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Abstract

The tribological properties of silicon nitride + 1 wt. % graphene composites, prepared using gas
pressure sintering (GPS) and hot isostatic pressing (HIP) at 1700 °C, were investigated and
compared to the wear properties of monolithic SizNs. The tribological measurements were
performed using reciprocating ball-on-plate technique under dry conditions in the air with SizN4
ball as a tribological partner at an applied load of 5 N and 13.5 N and sliding speed of 10 cm/s.
Scanning electron microscopy (SEM) was used for the characterization of wear mechanisms.
The friction coefficient of the systems changed from 0.40 to 0.47 and 0.55 to 0.69 at applied
loads of 5 N and 13.5 N, respectively, with the lowest values for monolithic Si3N4 in both cases.
The wear rates of investigated systems are in the range of 10 ~ 107 mm*/N.m with the lowest
wear rate for the monolithic silicon nitride prepared by GPS.
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1 Introduction

Silicon nitride (Si3N4) based ceramics, because of their excellent properties as hardness, flexural
strength, oxidation resistance, tribological and thermal properties, etc., are widely used in different
engineering applications as cutting tools, bearings, parts of gas turbines, engines, etc., [1]. However,
silicon nitrides also exhibit some negative properties, such as low fracture toughness, low reliability,
limited functional properties as electrical conductivity, etc. [2]. Recent advances in carbon-based
nanomaterials opened up new opportunities to tailor the microstructures of ceramic materials as
Si3N4 at a micro/nanometric scale and to develop new classes of silicon nitride-based ceramics with
improved mechanical, tribological and functional characteristics [3][4][5].

At the beginning, carbon nanotubes (CNTs) based Si3Ny4 have been developed, and the exceptional
mechanical, electrical, thermal, and multifunctional properties of CNTs resulted in the significantly
improved properties of the composites [6][7].

Recently graphene nanoplatelets (GPLs) have emerged as a particularly promising nanoscale
filler phase for Si3N4 ceramics due to their exceptional mechanical and physical properties [8]. GPLs
also hold the potential for improving the composites' tribological properties as graphite is known to
be an excellent solid lubricant.

The tribological properties of SisN4 + graphene composites were investigated intensively during the

last decade, [9][10]. Hvizdos et al. [9] studied the mechanical and tribological properties of

nanocomposites with silicon nitride matrix with the addition of 1 and 3 wt. % of various types of
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graphene platelets. They observed that such amounts of graphene phases do not decrease the
coefficient of friction at dry conditions but 3 wt. % of larger sized graphene addition results in higher
wear resistance. Belmonte et al. [10] investigated the tribological properties of graphene
nanoplatelets (GNPs)/SizN4 composites using a reciprocating ball-on-plate configuration under
isooctane lubrication. They observed that the exfoliated graphene nanoplatelets formed a protective
tribofilm, which acted as lubrication and enhanced the wear resistance up to 56%.

The aim of the present work is to study the tribological properties of SisN4 ceramics with 1 wt.%
graphene additives, processed with GPS and HIP processing routes.

2 Experimental materials and methods

The starting powder 90 wt. % o - SisN4 (Ube, SN-ESP), and sintering aids 4 wt. % Al,O; (Alcoa,
A16) and 6 wt. % Y,0O; (H.C. Starck, grade C), polyethyleneglycol (PEG) surfactants, and deionized
water were added to the powder mixture, and milled in a highly efficient attritor mill (Union Process,
type 01-HD/HDDM) equipped with zirconia agitator delta discs and zirconia grinding media
(diameter of 1 mm) in a 750 ml tank. The milling process was performed with a high rotation speed
of 3000 rpm for 4.5 h. Three commercial graphenes were used: two grades of exfoliated graphene
nanoplatelets (xGnP-M-5 — particle size 5 pm, and xGnP-M-25 — particle size 25 pm)[11] by XG
Sciences and nanographene platelets (Angstron N006-010-P) by Angstron Materials [12]. 1 wt. %
of each type graphene was added to a-SisN4 powders for a separate batch and milled with low
rotational speed, 600 rpm until 30 min. The milling with low rotation speed and shorter time was
performed to avoid damaging the graphene reinforcements particles. Starting compositions of
sintered samples are given in Table 1. The substance was dried and sieved with a filter with a mesh
size of 150 mm. Green samples (green bodies) were obtained by dry pressing at 220 MPa. Before
sintering processing, the green bodies were fired at 400 °C to eliminate PEG.

Two different sintering processes were performed to densify the powder compacts to observe
the effect of the sintering process on the prepared composites' mechanical and tribological
properties. Hot isostatic pressing (HIP) was performed at 1700 °C in high purity nitrogen by a two-
step sinter-HIP method using BN embedding powder at 20 MPa, with 3 h holding time. The heating
rate did not exceed 25 °C/ min. The dimensions of the as-sintered specimens were 3.5mm X Smm x
50mm. Gas pressure sintering (GPS) was performed at 1700 °C in high purity nitrogen using BN
embedding powder at 2 MPa, with no holding time. The heating rate did not exceed 25 °C/min. The
dimensions of the as-sintered specimens were 3.5 mm X 5 mm x 50 mm.

