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Abstract: A comparative evaluation of the friction and wear behaviors of 40CrNiMoA steel and Inconel
718 alloy sliding against Si;N4 counterparts was conducted over a large temperature range from room
temperature (RT) to 800 C. The temperature-dependent tribological properties associated with the
resulting chemical mitigation and structural adaptation of the solid sliding surface were clarified by
surface/interface characterizations. The results revealed desirable performance in reducing friction and
wear at elevated temperatures, which was associated with the resulting oxide composite film's adaptive
lubricating capability, whereas severe abrasive wear occurred at room/ambient temperatures. The
oxidative-abrasive differentials for the two alloys were further discussed by considering the combined
effect of temperature and stressed-shearing conditions.

Keywords: steel alloys; high-temperature tribology; wear and friction; oxidation; surface/interface
chemistry

1 Introduction

High-temperature tribological characteristics of
high-strength alloyed materials have been studied
considerably in aerospace, power generation,
material processing, and metalworking industries.
A series of problems occur simultaneously between
frictional contacts, such as abrasion, plastic deformation,
and fatigue [1]. During high-temperature friction,
oxides preferentially form on the worn surface [2],
and their thicknesses play a pivotal role in

tribological performance [3]. If the tribochemically

grown oxide layer behaves effectively, it can
deliver the desired lubricity between the rubbing
contacts at elevated temperatures [4]. However,
notall in situ grown oxide layers perform favorably.
Temperature has a significant effect on tribological
varieties of alloyed materials [5, 6]. Thus, attempts
to comprehend the tribological capabilities and
underlying mechanism of alloyed materials in
terms of microstructure transition and composition
migration across the sliding surface/interface are still
ongoing.

At room/ambient temperatures, the frictional

* Corresponding authors: Shanhong WAN, E-mail: shwan@licp.cas.cn; Gewen Y1, E-mail: gwyi@]licp.cas.cn

ISINGHYA ) Springer



1176

Friction 9(5): 1175-1197 (2021)

surface suffers dominant abrasion [1, 7]. Because
the operational temperature is not sufficiently
high to grind the wear debris and thus a
continuous protection layer is not present, the
abrasion and subsequent oxidation interact with
each other, thereby leading to severe wear and
unexpected abrading of the three body [8]. The
applied force and total sliding distance are the
predominant factors in the wear process, during
which the kinetics of oxidation at the sliding
than
significantly to the acceleration of wear.

surface, other temperature, contribute

A severe-to-moderate wear transition emerges
between the rubbing contact as the temperature
exceeds a critical temperature, which is attributed
to a compliant oxide layer [9]. This oxide layer is
often termed “glaze”, which evolves from the
oxide debris by the tribo-sintering process. This
layer also displays a composite feature consisting
amorphous and nanocrystalline components. Such
structural assembly enables accommodation of the
interfacial stresses [10], which is considered to be

renders
to harsh

temperatures. However, the tribological capability

the major plasticity activator that

desirable ductility when exposed
of this oxide layer is further associated with the
reduction of the mechanical strengths of materials
at elevated temperatures [11], variations in surface
conditions and adhesion due to oxidation and
diffusion [12], phase change, and composition
change [13], which inherently depends on the
temperature.

Both 40CrNiMoA steel and Inconel 718 alloy
have superior strengths and toughnesses for
equipment  manufacturing and  aerospace
industries [14, 15]. They have been widely applied
as high-temperature substrates for coating
deposition. However, the capabilities to withstand

friction and wear of the two alloys themselves

have not been comprehensively investigated for a
wide range of temperatures. In particular,
knowledge of the tribological discrepancy between
nickel-based (Inconel 718 alloy) and iron-based
(40CrNiMoA steel) alloys at elevated temperatures
is still a little far from the industrial demand in
machinery components, which often require
working in harsh temperature conditions. In this
study, the tribological dependencies of these two
alloyed materials are investigated comparatively
during sliding against a ceramic Si;N4 counterpart
at different temperatures. In addition to the
connection between temperature and the resulting
tribological properties, the surfaces and interface
of the worn 40CrNiMoA steel and Inconel 718
alloy are analyzed in terms of the resulting oxide
layer to clarify the wearing mechanism and
frictional evolution. The findings of this study will
be potentially instructive for the manufacturing of
high-strength alloys and the availability of ceramic
silicon nitride as a manufacturing tool in harsh hot

air environments.

2 Experimental
2.1 Applied materials

Two different alloys were investigated in this
study: 40CrNiMoA steel and Inconel 718 alloy.
Commercial 40CrNiMoA steel (AISI 4340) was
purchased from Jiangyin Xingcheng Special Steel
Works Co. Ltd., while the superalloy Inconel 718
was purchased from Suzhou Feiyue Precision
Machinery Co. Ltd. Table 1 shows the chemical
composition of 40CrNiMoA steel and Inconel 718
superalloy. Predominantly Fe, along with all other
make up 40CrNiMoA
while the three
components of Ni, Fe, and Cr are included within

alloying  elements,

high-strength  steel, main

the as-received Inconel 718 alloy.

Table 1 Chemical compositions of 40CrNiMoA steel and Inconel 718 superalloy (wt%).

