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Abstract. A composite was produced from initial powder mixture of B4C (70 wt.%) and Al (30 wt.
%) with WC-Co additives introduced during ball-milling and acting as catalysts by self-propagating
high-temperature synthesis and followed by heat treatment of raw samples under gaseous nitrogen
flow at 650, 800, 1000, 1150 and 1450 °C, respectively. Formation of different new superhard
phases was detected via XRD investigation and analysis of microstructures. Micromechanical
properties were tested by nanoindentation. The tribological behavior in dry sliding conditions of the
composite was investigated using the ball-on-disk technique against alumina balls. The friction
coefficient of the composite increased and wear rate decreased with formation of c-BC;N, ¢-BN,
B13C,, W2Bs, AI3BC, AIN, etc. contents during heat treatment at increased temperatures.

Introduction

Creation of wear resistant composite materials based on WC, TiC, CrC, etc. and produced via
powder metallurgy techniques [1] has seen significant developments in the last decades. These hard
metals and cermets, with hard reinforcement carbides and CoNi binder phase, have superior
mechanical, physical and chemical properties that make them especially attractive for use as
tribomaterials in a wide range of industrial applications [2]. It is well known, that basic tribological
mechanisms are two-body and three-body abrasion, contact fatigue, thermal fatigue, etc. The
improved properties of materials (based on WC, TiC and CrC) include good wear resistance and
low friction coefficient on the surfaces of metal forming tools [3]. The Al-based light-weight metal-
matrix composites (MMC) with minor hard reinforcements like carbon nanotubes (CNTs) [4],
carbon nanofibers (CNFs) [5] and boron carbide (B4C) [6] are being developed as engineering
materials. It is well known that the friction and wear of engineering materials depend on the testing
environment (nitrogen, water, salt), grain size (coarse-grained, ultrafine-grained, nanocrystalline),
chemical composition (high purity, with alloying elements, metal matrix or ceramic matrix
composites, etc.), hardness, processing history, etc.

Usually the hard phases are introduced in composite via powder metallurgy. In other cases
chemistry-based methods are used to enhance the mechanical properties of composites. It is
generally assumed that temperatures at least 2000 °C and pressures of 25 GPa [7-10] are required
for formation of cubic boron carbon nitride (c-BC,;N), whereas in the experimental investigation
[11] the use of temperatures between 650 °C and 1450 °C with pressures up to 120 MPa is reported.
It has been shown in [12]; however, that cobalt and nickel may act as catalysts in reactions
involving boron-carbon nitride at lower temperatures. In this paper we also investigate the
possibilities of such reactions occurring in the course of the present experiments.

Boron, nitrogen and carbon form a continuum of phases with varying composition and properties,
including the sought-after superhard c-BC,N. Chemical reactions leading to formation of this phase
involve gradual atomic substitutions in the lattice, combined with phase transitions. The possible
chemical routes to the destination and the potential role of aluminum and cobalt additives remain
unclear at this stage. It is proposed that initially a change in the structure of B4C takes place,
followed by insertion of nitrogen. The process may be catalyzed by the cobalt atoms. It is possible
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to get new ceramic phases in composite by self-propagating high temperature synthesis (SHS) [13].
The light-weight metal matrix composites (MMC) for defense components in military aviation were
produced via SHS and followed heat treatment in zirconium oxide (Zr,O3) flux at in the air [14].
The mean Rockwell hardness of 80+5 HRA was obtained. The formation of new ceramic phases
via transformation of solid phase at high temperatures and their influence on the different fracture
mechanisms of the composite were studied in [15].

The aim of the present report is to study the mechanism of formation of new superhard phases (c-
BC;N, ¢-BN, B;3C, etc) during ball-milling, SHS and compression (for densification) and followed
heat treatment under low-pressure nitrogen gas at high temperatures and the influence of these
phases on mechanical and tribological properties of the composite.

Experimental

The raw composite was produced by using a low cost capsule technique of self-propagating high
temperature synthesis (SHS) [10, 11, 13-15]. The initial mixture consisted of powdered boron
carbide (B4C-70 wt. %), aluminum (Al-27 wt. %) and copper (Cu~3 wt. %). The B4C powder was
industrial grade (H8) with grain size in range of 4.2-74.7 um (average 17.3 um) containing also free
carbon (C), small amount of quartz (SiO;) and boron carbide (B;3C;). The pure aluminum powder
was PA-4 (GOST 6058-73) containing 0.35 wt. % Fe, 0.4 wt. % Si, and 0.02 wt. % Cu impurities.
WC-Co impurities as catalyst [12] were introduced during 20 hours of ball-milling of the powder
with 70 wt. % of B4C. The mill chamber and balls were manufactured from WC-Co (Co=8 wt. %)
hard metal. Depending on the increase of B4C content and milling time the content of WC-Co in
composites also increased as a result of wear during ball-milling [11]. The WC-Co content was
found to be about 8 wt. % in this study. Additionally, a small amount (<3 wt. %) of copper (Cu) was
added to increase the wetting of B4C crystallites with Al binder during the process [16].

