystal lattice composed of the γ, γ′ and γ′′ phases
was observed with moderate plastic deformation and distor-
tion (up to 30 µm in thickness). High work hardening (up to
46% above the bulk hardness) was found in the workpiece
superficial layer. Curtis et al [16] detected the cross-section
of a Udimet 720 nickel-based superalloy after grinding and
found a microstructural deformation in the superficial layer
with a depth of about 10 µm and some limited thermal soften-
ing of up to 10% (below the bulk hardness). This change in
the microstructure of nickel-based superalloys owes to the
high thermal energy and high mechanical deformation during
grinding, whose competing influence determines the transition
between hardening and softening in material properties. Fur-
thermore, under a given machining condition, the white layer,
which appears featureless and white under an optical micro-
scope, can form in the machined surface. It is usually detri-
mental to the fatigue life of the machined workpiece because
of its hard and brittle nature. A full exploration on such a white
layer was conducted by Liao et al [17] who studied in detail the
formation mechanism, microstructure, and mechanical prop-
erties of the white layer of a S135H nickel-based superalloy.
It was indicated that the deterioration of the white layer to
material properties was attributed to the dissolution of the γ′

strengthening phase, although the grain refinement, which was
beneficial for improving material performance to some extent,
can be obtained within the white layer.

However, it is worth noting that mechanical grinding has
been proved as an effective way to modify material proper-
ties by introducing refined grains to the workpiece surface.
As presented by Ding et al [18], a gradient microstructure
(i.e. surface nano-laminated structure, deformation twinned
structure, and severely deformed structure) of a Hastelloy
C-22HS nickel-based superalloy could be produced by mech-
anical grinding. By virtue of micro-pillar compression tests,
the yield strength of about 1650 MPa for both the nano-
laminated structure and the deformation twinned structure was
achieved, which was around 3.7 times greater than that of the
bulk material. In addition, Liu et al [19] reported an ultra-
hard and ultrastable nano-laminated structure (about 6.4 GPa
at 504 ◦C) induced by high-rate shear deformation during the
grinding of a polycrystalline nickel alloy. It was further found
that the dislocation activities determined the formation mech-
anism of such a special structure [20].

Interestingly, it can be found in the above analysis that
mechanical grinding can enhance material properties by grain
refinement, but it can also degrade the service performance of

a workpiece under high temperature and stress conditions by
inducing local detrimental modifications. For such a paradox,
a deep understanding is of utmost importance to control the
material properties via grain refinement due to grinding.

It is noted that the single crystal nickel-based superalloy
grows from a single grain and eliminates the grain boundar-
ies thoroughly [21]. Therefore, it is capable of withstanding
higher thermal and mechanical loads than a polycrystalline
superalloy. This makes single crystal nickel-based superalloy
one of the key materials manufacture the turbine blade roots
that work under extremely high temperature and high pres-
sure. However, such a single crystal alloy is very sensitive to
stress concentration during grinding [22]. Significant efforts
have been devoted to use mechanical grinding to fabricate spe-
cial structures capable of tailoring the high temperature per-
formance of polycrystalline nickel-based superalloys [18, 23].
Nevertheless, studies of grinding induced surface alterations
have rarely been reported for single crystal nickel-based super-
alloys. Hence, two major questions remain unanswered: (a)
how does the grinding induced surface alteration behave in
microstructures, and (b) does mechanical grinding benefit the
material performance via grain refinement.

This work aims to address these questions. A single crystal
nickel-based superalloy was chosen as the workpiece mater-
ial in the present study. The workpiece material was subjected
to the profile grinding of one turbine blade root. The depth-
dependent gradient microstructure evolution was examined
by transmission electron microscopy (TEM). In particular,
the transition process from a single crystal to polycrystalline
grains in the superficial layer of the machined single crys-
tal nickel-based superalloy was revealed and the underlying
deformation mechanism was analyzed.