C O Mo Al Nb Mn Ti Cr Fe Ni
40CrNiMoA 2.53 0.77 0.05 — — 0.37 — 0.45 95.12 0.71
Inconel 718 2.31 0.62 1.25 0.29 2.15 — 0.51 17.28 15.58 60.01

Note: — indicates that it is not detected.
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Figure 1 displays the metallurgical phase of the
two alloyed materials with the assistance of the
spot energy-dispersive spectroscopy (EDS). 40CrNiMoA
steel consists of tempered martensite, retained
austenite, and some precipitated granular carbides
(spot 1 in Fig. 1(b) and Fig. 1(c)). It is identifiable
that ultra-fine carbides are distributed homogeneously
within the lath-shaped martensite matrix. As
shown in Fig. 1(d) and spot 4 in Fig. 1(e), Inconel
718 alloy demonstrates a net-like convex structure

Mass fraction (%)
(9,) uonde.ay sse\

Location

with a dominant carbide (Nb and Mo) composition
along the grain boundary [16] within the austenitic
matrix, while such needle-like J phases are
invisible. In addition, the y" (Ni;Nb) precipitate
can be distinguished [17] according to the EDS in
Fig. 1(f) because of the chemical affinities of Ni
and Nb.

Disk specimens for the friction and wear testing
had dimensions of @24 mm x8 mm, which were
cut from 40CrNiMoA steel and Inconel 718 alloy
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Fig. 1 Microstructure and metallurgical composition analyses of the alloyed materials. (a—c) 40CrNiMoA steel, and (d-f)
Inconel 718 alloy.
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bars. All the disk specimens were machined to a
surface roughness, Ra, of approximately 0.02 pum.
Because Si3;N4 has excellent mechanical strength
and high thermal stability without any deformation
at 800 'C [18], Si3N4 (@ 6 mm, Ra 0.02 um) was
selected as the counterpart material for this work
and was purchased from Shanghai Unite
Technology Co. Ltd. The Si;N, ball had a chemical
composition (wt%) consisting of N 41.27%, O
19.57%, Al 2.17%, Y 1.57%, Nb 13.5%, Ti 0.22%,
and Si in balance. Prior to tribological testing, the
disk and ball were ultrasonically cleaned for 15 min
in a solution of acetone, and then dried in hot air.

2.2 Mechanical and tribological evaluation

The microhardness of the two alloys was
measured using an MH-5-VM microhardness
tester, which was manufactured by Shanghai
Hengyi Science and Technology Co. Ltd., with a
Vickers pyramid-shaped diamond indenter with
an angle of 136° between opposite faces. At least
11 microhardness values were taken from each
sample under different loadings, with a dwell time
of 5 s. Scratch tests were carried out using an RST”
scratch machine (Anton Paar, Switzerland) using a
conical diamond indenter with a radius of 200 um
and cone angle of 120°. Scratch testing was
performed with a linearly increasing load from 0
to 50 N at a normal loading speed of 98 N/min and
a scratch length of 5 mm.

The tribological performances of 40CrNiMoA
steel and Inconel 718 alloy sliding against Si;Ny4
were tested using a high-temperature ball-on-disk
tribometer (UMT-3, Bruker Corp, USA) in air with
a relative humidity of 20%=5% at 25 C. The upper
specimen was a SisN4 ball, while the bottom disk
specimen was composed of 40CrNiMoA steel or
Inconel 718 alloy. All rotation tests were carried out
at a sliding speed of 0.104 m/s (200 rotations/min),
an applied load of 10N, a wear track radius of
and a duration of 1h. The
temperatures were room temperature (RT, 25 C),
200, 400, 600, and 800 °C. Before the frictional test
started, the tribosystem was heated up to the

5 mm, testing

target temperature with a heating rate of 10 'C/min.

In order to ensure the reproducibility of the data,

each frictional test was repeated at least twice.

The friction coefficient of the specimen was
automatically recorded by a computer attached to
the UMT-3, and the wear rate, in mm3/(N-m), was
calculated according to Eq. (1),

w=AV/(F-S) (1)
where AV is the wear volume loss in mm3, S is the
sliding distance in m, and F is the load in N. The
volume loss AV of the sample was acquired by Eq. (2),

AV, =2nRS 2)
where R is the wear radius of the sample, and S is
the cross-sectional area of the wear track. The wear
volume AV, of the counterpart was obtained by a
geometric method of measuring the wear scar
diameter of the ball with a confocal laser scanning
microscope (Olympus BX53, Japan). AV, was
calculated according to Eq. (3) [19]:

2 2
AV, =L R—,/RZ—D— D* 4R —4r R -2 | (3)
12 4 4

where R is the radius of the ball and D is the
diameter of the worn scar.

2.3 Characterization

The surface roughness values of all disk specimens
were measured using a type 2206 surface
roughness instrument manufactured by Harbin
Measuring Cutting Tool Group Co. Ltd. A surface
profiler (KLA Tencor D-100, USA) was used to
evaluate the wear loss by scanning the wear track
on the disk. The metallurgical identification
between 40CrNiMoA steel and Inconel 718 alloy
was performed by field emission scanning electron
microscopy (FESEM; FEI Apreo S, USA). The
quantitative analyses of the elements were
performed by EDS with backscattered electron
imaging (BSE) at 20 kV. Prior to the metallurgical
analysis, 40CrNiMoA steel was etched with nital
for 50 s (4% HNOs in alcohol solution), and the
Inconel 718 alloy was etched with a special reagent
(5 g CuClz, 100 mL HCI, and 100 mL anhydrous
alcohol). The damaged surfaces and interface at
the central zone of the wear track were further
analyzed by scanning electron microscopy
(SEM)/EDS, where the thickness of the tribolayer
could be determined from the cross-sectional-view
image. Using BSE imaging, light elements were
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depicted as darker than heavy elements; for
example, the iron-based material appears lighter,
and the abrasive particles of oxide appear darker
[20]. The representative compositions of worn and
unworn surfaces were analyzed using a Raman
spectrometer (LabRAM HR Evolution, HORIBA
Jobin Yvon S.A.S. France) with a solid-state laser
having an excitation wavelength of 532 nm in a
window from 100 to 1,800 cm-!. The Raman data
were collected continuously using a 30 s exposure
time with two accumulations.

