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To improve the service life of valve retainer in the engine exhaust system, the
NiCoCrAlY alloy coating was fabricated on compacted graphite cast iron by
laser cladding. Microstructure and high-temperature wear resistance of the
coating were studied. The coating exhibits a refined dendritic structure. The
Ms,3Cg nano-precipitates with rod-shape are embedded the y(Fe, Ni) solid
solution dendrites, and the M;C3 nano-precipitates are distributed in the in-
ter-dendrite region. The average nano-hardness of the coating and the sub-
strate are measured as 4.08 GPa and 3.96 GPa, respectively. The wear
morphologies and coefficient of friction variation reveal that the friction layer
formed at 25°C and 600°C is a mechanical mixing layer and a composite layer,
respectively. The coating possesses excellent wear resistance at 600°C due to
the formation of a dense oxide film. The main component of the oxide film is

identified as FesOs3, FesQy4, Al5O3, CrO,y, CrOs and CrsOs.

INTRODUCTION

The valve retainer, an important part of the
engine exhaust system, plays a critical role in
sealing the valve and extending the service life of
the engine.! However, the high-temperature
exhaust from the engine combustion chamber and
the high-frequency impact from the moving parts in
the exhaust system provide an extremely harsh
working environment, which leads to strict require-
ments for the toughness and high-temperature wear
resistance of the valve retainer.? Cast iron with
excellent wear resistance is a common material for
the manufacture of valve retainers.® However, the
brittle fracture characteristic of cast iron can seri-
ously threaten their regular operation. In this
regard, it is a practical solution to deposit a coating
with preeminent high-temperature wear resistance
and toughness on the valve retainer.

MCrAlY (M = Ni, Co or NiCo) alloys with excel-
lent thermal stability, wear resistance, and mechan-
ical properties have been analyzed by many
researchers.*® The Ni-based alloy coatings are
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commonly used as transition layers of thermal
barrier coatings due to their outstanding adhesion
and high elasticity modulus.” The wear behavior of
the NiCoCrAlY alloy fabricated by spark plasma
sintering at different temperatures has been inves-
tigated.® The NiCoCrAlY allogf exhibits a smaller
wear rate (about 5.20 x 10° mm®* N"'m™') and
better wear resistance at high temperature (600°C),
compared with at room temperature (25°C). Thus, it
is expected that the NiCoCrAlY alloy with favorable
high-temperature wear resistance can satisfy the
working conditions of valve retainers.

Some advanced technologies, such as plasma
spraying”!® and laser cladding,'"'? have been used
to deposit coatings. Compared with the thermal
spraying process, the coating fabricated by laser
cladding possesses a better bonding strength of
metal powders, which is conducive to the improve-
ment of wear resistance.'®'* Moreover, laser clad-
ding can achieve good metallurgical bonding
between coating and valve retainer.'® The dense
NiCoCrAlY coating has been prepared by laser
cladding on austenitic stainless steel (AISI 304).!!
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The wear rate of the NiCoCrAlY coating composed
of y-Ni phase and -NiAl phase was calculated to be
about 9.90 x 10 > mm® N"'m™" at 500°C, while
that at 24°C is 1.63 x 10 * mm® N~! m~!, approx-
imately. The NiCoCrAlY coating exhibits satisfac-
tory wear resistance at high temperature. The
dilution effect of laser cladding inevitably leads to
the mixing and diffusion of elements between the
coating and the substrate, which may significantly
change the microstructure and the phase constitu-
tion of the coating.'® There are few reports about Ni-
based coatings on cast iron surfaces in the litera-
ture. It is considered that the high carbon content in
cast iron can change the microstructure and further
affect the performance of Ni-based coatings. Thus, it
is necessary to study the microstructure and the
high-temperature wear resistance of the coating
deposited on the surface of cast iron by laser
cladding.

The main purpose of this content is to provide a
meaningful reference for the practical application of
Ni-based coatings working in high temperature,
abrasion, and other environments by analyzing the
wear resistance of coatings deposited on the surface
of cast iron at elevated temperatures. The
microstructure and phase constitution are charac-
terized in detail. Meanwhile, the wear mechanism
and the composition of the wear products are
investigated.