2. Experimental procedures

2.1. Materials and creep feed grinding parameters

The single crystal nickel-based superalloy used in the study
was designed to have a volume fraction of γ′ precipitates of
about 70%. The chemical composition of this alloy is given
in table 1. The alloy was manufactured using the direction-
ally solidified casting technique, followed by a heat treatment
regime: 1290 ◦C/1 h+ 1300 ◦C/2 h+ 1315 ◦C/4 h, air cooling
+1120 ◦C/4 h, air cooling +870 ◦C/32 h, air cooling [24].

The creep feed profile grinding process was carried out
on a computer numerical control machining center modeled
PROFIMAT MT408 with a vitrified microcrystalline alumina
abrasivewheel (5SG80F45A, 400× 127× 10mm3), as shown
in figure 1. The abrasive wheel was profiled by a diamond
roller dresser during grinding to ensure the workpiece dimen-
sional and profile accuracy. A 5% water-based emulsion was
used as the coolant.Workpieceswere preparedwith the dimen-
sions of 21 (length)× 16 (width)× 15 (height) mm3. In addi-
tion, two groups of grinding parameters were chosen to pro-
duce the blade root samples, whose total stock allowances
were designed as 2.63 mm, as shown in table 2. In particular,
the surface roughness after grinding was below 0.8 µm and the
profile accuracy was about 10 µm.
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Table 1. Chemical components of the single crystal nickel-based superalloy used in the present study.

Elements Cr Co Mo C Ta Nb Re Al Hf Ni

wt.(%) 4.3 9 2 0.006 7.5 0.55 2 5.6 0.1 Bal.

Figure 1. Experimental setup for the profile grinding of the turbine blade root.

Table 2. The parameters used in the creep feed grinding of the turbine blade root.

Grinding Grinding Workpiece Grinding
Group No. Grinding stages tests No. speed vs (m s−1) speed vw (mm min−1) depth ap (mm)

I Rough grinding 1 25 240 1.50
2 35 150 1.00

Finish grinding 3 35 180 0.13
II Rough grinding 1 25 240 1.50

2 35 420 1.00
Finish grinding 3 35 600 0.13

2.2. Microstructure characterization

After grinding, the blade root samples were cut by elec-
trical discharge machining both parallel and perpendicular
to the workpiece feed direction. Then, these samples were
mechanically polished and further processed using an ion
beam. The overall cross-sectional microstructures of the blade
root samples were analyzed by an electron back scatter dif-
fraction (EBSD) and a scanning electron microscope (SEM).
To study the nano-sized structures, a lamella of less than
100 nm thick was obtained from the workpiece superficial
layer using focused ion beam (FEI Helios G4 CX). Mean-
while, the lamella microstructure was detected via a TEM (FEI
Tecnai FP 5026 operated at 200 kV) equipped with an energy
dispersive x-ray spectrometer (EDS).

3. Results

3.1. SEM overviews

For simplicity in characterization, the sample coordinates are
defined as normal direction (ND), transversal direction (TD),

and longitudinal direction (LD), as shown in figure 2. It is
reported that the grinding loads of the root peak region are lar-
ger than those of the root valley region during blade root pro-
file grinding [25, 26]. Therefore, the lamella in the root peak
region, which is located in the middle of blade root sample,
was chosen for TEM observation because the materials in the
root peak regions experiencedmore significant plastic deform-
ation than those in the root valley regions [25, 26].

In the superficial layer of the blade root produced by group
I, as shown in figure 3, there was no visible defect on the
workpiece cross-section (TD-ND plane). For the sample pro-
duced by group II, dendritic structures inside the bulk mater-
ial were observed clearly on the TD-ND plane, as displayed in
figure 4(a). In figure 4(b), which is the magnification micro-
graph of Region A marked in figure 4(a), a deformed layer
(DFL) near the ground surface was observed and extended to
a depth of about 5 µm. In particular, the ultrafine, featureless
structure was identified by SEM when the depth from the sur-
face was below 1 µm. While plastic deformation was obvious
in a depth range of 1–2 µm. That is, the grids composed of γ′

precipitates and γ channels showed an apparent bending. The
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Figure 2. The blade root sample after grinding.