3 Results and discussion
3.1 Mechanical evaluation of the two alloys

The average microhardness values of 40CrNiMoA
steel and Inconel 718 alloy are given in Table 2.
Because the dominant y'(NisNb) and y'(Nis(Al, Ti))
phases, along with other alloying elements such as
Nb, Al, and Ti, render a superior strengthening
effect, Inconel 718 alloy has a hardness twice as

40CrNiMoA

S0g

100 g

Table 2 Vickers hardness of the two alloys under different
loadings.

Load (g)
50 100 200

Samples

40CrNiMoA 240.0x12.1 HV 233.4+16.5 HV 221.6x10.9 HV
Inconel 718 483.8:9.8 HV 480.0+10.6 HV 471.8+8.3 HV

high as that of 40CrNiMoA steel. As the applied
loading increases, the indentation size becomes
larger, and the microhardness values decrease
gradually. This phenomenon is known as the
indentation size effect (ISE) [21, 22].

A qualitative comparison was further performed
by checking the deformed cavity [23], as shown in
Fig. 2. Even though the applied loading increases
to 200 g, such characteristic radial cracks cannot be
observed, which reflects the high mechanical
toughness values and considerable ductilities of
both alloys. However, there is a clearly visible
deformation at the edge of the 40CrNiMoA steel
after indentation due to

specimen plastic

Inconel 718

Fig. 2 SEM micrographs of microhardness indentation of (a—c) 40CrNiMoA steel, and (d—f) Inconel 718 alloy under applied

loadings of 50, 100, and 200 g.
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anisotropy [24, 25], which can be seen in Fig. 2(c).
On the contrary, Inconel 718 alloy does not
demonstrate any mechanically induced damage,
as shown in Figs. 2(d)-2(f). These microscopic
observations prove that Inconel 718 alloy has a
better mechanical capability than 40CrNiMoA steel.
Figure 3 shows the scratch features of 40CrNiMoA
steel and Inconel 718 alloy after one-pass scratch
testing, where the scratching depth values at
different locations are automatically recorded by
the RST? scratch machine. The penetration depth
and maximum residual depth of 40CrNiMoA steel
are 23 and 18.5 um, respectively, while Inconel 718
alloy has a penetration depth of 20.8 ym and a
maximum residual depth of 6.2 um. As compared
with the scratch track of Inconel 718 alloy,
noticeable increases in scratch depth and width
occur for the 40CrNiMoA steel with increasing
applied loading. It was elucidated that severe
delamination occurs for 40CrNiMoA steel, and
Inconel 718 alloy demonstrates better resistance to
scratching due to its superior strength [26].
further

observed in Fig. 4. Under the continuous abrasion

Relevant failing mechanisms were
process with coupled vertical and lateral forces,
40CrNiMoA

deformation with the

steel displays severe plastic
characteristics of the
plowing action depicted in Figs. 4(a) and 4(c),
where materials are squeezed out to both sides
and visible bulges emerge along the scratch tracks.
At a higher level of loading, the cracks are inclined
to tear, and micro-cracking accompanied by a mild
cutting mechanism takes place, yielding the
highest scratch depth in Fig. 4(e). Similar failures,

that is, the crack formed by tensile frictional stress

behind the trailing edge of the stylus, can be found
during the scratching evaluation of the coating
material [27]. Inconel 718 alloy displays a mildly
similar evolution as the scratching load increases,
as shown in Fig. 4(b); however, a smoothening
track without any cracks and craters appears. The
failure mechanism is the plowing process, which is
strongly associated with the good combination of
ductility and strength of the Inconel 718 alloy [28].
In particular, the y phase of the Inconel 718 alloy
matrix has a face-centered cubic structure with 12
independent slip systems, and it deforms
plastically in a slipping form, as evidenced by the
slip bands in Fig. 4(d). Based on these comprehensive
mechanical evaluations, Inconel 718 alloy yields
abrasion resistance and mechanical strength superior

to those of 40CrNiMoA steel.
3.2 High temperature friction and wear

The averaged coefficients of friction (COF) of
40CrNiMoA steel and Inconel 718 alloy against the
SisNs counterpart are summarized in Fig. 5. Their
different
temperatures display some similarities for the two

frictional behaviors at operational
tribological pairs, temperature dependent. The
COF of 40CrNiMoA steel and Inconel 718 alloy
decreases with increasing operational temperatures.
The COF at RT is 0.88 for 40CrNiMoA steel and
0.78 for Inconel 718 alloy, respectively. The results
from tests at 800 C illustrate that the COFs of
40CrNiMoA steel and Inconel 718 alloy reach the
minimum values, which are as low as 0.52 and 0.32,
respectively. In total, the COF of 40CrNiMoA steel
is relatively higher than that of Inconel 718 alloy
for a wide range of testing temperatures. It can be

Scratch direction

S mm

Fig. 3 Optical observation of scratch tracks of (a) 40CrNiMoA steel and (b) Inconel 718 alloy.
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seen that the testing temperature of 400 C is a
transition point during which the COFs for
40CrNiMoA steel and Inconel 718 alloy are close to
each other. In the case of 40CrNiMoA steel, its
COF drops drastically before 400 ‘C and the drop
slows down at elevated temperatures. In contrast,
the COF of Inconel 718 alloy decreases slowly
before 400 'C, and a quick decrease occurs after
400 C. These results imply temperature-mediated
frictional features for two as-received alloyed
materials, which are predominantly tailored by the
developed tribolayer over the tribologically
contacting surface [29].

