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Abstract

Ceramic tools have been successfully applied in laser-assisted machining of nickel-based alloys. However,
few studies have addressed high temperature dry frictional behavior of ceramics against nickel-based
alloys. In this study, tribological tests of silicon nitride in dry sliding against both laser-heated (600 °C)
and unheated Inconel 718 were carried out. The tribological properties at sliding velocities ranging from
2.5 m/s to 10 m/s were investigated. A finite element simulation model of sliding contact was considered
to obtain localized contact surface temperatures. The combination of experimental and numerical results

enabled evaluating and analyzing the wear behavior.

The results showed that the laser heating modifies the temperature distribution resulting in reduced
wear rates of the ceramic up to a critical sliding velocity (7.5 m/s in this particular case). With increasing
sliding velocity, a tribochemical layer forms, and becomes thick and unstable, resulting in higher wear of

the ceramic at a lower coefficient of friction.
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1 Introduction

Nickel-based superalloys are typically difficult-to-cut materials. Due to their exceptional high-
temperature properties, ceramic tools have been widely applied in high-speed machining of nickel-based
superalloys [1, 2]. Nevertheless, high cutting temperatures engendered during machining nickel-base
superalloys at high speeds can still adversely affect the ceramic tool properties (e.g., hardness and
fracture toughness) [3], thus, limiting the tool life [2]. Currently, alumina-based ceramics (e.g., Al,03/SiC
whisker) [4], silicon nitride ceramics and silicon nitride-based ceramic tools (e.g., SIAION) [5] are used for
machining applications. However, silicon nitride based ceramic tools outperform alumin-based ceramic
tools due to their higher strength and toughness, lower coefficient of thermal expansion and better
thermal shock resistance [6], hence, exhibit better notch wear resistance [7], but rather lower flank wear

resistance due to low hardness and less chemical stability [8].



Many researchers have demonstrated that laser-assisted machining (LAM) can improve the machinability
of difficult-to-cut materials such as nickel-based superalloys, which yields an improved surface roughness,
decreased cutting energy, and increased tool life [9, 10]. Due to good high temperature properties and
chemical stability, ceramic tools show better performance in comparison to carbide tools in LAM of
nickel-based superalloys [11, 12]. Anderson et al. [10] found that notch wear and flank wear of ceramic
tool in LAM of Inconel 718 can be reduced by increasing the material removal temperature up to 540 °C
and the cutting velocity from 1 to 3 m/s. It is worth noting though that LAM does not always improve the
ceramic tool life. The tool wear rate can be higher than that in conventional machining if the cutting
speed is above a critical speed [13].

The ceramic tool wear in LAM of Inconel 718 is mainly affected by the high temperature frictional
characteristics between the ceramic and the alloy. Huang et al. [14] investigated the tribological behavior
of silicon nitride ceramic in dry sliding against various superalloys from ambient temperature to 800 °C. It
was found that high contact temperature promoted the formation of a tribochemical layer on the tool
surface which protects the ceramic surface and cause reduction in wear rates. Shabaly et al. [15] studied
the wear of SiIAION ceramic tools in dry high-speed machining of a nickel-based alloy and also found that
the formation of tribo-films on the tool surface provided a thermal barrier. Similar tribochemical layers
were reported by Khader et al. [16] in silicon nitride and Renz et al. [17] in SIAION in studying the
tribological properties of ceramics sliding against Inconel 718. In both studies, it was concluded that an
increase in sliding velocity gives rise to higher contact temperatures and causes the tribochemical layers
to become unstable and result in high wear rates attributed to tribochemical wear. Celik et al. [18] found
that a diffusion layer was formed in high speed machining of Inconel 718 with SiAION ceramic tools. The
wear rates were accelerated due to the formation and removal of this diffusion layer.

It appears that a tribochemical layer caused by diffusion and oxidation at high temperatures has a great
impact on the tribological properties of silicon nitride based ceramics. Currently, there are very few
studies on the wear behavior of ceramics in dry sliding against nickel-based alloys at high
temperatures [14]. The primary objective of this work is to study the tribological properties of silicon
nitride based ceramics in dry sliding against laser-heated Inconel 718. Considering the possibility of
formation of a tribochemical layer at high temperatures, a low glassy-phase silicon nitride material
system was used in this work, aiming at addressing the frictional process of silicon nitride. To better
explain the experimental findings, a numerical simulation model for the calculation of surface contact
temperature was employed. This work can provide fundamental knowledge in using or developing silicon
nitride based ceramic tools in specific machining operations such as laser-assisted machining of nickel-

based alloys.