Figure 3. Cross-sectional SEM observation of sample I (TD-ND
plane).

bending degree of these grids decreased with less deformed
structures (figure 4(b)). When the depth exceeded 5 µm, the
microstructure feature was the same as that in the bulkmaterial
(Region B shown in figure 4(c).). Such a microstructure with
gradient deformation was also observed in figure 4(d), which
presents the microstructure on the LD-ND plane.

Moreover, EBSDwas carried out on the TD-ND plane with
a scanning step of 1 µm, as shown in figure 5. For the blade
root produced by grinding group I (figure 5(a)), several grains
with the sizes of less than 2 µmwere observed near the ground
surface. These grains show different orientations which differ
from those of the bulk material. However, this microstructure
feature was not detected on the sample produced by grind-
ing group II, as displayed in figure 5(b), even with an EBSD
scanning step as low as 0.06 µm. But it is certain that grind-
ing changed the microstructure in the superficial layer. The
variation in the grain orientation of the bulk material (Yellow
regions in figures 5(a) and (b)) can be attributed to the dif-
ference between the grain growth direction and the preferred
orientation.

3.2. TEM observations of sample I

To further reveal the microstructure feature in the superficial
layer, TEM characterization was performed using the above-
mentioned samples. As shown in figure 6, some predominant
3 µm thick deformed structures were found in the superficial
layer of sample I. In the topmost surface layer of about 1 µm

thick, the plastic deformation was so severe that the grids com-
posed of γ′ and γ phases were indistinct. While in the depth
range of 1–3 µm, the microstructure changes in this plastic
DFL were identified in figure 6. It can be seen that signi-
ficant grid sliding, distortion, and bending are induced, and
some of the grids fractured or lengthened. In depths greater
than 3 µm, the grid shape recovered from deformation though
a large number of dislocations formed in this region. Thus,
according to the distinct microstructural features, the superfi-
cial layer at different depths can be divided into the following
three regions: dislocation accumulated layer (DAL), DFL, and
severely deformed layer (SDL). Two regions (i.e. Region I and
Region II) in figure 6 were examined at nanoscale, and were
analyzed in section 3.2.3 below.

3.2.1. Microstructure of the DAL (depth > 3 µm). In the
DAL, as shown in figure 7, deformed structures induced by
grinding are characterized by dislocation morphology. In this
region, small plastic deformation near the unaffected bulk
material first attracts dislocation multiplication and move-
ment. Then, the dislocation density increases sharply with
the increasing plastic strain. Meanwhile, abundant dislocation
lines and tangles are trapped within the γ′ phases, as shown in
figure 7(a). Moreover, many dislocations aggregate around the
γ phases. By increasing the dislocation multiplication, move-
ment, aggregation and interaction, dense walls of dislocation
can form inside the grains. These dislocation walls can split
one γ′ phase into several parts, which is supposed to be the
primary behavior that creates new grain boundaries. The selec-
ted area diffraction (SAED-1) in figure 7(b) shows a clear and
sharp crystal lattice in the DAL, indicating that the material
inside the DAL still possesses a single crystal structure even if
this region suffers from plastic strain during grinding.

3.2.2. Microstructure of the DFL (depth: 1–3 µm). In the
depth range of 1–3 µm (figure 8), a high density of dislo-
cations was detected and the γ′-precipitates and γ-channels
bent along the grinding direction. Thus, the grids consisting
of γ′-precipitates and γ-channels seem to have lengthened as
a bending rectangle, as shown in figure 8(a). In the vicinity of
the DFL, close to the severely DFL, the γ′-precipitates with
a generally decreasing thickness (e.g. from 200 to 500 nm)
were observed until they fractured. This is caused by the fur-
ther development of dislocations inside γ′-precipitates, which
promotes the splitting action with the increasing deformation
degree of the workpiece material in the DFL. The SAED-
2 image in figure 8(b) shows the rotating diffraction spots
and demonstrates that the single crystal structure is likely to
be twisted or the new grains form with small misorientation
angles.