During frictional tests at elevated temperatures,
surface oxidation has a small influence on the

= N e SN AT it
i N i

Fig. 4 SEM observation of the representative scratch tracks of (a, c, ) 40CrNiMoA steel and (b, d) Inconel 718 alloy.

1.0

—8— 40CrNiMoA
—o— Inconel 718

Friction coefficient
o o
(=) -]

&
S

0'2 1 1 1 1
0 200 400 600 800

Temperature (°C)

Fig. 5 Averaged coefficient of friction (COF) values of
40CrNiMoA steel and Inconel 718 alloy at different
temperatures.
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resulting friction and wear behavior. However, the
quantification of oxidation by weighing the
specimens after the test is inaccurate owing to its
negligible change in mass [30, 31]. Thus, the
specific wear rates of 40CrNiMoA steel and
Inconel 718 alloy are measured using a surface
profiler, as shown in Fig. 6(a). The wear behavior
of the two alloys sliding against ceramic SisNs is
temperature-dependent as well. The wear rate of
40CrNiMoA increases considerably with increasing
temperature, which can likely be associated with
the mechanical softening of 40CrNiMoA steel at
elevated temperatures. The wear rate of Inconel
718 alloy displays a gradual decrease from RT to
600 C, although a further increase occurs at 800 C,
which correlates with unexpected tribo-oxidation
under the coupled temperature and stressed-shearing
conditions. The specific wear rates of the Si;N,
counterpart of 40CrNiMoA steel and Inconel 718
alloy are plotted as a function of temperature in
Fig. 6(b). All counterpart Si;N, balls demonstrate
similar wear behavior and reduction in wear when
the temperature increases. In particular, minimum
but equal wears appear for the Si;N4 counterparts
at 800 C. This can be explained to be associated
with the decreasing yield strengths, reduced
hardness values, and increasing ductilities of the
alloys themselves under the gradually increasing
temperature. Thus, the wear damage is not
dominant, whereas plastic deformation occurs at
800 C [32]. However, the wear rate of the Si;N,

zcounterparts of the Inconel 718 alloy is less than
that of 40CrNiMoA steel for a temperature range
from RT to 600 'C. As reported, the compacted
oxidation layer often forms over silicon nitride
during sliding, which is protective and able to
resist wear [33]. It can be speculated that the
tribolayer imparts a self-lubricating capability to
silicon nitride. Further details are provided in the
SEM/EDS analysis in Figs. 7 and 8 and Table 3.

3.3 Temperature-mediated wear transition

The microscopic characteristics of the worn
surfaces of 40CrNiMoA steel and Inconel 718 alloy
from 25 to 800 C are shown in Fig. 7. The SEM
micrographs show the removal of material fragments
and some abrading action of oxidized wear debris
by the evidence of some scoring marks and
scattered debris on the 40CrNiMoA (Fig. 7(a)) and
Inconel 718 alloy specimens (Fig. 7(f)), which
yields higher friction between the rubbed contacts
in Fig. 5. At 200 C, the predominant wear mechanism
of 40CrNiMoA steel is abrasion, which is typical
for a large quantity of wear debris and agglomeration
of wear debris, as shown in Fig. 7(b); this is known
as three-body abrasion. The Inconel 718 alloy
demonstrates adhesion with distinguishable
abrasion of oxidized wear debris and signs of
debris compaction in Fig. 7(g).

The wear characteristics at 400 'C for the two
as-received specimens significantly differ from
those at RT and 200 C, as shown in Figs. 7(c) and
7(h). Oxide wear debris and high abrasive severity

(a)

2 20 B 40CrNiMoA
5 [ Inconel 718
S

o

-5

Wear rate (10 mm
-]

12

25 200 400 600 800
Temperature ("C)

(b)

-]

B 40CrNiMoA
I 1nconel 718

= (=}

Wear rate (10°mm>/(Nem))
~

25 200 400 600 800
Temperature (°C)

Fig. 6 Wear rate of (a) 40CrNiMoA steel and Inconel 718 alloy and (b) counterpart balls against the two materials at different

temperatures.
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25 °C

200 °C

xide film

e
Abrasive trace

600 °C

. 4

Fig. 7 SEM morphologies of worn scars and surfaces of (a—e) 40CrNiMoA steel, and (f—j) Inconel 718 alloy from

RT-800 C.

can be found in the surrounding area of the wear
track for 40CrNiMoA steel (Fig. 7(c)). A relatively
smooth worn surface appears for the Inconel 718
alloy, where a compacted oxide film seemingly
covers the surface (Fig. 7(h)). This can explain why

the Inconel 718 alloy demonstrates a significant
in friction [34]. In contrast, large
amounts of oxide debris accumulated on both
sides of the wear surfaces of the two materials at
600 C (Figs. 7(d) and 7(i)), which is a typical

reduction
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Table 3 Element contents (wt%) on the wear scar of Si;N4 counterparts against 40CrNiMoA steel and Inconel 718 alloy.

