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Tribo-induced structural and chemical modifications at elevated temperatures play paramount roles in the
tribological performance of Ni-based superalloys. Here, we report on a novel face-centered-cubic Ni-27Cr su-
peralloy with a low stacking fault energy exhibiting remarkable tribological properties at 25-800 °C, especially
the low wear rates at 400 °C (1.97 %1073 mm3/N~m) and 800 °C (3.1 %x107° mm3/N‘m). First, at 25-600 °C,
tribo-induced deformation nanotwins show superior structural stability, contributing to the high wear resistance.

Second, at 800 °C, the tribo-induced nanotwins are not formed. Instead, the topmost glaze layer transits from
homogeneous nanostructure to heterogeneous microstructure consisting of hard nanograined oxides and soft
ultrafine grained matrix. The strong and ductile heterogeneous composite glaze layer accommodates large plastic
deformation and reduces wear loss.

1. Introduction

Classical nickel-based superalloys consist of face-centered-cubic
(FCC) matrix and strengthening phases, having superior mechanical
properties and incredible resistance to creep and oxidation at elevated
temperatures [1-7]. They are enabled by solution-strengthening ele-
ments (Cr, Mo and W etc.) and/or precipitation-strengthening phases
(y’-Ni3Nb and y -Ni3(Al, Ti) etc.) [1,3]. Each alloying element normally
makes up a concentration less than about 20 at%. Even though Ni-based
superalloys are widely applied in aircraft engines and gas turbines in-
dustries, their wear resistance limits the service reliability [8-11].
Tribological loading at high temperatures basically leads to the forma-
tion of glaze layer consisting of nanostructured oxides which are basi-
cally hard but brittle [12-15]. It should be pointed out that the
tribo-materials were always under debate in correlating with the
tribological properties [16-18]. For example, it has been found that
some spinel oxides such as (Ni,Cr)Coy04 and Fe3O4 formed during the
tribo-oxidation process lead to the reduction of friction coefficient [19,
20]. However, some metallic oxides with relatively high melting point
such as Al,O3 and Mn,O3 would act as abrasives to deteriorate wear
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resistance instead of being sintered into the glaze layer [21]. In other
words, the tribo-induced structural and chemical modifications in the
superficial layer are decisive for the friction and wear properties of
nickel-based superalloys [19,22,23].

In addition to the effect of glaze layer on the friction and wear
resistance, rational design of tribo-induced nanocrystalline-amorphous
nanocomposite or heterogeneous nanostructure before wear have been
successful in suppressing strain localization during the wear process
[24]. It was found that the superior wear resistance of (TiNbZr);5Ag2s is
due to the formation of a strong and deformable nanocomposite surface
layer consisting of Ag nanocrystals and TiNbZr-O amorphous oxide
during sliding [25]. It was also reported that strain localization in the
subsurface region is suppressed by introducing heterogeneous gradient
nanostructures in the Cu and Cu-Ag alloy [26,27]. However,
tribo-induced nanograins would suffer from grain coarsening and the
deterioration of wear resistance [28]. Twin boundaries (TBs) as
low-energy planar defects are effective in strengthening metals [29-32].
Not only that, nanotwins were recently verified to be mechanically and
thermally stabler than nanograins. It was found that the high hardness
and strain hardening ability of nanotwins contribute to the superior
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tribological properties of Al-Ni alloys [33]. Taking deformation mech-
anisms under tribological shear into consideration, it might be an
alternative strategy to enhance the high temperature wear resistance of
superalloys through introducing tribo-induced high-density of defor-
mation nanotwins into the subsurface region.

In the present study, a new Ni-27Cr-5 W-1Co-1Mo (referred to as Ni-
27Cr) superalloy with the relatively low stacking fault energy (SFE) was
designed by significantly increasing the Cr content, in an effort to acti-
vate tribo-induced twin strengthening (Compared to pure Ni, the
reduction of SFE (Ay,y) of Ni-27Cr superalloy by the addition of Cr, W,
Co and Mo elements into the Ni-based alloys is calculated as 100.6%
[34]. It is found that the CM247LC superalloy with a similar
Ayy= 105.8% manage to activate twinning behavior during the defor-
mation at 760 °C and 870 °C [35]. Thus, it is reasonable to verify that
our Ni-27Cr superalloy has a low SFE value and tends to activate
deformation twinning during the wear process at elevated tempera-
tures). Tribo-induced structural evolutions and chemical changes in the
topmost glaze and subsurface layers were studied at different tempera-
tures. In order to reveal the wear-resistant subsurface features, the for-
mation process of heterogeneous composite glaze layer was correlated
with tribological data at elevated temperatures.

2. Experimental
2.1. Materials fabrication

The as-cast Ni-27Cr ingots were fabricated by vacuum arc melting in
a water-cooled copper crucible under Ar atmosphere. The ingots were
flipped and re-melted to insure the homogeneity of chemical composi-
tion. The measured alloy composition is listed in Table 1. Specimens for
subsequent hardness and tribological testing were cut by electrical
discharge machining from the as-cast ingots.