3.2.3. Microstructure of the severely DFL (depth <
1 µm). Microstructures in the region of less than 1 µm
from the surface (figure 9) showed the small grains that seem
to have formed from fragmentations of the γ′-precipitates and
γ-channels. Furthermore, these fine grains (less than 200 nm
in size) were uniformly distributed in this layer (figures 9(a)
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Figure 4. Cross-sectional SEM observation of blade root sample II.

Figure 5. Cross-sectional EBSD maps of the blade root sample on the TD-ND plane.

and (c)). The electron diffraction patterns of almost continu-
ous rings observed in figures 9(b) and (d) suggest that the
polycrystalline structures probably formed in the topmost
layer of the single crystal nickel-based superalloy, indicative
of higher shear strain level in the SDL compared with that in
the DFL. However, there are still some preferential orienta-
tions which exist with moderate intensity differences in the
diffraction rings, implying the formation of low angle grain
boundaries [27].

3.3. TEM observations of sample II

3.3.1. Microstructure in the superficial layer. By means of
the similar TEM characterization method, the deformation
structures on the TD-ND plane of sample II were investigated,
as displayed in figure 10. Two layers (i.e. DFL and SDL) with
clear boundaries were found (figure 10(a)). The typical micro-
structures in the DFL include dislocations and submicron
grains induced by these dislocations, as shown in figure 10(b).
The dislocation walls still exist within the submicron-sized
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Figure 6. Cross-sectional TEM image showing the overall microstructure in blade root sample I on the TD-ND plane.

Figure 7. Cross-sectional TEM images of the microstructure at about 5 µm from the ground surface in sample I on the TD-ND plane.

Figure 8. Cross-sectional TEM images of the microstructure at about 2 µm from the ground surface in sample I on the TD-ND plane.

nucleation, which can further split the grains and form the
boundaries of submicron grains if massive deformations are
exerted continuously. In the SDL, equiaxed nanograins smal-
ler than 100 nm can be observed and are uniformly distributed.
Figure 10(c) shows the electron diffraction patterns of circle
rings, indicating the nanograins with random orientations.
Interestingly, some white particles at nanoscale in the topmost
surface were observed, as shown in figure 10(b). EDS analysis

of point A (white particle) and point B (nanograin), which are
marked in figure 10(b), was performed to detect the elemental
composition, as shown in figure 11. It can be seen that the
O and Al contents of point A are much higher than those of
point B, implying that the white particles might be oxides. It
has been reported that in the machined surface, the oxygen
cavitation/pore can be induced near the γ′ phase [17]. This
indicates that the γ′ phase had a smaller oxide fraction than

6
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Figure 9. Cross-sectional TEM images of the microstructure at about 0.2 µm from the ground surface in sample I on the TD-ND plane.

Figure 10. Cross-sectional TEM images of the deformation microstructure on the TD-ND plane in sample II.

the γ phase. In other words, the O elements came from the
bulk material. However, in the present study, it is highly likely
that the O elements originated from the air or the alumina
grains because these white particles were distributed in the
edge region of the ground surface, and the high strain and heat
during grinding can easily cause oxidation between alumina
grains and workpiece materials [28].

3.3.2. Nanotwins in the superficial layer. The nano-twined
structure shown in figure 12 can be grasped in the superficial
layer of blade root sample II on the LD-ND plane. This section
of the ground layer presents the morphology of nanograins
and submicron grains clearly, as displayed in the bright/dark
field images (figures 12(a) and (b)). Nanotwins deeper than
10 nm from the surface were detected (figure 12(c)), which
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Figure 11. EDS analysis on points A and B marked in figure 10(b).

Figure 12. TEM observation of nanotwins in the superficial layer of blade root sample II on the LD-ND plane.
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have equiaxed crystal and sharp twin boundaries. The nano-
twined structure was approximately 30 nm in size. A symmet-
rical crystal plane was obtained via fast Fourier transform ana-
lysis, as shown in figure 12(d).