40CrNiMoA steel (C) Inconel 718 alloy (‘C)

25 200 400 600 800 25 200 400 600 800

N _ _ _ _ _ _ _ _ _ _

0 _ _ _ _ _ _ _ _ _ _
Al 2.31 2.26 2.27 0.08 1.89 245 2.20 1.27 1.73 1.15
Si 71.78 69.55 64.79 53.73 69.65 70.72 70.72 81.25 63.38 75.55
Nb 24.13 26.30 30.02 35.28 26.17 23.86 24.39 15.42 24.78 14.36
Mo 0.10 0.21 0.83 8.85 0.09 0.26 0.28 0.42 0.45 0.30
Ti 1.61 1.47 1.08 1.16 1.39 1.65 1.31 0.81 1.42 0.62
Cr 0.01 0.02 0.11 0.14 0.03 0.13 0.13 0.11 1.80 0.93
Fe 0.03 0.14 0.63 0.56 0.74 0.18 0.20 0.13 1.99 1.88
Ni 0.03 0.07 0.27 0.20 0.03 0.74 0.77 0.57 4.33 5.20

Note: — indicates that it is not detected.

feature of serious abrasion. Such delaminated

craters can be found within the wear scars. The
microscopic view further shows the different
morphologies of the compacted oxide film on the
wear surfaces of 40CrNiMoA steel and Inconel 718
alloy, where the oxide film is relatively loose and
has poor adherence to 40CrNiMoA steel in Fig. 7(d)
and is highly compacted for the Inconel 718 alloy
in Fig. 7(i). The governing mechanisms at 800 'C for
40CrNiMoA steel are agglomeration of oxides and
delaminated craters as well as serious exfoliation
of the oxide layer in Fig. 7(e), which indicates that
oxide is transferred to the opposite side [1]. The
wear mechanism of the Inconel 718 alloy is mainly
adhesive with severe scoring marks, as shown in
Fig. 7(j). However, this oxide layer renders superior
lubrication at elevated temperatures, thereby

significantly reducing friction, as shown in Fig. 5.

The transition in wear mechanism from 25 to 800 C

for 40CrNiMoA steel and Inconel 718 alloy is

summarized in Table 4. As observed, a loose,

compact layer is formed at 600 ‘C for 40CrNiMoA
steel (Fig. 7(d)), whereas a dense oxide layer is

formed at 200°C for the Inconel 718 alloy (Fig. 7(g)),
which is consistent with the COFs of the two

materials in Fig. 5.

Microscopic observation of the worn surfaces of
SisN4 was also carried out using SEM, as shown in
Fig. 8. As the temperature increases, the diameters
of the wear scars on the paired Si;N, surface
against 40CrNiMoA steel and Inconel 718 alloy
become smaller, which is associated with the

thus the
resistance of the progressively grown tribolayer on

self-lubricating nature and wear
the paired Si;N4 surface. At room and ambient
temperatures, the worn surfaces are smooth, and
abrasive grooves are visible, with the scattering of
fine debris over silicon nitride against 40CrNiMoA
steel shown in Figs. 8(a) and 8(b). When sliding
against Inconel 718 alloy, debris and grooves occur
along the sliding direction, which is clear evidence
of abrasive wear. The worn surfaces are also
relatively rough (Figs. 8(f) and 8(g)). Although this
debris sometimes clumps together, there are many
single particles scattered over the worn surface. At
400 'C, many more particulate materials can be
found at the trailing edge of the worn Si;N, surface
against 40CrNiMoA steel (Fig. 8(c)) and against

Table 4 Wear mechanisms of 40CrNiMoA steel and Inconel
718 alloy at different temperatures.

40CrNiMoA steel

25 °C  Oxidation and abrasion

Inconel 718 alloy

Oxidation and abrasion

Oxidation and abrasion  Abrasion and debris

200 C .
compaction
. Oxidation and serious Compacted oxide film
400 °C .
abrasion
Serious Abrasion and Compacted oxide film
600 C Foose compacted oxide

film

800 °C Agglomerated oxides and Adhesive and compacted

compacted oxide film oxide film
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25°C

500 pm

200 °C

400 °C |

100 pm

600 °C

800 °C

100 pm {-'_‘

100 pm

100 jim

Fig. 8 SEM morphologies of worn scars over Si;Ny counterparts: (a—e) 40CrNiMoA steel, and (f—j) Inconel 718 alloy from

RT-800 C; arrows indicate sliding directions.

Inconel 718 alloy (Fig. 8(h)).

Nevertheless, the worn topographies at 600 'C
are significantly different from those at relatively
lower temperatures (Figs. 8(d) and 8(i)). There are

accumulations of fine debris particles, some

relatively adherent on the Si;Ny sliding surface
against 40CrNiMoA steel, as shown in Fig. 8(d);
instead, severe adhesion and abrasive grooves are
present the 718 alloy-mated
conditions shown in Fig. 8(i), where the structure

under Inconel
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undergoes a process of severe plastic deformation.
At 800 C, when wear is relatively low, smooth
tribolayers are constructed over the worn silicon
nitride against 40CrNiMoA steel (Fig. 8(e)) and
Inconel 718 alloy (Fig. 8(j)). This thin Ilayer
separates the and reduces

rubbing surfaces

friction.
3.4 SEMV/EDS identification of worn surfaces

EDS line analyses across the worn surfaces of
40CrNiMoA steel in Figs. 9(a)-9(e) show the
visible silicon within the worn surface at room/
ambient temperatures, due to material transfer.
EDS line analyses across the worn surfaces of
Inconel 718 alloy (Figs. 9(f)-9(j)) demonstrates
similar characteristics; all worn surfaces include a
significant amount of oxygen, which definitely
affirms intensive oxidation during sliding. A
careful comparison of the oxygen intensity, as
that the

concentration within the central contacting area is

shown in Fig. 9, shows oxygen
much higher than those at both edges of the wear
track with the exception of Figs. 9(d), 9(e), and 9(j),
which arises from the accumulation of abrasive
debris during the thermomechanical process. Note
that 40CrNiMoA steel is more severely oxidized
than the Inconel 718 alloy. Although it is relatively
difficult to determine the accurate extent of
oxidation, oxidation intensifies with temperature
within and outside the worn surface [35], and
40CrNiMoA steel is more severely oxidized than
the Inconel 718 alloy because of the lack of Cr in
the former [36].