2 Experimental
2.1 Sliding contact experiments

A commercially available silicon nitride material (SN-PU, FCT Ingenieurkeramik GmbH Germany) was
used in this work. SN-PU ceramic has a fine microstructure composed of B-SisN4 phase and a low fraction
of sintering aids (Al,O; and Y,0;3;, <2.5 wt.%). The microstructure of SN-PU ceramic is shown in a
backscattered mode scanning electron microscope (SEM) image in Fig. 1. The density is 3.21 g/cm?, the
typical crystal length is from 1 um to 4 um, and the average crystal aspect ratio is 3. The room-
temperature hardness (HV 20) and fracture toughness (Nihara and Morena [19]) of SN-PU are 15.9 GPa

and 6.0 MPa-m*2, respectively.

Fig. 1 Backscattered SEM image of the microstructure of SN-PU ceramic

Pin-on-disk (room and high temperature) experiments were carried out to study the tribological
properties of silicon nitride in dry sliding against Inconel 718. The chemical composition of Inconel 718 is

listed in Table 1.

Table 1 Chemical composition of Inconel 718

Element C Si Mn Ni Co Cr Al Ti Mo Nb Cu Fe and others

Content (wt.%) 0.036 0.19 0.05 51.17 <1.0 19.02 0.60 1.00 3.07 5.01 0.02 Balance

The ceramic pin with a CNGN-type insert geometry is shown in Fig. 2a. The test setup is schematically
illustrated in Fig. 2b and shown in Fig. 2c. Two sets of experiments were conducted: with a laser-heated
disk (HT-tests) and without heating (RT-tests). In the heated experiments, laser (Laserline, LDL 80-1000
diode laser) was used to heat the Inconel 718 disk on the radially opposite side of the contact zone. A
pyrometer was used to measure the temperature of the disk prior to contact and provide feedback to

the controller to maintain a desired temperature of 600 °C. In both sets of experiments, the ceramic



sample was not heated and it was fixed into the tribometer using a special fixture designed to withstand

the tangential forces emerging from dry sliding.

Temperature:
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Fig. 2 (a) SN-PU ceramic sample geometry, (b) the pin-on-disk test configuration, and (c) sliding-contact
experiment.

A 3 mm line contact is created between the edge of the ceramic pin and the flat surface of metallic disk.
A normal force of 100 N was applied during the test, which is comparable with the loads exerted on
ceramic tools in high-speed machining processes. The sliding speed was varied from 2.5 m/s to 10 m/s
and the sliding distance was 2000 m for each experiment. A summary of the experimental parameters is
given in Table 2. Each set of experiments was repeated three times. The width of specimen’s wear land
(width of the contact surface) was measured to calculate the wear volume on the ceramic sample. The
friction coefficient was recorded by the tribometer. The friction coefficient was plotted after averaging

test data.

Table 2 Experimental parameters of the sliding-contact experiments
Material pair SN-PU/Inconel 718

Normal applied load (N) 100

Sliding velocity of the ceramic samples (m/s) | 2.5, 5.0, 7.5, 10.0

Sliding distance (m) 2000

Temperature (°C) 600, 25 (room temperature)
Lubricant Dry sliding

Atmosphere Air

The worn ceramic samples were embedded and then polished to conduct cross-sectional analysis.
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were carried out to
observe the microstructure and chemical constituents on the worn contact surfaces and cross sections of

the ceramic samples.



2.2 Finite element simulations of sliding contact

The localized contact surface temperature is almost impossible to measure accurately; hence, finite
element (FE) analysis represents a suitable method to obtain a rough estimate of contact temperatures.
Sliding contact was modeled using a coupled thermal-mechanical two-dimensional plane-stress finite
element simulation in ABAQUS/Standard. A normal force of 100 N along a contact line of 3 mm was
applied on the ceramic tool; the sliding velocity was set to 5 m/s. In the simulation model, frictional heat
generation with a weighting factor for distribution of the heat between the interacting surfaces of f=0.5
and a fraction of dissipated energy converted into heat 7=0.5 were assumed. More details on the

selection of these parameters can be found in [16].