2.2. Hardness and tribological testing

The hardness testing was performed at room temperature on a
hardness tester (Shimadzu, HMV-G 21DT, Japan) using a Vickers dia-
mond pyramidal indenter with an applied load of 980.7 mN and a
duration time of 10 s. Before the wear test, the surface of Ni-27Cr su-
peralloy was mechanically and electropolished to avoid the effect of
surface roughness on the wear properties. Dry sliding wear tests at room
and elevated temperatures were conducted on a general tribometer
(Bruker, UMT-II, USA) and a high temperature tribometer (Kaihua, GF-I,
China), respectively. The counterpart was an Al3O; ball with a diameter
of 6.35 mm. The sliding speed and stroke were set as 10 mm/s and
2 mm, respectively. Normal loads of 1, 2, 5 and 10 N were applied in the
wear tests at room temperature. The high-temperature wear tests were
conducted at 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, 700 °C and 800 °C
with a load of 10 N. The total sliding cycles of wear tests are set as 9000
cycles. The coefficient of friction (COF) value (p) was obtained by p =
F/P, where F is the frictional force measured by the tester and P is the
normal applied load. The wear rate is calculated by k = % where V is
the wear volume loss measured by a laser scanning confocal microscope
(LSCM, OLS4000, Japan), S is the total sliding distance and F, is the
normal load.

2.3. Microstructure characterization

The original microstructure was characterized by a scanning electron

Table 1

The measured element composition of Ni-27Cr superalloy.
Elements Cr w Co Mo Ni
at% 27.40 4.55 1.22 1.35 Bal.
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microscope (SEM, Zeiss Auriga, Germany) equipped with an electron
back-scattered diffraction system (EBSD, Oxford Aztec 2.0, UK) and an
Oxford energy dispersive X-ray spectrometer (EDS). The morphology of
the wear scars was characterized by a combination of SEM and LSCM.
TEM samples were prepared by a focused ion beam (FIB, Zeiss Auriga,
Germany) in the middle regions of wear scars. Prior to FIB milling, a Pt
layer was deposited on the specific area to protect the worn surface upon
exposure to the Ga™ beam. Then, wear-induced structural and chemical
alterations were characterized by a transmission electron microscope
(TEM, FEI Titan G2, USA) equipped with an EDS detector (Oxford In-
struments Link Isis, UK).

3. Results
3.1. Microstructure

The EBSD inverse pole figure (IPF) map in Fig. 1(a) reveals that the
original Ni-27Cr superalloy is composed of equiaxed grains with random
orientation. The mean grain size is 60 um, as shown in Fig. 1(b). Some
annealing twins could be found within the coarse grains. Fig. 1(c) shows
the magnified SEM observation and corresponding EDS mapping within
one single grain. Several particles enriched in W and Mo elements could
be intermetallic precipitates which may need further investigation.

3.2. Wear properties

Fig. 2(a) shows the COF curves versus the number of cycles at room
temperature. When the load varies from 1 N to 5 N, the COF increases
immediately upon sliding and tends to approach a steady state at 0.60
after 2500 cycles. The fluctuation degree of COF curve dramatically
increases with increasing normal load to 10 N and the average value
reaches 0.72, which could be attributed to the formation of massive
wear debris during the dry sliding process. Similarly, the wear rate
slowly increases with increasing load to 5 N and then increases signifi-
cantly to 1.4 x 104 mm3/N-m when the load reaches 10 N (Fig. 2(b)).
At elevated temperatures, the fluctuation degree and COF value signif-
icantly decrease with increasing temperature from 25 °C to 400 °C
(Fig. 2(c)). As the temperature further increases to 800 °C (Fig. 2(d)), the
COF reduces somewhat to around 0.35, while the wear rate significantly
dropped to 107° order of magnitude. Fig. 3 summarizes the COF and
wear rate of the current Ni-27Cr superalloy and other commercial su-
peralloys as a function of applied temperature [8,22,36,37]. The COF
and wear rate of the most superalloys decrease with increasing tem-
perature to 800 °C. At room temperature, the wear rate of our Ni-27
superalloy is comparable to those of Inconel 728/625 superalloys hav-
ing much higher hardness. At the range of 400-800 °C, the Ni-27Cr
superalloy exhibits superior tribological properties marked as smaller
COF and wear rate. The wear rate at 400 °C and 800 °C could reach
1.97 x 10°° mm3/N-m and 3.1 x 107 mmg/N~m, respectively, which
implies the broad applied potency and good service reliability in the
harsh environment.