It has been demonstrated that nano-twined structures have
excellent physical properties, such as very high thermal sta-
bility and superior strength retention as compared with fine-
grained metals [29–31]. Unfortunately, this unique structure
is difficult to find in other regions of the sample though
massive endeavors were made in the present study, suggesting
that few nanotwins are produced within the blade root work-
piece under the present grinding conditions. Liu et al [19]
reported that lower twin boundary energies favor the form-
ation of nanoscale twins. Thus, twinning is easily achieved
in face-centered cubic metals with low stacking fault ener-
gies (SFEs), while it is significantly difficult to produce twin-
ning in metals with high SFEs [29]. For the single crystal
nickel-based alloy, it is still an open question why the twin-
ning cannot be induced abundantly in the superficial layer after
grinding.

4. Discussion

The microstructures formed by plastic deformation induced
grain refinement consist of dislocation, submicron grain, and
nanograin. These microstructures can be fabricated by means
of various methods, including cold rolling [32], mechanical
attrition [33], andmechanical grinding [34]. It has been proven
that, the strain, strain rate, and strain gradient induced by the
mechanical treatments play a crucial role in the grain refine-
ment process [35]. Therefore, to analyze the grain refinement
mechanism in the current study, the strain and strain rate
during grinding were estimated based on the Merchant the-
ory in metal cutting mechanics [36]. Assuming the removed
material in unit volume only comes into contact with one
abrasive grain, that is, the shear strain ε in the cutting zone
is induced by a single grain in unit time. Thus, the shear strain

ε and strain rate
•
ε can be calculated by [37, 38]:

ε=
cosαn

sinφn cos(φn−αn)
(1)

•
ε=

λvs cosαn sinφn
ae cos(φn−αn)

(2)

ae ≈ 0.5agmax = 0.5

[
4

C ·Nd
· vw
vs

·
(
ap
ds

)1/2
]1/2

(3)

where αn is the abrasive grain rank angle; φn is the shear angle
according to [39, 40]; λ is the aspect ratio of the shear zone,
ranging from 6 to 12 [41]; ae is the thickness of the shear zone,
equivalent to half of the maximum undeformed chip thick-
ness agmax; C is a constant related to the abrasive rank angle;
Nd is the active abrasive grain number; and ds is the wheel
diameter.

The parameters used in the current study are lis-
ted in table 3. Substituting the above parameters into

Table 3. Calculation of strain and strain rate in the shear zone
during grinding.

Group No. I II
Grinding stages Finish grinding Finish grinding

Grain rank
angle αn

−35◦ −35◦

Shear angle φn 12◦ 10◦

Constant C 1.428 1.428
Active grain
number Nd

6.1 mm−2 6.1 mm−2

Grinding wheel
diameter ds

387 mm 387 mm

Aspect ratio of
shear zone λ

7 9

Maximum unde-
formed chip
thickness agmax

0.85 µm 1.55 µm

Shear strain 5.78 6.67
Strain rate 7.89 × 107 s−1 8.17 × 107 s−1

equations (1)–(3), the shear strain and strain rate can be eval-
uated for the finish grinding process. It can be found that, the
ground surface endures shear deformation with a strain of up
to 6.67 and a high strain rate of about 8.17 × 107 s−1. The
strain rates are around three orders of magnitude higher than
that induced by cutting [17]. In addition, due to the multiple
grinding processes of the blade root, the accumulated strain
can form a large strain gradient within the superficial layer.
Therefore, these conditions are beneficial for dislocation gen-
eration, significantly elevating the dislocation density in the
workpiece.

4.1. Formation of submicron-sized grains

The above observations in figures 7–12 indicate that the dis-
location activities determine the microstructure alternation
of the ground layer. In other words, to accommodate more
dislocations, many lamellar-shaped structures formed, deriv-
ing from the cell blocks and dislocation walls, as demon-
strated in figure 13. With increasing plastic strains, more
lamellar-shaped structures were induced with decreasing
thickness when more boundaries formed in such structures
(figure 13(a)). These lamellar-shaped structures were further
split into several parallel ones by the increasing dislocation
walls, which were perpendicular to the lamellar boundar-
ies (figure 13(b)). Therefore, the boundary spacing reduced,
and the submicron grains nucleated and grew (figure 13(c)),
which might have originated from the subdivided parts of
one lamellar-shaped structure. This process was realized by
a continuous increase of dislocation accumulation into the
boundaries. Furthermore, due to the ununiformed distribu-
tion of extended boundaries, the width and length of sub-
micron grains were not identical, having averaged values of
66 and 158 nm, respectively, with an aspect ratio of about 2.5
(figures 13(c)–(e)). Compared to the nucleation of submicron
grains (figure 13(c)), these relatively coarse submicron grains
contained comparable aspect ratios in grain sizes but more
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Figure 13. Formation of submicron-sized grains in the ground layer of blade root sample II on the LD-ND plane.