For conduction between the ceramic and metal, an interface conductance was assumed to be pressure
dependent with values in the range between h;;=1500 W/m?K and h;=8500 W/m?*K [20]. The convection
heat transfer to the surrounding air was accounted for by calculating an approximate natural convection
heat transfer coefficient (f_lnC:IS W/m?K) at a sink temperature of Ts=20 °C. Radiation was incorporated
into the thermal model by assuming a sink temperature of Ts,=293.15 K. Emissivity values of 0.9 and 0.5
were adopted for silicon nitride [21, 22] and Inconel 718 [23], respectively. Temperature-dependent
elastic modulus and thermo-physical properties for SN-PU were measured in [24] and shown in Fig. 3; its
thermal expansion coefficient was measured and found to be 1.9x10° K™ and 3.0x10° K™ at 200 °C and

1000 °C, respectively. Inconel 718 temperature-dependent properties were obtained from [25].

26 1400
—a— thermal conductivity 3304 —a— elastic modulus
< 24 % —e— specific Heat e 220 ]
£ \\ /o/. * 11200 & E ﬁ\
2 2- N " 2 @ 310- \%
2 \ o S o
2 204 - pug = 300+
9 J AN 11000 & S
‘8’ 181 / N < £ 2901
o o = ©
— (] 2 2804
T 16 A\\ | g & —
£ . 800 2
— m
2 14 g \ 2701
- ] '/ 260
12 T T T T T T T T T T T T 600 T T T T T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

(a) (b)

Fig. 3 (a) Elastic modulus, and (b) thermophysical properties of SN-PU [24]
To simulate the HT-tests (Inconel 718 disk heated and maintained at 600 °C), Fig. 4 illustrates the

boundary conditions of the sliding contact simulation. The initial temperatures of Inconel 718 and silicon

nitride were set to 600 °C and 25 °C, respectively. The area included within the dotted lines in Fig. 4 was



maintained using boundary conditions at 600 °C to simulate laser heating. The temperature of the rest of

the contact surfaces was released throughout the simulation to model heat transfer.
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Fig. 4 FE mesh and contact configuration in the FE simulation.
For the RT-tests simulations, an initial temperature of 25 °C was assumed for both contact partners;

temperature boundary conditions were released throughout the simulations.

Coulomb friction was assumed between the surfaces in contact with a constant COF obtained from the
experiments. The COF was set to u=0.34 and p=0.54 for the HT-tests and RT-tests, respectively. A

siding distance of 200 mm was simulated.

3 Results

3.1 Dry sliding experiments

The coefficient of friction (COF) for HT-tests as function of sliding distance for different sliding velocities
is shown in Fig. 5a. The value and scatter of the COF decrease with increasing sliding velocity. The mean
value of the COF plotted against the sliding velocity is shown in Fig. 5b. At same sliding velocity, the
mean value and scatter of COF in HT-test is much smaller than that in RT-test. The smaller scatter in COF

means that friction between the pin and disk is more stable at higher disk temperature.
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Fig. 5 (a) COF plotted against sliding distance (HT-tests) and (b) mean value of COF for HT-tests and RT-tests.

The sliding velocity dependence of the wear volume of the ceramic is plotted in Fig. 6. The wear volume
of SN-PU ceramic in RT-test decreases continuously with increasing sliding velocity. The wear volume of
SN-PU ceramic in HT-test decreases and then increases. The sliding velocities corresponding to the
lowest wear is 7.5 m/s. The wear volumes of SN-PU ceramic in HT-tests are smaller than those in RT-test
up to 7.5 m/s, and the opposite is true at a velocity of 10.0 m/s. The wear difference between HT-test
and RT-test becomes smaller with sliding velocity increasing to 7.5 m/s, which means the advantage of

heating the metallic disk becomes gradually unremarkable.
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Fig. 6 Wear volume of the ceramic plotted against sliding velocity for HT-tests and RT-tests.
The surface coverage percentage of the adhered transfer layer (metallic tribolayer) on the ceramic
surface plotted against sliding velocities is shown in Fig. 7. In both experiments, the area covered by the

transfer layer decreases with increasing sliding velocities.
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Fig. 7 Surface coverage percentage of adhered Inconel 718 layer (metallic transfer layer) on ceramic surface.
The frictional power (P=p-Fy:v) plotted against sliding velocities is shown in Fig. 8. As can be seen from
the figure, the frictional power increases with increasing sliding velocity, and the frictional power in RT-

tests is higher than that in HT-tests.
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Fig. 8 Frictional power plotted against sliding velocity for HT-tests and RT-tests.