3.3. Wear morphology

Fig. 4 presents SEM micrographs of the worn surface after wear tests
at room temperature with the load of 1-10 N. In Fig. 4(al), the worn
surface after the wear test at 1 N could be divided into the bright and
dark regions which are recognized as the non-oxidation and oxidation
zones (see the EDS mapping in the insert). As indicated by the arrows,
some micro cracks and thin plate-like peels could be found in the
oxidation zones, which reveals the delamination wear mechanism. In
Fig. 4(a2-a3), there is a high density of local oxidation regions at the
submicron scale (see the EDS mapping in the insert). Meanwhile,
abrasive grooves along the sliding direction could be observed, which
reveals the abrasive wear mechanism. Similar wear morphologies are
found after wear tests at 2N and 5N, as shown in Fig. 4(b-c). It is
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Fig. 1. (a) The IPF map of original microstructure of the Ni-27Cr superalloy and corresponding (b) grain size distribution. (c) Magnified SEM observation within one
single grain and corresponding EDS mapping on the undissolved particles.
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Fig. 2. (a) COF curves as a function of number of cycles at room temperature with different normal loads. (b) The average COF value and wear rate versus the normal

load at room temperature. (c) COF curves as a function of number of cycles at varied temperature with the fixed load of 10 N. (d) The average COF value and wear
rate versus the temperature.
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Fig. 3. Summary of (a) COFs and (b) wear rates for our Ni-27Cr sample and some commercial Ni-based superalloys from the literature [8,22,36,37].
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Fig. 4. SEM images of the worn surface and local damage morphology at room temperature with the normal load of (al-a3) 1 N, (b1-b3) 2 N, (c1-¢3) 5N and (d1-
d3) 10N.
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believed that the varied morphologies within the same wear scar could
reflect the surface microstructure evolution and corresponding failure
process under tribological loading. The frictional heating at the initial
stage would contribute to the surface oxidation in the local regions.
Then, the micro cracks would nucleate in the subsurface layer because
the brittle nanograined oxides cannot accommodate the large tribo-
induced plastic strain. Finally, the plate-like peels would form with
the cracks manage to propagate towards the surface. Besides, the local
adhesion in the oxidation regions leads to the high COF value of about
0.6. The difference of wear morphologies at 1-10 N is that the damage
degree is much larger at 10 N. With increasing normal load to 10 N, the
intensified delamination damage is marked as the pile-up of sheets and
much deeper grooves.

Fig. 5 presents SEM micrographs of the worn surface after wear tests
at varied temperature from 400 to 800 °C with the load of 10 N. After
the wear test at 400 °C, the worn surface is made up of the oxidation
wear region (dark area) and abrasive wear region (bright area), as
shown in Fig. 5(a). High-density wear debris and grooves could be found
in the abrasive wear region (Fig. 5(a2)). Meanwhile, compacted tribo-
layer was formed and underwent severe fragmentation in the oxida-
tion wear region, as shown in Fig. 5(a3). Similar oxidation wear and
abrasive wear regions appear on the worn surface after the wear test at
600 °C (Fig. 5(b1-b3)). However, the tribo-layer formed during the wear
process seems to be more intact compared with that at 400 °C. It is
evident that some micro cracks accompanied with buckles and mild
abrasive grooves instead of fragmented morphology appears on the
tribo-layer (Fig. 5(b3)). After the wear test at 800 °C, the scar width is
smaller than that after the wear tests at 400 °C and 600 °C, which is
consistent with the wear rates in Fig. 2(d). Besides, the worn surface was
completely covered by the tribo-layer (Fig. 5(c2)). Magnified

Sliding direction
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Table 2

Atomic fractions of oxygen in the worn surface by EDS.
Temperature 25°C 400 °C 600 °C 800 °C
Oxidation region 51.78% 49.36% 51.42% 50.46%
Abrasion region 2.64% 6.3% 41.3% 48.22%

observation in Fig. 5(c3) shows the abrasive grooves and local delami-
nation along the sliding direction on the tribo-layer. Table 2 shows the
atom fraction of oxygen in the oxidation wear and abrasive wear regions
after wear tests at varied temperatures from 400 to 800 °C (For the
sample worn at 800 °C, the EDS data of abrasive wear regions was
adopted in the delamination area in Fig. 5(c3)). With increasing tem-
perature from 400 to 800 °C, the oxygen content in the oxidized region
remains the same at about 50%, while that in the abrasion region
sharply increases from 6% to 48%. It indicates the degree of sintering
and oxidation of the topmost tribo-layer is enhanced with increasing
temperature, which could result in a reduction in COF.