The mixed powder compositions were placed into a steel container [14]. The steel capsules were
heated in furnace with low heating rate of 1-2 °C/min from 600 °C to 800 °C to initiation of the
SHS process in powder mixture. For better densification of heated products the subsequent pressing
on hydraulic press with compression stress of ~120 MPa was conducted immediately after SHS.
After compaction, the raw samples were removed from the steel container by cutting it open. Heat
treatment was conducted in vacuum furnace (RED DEVIL vacuum furnace WEBB 107, USA). The
main parameters of the regimes were the vacuum of 10 mbar, followed by low flow nitrogen (Na)
in the surrounding atmosphere under chamber pressure of 0.2 bar (+3PSI), with temperature
increase rate of 2 °C/min, and duration at maximum temperature about two hours, then followed by
cool-down time of ~15 h. The temperatures of heat treatment were 650, 800, 1000, 1150 and 1450
°C, respectively. Because the heating rate was constant, the duration of heat treatment was
increased for the highest temperatures, accordingly.

The obtained composite samples were subjected to microstructural studies with the light optical
(Nikon CX) and scanning electron (Zeiss EVO MA-15) microscopes. Powder X-ray diffraction
(Bruker AXS, D5005) was used to analyze stages of formation of the hard refractory compounds as
the function of the processing steps, and chemical composition of the initial powders, as well as the
SHS-processed raw products, and samples heat treated at different sintering temperatures. The
micromechanical properties, such as nanohardness and elastic modulus of the constituents of
composites, were characterized using the nanoindentation device of NanoTest NTX testing centre
(Micro Materials Ltd.). A trigonal Berkovich diamond tip with a three-sided pyramid apex angle of
142.3° and radius of 100 nm was used for the measurements. Nanioindentation was conducted on
diamond-polished surface of samples under load of 20, 100 and 500 mN for 100 indents with step
of 10 and 15 um, respectively. Mechanical properties were automatically calculated from the load-
displacement curves according to Oliver-Pharr method [17]. The phases at the indented sites were
identified with SEM pictures. The tribological behavior of composites was tested by tribometer
CETR (Bruker) UMT?2 in dry sliding conditions of ball-on-disk technique against alumina (Al,O3)
balls with diameter of 3 mm. The wear test parameters were: load = 2 N, distance = 2 mm,
frequency = 10 Hz, velocity = 40 mm/sec, time = 10 min. For volume wear calculation the cross-
sections area with back-and-forth wear tracks was measured by Mahr Pertohometer PGK 120
Concept 7.21. The friction coefficient was obtained automatically.
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Results and discussion