clear boundaries and lower contents of dislocations. However,
the further refinement of grains can benefit from these loose
dislocations within the submicron grains.

The above-mentioned process might be the primary mech-
anism for reducing grain size and generating submicron
grain boundaries in the ground layer of single crystal nickel-
based superalloy. According to [42], the formation of one
grain is closely related to the grain boundary misorientation.
Under the increasing strains, the adjacent boundaries start to

slip at different crystal slip systems when the grain bound-
ary misorientation increases to a certain extent. If more
dislocations are continuously incorporated into the grain
boundaries under larger strains, the grain morphologies and
textures can change with higher boundary misorientations
[43]. The grain subdivision can be reached under such con-
ditions. It can be stated that the grain boundary misorienta-
tion results from the micron splitting of a single crystal nickel-
based superalloy.
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Figure 14. Formation of nano-sized grains in the ground layer of blade root sample I on the TD-ND plane.

4.2. Formation of nano-sized grains

The topmost surface of the workpiece experienced the most
SPD, as evaluated by table 3. Under such conditions, the
generation of dislocations and grain boundaries can be
enhanced significantly, which provides a unique opportunity
for the formation of nano-sized grains and texture evolution.
Massive dislocations formed due to the high strain induced by
the grinding process. The balance between dislocation gener-
ation and annihilation was not be achieved because there was
insufficient time resulting from the high strain rate. This leads
to a pop-in phenomenon of the dislocation density in the top-
most surface, as demonstrated by Zhang et al [44]. Moreover,
to keep the whole crystal continuity and deformation compat-
ibility, the storage of geometrically necessary dislocations is
promoted due to the large strain gradient [45]. Therefore, the
creep feed grinding of a single crystal nickel-based superal-
loy in the present study can efficiently facilitate the genera-
tion and accumulation of dislocations. This contributes to the
formation of the low angel grain boundaries with a high dens-
ity. To absorb the accumulated dislocations, different disloca-
tion structures, including dislocation lines, dislocation tangles,

dislocationwalls, and dislocation cells, developed sequentially
and then nucleated massively, resulting in the growth of grain
boundaries, as described in section 4.1.

In turn, to reduce the stored energy, these dislocation
structures gradually formed grain boundaries with low angles.
The formation of nanograins is the continuous and strong
interaction between dislocations and submicron grain bound-
aries. Such a fragmentation process of the submicron struc-
tures can be observed in figure 14, where there are clear shapes
of nanograins and triple junctions (figure 14(b)). The presence
of nanograins with an aspect ratio of 1 (48 nmwidth and 67 nm
length) indicates the formation of equiaxed crystals. Ding et al
[18] reported that the nanograins tend to be equiaxed and
dislocation-free. However, some dislocations with different
Burgers vectors (‘T’ symbols in figure 14(b)) were observed
around the grain boundaries in the present study. The lim-
ited dislocation activities suggest that the nanograins are not
defect-free, and the chance for surface grain division and fur-
ther refinement still exists.

Analogous formation mechanisms of surface nanograins
can be found in the deformation of Cu [46] and Al alloys [27]
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Figure 15. Transition process of a single crystal to polycrystalline grains in the ground layer of single crystal nickel-based superalloy.

where the interactions between dislocations and grain bound-
aries play the predominating role. However, in the ground
layer of single crystal nickel-based superalloy, the main dif-
ference lies in the unique formation process of its nanograins.
This can occur because the grids composed of γ and γ′ phases
are divided into numerous fragmentations by grain boundar-
ies deriving from intensive dislocation structures, while the
grain orientations are created and re-distributed in such a
process.