3.4. Subsurface microstructure

The cross-sectional microstructure below the sliding surface at
25-800 °C were presented in Figs. 6-9. It is worth to note that all the
TEM samples were from the abrasion wear regions. For the sample worn
at room temperature, the cross-sectional region could be separated into
the nanocrystalline layer (NCL) and deformed coarse grain (CG) region
according to the contrast of grain morphology (Fig. 6(a)). At the depth of
5-10 um from the surface, dislocation tangles and micro bands are both
observed. Fig. 6(b) shows the magnified observation of the well-
developed plate-like micro bands with a thickness of about 100 nm, as

0y

Fig. 5. SEM images of the worn surface and local damage morphology at varied test temperatures: (al-a3) 400 °C, (b1-b3) 600 °C, (c1-c3) 800 °C.
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Fig. 6. Cross-sectional TEM characterization of the worn subsurface structure for the Ni-27Cr superalloy during dry sliding at 10 N after 9000 cycles at room
temperature. (a-c) Bright-field TEM images of the (a) whole subsurface microstructure, (b) micro bands and (c) deformation twins with corresponding selected area
electron diffraction (SAED) patterns. (d and e) Magnified (d) bright field TEM and (e) HRTEM images of the nanotwins with corresponding SAED patterns. (f) A
magnified bright field TEM image on the whole NCL. (g) Bright/dark field TEM images of equiaxed ultrafine nanograins in the topmost layer. (h and i) Grain size
distributions of the region with depth from 2.5 um to 80 nm and the topmost region with depth less than 80 nm. (j) A HAADF-STEM image of the topmost layer and

corresponding EDS mapping of the selected area (dashed box).

indicated by the arrows. At the depth of 2.5-4.5 pm from the surface,
high-density lamellar structure with an average thickness of about
10 nm could be found between the micro bands (Fig. 6(c)). Magnified
bright field TEM and HRTEM observation and corresponding selected
area diffraction pattern in Fig. 6(d-e) further verifies the formation of
deformation nanotwins during the sliding wear process. With decreasing

depth from 2.5 um to 80 nm, the NCL consists of elongated nanograins
with the average grain size of about 35 nm (Fig. 6(i)). As indicated by
the arrows in Fig. 6(f), some micro cracks are identified at the grain
boundaries. It is believed that crack propagation toward the worn sur-
face would lead to the debris formation during the sliding wear process.
Finally, equiaxed ultrafine nanograins are formed in the top surface
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Fig. 7. Cross-sectional TEM characterization of the worn subsurface structure for the Ni-27Cr superalloy during dry sliding after 9000 cycles at 400 °C. (a and b)
Bright-field TEM images of the (a) whole subsurface microstructure and (b) deformation twins with corresponding SAED patterns. (¢ and d) Magnified (c) bright and
(d) dark field TEM images of the topmost layer. (e-h) Grain size distributions and SAED patterns of the (e, g) glaze layer and (f, h) NCL. (i) A HAADF-STEM image of
the topmost layer and corresponding EDS mapping of the selected area (dashed box).

layer of the sample and the mean grain size is approximately 8 nm
(Fig. 6(g-h)). The corresponding EDS element mapping of the selected
area (white dashed box) in Fig. 6(j) reveals that the topmost surface
layer is oxygen-rich, which contributes to the grain refinement degree
during the wear process [38-40].

Similar to the results in Fig. 6, the cross-sectional region of the
sample worn at 400 °C could be also separated into the NCL and
deformed CG region (Fig. 7(a)). In Fig. 7(b), some deformation nano-
twins accompanied with dislocation tangles could be observed in the
deformed CG region at the depth of 2.5-4.5 um from the surface. In the
topmost surface, only part of the NCL is covered by the glaze layer, as
indicated by the TEM bright/dark field images (Fig. 7(c-d)). The frag-
mented morphology of the glaze layer implies that it tends to be ground
off during the wear process at 400 °C, which is consistent with the SEM
observation in Fig. 5(b). There is an evident transition of grain size and
morphology from the glaze layer to the NCL across the interface (red
dashed line in Fig. 7(c-d)). The average gran sizes of the equiaxed
nanograins in the glaze layer and elongated nanograins in the NCL are 7

and 32 nm, respectively (Fig. 7(e-f)). The EDS mapping of the selected
area (red dashed box) in Fig. 7(i) and corresponding SAED patterns
(Fig. 7(g)) reveal that the glaze layer is mainly composed of NiO com-
pound, while the NCL still exhibits the FCC structure indicated by the
SAED pattern (Fig. 7(h)).

For the sample worn at 600 °C, the cross-sectional region still con-
sists of the NCL and deformed CG region (Fig. 8(a)). At the depth of
about 6 um from the surface, the appearance of deformation nanotwins
implies that twinning behavior could be still activated during the sliding
wear process at 600 °C. In the topmost surface, a dense glaze layer with
the average layer thickness of about 40 nm is formed upon the NCL,
which is accompanied with the appearance of some hillocks at submi-
cron scale (see the insert in Fig. 8(a)). According to the micro crack
found at the hillock (Fig. 8(c)), the oxidation layer at 600 °C has a
tendency to break and peel off during the sliding wear process. There is
also a large difference in the grain size between the glaze layer and NCL.
The average gran sizes of the equiaxed nanograins in the glaze layer and
elongated nanograins in the NCL are 8 and 35 nm, respectively (Fig. 8(e-
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Fig. 8. Cross-sectional TEM characterization of the worn subsurface structure for the Ni-27Cr superalloy during dry sliding after 9000 cycles at 600 °C. (a and b)
Bright-field TEM images of the (a) whole subsurface microstructure and (b) deformation twins in the deformed CG region. The insert is a magnified TEM image of the
hillocks in the solid box. (c and d) Magnified (c) bright and (d) dark field TEM images of the topmost layer. (e-h) Grain size distribution and SAED patterns of the (e,
g) glaze layer and (f, h) NCL. (i) A HAADF-STEM image of the topmost layer and corresponding EDS mapping of the selected area (dashed box).