3.2 Numerical results

The contact surface temperature of the ceramic pin has reached steady-state after ca. 200 mm sliding
distance. The results of the FE simulations obtained at a sliding velocity of 5 m/s are shown in Fig. 9. At a
same sliding velocity, the temperature rise of both the ceramic and Inconel 718 in HT-tests is smaller
than that computed for RT-tests. The maximum contact surface temperature of the ceramic in HT-tests
reached 1470 °C, compared to ca.2000 °C in RT-tests (Fig. 9a). However, due to the heating of
Inconel 718 to 600 °C, its maximum contact surface temperature reached 645 °C (Fig. 9b) compared to
155 °C in RT-tests (Fig. 9c); hence, the temperature difference after sliding 200 mm was ca. 45 °C and

130 °Cin HT-tests and RT-tests, respectively.
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Fig. 9 FE generated contours of nodal temperature at the contact zone (5 m/s) (a) ceramic tip, (b) Inconel 718 in HT-test, and (c)
Inconel 718 in RT-test.

3.3 Wear mechanism evolution of ceramics

In order to study the evolution of the contact zone, microscopic analysis was carried out. The wear
surface morphology of the ceramic in HT-tests is shown in Fig. 10. The light grey areas are metallic
transfer layers caused by adhesion of Inconel 718. Fig. 10b and ¢ show what appears to be a brittle layer
with cracks (marked as “tribochemical layer”). This tribochemical layer initially forms at 5 m/s in small
guantities (Fig. 10b) and becomes larger and thicker (as will be shown in the cross-sectional analysis) at
7.5 m/s (Fig. 10c). Almost no tribochemical layer exists on the wear surface of ceramic at a velocity of
10 m/s (Fig. 10d). In addition, it appears as if parts of the tribochemical layer detach from the ceramic

exposing a rough fracture surface (Fig. 10c).
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Fig. 10 SEM images of wear surfaces of ceramic samples in HT-tests at sliding velocities of (a) 2.5 m/s, (b) 5.0 m/s, (c) 7.5 m/s,
and (d) 10 m/s.

An EDX analysis was conducted to study the formation mechanism of the tribochemical layer, Fig. 11.
The elemental analysis on zones 10-a, 10-b and 10-c1 (Fig. 10) indicate a decreasing content of Si and an
increasing O content with increased velocity. Zone 10-c1 shows no traces of N. For zone 10-c3, the EDX
analysis indicates elements consistent with the constituents of Inconel 718 with additional O content. As
can be seen from 10-c2, the tribochemical layer is mainly composed of 60 at.% O and 28 at.% Cr, in
addition to Nb, Al and Ti. The concentration of these elements in this layer is higher than that found in

either the ceramic or Inconel 718. The zone 10-d is mainly silicon nitride.
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Fig. 11 EDX elemental analysis results on the ceramic surface (refer to Fig. 10).
A detailed microscope analysis of polished cross sections of ceramic sample for HT-tests was conducted
in order to study the evolution of the contact zone, Fig. 12. At sliding velocity of 2.5 m/s, Inconel 718
adheres mechanically to the ceramic (Fig. 12a). At 5 m/s mechanically detached silicon nitride grains
appear to be embedded into Inconel 718 (Fig. 12b). At 7.5 m/s and 10 m/s, the tribochemical layer

appears between the ceramic and the metallic build-up, see Fig. 12c and d. The tribochemical layer



becomes thicker with increasing velocity (compare Fig. 12c and d). Similar to that shown in Fig. 10b and c,
the tribochemical layer is prone to micro-cracking. A more detailed composition analysis at 12-c and 12-d
was conducted. Zone 12-c shows high concentrations of O (39.1 at.%), Cr (19.9 at.%), Si (25.7 at.%), Al
(4.8 at.%), and Ti (3.4 at.%), and low concentrations of Nb, Fe, and V. No trace of N was detected in this
zone, which is similar to that at 10-c1 in Fig. 10. Zone 12-d shows higher concentrations of O (57.8 at.%),
Cr (28.7 at.%), and Nb (5.2 at.%) but low Si concentration (0.3 at.%), the composition of which is similar
to that at 10-c2 in Fig. 10.
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Fig. 12 SEM images of polished cross sections of ceramic samples in HT-tests at sliding velocities of (a) 2.5 m/s, (b) 5 m/s, (c)
7.5m/s, and (d) 10 m/s.