The sintered samples' apparent density was measured by a standard Archimedes method using
distilled water as an immersion medium at room temperature. For graphene reinforced SizNy, the
tribology measurements were carried out on equipment UMT 3 (Bruker) using the reciprocating
ball-on-plate technique. The wear behavior of the experimental materials was studied in dry sliding
in the air. The tribological partner was a highly polished (roughness Ra < 0.10 pm according to ISO
3290) SizNy ball with a 6.35 mm diameter. The applied load was 13.5 N, the sliding speed 10 cm/s,
and the sliding distance was 720 m. The experiments were realized at room temperature at the
relative humidity of 40 + 5%.
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Table 1 - Details of materials and parameters of processing

No. Starting Powders (wt. %) Graphe | Type of Sintering Conditions Sintering App.
ne additives Technique density
SisNs ALO; | Y205 | (wt.%) T Holding | Pressure (g/em’)
(°C) time (MPa)
SN-1 90 4 6 0 - 1700 | - 2 GPS 3.329
SN-2 90 4 6 1 xGnP-M- 1700 | - 2 GPS 3.301
25
SN-3 90 4 6 1 Angstron 1700 | - 2 GPS 3.297
N006-010-
P
SN-4 90 4 6 1 xGnP-M- 1700 | 3h 20 HIP 3.375
25
SN-5 90 4 6 1 xGnP-M-5 | 1700 | 3h 20 HIP 3.379

3 Results and Discussion

The density values of the sintered samples are illustrated in Table 1. As it is visible the samples
prepared by HIP method show higher density in comparison to the samples processed by GPS and
the different GPLs addition results in similar density values.

Coefficient of friction (COF): Figure 1 shows the friction coefficient under 5 N and 13.5 N
loads in the run-in stage (0 — 40 m) and steady-state stage (40 — 720 m) for the investigated systems.
After the run-in stage the coefficient of friction under the testing conditions was stable for all
investigated systems. The friction coefficient was between 0.40 to 0.47 under 5 N load and between
0.55 to 0.69 under the load of 13.5 N. The lowest coefficient of friction under both loads 5 N and
13.5 N was recorded for monolithic Si3N4 material (SN-1) prepared by gas pressure sintering. From
composites at 5 N load similar COF value as for monolithic material was measured for SizN4 + 1%
xGnP-M-25 prepared by HIP and at 13.5 N load for SizN4 + 1% Angstron N006-010-P, prepared by
GPS.

Wear rate: Figure 2 shows the wear rates under loads of 5 N and 13.5 N for the investigated
systems. The investigated systems' wear rates are in the range of 10 ~ 107 mm?/N.m. Overall the
wear rates of systems under 5N loads are lower than that of systems under 13.5 N. The lowest wear
rate was observed for the monolithic silicon nitride prepared by GPS. From composites similar wear
rates as for the monolithic Si3N4 was measured at 5 N load for the composites Si3N4 + 1% Angstron
NO006-010-P, prepared by GPS and SizNs + 1 wt. % xGnP-M-25, prepared by HIP and at 13.5 N
load for the composite SizNs + 1 wt. %xGnP-M-25, prepared by GPS. The wear resistance of these
composites is higher than the reported values by several researchers [13], [14].
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Figure 1 — Coefficient of friction of investigated composites: a) COF under 5 N loads; b) COF of

composites during (0-40 m) and 40-720
of composites during (0

m) under 5 N load; ¢) COF under 13.5 N loads,; d) COF
-40 m) and 40-720 m) under 13.5 N load.

Wear Mechanism: SEM observation of the wear track of investigated systems was used to identify
the wear mechanisms. Similar wear mechanism was identified in all investigated systems. The worn

surface of the monolithic SisN4 was relat

ively smooth with only a small amount of abrasion groves

and adhered debris can be identified. Under higher load of 13.5N, micro-crack formation and
spalling layers were also observed. In wear track of composites only a very limited formation of
tribolayer, thanks to the present graphene phase is visible.
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Figure 2 — Wear rates of silicon nitride composites with 1 wt. of different types of graphene under
5N loads and 13.5 N loads.
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Figure 3 — Wear mechanism of monolithic Si3sNy prepared by GPS, studied by SEM: a) wear tracks
under 5 and 13.5 N, looks smooth surface; and b) wear track under 13.5 N with higher
magnification, microcracking and chipping off material in the wear track are visible.

4 Conclusions

The aim of the present contribution was to investigate the tribological properties of silicon
nitride + 1 wt. % graphene composites prepared using gas pressure sintering (GPS) and hot isostatic
pressing (HIP) and compare to the wear properties of monolithic Si3Nj.

1. The friction coefficient of the systems changing from 0.40 to 0.47 and 0.55 to 0.69 at
applied loads of 5 N and 13.5 N, respectively, with the lowest values for monolithic SizN4
in both cases.

2. The wear rate of investigated systems at the applied load of 5 N changing from 3.8 x 10”7
mm’/N.m to 2.8 x 10° mm?/N.m with the lowest value for monolithic SizN4 and SisNy +
graphene/Angstron composite.

3. The wear rates of investigated systems at the applied load of 13.5 N changing from 3.9 x
10 mm?3/N.m to 5.2 x 10® mm3/N.m with the lowest value for monolithic SisN4 and SisN4
+ graphene/xGnP composite.

4. The dominant wear mechanisms were abrasion, microcrack formation, and spalling with
minimal tribo-layer formation.

5. The volume fraction of the graphene platelets in the SizN4 matrix is probably not enough
to improve the tribological characteristics of the investigated silicon nitride based
composites.
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