f)). The EDS mapping in Fig. 8(i) show that the thin and compact glaze
layer is a Cr-rich oxide layer. The whole oxidation region mainly consists
of ultrafine nanograined NiO and Cr203, as shown in Fig. 8(g). Beneath
that, oxygen was also detected in the NCL indicating the occurrence of
internal oxidation, but the matrix alloy remains the single FCC structure
(Fig. 8(h)).

For the sample worn at 800 °C, the cross-sectional region consists of
the glaze layer, dynamic recrystallization (DRX) layer and deformed CG
region (see Fig. 9(a)). The glaze layer greatly increases dramatically to
about 3 um with increasing the temperature to 800 °C. Fig. 9(b1) shows
the corresponding HAADF-STEM observation of the cross-sectional
microstructure, which shows an evident difference of the image
contrast within the glaze layer. The EDS mapping results of the selected
area (white dashed box) in Fig. 9(b1) reveal two points: (1) there is a Cr-
rich oxide region with an average thickness of about 500 nm locating
between the Ni-rich oxide region and DRX layer along the thickness
direction, as indicated by the arrows in Fig. 9(b2-b3). It is believed that
the formation of continuous Cr-rich oxide layer manage to prevent
further oxidation of the substrate. According to the magnified observa-
tion and SAED patterns in Fig. 9(c-f), the Ni-rich and Cr-rich oxide re-
gions consist of nanograined NiCr,O4 and CryOs, respectively. The
average grain size of the ultrafine nanograins in the glaze layer is about
18 nm which is larger than that of the samples worn at 400 °C and

600 °C (Fig. 9(g)). It could be attributed to the temperature effect on the
grain growth during the sliding process. (2) It is surprising to find several
unoxidized regions in the glaze layer which are fully enclosed by the Cr-
rich oxide layers (see the arrows in Fig. 9(b4)). The EDS line scanning
result (Fig. 9(b5)) of the selected area in the insert of Fig. 9(b1) could
further justify the conclusion and the average thickness of the closed Cr-
rich oxides is obtained as about 100 nm. Meanwhile, combined with the
TEM observation in Fig. 9(h), the unoxidized DRX regions consist of
ultrafine grains. Furthermore, multiple dislocation segments within the
single DRX grain reveals that the isolated DRX regions can undertake
large plastic deformation during the sliding process (Fig. 9(i)).
Compared to the DRX layer, the DRX regions in the glaze layer is closer
to the worn surface. Due to the difference of applied stress and plastic
strain accumulation, the grain refinement degree of the DRX regions in
the glaze layer is larger than that of the DRX layer (Fig. 9(j)). The
average grain sizes of the DRX regions in the glaze layer and the DRX
layer are 140 and 200 nm according to the grain distribution in Fig. 9(k-
D.
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Fig. 9. Cross-sectional TEM characterization of the worn subsurface structure for the Ni-27Cr superalloy during dry sliding after 9000 cycles at 800 °C. (a) A Bright-
field TEM image and (b1l) a corresponding HAADF-STEM image of the whole subsurface microstructure with corresponding EDS (b2-b4) mapping and (b5) line
scanning results of the selected regions (dashed box and arrow). The insert is a magnified STEM image of the solid box in the glaze layer. (c-f) Magnified TEM images
and SAED patterns of the (c, e) Ni-rich and (d, f) Cr-rich oxide layers. (g) Grain size distribution of the glaze layer. TEM bright images of the (h) unoxidized regions, (i)
one DRX grain in the glaze layer and (j) DRX layer. Grain size distributions of the unoxidized regions in the (k) glaze layer and (1) DRX layer.

4. Discussion

4.1. Tribo-induced structural and chemical alterations at room/elevated
temperatures

Compared with the commercial Ni-based superalloys, our Ni-27Cr
superalloy has a much higher Cr content, which greatly affect the
twinning behavior, grain refinement mechanism and oxidation behavior
at room/elevated temperatures.