The elemental distributions inside and outside
the wear tracks of 40CrNiMoA steel and Inconel
718 alloy are shown in Figs. 10 and 11, respectively.
In comparison, the abrasion of Fe,O; decreases as
temperature increases from RT to 800 C, whereas
it behaves as a lubricant at elevated temperatures.
Another

molybdenum concentration within the worn area

noticeable feature is increasing
in response to increasing temperature, which
indicates that molybdenum oxide significantly

contributes to the frictional decrement at elevated

®:

200 °C

[= N k=0 ko sik == woL = ik = rex-m-nik] (j)

i
’ﬁf Uwi‘ i

S00 um

Fig. 9 EDS line analyses of element content on the wear
surface of (a—e) 40CrNiMoA steel and (f—j) Inconel 718 alloy
from RT-800 C.

temperatures.

A similar distributional characteristic of Fe can
be observed inside and outside the wear tracks of
Inconel 718 alloy (Fig. 11) compared to that of
40CrNiMoA steel. In particular, the increasing
and Nb within the
seemingly homogeneous,

accumulation of Mn, N,
wearing region is
especially at 800 ‘C. In contrast, the distributions
of Cr and Ni are more dominant in the central
which  imply  that the

temperature-dependent tribological behavior of

wearing  area,

the Inconel 718 alloy is associated with the
formation of a lubricating surface primarily
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Fig. 10 Elemental distribution maps of 40CrNiMoA steel from RT-800 C.

composed of Fe, Cr, and Ni.

An EDS mapping analyses are conducted on the
counterparts sliding against 40CrNiMoA steel and
Inconel 718 alloy (Fig. 12). For SisNa paired with
40CrNiMoA steel, EDS mapping proves that a
large amount of Fe is transferred onto the worn
Si3Ny4 surface with intensive oxidation (Fig. 12(b)).
When sliding against Inconel 718 alloy, the Fe, Cr,
Ni, Mo, and O are distinguishable on the worn
Si;Ny4 surface, as shown in Figs. 12(f)-12(o). EDS
analysis reveals a fraction of material transfer and
thereby a tribochemical layer with lubricating
ability on the Si;N, surface.

It is clear that material transfer occurs, and a

compact oxide layer covers the worn Si;N, surface
when it matches the Inconel 718 alloy at 800 C.
This layer is made up of Fe, Cr, Ni, Mo, and O.
However, once the tribo-oxide layer is too thick, it
separates easily and wears away [37], causing a
sudden increase in wear loss at 800 ‘C, as shown in
Fig. 6(a).

It has been acknowledged that material transfer
facilitates the restoration of the contacting surface
by constructing a lubricant layer primarily
consisting multiple oxides, thus reducing friction
and improving the wear resistance. As shown in
Table 3, when sliding against Inconel 718 alloy, the

dominant elements on the wear scar of SisNa are
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Fig. 11

Mo, Ni, Cr, and Fe, while the Si;N,4 counterparts
sliding against 40CrNiMoA steel show the transfer
of Mo, Ni, and Fe. The different wear rates of SisNa
are intrinsically associated with the composition of
the tribolayer due to material transfer. Thus, the
difference in the constituents of the tribolayer
leads to the resulting wear variety of Si;Ny
counterparts against Inconel 718 alloy and
40CrNiMoA steel, as shown in Fig. 6(b). However,
it was barely detectable for N and O elements on
the wear scars of S;N4 counterparts against

500 um

500 pm 500
- )
-

500 pm
S00 pm

Elemental distribution maps of Inconel 718 alloy from RT-800 C.

40CrNiMoA Inconel 718
respectively. It is true that the analysis of the N by

steel and alloy,
EDS is generally regarded as qualitative and for
informative purposes only because of its low
fluorescence yield, absorption, and peak overlaps
with higher elements in the L, M, and N lines [38].
In the case of O, the amount of O is definitely
present within the transfer layer, but it is much
lower than the resolution (0.1%) of the EDS
equipment used in this study [39]. Thus, the
contents of N and O are not provided in Table 3.
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Fig. 12 Elemental distribution maps on the worn SizNy, surface against (a—e) 40CrNiMoA steel at 800 ‘C, (f—j) Inconel 718

alloy at 600 ‘C, and (k—o) Inconel 718 alloy at 800 C.