MATERIALS AND METHODS
Preparation of Coating

The NiCoCrAlY alloy coating was prepared by
laser cladding. The compacted graphite cast iron
(CGI, RuT300) was selected as the substrate. The
cast iron was cut into cuboids with dimensions of
120mm x 60 mm x 30 mm by a wire-EDM
machine (DK7745), and the cut substrate was
ground and polished to remove the oxide layer.
The surface of the substrate was cleaned with
alcohol and acetone. The raw material of Ni-based
alloy powder (2.6 wt.% Co, 18.6 wt.% Cr, 3.4 wt.%
Al, 0.42 wt.% Y and Ni in balance) was dried in an
electric vacuum drying oven (DZF-6020) for 6 h. The
laser cladding was implemented by a fiber laser
system (YLS-400-CTTC-Y11) with the following
parameters: laser power of 900 W, powder feed rate
of 4.3 g min!, laser spot diameter of 2 mm, scan-
ning velocity of 10 mm s~!, and overlap rate of 50%.
High-purity argon with a flow rate 5 L min~' was
selected as the shielding gas to prevent the oxida-
tion of powders during the cladding process.

Characterization of the Coating

The Ni-based alloy coating was processed into
several specimens with a size of 10 mm x 10 mm x
10 mm. The surface of the specimens was ground
with 500-, 1200-, 2000-, and 3000-grit SiC abrasive
paper for metallographs, and then polished to a
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roughness of 0.2 ym using a metallographic polish-
ing machine (MTP-200). The specimen was etched
by aqua regia for the microstructure observation.
The microstructure observation and component
identification of coating were carried out using a
scanning electron microscope (SEM; Quanta 250)
equipped with an energy dispersive spectrometer
(EDS). Transmission electron microscopy (TEM)
with selected area electron diffraction (SAED) was
used for more detailed microstructural characteri-
zation. A specimen with a diameter of 3 mm and a
thickness of 10 nm prepared by twin-jet technology
was used for the TEM observations. The phase
composition was characterization by x-ray diffrac-
tion (XRD; D8 Advance; Bruker) using CuKu radi-
ation with a current of 30 mA and a voltage of
40 kV. The nano-hardness along the depth direction
of the coating was measured using a nano-indenter
(U9820A Nano Indenter G200). The three-dimen-
sional morphologies of indentations on the substrate
and coating were investigated by atomic force
microscopy with a scanning frequency of 1 Hz. The
high-temperature wear tests were executed on a
ball-on-disk high-temperature wear tester (SIE-
MENS, HT-1000) with the following parameters:
normal load of 4 N, frequency of 8.93 Hz, friction
radius of 3 mm and duration time of 30 min. A
commercial SisN4 ball was used as the counterpart.
The wear tests were carried out at temperatures of
25°C, 200°C, 400°C and 600°C. The morphologies of
the worn surfaces were observed by SEM.

RESULTS AND DISCUSSION
Phase Constitution and Microstructure

Figure 1 shows the XRD pattern of the Ni-based
alloy coating prepared by laser cladding. The typical
faced-centered cubic (FCC) peaks, which are in good
agreement with the standard diffraction patterns of
the y(Fe, Ni) phase, can be found in the XRD pattern
of the coating. The lattice parameter corresponding
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Fig. 1. XRD pattern of the laser-cladded Ni-based alloy coating.
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Fig. 2. SEM and TEM images of the Ni-based alloy coating: (a) SEM image of the coating; (b) magnified view of the IR.

Table I. Microchemical composition of the investigated areas of the Ni-based coating (at.%)

Regions Fe (at.%) Ni (at.%) Cr (at.%) Si (at.%) Al (at.%) C Co
DR 18.75 31.94 6.36 1.70 2.07 37.59 1.59
IR 12.33 12.89 16.35 1.54 0.78 55.35 0.67
to the FCC phase has been calculated as approxi- diameters ranging from about 32.69 nm to

mately 0.354 nm. In addition, the diffraction peaks
of the M,;C3 phase with a hexagonal structure and
the M53Cg phase with an FCC structure appear in
the diffraction pattern of the Ni-based alloy coating.