4.1.1. Tribo-induced twinning behavior

The cross-sectional characterization demonstrates that tribo-induced
deformation nanotwins have excellent structural stability against wear
at 25-600 °C. Up to 800 °C, the tribo-induced nanotwins are absent,
replaced by dislocation activities in the subsurface layer. According to
Eq. (1), adding 27 at% Cr could lead to a decreased SFE of Ni-Cr binary
alloy from 125 mJ-m~2 to 80 mJ-m~2 and therefore promotes defor-
mation twinning in the coarse-grained Ni-27Cr superalloy (The absolute
SFE value of Ni-27Cr superalloy needs further investigation by the

120
140 '0 Recrystallization grain size|
Nanotwin thickness
E 120 100
< Dislocation :
N 10 &Twinning 471 L 80
(7] [ ’
©
5 N
] 60 <
[¢]
E T T __/____ TP
k] 40
o
]
s 20
0 L L

0 200 400 600 800
Temperature, °C

Fig. 10. DRX grain size, nanotwin thickness and InZ versus the wear temper-
ature for the Ni-27Cr superalloy.
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means of DFT in the future) [35,41]. The average thickness of defor-
mation nanotwin slightly increases from 8 nm to 13 nm from 25 °C to
600 °C, as shown in Fig. 10. It is believed that the deformation twinning
could still be activated at 400-600 °C due to the coupled effect of SFE
and strain rate [42,43]. Low-energy TBs serve as effective barriers to
dislocation motion for strengthening the superalloy at elevated tem-
peratures and can also accommodate tribological strains by absorbing
dislocations via TB interactions with glide dislocations [44,45]. Besides,
the solution-strengthening elements such as Cr and Co could provide a
robust barrier in stabilizing the twin boundaries by forming elemental
segregation or precipitations [46,47]. At 800 °C, the absence of twins
could be attributed to the increased SFE and material softening, which
dose not favor the slip of partial dislocations [48].

4.1.2. Tribo-induced grain refinement mechanism

In order to reveal the temperature effect on the tribo-induced grain
refinement mechanisms, the Zener-Hollomon parameter (Z) was intro-
duced [49], as defined by:

Z = éexp(Q/RT) o)
where ¢ is the strain rate, R is the gas constant, Q is the related activation
energy for deformation and T represents the deformation temperature.
Here, the activation energy of pure Ni for grain boundary migration
(274 kJ/mol) is adopted for simplicity [50]. The strain rate was esti-
mated as 10 s~ ! according to our previous work on the measurement of
sliding strain rates [51]. The value of InZ decreases from 20 to 5 with
increasing the deformation temperature from 25 °C to 800 °C, as shown
in Fig. 10. Considering that the dislocation cell sizes (Dq4.) depends on
the applied shear stress (t) according to
KGb

Dy ~——
T

(2)

where K is a constant as 10, G is the shear modulus, b is the Burgers
vector (0.2492 nm for Ni here). If the applied shear stress reaches the
upper limit (G/30), the recrystallization grain size dominated by the
dislocation behavior would decrease to a minimum value as about
53 nm, as indicated by the horizontal dashed line in Fig. 10. It is obvious
that the average recrystallization grain size at 25 °C to 600 °C remains
constant as about 35 nm, which is smaller than the minimum size of
dislocation cells. While the recrystallization grain size at 800 °C
(138 nm) is much larger than the minimum value (The data is extracted
in the unoxidized regions of the glaze layer). It is deduced that there is a
transition of grain refinement mechanism with increasing the temper-
ature from 25 °C to 800 °C.

For the Ni-27Cr alloy sliding from 25-600 °C (i.e. with high Z7), the
dislocation/twinning interaction dominates the refinement of coarse
grains. The Ni-27Cr superalloy has a strong tendency to form planar
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dislocation arrays which would further evolve into the micro bands
(Fig. 6(b)), in analogy to that in the Al-Mg alloys [52] and high man-
ganese steels with low SFEs [53]. Fig. 11 shows the magnified micro-
graph on the interaction between the micro bands and deformation
twins for the sample sliding at 25 °C. It is found that the deformation
twins with lengths of 1.5-2 um indicated by the yellow solid arrows
manage to penetrate several micro bands (white dashed lines). Besides,
the twin boundaries have a 4° deflection to maintain the favored
orientation for continuous twinning (see the SAED in Fig. 11 c). At the
same time, high-density nanotwins with lengths of hundreds of nano-
meters indicated by the yellow dashed arrows are constrained by the
adjacent micro bands. It contributes to the further subdivision of the
grain into the rhombic-shaped nanoscale domains (see the red box in
Fig. 11a). Then, dislocation tangles are developed within the domains
and evolve into randomly orientated grains. For the Ni-27Cr alloy
sliding at 800 °C with a relatively low Z, grain refinement is dominated
by the dislocation activities. The dislocation tangles gradually transform
into subgrain boundaries and further into high-angle grain boundaries
[54]. The contribution of deformation twinning to grain refinement is
absent and the combination of frictional/ambient heating will promote
the DRX grain growth at 800 °C. In a word, from 25 °C to 800 °C, there is
a transition of grain refinement mechanisms from dislocation/twinning
interaction to dislocation activities when InZ decreases from 20 to 5. It is
worth noting that the role of dislocation density in grain refinement is
important and the dislocation density measurement will be carried in
the future.