In Fig. 1 the wear track (a) and measured cross-section of wear track (b) for the sample after heat
treatment at 1450 °C are presented. The wear track length is ~2.5 mm. The SHS-processed raw
metal-matrix composite shows relatively low friction coefficient ranging up to ~0.23. During heat
treatment at 650 °C it increased up to ~0.84 and up to ~0.98 (after heat treatment at 1450 °C) (Fig.
2, a). The wear track cross-section was measured and it was equal to F = 2537.3 um®. As shown, the
volume wear has opposite evolution (Fig. 2, b). Such evolution of friction coefficient and volume
wear as well as wear rate depends on change of hard phase’s content in the composites.
Nanohardness values of the phases varied significantly, from ~5 GPa up to ~100 GPa (Fig. 3). The
collected mean nanohardness (measured under load of 500 mN) of heat treated composites was
3942 GPa. This indicates that the superhard ceramic phase ¢-BN,C has very high wear resistant
properties. As shown in Fig. 4 these hardest compounds are presented in the shape of protrusions on
wear surface. The height of protrusion in wear traces is about 3-5 um while in diamond grinded
surface it is only about 1-1.5 um. The measured diameter of these equal-axis superhard phases is
about 15 pm. The results of X-ray investigation are presented in Fig. 5 for different heat treatment
temperatures, respectively.
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Fig. 1. Wear track (a) and measured cross-section of wear track (b) of SHS-composite (with 70 wt.
% of B4C in initial compound) followed heat treatment at 800 °C (a) and at 1450 °C (b).
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Fig. 2. Friction coefficient (a) and volume wear (b) of composite (with 70 wt. % of B4C in initial
compound) for different temperatures of heat treatment in nitrogen atmosphere.
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Fig. 3. The new phases formed (B4C, initial phase, red color) hardness and elastic modulus values
of the composite as detected by X-ray (Fig. 5) and nanoindentation [11, 17] techniques.
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Fig. 4. Protrusions (in wear tracks of tribological testing) of superhard c-BC,N phase in cross-
section (a) and in longitudinal direction (b) of tacks, respectively.
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Fig. 5. X-ray diffraction curves of composite (with initial composition B4C-70 wt. %, Al-27 wt. %
and Cu-3 wt.%) processed via ball-milling, SHS, compression and heat treated at 800, 1000, 1150
and 1450 °C under low-pressure N, respectively.
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The results of XRD investigation show that during ball-milling some WC-Co was inserted into the
powder. This content was identical for all samples as the milling time was 20 h and B4C/Al-Cu
content was identical before milling. During SHS processing, B4C was transformed into B3C, up to
the amount of ~44.8 wt. %. This icosahedral boron compound [18] has an elevated hardness H, =
44-45 GPa. The summarized mean nanohardness of composites increased to H, = 39+2 GPa (HRA
80 * 2 on Rockwell scale). The composite contains small amounts of Al-binder phase and thus may
be classified as a metal matrix composite (MMC). The binder contains tungsten carbide (WC) and
formation of tungsten aluminum carbide (W(gAlp2Cpg) and aluminum cobalt (Aly47C05s3)
intermetallic compound is also observed. These changes in composition took place at temperatures
650-800 °C. The composites which were heated at these temperatures have identical wear
coefficient and volume wear (see Fig. 2). At that stage of processing the composites show a stabile
density equal to 2.38 g/cm’. At increased temperatures above 1150 °C the new superhard phases
were formed and density decreased to 2.33 g/cm® and porosity increased, respectively. Compared to
hard metal WC-Co [1] the density of MMC is about 6.2 times lower. Heat treatment at elevated
temperatures leads to formation of new compounds (Fig. 5): ¢-BC;N, ¢-BN, W;Bs, AZBC, AIN,
CuAl,, Al4CN;O, etc. with high hardness and elastic modulus (Fig. 3). The Al has reacted with B,
Cu, Si, N, etc. and the free C-content decreased as the temperature increased. As a result the
ceramic matrix composite (CMC) was formed. As the c-BC;,N has the highest hardness (Fig. 3) and
high wear resistance during wear test in the worn surface the protrusions with high of up to 5 um
were formed (see Fig. 4), respectively. This also brought about the increase of surface roughness
and friction coefficient (Fig. 2, a). The wear mechanism of the composite is abrasion [1-6]. The
volume wear (Fig. 2, b) of composite decreased as the material hardened (see Fig. 3). The hardening
of composite takes place because B4C was transformed into B;3C, and the new superhard ceramic
and intermetallic phases were formed on basis of the initial Al binder.

Conclusions

In this experimental work we studied, by means of a variety of methods, the chemical composition,
mechanical and tribological properties of a MMC and CMC processed from B4C/Al powder via
ball-milling, SHS and compression techniques followed by heat treatment under nitrogen flow at
temperatures of 800, 1000, 1150 and 1450 °C, respectively. During ball-milling the concentration of
WC-Co was increased up to ~8 wt. % in the powder content. The WC-Co as a wear product and as
catalyst decreased the temperatures necessary to form new superhard phases like c-BC;N, ¢-BN,
W,Bs, etc. from 2200 °C to 1450 °C. It was established that the transformation of B4C to B13C,
takes place during the SHS process. The other hard phases were formed mainly during heat
treatment under nitrogen atmosphere at elevated temperatures. Because the composite has superhard
phases with very different micromechanical properties (high hardness and wear resistance and,
consequently, surface with high roughness) the volume wear as well as wear rate were decreased
but friction coefficient was increased. The friction coefficient increased through increase of the c-
BC,N precipitates content in composite. The hardness of the new formed carbides and
intermetallides has important effect on the mechanical and tribological properties of the composites.
As an example of application, these composites are useful for the brake blocks manufacturing,
because these are light-weight with high friction coefficient and high wear resistance, both of which
are beneficial in this application.
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