The SEM images of the Ni-based alloy coating are
displayed in Fig. 2. The typical dendritic morpholo-
gies can be observed in Fig. 2a. The average sec-
ondary dendritic arm spacing is calculated to be
approximately 3.07 ym. An enlarged view of the
inter-dendritic region (IR) is shown in Fig. 2b, from
which it can be seen that the IR region is mainly
composed of the lamellar precipitates with the
discontinuous distribution. The chemical composi-
tions of the dendrite region (DR) and IR are listed in
Table I, from which it can be seen that the contents
of Fe and Ni elements in the DR are significantly
higher than that in the IR. Combined with the XRD
result (Fig. 1), it can be preliminarily confirmed
that the DR contains the y(Fe, Ni) phase with an
FCC lattice. Moreover, the IR shows the enrichment
of Cr and C elements.

According to the XRD results, there should be
three phases in the Ni-based coating, which is
inconsistent with the microstructure of the Ni-based
coating observed from the SEM images. Thus, the
microstructure of the coating has been further
characterized by TEM, as shown in Fig. 3a and b.
Figure 3a shows the bright-field TEM image of the
Ni-based alloy coating. The IR presents a discontin-
uous black precipitated phase, which is consistent
with the SEM results. In addition, there are rod-like
nano-precipitates embedded in the matrix (gray
area). A magnified image (Fig. 3b) of the DR shows
that the orientation of the nano-precipitates with

155.03 nm and lengths ranging from about
135.19 nm to 714.18 nm is random. From the SAED
analyses results (Fig. 3c¢), the matrix is character-
ized as an FCC phase with a lattice parameter of
0.355 nm, which corresponds to the y(Fe, Ni) phase
in the XRD results. The SAED pattern of the black
precipitated phase (Fig. 3d) in the IR displays a
complex hexagonal structure. Combined with the
EDS results, the IR can be identified as the M,Cs
phase (M = Fe, Cr). For the nano-precipitates in the
DR, these nano-precipitates are identified as an
FCC phase with the space group of Fm3m (Fig. 3e).
Therefore, the nano-precipitated phase is proved to
be a My3Cg phase (M = Fe, Cr).

According to the reports in the literature, most
Ni-based alloys are composed of y-Ni as the matrix
and f-NiAl as the intermetallic phase.'”'® However,
we obtained a Ni-based coating with a completely
different phase composition. This is mainly attrib-
uted to the dilution effect of the laser cladding.
Under the heating of the laser beam with high
energy density, the surface of the substrate melts
locally, and the elements contained in the substrate
diffuse along the direction from the bottom of the
molten pool to the surface of the coating. The
elements diffused into the coating, such as Fe and
C, increase the mixing entropy and reduce the Gibbs
free energy of the Ni-based alloy coating, which is
conducive to the formation of the y(Fe, Ni) phase.
The formation of the M;C3 and My3Cg phases can be
explained by the mixing enthalpies between atomic
pairs. The mixing enthalpies of the atomic pairs
among different elements contained in the Ni-based
coating are listed in Supplementary Table I. The



T +Matrix

'\s.»"'}";:*:

H. Liu, J. Liu, Hao, Yang, He, and Yu

Rod-shaped precipitates

Fig. 3. TEM images of the coating: (a) bright-field TEM image of the coating; (b) magnified view of the DR; (c) SAED pattern of the matrix; (d)
SAED pattern of the black precipitates; (e) SAED pattern of the nano-precipitates.
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Fig. 4. Nanoindentation test results along the depth in the cross-
section of the coating.

negative mixing enthalpies of Cr-C (— 61 kJ mol %)
and Fe-C (— 50 kJ mol™!) indicate the strong
atomic affinity between the Fe, Cr and C atoms.
Compared with other atoms, C atoms are more
likely to combine with Fe and Cr atoms.