4.1.3. Tribo-oxidation behavior

For the commercial Ni-based superalloys, the glaze layer basically
consists of homogeneous nanostructured oxides (e.g. NiO, CoO, Cry03
and NiCrg04) [20,22,55]. For our Ni-27Cr alloy sliding from 25 °C to
800 °C, there is a transition of tribo-induced oxidation behavior from
insufficient oxygen diffusion to the formation of a fragmented glaze
layer consisting of homogeneous nanograined NiO and a thin Cry03
layer and finally to the formation of a heterogeneous composite glaze
layer consisting of nanograined NiCry04 and unoxidized UFG matrix
wrapped with CryOs.

During the preheating process, static oxidation process would occur
at the sample surface. Then, wear debris were generated in the wear
process and a part of them evolve into the glaze layer after repeated
welding and fracture [56-59]. For our Ni-27Cr superalloy, there is only
slight diffusion of oxygen in the topmost surface at 25 °C because the
oxygen diffusion rate is relatively low at room temperature. The glaze
layer formed at 400 and 600 °C both exhibit fragmented morphologies
(see Fig. 5). The difference is the formation of a thin and continuous
Cr-rich oxidation layer formed in the inner side of the glaze layer at
600 °C. Because the diffusion/oxidation rate is enhanced at higher
temperatures and the driving force of CryOs is greater than that of Ni

“Z=[110]

Fig. 11. Magnified (a) bright and (b) dark field TEM images of twin boundaries-dislocation interaction and (c) corresponding SAED for the Ni-27Cr superalloy worn

after 9000 cycles at 25 °C.
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Fig. 12. (a) A STEM-HADDF image on the oxidization layer of the Ni-27Cr superalloy after dry sliding after 9000 cycles at 600 °C and corresponding EDS mapping.
(b) Magnified (b) bright and (c) dark field TEM observation on the micro cracks within the fragmented NiO layers.

oxide [22,60]. This is further substantiated by TEM characterization of
another cross-section after dry sliding at 600 °C (Fig. 12). The whole
NCL exhibits a step-like morphology along the thickness direction
(Fig. 12(a)) and is fully covered by a Cr-rich oxidation layer (green area
in Fig. 12(b-c)). Similar to the results in Fig. 8, some fragmented NiO
regions (yellow area in Fig. 12(b-c)) accompanied with several micro
cracks (red arrows) appears outside of Cr-rich oxidation layer. Even
though external Cry03 is able to prevent oxygen from diffusing into the
substrate alloy, internal Cr-rich oxidation in the NCL could still be found,
as indicated by the arrow in Fig. 12(a). It implies that the crack propa-
gation along the sliding direction contributes to the formation of Cr-rich
oxidation layer along the same direction in the matrix.

The formation of heterogeneous composite glaze layer at 800 °C is
intimately correlated to the intentional addition of high Cr content.
First, it is reasonable that enough Cr is triggered to diffuse outward to
form the CryO3 layer in the early stage [19,20]. Second, the
tribo-induced cracking and pile-ups would contribute to the oxygen
penetration along the propagation direction and plastic flow direction,
respectively [55,61]. Residual CrpOg3 clusters should exist in the glaze
layer. Thus, the high Cr content significantly increases the possibility
that the retained discrete CrpO3 layers completely enclose a small part of
the matrix in the glaze layer. Furthermore, the matrix-CroO3 composites
are sintered within the glaze layer instead of being removed [62].
Finally, the unoxidized regions would experience the DRX process under
the protection of the dense CryO3 shells. In contrast, only several Cr-rich
banded clusters appear in the homogeneous nanograined glaze layer for
those Ni-based superalloys with relatively low Cr content (16 at%)
during the sliding process [22]. The chemical origins for the heteroge-
neous composite glaze layer at 800 °C merit further in-depth in-
vestigations of the early stage sliding.

4.2. Wear-resistant subsurface nanotwins and heterogeneous composite
glaze layer

Our coarse-grained Ni-27Cr superalloy share the same wear mech-
anisms (abrasive/oxidation) but exhibits superior wear resistance from
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25 °C to 800 °C, compared to the precipitation-strengthening superal-
loys such as Inconel 718/625. Typically, sliding at elevated tempera-
tures leads to the homogeneous glaze layer (hard but brittle) and
adjacent NCL for the traditional Ni-based superalloys [22,56,63]. On the
one hand, the dissolution of strengthening phases in the matrix causes
the softening of the subsurface layer, and the increased strain in-
compatibility between the glaze layer and NCL would lead to the crack
nucleation at the layer interface [63]. On the other hand, concentrated
plastic deformation on the topmost region would lead to strain locali-
zation. Then, the fresh glaze layer tends to be broken and removed as the
abrasive debris. While for our Ni-27Cr superalloy, the key of high wear
resistance lies in the activation of twin strengthening and formation of
heterogeneous composite glaze layer.