For RT-tests, a cross-sectional analysis and the wear surface of the ceramic tested at 7.5 m/s and 10 m/s
are shown in Fig. 13. No formation of tribochemical layer was observed upto 7.5 m/s. At 2.5 m/s and
5 m/s, the morphologies of cross sections were similar to that at 7.5 m/s as shown in Fig. 13a. It appears
that the tribochemical layer has just started to form in small quantities at 10 m/s as shown in Fig. 13b

and c.
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Fig. 13 SEM image(sac)Jf polished cross sections of ceramic samp(lz)s in RT-tests at (a) 7.5 m/s and (b) 10 m/s,(:r)1d (c) wear surface
(10 m/s).

4 Discussion

The silicon nitride ceramic showed different tribological properties in RT-tests and HT-tests. Even though
the COF in HT-tests is lower than that in RT-test, it should be pointed out that the wear rates of the
ceramic were not always lower. Khader et al. [16] and Renz et al. [17] reported an increase in wear rates
above a critical sliding velocity for silicon nitride based ceramics sliding against Inconel 718 at room
temperature. It was attributed to tribochemical wear induced by extreme contact surface temperatures.
Comparing the HT-tests (Fig. 10 and Fig. 12) and RT-tests (Fig. 13), it may be concluded that wear in the
former is dominated by the formation of a tribochemical layer at lower sliding velocities. Such
tribochemical layers have also been found in both dry sliding [16, 17] and in cutting processes [18, 26] for
silicon nitride based ceramics. As seen in Fig. 11, the tribochemical layer mostly consists of oxygen and
chromium. This O-Cr-rich tribochemical layer has a low melting point [27] and, thus, may lower the COF
at high temperature due to its lubrication characteristics [28, 29]. Due to its brittleness and to the large
difference in thermal expansion coefficient between silicon nitride (asy.py = 1.9x10° K*-3.0x10° K™ [24])
and the tribochemical layer (e.g., the thermal expansion coefficient of chromium oxide is a0z = 9.8x10°
K™ [30]), the layer becomes prone to microcracking as shown in Fig. 10 and Fig. 12. The microcrack
density seems to increase with increasing sliding velocity leading to crack coalescence. As a consequence,
the tribochemical layer becomes unstable and detaches from ceramic surface leaving a rough fracture
surface as revealed in Fig. 10c. Moreover, the shear strength of the tribochemical layer is lower than that
of Inconel 718 (for instance when considering the shear strength of chromium oxide [31, 25]). The fact
that the 10 m/s tests did not show much tribochemical layer on the surface supports the hypothesis that
the layer is easily sheared off under the influence of mechanical force.

In addition, the EDX confirmed the presence of elements, such as Al, Ti, and Nb, that most probably
diffuses into the tribochemical layer at high temperature, refer to Fig. 11. Addhoum [26] and Celik [32]

reported similar diffusion layer formation with high Cr, Nb and Al concentration in high temperature



diffusion experiments between Inconel 718 and SiAION ceramics. Chromium oxide can form a solid
solution with aluminum oxide over the full range of compositions [33]; therefore, the oxidation of Cr
promotes the diffusion of Al, both from silicon nitride and Inconel 718 into the tribochemical layer. Al, Ti,
and Nb are key elements in strengthening phases, i.e., hardening precipitates y” (NizNb) and
intermetallic precipitates y’ (Ni3(Ti,Al)) in Inconel 718 [34]. Thus, the strength of Inconel 718 may be
weakened due to the diffusion of Al, Ti, and Nb. Moreover, the maximum contact temperature of
Inconel 718 in HT-tests reaches around 650 °C (Fig. 9b), which can be enough to cause strength reduction
of Inconel 718 [10, 25] and promote diffusion. As shown in Fig. 7, the amount of metallic transfer layer in
both RT-tests and HT-tests is almost similar. Therefore, the lower COF observed in HT-tests may be
attributed to both the lubricating effect of the tribochemical layer and the strength degradation of the
adhered metallic transfer layer on the surface of silicon nitride.