Mechanical Properties

Figure 4 shows the results of the nanoindentation
test along the depth direction in the cross-section of
the coating. The exact location of the test points is
presented in the upper left corner of Fig. 4. The
load—depth curves reveal that the bonding zone

presents a larger load requirement when the max-
imum pressing depth is the same. The nano-hard-
ness of the bonding zone is significantly higher than
that of the coating and substrate, as shown in
Supplementary Fig. 1. According to our previous
work, the above phenomena can be explained by the
martensitic transformation in the bonding zone.®
The average nano-hardnesses of the coating, bond-
ing zone and substrate are calculated to be about
4.08 GPa, 7.41 GPa and 3.96 GPa, respectively. It
can be found that the average nano-hardness of the
coating is higher than that of the CGI substrate.
The three-dimensional morphologies of indentations
on the substrate and coating are shown in Supple-
mentary Fig. 2(a) and (c), respectively. There is a
larger plastic deformation area on both sides of the
indentation on the surface of the Ni-based coating.
Also, the results of the height analysis (Supplemen-
tary Fig. 2(b) and (d)) present a higher proportion of
the deformation area on the coating surface. The
above results show that the Ni-based alloy coating
has better plasticity than the substrate. The elastic
modulus and stiffness of the coating are calculated
to be about 190.92 GPa and 1.53 N m™ !, while those
of the substrate are about 216.84 GPa and
1.74 N m !, respectively.

The improvement of the nano-hardness of the Ni-
based coating can be attributed to the nano-precip-
itated 2]8hase. According to the Orowan’s mecha-
nisms,?*?! the precipitated phases in the IR area
and nano-precipitated phases in the DR can effec-
tively hinder the slip of dislocations, leading to the
formation of high-density dislocation pile-up groups,
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as shown in Supplementary Fig. 3. The dislocation
pile-up group around the M,Cs precipitated phase
in the IR area is demonstrated in Supplementary
Fig. 3(a). Moreover, Supplementary Fig. 3(b) shows
a high-density dislocation accumulation in the DR.
The enlarged image of the DR area (Supplementary
Fig. 3(c)) shows that the high-density dislocations
mainly concentrate around the nano-precipitates.
Also, the nano-precipitates, as impenetrable parti-
cles, promote encirclement of dislocations and for-
mation of dislocation loops, as shown in
Supplementary Fig. 3(d). Therefore, the nano-pre-
cipitated phase can play an effective role of second-
phase strengthening, thus improving the hardness
of the coating.

Wear Behavior

SEM micrographs of wear scars of the Ni-based
coating at elevated temperatures are shown in

Furrows

- Furrows

NN

Fig. 5. SEM micrographs of wear scars of the Ni-based alloy coating
at different temperatures: (a), (b) 25°C; (c), (d) 200°C; (e), (f) 400°C;
(9), (h) 600°C.

Fig. 5. The worn surface of the Ni-based coating
presents a relatively flat wear scar at 25°C, and only
black friction layers (denoted as A) exist on both
sides of the wear scar, as shown in Fig. 5a. The
enlarged view of area A (Fig. 5b) shows that the
distribution of the friction layer is discontinuous.
Area A is considered to be a mechanical mixing
layer (MML), which is formed by the extrusion and
adhesion of debris.?? In addition, dense furrows, the
typical morphology characteristics of abrasive wear,
can be seen in Fig. 5b. It can be concluded that the
main wear mechanism of the Ni-based coating is
abrasive wear at 25°C. Comparing the morphologies
of worn surfaces at 200°C with that at 25°C, an
obvious difference can be observed. The adhesive
layer appears on the worn surface of coating at
200°C, as shown in Fig. 5c. It can be seen from the
magnified view of the adhesive layer (Fig. 5d) that
the deformation direction of the adhesive layer is
parallel to the sliding direction, implying the occur-
rence of adhesive wear during wear at 200°C. The
increase of temperature results in the softening of
the surface of the Ni-based coating. Therefore, the
surface material of the coating is easier to be torn
and smeared under the action of external loading.
The worn surface shows a thicker and rougher
adhesive layer at 400°C (Fig. 5e and f). The further
increase of temperature promotes the occurrence of
adhesion wear and the deformation of the adhesion
layer. However, it is worth noting that the wear
morphology at 600°C shows a distinct difference
compared with that at the other temperatures.
From Fig. 5g, the Ni-based coating exhibits a
smooth and complete wear scar. The approximate
width of the wear scar at 600°C measures 550.4 um,
while the width of the wear scars at 25°C, 200°C and
400°C are about 808.5um, 944.5um and
1100.2 um, respectively. Moreover, only regular
and parallel furrows can be observed in the magni-
fied image of the worn surface (Fig. 5h). All these
results show that the Ni-based coating exhibits
excellent wear resistance at 600°C.