First, tribo-induced twin strengthening contributes to the high wear
resistance at room/intermediate temperatures. The deformation nano-
twins become an important part of the wear-induced gradient nano-
structure at 25 °C. There is a continuous structural refinement from the
micro bands/dislocation tangles to the nanograins along the thickness
direction, as shown in Fig. 13(a). The gradient yield stress of the sub-
surface gradient nanostructure could match the distribution of applied
tribological stress [27,64]. Then, plastic deformation could be sustained
within a thicker surface layer and smaller plastic strain gradient would
be induced in the subsurface gradient nanostructure. Thus, strain
localization and severe material peel-off are avoided, which leads to the
enhanced wear resistance at 25 °C. The activated twinning behavior
could further enhance the subsurface grain refinement through the
dislocation-twinning interaction, especially at the intermediate tem-
peratures. Even though the topmost glaze layer is not intact, nanograins
with high hardness in the NCL and retained nanotwins with superior
thermal stability and good strain hardening ability in the deformed CG
region would give strong support against sliding and then reduce the
wear rate of Ni-27Cr superalloy at 400 °C, as shown in Fig. 13 (b).

Second, the resultant heterogeneous composite glaze layer is decisive
for the remarkable wear resistance at 800 °C. This can be interpreted
from the following two aspects. (i) The grain boundary mobility is
retarded due to the pinning effect of alloy elements [65]. Thus, the
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Fig. 13. Schematic illustration of microstructure evolution for the Ni-27Cr superalloy worn at (a) 25 °C, (b) 400-600 °C and (c) 800 °C.

(b)

nanograined glaze layer tends to remain stable during the
thermo-mechanical coupling process, which would restrain the gener-
ation of wear debris. NiCry04 as the main oxides in the glaze layer has a
spinel crystalline structure which is beneficial to reduce the friction
[20]. Thus, the intact and thick glaze layer acts as a lubricant and barrier
during the wear process, leading to the decreased COF at 800 °C. (ii) The
glaze layer consisting of nanograined oxides-UFG matrix could be
regarded as a typical heterogeneous structure, as schematically shown in
Fig. 13(c). The ultrafine nanograined NiCry04 and CryO3 contributes
high strength to the glaze layer, and the unoxidized DRX regions
maintain good ductility by the intrinsic strain hardening ability. Under
tribological loading, the strain partitioning between the soft/hard zones
would occur where the soft unoxidized regions could undertake much
higher plastic strain than that of the surrounding nanograins [66]. The
hetero-deformation induced (HDI) strengthening and hardening [67]
would improve the ductility of the whole glaze layer and corresponding
wear resistance of the sample. Compared to the nanocomposite con-
sisting of nanocrystals and amorphous oxides [25], our heterogeneous
composite glaze layer consisting of nanograined oxides and UFG matrix
are supposed to have a much larger capacity to accommodate tribo-
logical strains. We propose that the rational design of strong and ductile
heterogeneous composite glaze layer is a new strategy for designing
wear-resistant superalloys at elevated temperatures. It is worth noting
that the effect of material softening and increased fracture toughness at
elevated temperature on the tribological properties needs further
investigation [68].

5. Conclusions

In summary, a novel coarse-grained Ni-27Cr based superalloy was
developed via tribo-induced twin strengthening and formation of strong
and ductile composite glaze layer with heterostructures. The salient
conclusions are drawn as follows:

(1) Compared to the commercial superalloys, the Ni-27Cr superalloy
exhibit superior wear resistance at 25-800 °C. The wear rates at
400 °C and 800 °C could reach 1.97 x 107> mm®/N-m and
3.1 x 107® mm3/N-m, respectively.

(2) The damage degree of wear scars increases with increasing the

normal load from 1 N to 10 N at room temperature. The degree of

sintering and oxidation of the topmost tribo-layer is enhanced
with increasing the temperature from 25 °C to 800 °C.

Tribo-induced deformation nanotwins with superior structural

stability appear after wear at 25-600 °C. From 25-800 °C, there

is a transition of deformation-induced grain refinement mecha-
nism from dislocation-twinning interaction to dislocation

behavior when InZ decreases from 20 to 5. Besides, there is a

transition of tribo-oxidation behavior from insufficient oxygen

diffusion to the formation of a fragmented glaze layer consisting

(3)
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(c)

of nanograined NiO and a thin CryO3 layer and finally to the
formation of a heterogeneous composite glaze layer consisting of
nanograined NiCrpO4 and ultrafine grained matrix. The hetero-
geneous composite glaze layer stems from the high-Cr-triggered
closure of Cr0O3 layers between hard and soft domains during
tribological loading.

At 25-600 °C, tribo-induced deformation nanotwins contribute
to the formation of gradient nanostructure and promote the
subsurface grain refinement, alleviating the strain localization. At
800 °C, the heterogeneous composite glaze layer could accom-
modate large tribological strains by HDI strengthening and
hardening, providing a novel design pathway for wear-resistant
superalloys at elevated temperatures.
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