4.3. Transition of a single crystal to polycrystalline grains

In general, the main mechanisms for accommodating the
plastic deformation of materials include dislocation slip and
deformation twinning. Based on the above analysis, it can be
determined that the dislocation activity dominates the surface
microstructure evolution produced by creep feed grinding of
single crystal nickel-based superalloy. In particular, due to the
relatively low temperature generated during creep feed grind-
ing (less than 120 ◦C [47]), temperature has a weak influence
on dislocation and, therefore, is not considered in the present
study. For metals with low SFEs, dislocation slip is usually
suppressed, whereas deformation twinning becomes the favor-
able mechanism [48]. While for metals with high SFEs, dislo-
cation is induced initially at special low-index crystal planes
[49]. For the single crystal nickel-based superalloy, dislocation
ismost likely to slip at the {111} crystal plane, which has small
critical stresses due to its relatively high SEFs [50]. Thus, the
dislocation slip can be activated in different directions even at
one crystal plane. This provides the crucial possibility for sub-
dividing one originally coarse single crystal into thousands of
randomly oriented polycrystalline nanograins.

The evolution characteristics of the surface gradient micro-
structures of single crystal nickel-based superalloy induced
by creep feed grinding can be illustrated with three steps, as
shown in figure 15:

Step I: When surface plastic deformation occurs, the struc-
ture of a single crystal begins to accumulate dislocations at
the micro level, and then the crystal twisting and rotation at
the macro level happens with an adjustment of the orientation
of a single crystal in the ground layer.

Step II: The single crystal is subdivided into the submicron
grains with low angel boundaries by means of dislocation
accumulation in both the γ-channels and γ′-precipitates.

Step III: With increased strain, the submicron grains are
refined further with decreasing grain size, increasing grain
misorientation, and the shape changes from unregular to
equiaxed.

The evolution process of the gradient microstructure in the
superficial layer is essentially the transition not only from
a coarse single crystal to nano-sized grains, but also from
one orientation of a single crystal to the random orienta-
tions of polycrystals, of which the structure formation is gov-
erned mainly by the dislocation activities. This is different
from a previous study on polycrystalline Inconel 718 alloy,
where the initial coarse grains are subdivided by mechanical
twinning [51].

In addition, many investigations have found that the gradi-
ent structured materials, with nano-sized grains in the sur-
face layer and coarse grains in the inner core, present unique
mechanical behaviors, such as interstitial free steel with gradi-
ent microstructures having high yield strength [52] and cop-
per with gradient microstructures showing 10 times higher
tensile strength than that without gradient microstructures
[53]. This indicates that by creating gradient microstructures
in the superficial layers of such alloys, it can become a poten-
tial and effective approach to further enhance the service per-
formance of a turbine blade root. However, due to the com-
plicated thermo-mechanical-structural coupling effect during
profile grinding (figure 15), the changes of strain, strain rate
and strain gradient are significant and thus difficult to pre-
dict. How to qualitatively correlate the plastic deformation to
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the thermo-mechanical-structural coupling effect by means of
adjusting the grinding parameters (e.g. grinding speed, work-
piece speed and grinding depth), is critical for actively con-
trolling the formation of gradient microstructures.

5. Conclusions

(a) Creep feed grinding produces gradient deformation struc-
tures in the surface layer of turbine blade root of
single crystal nickel-based superalloy, including nano-
sized grains (48–67 nm), submicron-sized grains (66–
158 nm), micron-sized laminated structures and disloca-
tion structures.

(b) The gradient microstructures within the superficial layer
are attributed to the notable variations in plastic strains (up
to 6.67) and strain rates (up to 8.17× 107 s−1) induced by
the creep feed grinding process from the ground surface to
the bulk material of the single crystal nickel-based super-
alloy.

(c) The evolution of gradient microstructures in the ground
layer takes place during the transition from coarse single
crystal to nano-sized grains as well as from one orientation
of single crystal to random orientation of polycrystal. The
structure deformation primarily depends on the dislocation
slip and the deformation twinning as a supplement.
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