The COF is proportional to the frictional power, which explains the lower contact surface temperature of
the ceramic in HT-tests compared to RT-tests. Moreover, low surface contact temperature is beneficial
for the retention of the mechanical properties of the ceramic. Unlike that in the ceramic, the peak
temperature computed for Inconel 718 in RT-tests is low and not enough to weaken the strength of the
nickel-based alloy. So, it may be argued that laser heating gives rise to a temperature distribution more
favorable in reducing wear in the ceramic pin.

Given the temperature distribution shown in Fig. 9, it may be concluded that high temperature on the
Inconel 718 side (observed in the HT-tests) promotes element diffusion and oxidation, which plays a
decisive role in the formation of the tribochemical layer. Even though the temperature of ceramic in HT-
tests is lower, it is still high enough to cause oxidation of silicon nitride. Referring back to zones 10-c1,
10-c2 and 10-c3 shown in Fig. 10, it can be concluded that both silicon nitride and Inconel 718 oxidize
during the HT-test, resulting in the formation of a tribochemical layer. On the other hand, no traces of Si
were found in that tribochemical layer even though the content of Si is high in neighboring zones such as
10-c1. Similar results were also reported by [16, 18] and found in static interaction couple tests of
Inconel 718 in contact with silicon-based ceramics by Mehan and McKee [35, 36]. It was argued that
most of the Si atoms were dissolved by Inconel 718. The amount of Al is increased from 10-a, 10-b to 10-
c1 zones, indicating that the Al,05 that is contained in the grain boundary phase of silicon nitride plays an

important role in the formation of the tribochemical layer.

A simplified schematic model of the wear behavior of the tested silicon nitride in HT-tests is proposed in
Fig. 14. With increasing sliding velocity, the high contact temperature exacerbates the oxidation and
diffusion wear. The SEM/EDX analysis shown in Fig. 10 and Fig. 11 reveal that the oxidation of silicon

nitride to silicon oxide intensifies with increasing velocities. At 10 m/s, the tribochemical layer becomes



thick and moves away from ceramic surface, promoting tribochemical wear at the expense of mechanical

wear.

-------- Mechanical wear
-------- Oxidation and diffusion wear
Total wear

Wear volume

Sliding velocity (m/s)

Fig. 14 Proposed wear mechanism evolution in silicon nitride in drying sliding against Inconel 718 (HT-tests).

5 Conclusions

The high temperature tribological behavior of a commercial silicon nitride ceramic was investigated
under dry sliding contact against laser-heated (HT-tests) and unheated (RT-tests) Inconel 718. The
analysis of wear was studied by means of pin-on-disk experiments and supported by finite element

simulations. The following points can be concluded:

The COF in HT-tests were lower than those in RT-tests throughout the tested velocity regime. The wear
rates of silicon nitride in HT-tests were lower than those in RT-tests up to 7.5 m/s. At 10 m/s, the ceramic
wear rate in HT-tests was higher.

With laser heating to 600 °C, Inconel 718 reached a surface contact temperature of ca. 650 °C, which
could cause a decrease in strength and promotes the diffusion rate of elements to form a lubricating
tribochemical layer, resulting in a reduction of COF in HT-tests. The simulations indicated lower contact
surface temperature in HT-tests, which can be attributed to the lower COF and consequently lower
frictional power. Laser heating gave rise to a temperature distribution that is more likely to reduce wear
rate of the ceramic.

With increasing sliding velocity, tribochemical wear becomes intensified, thus, increasing the wear of
silicon nitride. Hence, laser-assisted heating of Inconel 718 may reduce wear rates in the ceramic up to a

certain critical velocity (in this study 7.5 m/s), after which it promotes tribochemical wear at the expense



of mechanical wear. Thus, it is not recommended to use silicon nitride ceramics at velocities exceeding

the critical velocity in high-temperature machining of Inconel 718.
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