3.5 Raman analysis of the inside and outside
the wear track

The phase composition inside and outside the
worn surface of 40CrNiMoA steel and Inconel 718
alloy are analyzed by micro-Raman spectroscopy
(Fig. 13). The observations confirm that the oxide
phase occurs within the worn surface and is
corroborated by comparison with the oxides on
the outer worn surface, which stem from static
oxidation. For the 40CrNiMoA steel, MoQO;, Fe,0;,
and MnO, are present outside the worn region in
Fig. 13(a), which identified by the
representative peaks at 290, 411, and 1,319 cm,

can be

respectively [40-42]. This is associated with the
oxidation kinetics of individual elements within
40CrNiMoA steel [43]. However, these peaks are
still observable for the inner worn area (Fig. 13(b))

and are more intense and narrower with

increasing temperature, which is due to the
increasing crystallinity and grain coarsening of the
in the wear track [44]. Thus,
friction-induced changes in the composition of a

oxide formed

surface layer occur. At relatively low temperatures,
hard Fe,O; debris and the oxygen-absorber Mn
readily create a preventive layer on the sliding
surface, a typical mechanism of oxidative wear
accompanied with medium abrasion (Figs. 7(a, b)
and 8(a, b)), which reduces wear, as demonstrated in
Fig. 6(a). When the sliding test exceeds 400 C,
significantly more MoO; gradually appears on the
worn surface and restores the amount of contact
between the rubbed pairs, thereby lowering
friction and inhibiting wear. As reported, MoO; is
a volatile compound that is constantly ground into
the worn surface [45, 46]. It prefers to interact with
forms

surrounding media and molybdate;

nevertheless, this compound is scarcely detected
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Fig. 13 Raman spectra of (a, ¢) unworn surface and (b, d) worn area of the two materials from RT-800 C.

in this study:.

Inconel 718 alloy includes various alloying
constituents that influence oxidation during the
static heat treatment and sliding. As shown in
Fig. 13(c), at room/ambient temperatures, a layer
mainly comprising Cr,O; is formed on the Inconel
718 alloy. Some duplex oxides such as spinel
NiFe204 simultaneously exist near the surface [47,
48]. As the temperature is above 400 C, in addition
to Cr,0;, significantly more MnO: emerges, where
the Raman peaks at 685 and 663 cm-! are assigned
to Cr,0O5 and MnO,, respectively [49, 50]. However,
if the temperature is increased to 800 C, the
surface will not only contain a significant amount
of Cr,0;, but it will also contain a minimal amount
of oxides of other alloying constituents, which is
attributed to the superior protection of the Cr,04
layer on Inconel 718 alloy, which effectively limits
the inward attack of oxygen and is simultaneously
supported by the lower outward diffusion rate of
Cr ions [51-53].

Nevertheless, there is a significant variation in
the composition of the worn surface shown in
Fig. 13(d). At RT, ferric oxide located at 498 cm-! [54]
and manganese oxide phase

are mainly

TSINGHUA
UNIVERSITY PRESS

responsible for the low friction, where the MnO,
emerging facilitates surface smoothening [55]. As a
comparison, completely different oxides within
the
temperatures. For example, at 800 ‘C the dominant

worn surface are formed at elevated
formation of the Cr20s layer is the main reason for
the lower friction and wear observed in Figs. 5 and
6(a). The varying degree of oxidation of Inconel
718 alloy, along with the forms of the resulting
oxides on the solid surface, are strongly influenced
by temperature as well as the surface chemistry
during friction, resulting in a significant change in

friction and wear.

3.6 Justification of tribo-oxidation and static
oxidation

The oxide films inside and outside the worn
surface of the two as-received materials are
depicted as observed from the cross-section view
in Fig. 14. The common feature of increasing
thickness with temperature elevation is clearly
distinguishable: at room/ambient temperatures,
abrasive oxide grains are ground onto the worn
area, while static oxidation is barely identifiable

for the two as-received materials because the
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Fig. 14 SEM cross-section micrographs of oxide layers of (a—j) 40CrNiMoA steel and (k—t) Inconel 718 alloy at different

temperatures.

temperature does not exceed 400 'C. Generally,
500-nm-thick-fine
deposits on the rubbed metallic surface at lower

approximately oxide film
temperatures [56] and behaves as either positive
abrasion or undesired three-body action [57]. It
can be concluded that the stressed-shearing action
during friction augments the growing oxides
within the worn area [58]. In particular, as the
temperature reaches 600 C, a static oxide layer on
40CrNiMoA steel is observable, approximately 1.3
um thick in Fig. 14(i), and the average thickness of
the oxide layer up to 12.1 um can be found within
the wear track in Fig. 14(d). At 800 'C the oxide
layer within the worn surface of 40CrNiMoA steel
is very thick, approximately 41.3 um in Fig. 14(e),
the
thickness of approximately 18.4 um in Fig. 14(j).

while static oxidative products have a

The Inconel 718 alloy demonstrates a discontinuous
oxide film with a maximum average thickness of 1
um within the wear track, which further reflects
dominant abrasive grooves present at room/ambient
temperatures. As the temperature increases to
800 C, an oxide layer about 2.3 um thick can be
clearly observed within the worn area in Fig. 14(o).

Compared with the static oxidation of 40CrNiMoA
steel, only mild oxidation occurs inside and
outside the worn surface, which is reported to be
related to the presence of dense Cr,0s[59], which
prevents Inconel 718 alloy from wear and
oxidative corrosion. This can be further evidenced
by the absence of the oxide film at RT in Fig. 14(p),
and the presence of a thin oxide film less than
1 um during static oxidation at 800 C as shown in
Fig. 14(t). The images reveal that the frictional
process accelerates the growth of the oxide film as
compared to static oxidation.

Raman spectra collected from inside and outside
the worn surface illustrate the variation in the
chemical composition of the developing oxide
surface in response to temperature. The difference
in the oxide layer inside and outside the wear
track is further clarified in Fig. 13. As reported by
Wahl et al. [60], metal oxides become soft when the
temperature falls within 0.4-0.7 of the absolute
melting temperature. It is noted that softened
MnO, preferentially adheres to the wear track at
higher contact temperatures, where Mn has much
higher mobility and needs more oxygen for
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stabilization than those of other alloying elements
such as Fe [61]. Thus, we observed intense peaks
corresponding to MnO: on the worn surface for
the two alloyed materials.