The excellent wear resistance of the Ni-based
coating is attributed to the formation of a comgosite
layer (CL) on the worn surface at 600°C.? The
material torn from the coating surface is extruded
and sintered under the action of external loading at
high temperature. At this point, the worn surface of
the coating is rough, which can result in a relatively
high coefficient of friction. With the continuation of
the wear test, the extruded and cohesive debris are
uniformly coated on the worn surface of the coating,
indicating the formation of the CL.%® The dense CL
layer with high coverage formed at 600°C prevents
direct contact between the SisN,4 ball and the inner
material of the coating, which effectively prevents
further loss of the material. The smooth surface of
the CL can significantly reduce the coefficient of
friction. The above process can be proved by the
real-time coefficient of friction curve of the wear
process. As shown in Fig. 6, the downward trend
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Fig. 6. Real-time coefficient of friction curves at elevated
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0.6

— Wear rate
— Coefficient of friction

(=
T

g\_/jx

1 . 1 . 1 . 1 .
0 100 200 300 400 500 600

S
W

S w
T T
j=1 (=1
by b
Average coefficient of friction

w
T

Wear rate (10’mm*> N"-m™)
o
8]

N
T
e

0.0

Temperature (°C)

Fig. 7. Wear rate and the average coefficient of friction curves.

(from 23.35 min to 25.10 min) can be observed in
the real-time friction coefficient curve of the coating
tested at 600°C. It can be inferred that the complete
formation time of the CL is about 25.10 min at
600°C. Figure 7 shows the average coefficient of the
friction curve and the volume wear rate curve of the
Ni-based coating at elevated temperatures, from
which it is evident that temperature has a signifi-
cant effect on the average coefficient of friction.
With the increase of temperature, the average
coefficient of friction gradually decreases. It is
considered that the softening of the surface material
promotes the deformation and smearing of the
adhesive layer due to the increase of temperature,
which can play an active role in lubrication. The
volumetric wear rates of the coating at elevated
temgeratures are calculated to be 2.23 x 1077
mm’ N 'm™", 392 x 10" mm® N 'm !, 537 x
10 "mm®* N 'm 'and 1.44 x 10" mm®* N ' m 1,
respectively. The coating exhibits the minimum
wear rate at 600°C, indicating that the coating has
excellent wear resistance at high temperature.
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The detailed microchemical compositions of dif-
ferent areas of the wear scars at elevated temper-
atures are listed in Supplementary Table II. The
content of the O element in the MML is significantly
higher than that in the naked area (denoted as B) at
25°C. The oxidation of the MML can be explained by
the following. Firstly, the generation of friction heat
promotes the oxidation and adhesion of deformed
debris, and secondly, the heat released by the
process of debris extrusion also promotes the occur-
rence of the oxidation reaction. It can also be seen
from Supplementary Table II that the proportion of
O atoms in the A area gradually increases with the
increase of temperature. The CL area shows the
highest concentration of the O element at 600°C.
The friction layers (MML and CL) formed on the
worn surface at different temperatures are oxidized
during the wear process. Hereafter, all the friction
layers are considered as the oxide layer. The
coverage of the oxide layer formed on the worn
surface at 25°C, 200°C, 400°C and 600°C is calcu-
lated to be 5.5%, 23.7%, 78.8% and 100%,
respectively.

The XPS results of worn surfaces formed at 25°C
and 600°C are displayed in Supplementary Fig. 4.
The elements contained in the coating can be
confirmed by the XPS survey spectrum (Supple-
mentary Fig. 4(a)). The narrow spectrum of C shows
a C1 s peak at approximately 284.6 eV, indicating
the accuracy of narrow scanning,?* as shown in the
illustration in the lower left corner of Supplemen-
tary Fig. 4(a). From Supplementary Fig. 4(b), it can
be seen that the narrow spectrum of Co is almost
unchanged at 25°C and 600°C, which indicates that
there is no oxidation behavior of Co in the process of
high-temperature wear. Different from the perfor-
mance of Co, there are significant variations in the
narrow spectrums of Ni2p, Fe2p, Cr2p and Al2p
between 25°C and 600°C, as shown in Supplemen-
tary Fig. 4(c), (d), (e) and (f), respectively. The peaks
of Ni(0), Fe(0), Cr(0) and Al(0), which exist in the
narrow spectrum at 25°C, disappear at 600°C.
Meanwhile, the Ni(oxide), Fe(oxide), Cr(oxide) and
Al(oxide) peaks appear at 800°C, meaning that the
main components are oxides of Ni, Fe, Cr and Al in
the oxide layer.

The XPS high-resolution spectrums of Fe, Al, Ni
and Cr at 600°C are shown in Supplementary
Fig. 5. For Fe2p (Supplementary Fig. 5(a)), the
peaks at 714.3 eV and 711.3 eV illustrate the exis-
tence of Fe;O3, while the peaks at 712.4 eV and
711.1 eV prove the presence of FesO4. The high-
resolution spectrum of Al2p (Supplementary
Fig. 5(b)) indicates the existence of Al;O3 and a
small amount of Al metal. The oxidation products of
Ni and Cr during the wear process at 600°C can be
observed in Supplementary Fig. 5(c) and (d). Ni
element exists in the oxide layer as Ni,O3 and NiO,
while the oxides of Cr are mainly CrO,, CrO3z and
Cr303. As mentioned above, the main components of
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the oxide layer are confirmed as Fey0s3, FesOy,
A1203, CI’O2, CI‘Og and CI’203.

CONCLUSION

(a) The NiCoCrAlY alloy coating cladded onto the
surface of compacted graphite cast iron shows
a dendritic structure. The DR region consists
of a matrix of a y(Fe, Ni) solid solution phase
and nano-precipitates of the My3Cg inter-
metallic compound with rod-shape, and the
IR region is composed of the M;C3 phase.

(b) The average nano-hardness of the coating and
the substrate are measured at 4.08 GPa and
3.96 GPa, respectively. The improvement of
the nano-hardness of the Ni-based alloy coat-
ing can be attributed to the nano-precipitated
phase, which plays an effective role of second-
phase strengthening.

(c) With the increase of temperature, the wear
mechanism changes from abrasive wear to
adhesive wear and oxidation wear. The fric-
tion layer on the wear scar tested at 25°C is
identified as a mechanical mixing layer, which
is formed by the extrusion and adhesion of
debris. However, the friction layer formed at
600°C is considered to be a composite layer,
proved by the sudden drop in the friction
coefficient curve.

(d) The NiCoCrAlY alloy coating exhibits the best
wear resistance at 600°C. The volumetric wear
rates of the coating at elevated temperatures
are calculated tobe 2.23 x 10" mm®* N~ ! m!
3.92 x 10" mm®* N"'m~%, 5.37 x 10~7 mm®
N!lm?! and 144 x 107" mm® N 1m™
respectively.

(e) The oxidation film formed on the worn surface
at high temperature effectively improves the
wear resistance of the coating. The main
components of the oxide films are identified
as F6203, F8304, A1203, CI‘OQ, CI‘O3 and
CI‘203.
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