3.7 Discussion

According to the theories of oxidational wear [62,
63], the tribological characteristics depend on the
chemical and mechanical properties of the resulting
oxides, their thicknesses and adherences over the
sliding surface, wearing variations, and surface
roughness values of the contacting surfaces. In
general, the friction-induced rise in temperature
accelerates the oxidation of the sliding surface. If
the oxide film has low shearing strength, it enables
effective lubrication between the rubbing surfaces,
thereby reducing friction and wear. Normally, a
film with sufficient thickness and good adherence
can separate the solid surfaces from contact and
thus inhibit wear [64]. Instead, the comparatively
harder oxide particles behave as an abrasive medium
that causes an unwanted wear increase. Coupled
stressed-shearing and temperature during friction
critically affect the heat generation/dissipation,
interfacial temperature, and kinetics of oxide film
formation and its composition [65]. The exact
nature of the variation in wear rate and COF with
temperature is largely dependent upon the underlying
wear mechanisms, during which the restoration of
oxide debris over the sliding surface is critical. The
morphological identification in Section 3.3 indicates the
formation of a tribo-oxide surface with multiple steps,
for example, the fragmentation of wear debris and its
subsequent oxidation, followed by agglomeration
and compaction. If the temperature is sufficiently
high, the tribo-oxide debris can be sintered,
forming a shiny glaze layer. This glaze layer has
been reported to be effective to reduce friction and
prevent wear, particularly in nickel-based alloy
systems [66—68]. In this study, similar characteristics
were also found. A plot of temperature, COF, and
wear rate is shown in Fig. 15.

The COF decreases with the
operational temperature, as shown in Fig. 15. A

increase in

similar tendency in the wear rate and friction can
be observed due to the temperature, which is

40CrNiMoA
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Fig. 15 Changes in temperature, wear rate, and COF.

largely dependent on the formation of the tribo-oxide
film, as discussed in Section 3.3. SEM/EDS analysis of
worn surfaces further supported these observations.
With increasing temperatures, the interaction of
the resulting oxides and the softening process of
the materials themselves substantially determines
the tribological performance; thus, the material
demonstrates different tribological responses in
Figs. 5 and 6. The tribo-induced oxide layer is
mostly reported to deliver lubrication and
contributes to a lower COF and wear rate [33].
However, although COF decreases, the metallic
matrix inherently softens at elevated temperatures,
resulting in an increase in wear. In this study, no
mechanical value at elevated temperature is
present, but it is true that the sliding surface
softens due to temperature, which alters the
adhesion between the tribo-oxide film and the
substrate. This increases the fracturing possibility
of the tribo-oxide film. As shown in Figs. 7(e) and
7(f), delamination cracking is closely associated
with thermal shock stresses induced by the
mismatch in the thermal expansion of carbides
and oxides [69]. Normally, the friction between
two unlubricated surfaces arises owing to adhesion
and plowing, where the plowing component plays
a critical role in abrasive wear. If fine abrasive
particles are present, the adhesion component can
play an important role in influencing COF [70, 71].
At lower temperatures, the abrasive wear mechanisms
are dominated by the plowing processes. At higher
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temperatures, the wear process is dominated by
the oxidative wear, during which a relatively thick
oxide film reduces the true area of contact. The
in COF at elevated
temperatures is shown in Fig. 5.

corresponding decrease

Under the surrounding conditions, a very thin
oxide layer is often present on metallic surfaces.
For instance, even after polishing, specimens often
have an oxide thickness of several nanometers.
However, a thick oxide layer grows up to several
microns during friction, as shown in Fig. 14,
compared with static oxidation. This demonstrates
the significance of the stressed-shearing action,
which accelerates the oxidation during friction. In
particular, a higher contact temperature promotes
oxidative kinetics during sliding. However, if the
oxide layer is too thick, it will break up and form
particles [37]. Consequently, the wear rate depends
significantly on the oxidation. The inconsistency in
the correlation between the friction and wear of
the two alloyed materials can be attributed to the
change in the contribution of surface chemistry
properties  with
temperature [69, 70]. The results of the present

and mechanical varying
work are fairly consistent with earlier observations
on coated and uncoated specimens [72, 73].

4 Conclusions

This study focused on the effect of temperature on
the friction and wear characteristics of
40CrNiMoA steel and Inconel 718 alloy when
sliding against a ceramic Si;N, counterpart in
order to clarify the role of tribo-oxidation and

thermal-induced oxidation in tribological capabilities.

The COF and abrasive wear rates of the two
as-received materials decrease with increasing
temperature. When paired with ceramic silicon
nitride, the superior mechanical strength of
Inconel 718 alloy to that of 40CrNiMoA steel is
considered to be mainly responsible for the lower
wear rate of the Inconel 718 alloy/SizNy4 pair at
lower temperatures. At elevated temperatures,
reduced wear and COF for the Inconel 718
alloy/SizNy pair results from the formation of a
lubricating oxide film consisting of Cr,0Os, whereas

the tribochemical layer with a simultaneous
softening feature of the material base leads to
lower friction but higher wear. Stressed-shearing
action during friction accelerates oxide growth
within the worn area. Thus, the tribo-induced
oxidation plays a dominant role in the tribological
performance across a wide range of temperatures.
However, thermally induced oxidation and softening
of the materials themselves become important with
increasing temperature, and thereby contribute to
the transition in tribology. The variations in wear
and COF are intrinsically associated with varying
composition on the solid surface, which can be
attributed to the competition between tribo-chemical
induced oxidation, and

oxidation, thermally

softening.
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