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Boron Carbide Based Composites Manufacturing and Recycling Features
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This paper presents the study of multiphase lightweight boron carbide based composites manufacturing and recycling
features via powder metallurgy technology. The manufacturing process includes self-propagating high-temperature
synthesis (SHS) followed by a hot densification at liquid-state of aluminum binder phase. For composite properties
optimization the heat treatment in vacuum at different conditions was used. Additional heat treatment in oxidizing
environment was used for spontaneous disintegration and recycling of the investigated material.
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1. INTRODUCTION

Cermets are the materials with heterogeneous
compositions of one or several ceramic phases with metals
and alloys. The nonmetallic additives increase the hard-
ness, wear resistance, and heat-resistance of composites.
The metallic phase combines the hard particles into one
composite material and provides strength and plasticity of
cermets. Therefore, the properties of cermets depend on
metal and ceramic phase properties, their proportion, and
adhesion between initial components [1].

Self-Propagating High-Temperature Synthesis (SHS)
is an attractive advanced technology for the synthesis of a
wide variety of advanced materials, including powders and
near net-shape products formed from ceramics, intermetal-
lics, composites and functionally graded materials, by
exploiting the heat-energy released by the exothermic
reaction of raw materials via a self-sustaining combustion
wave which propagates from one end of the specimen to
the other. When compared with traditional technologies,
remarkable savings in energy, time and equipment, and
novel forms of equilibrium and non-equilibrium phases
and high-purity products can result from using SHS [2].

It is known, that the development and using of new
wear resistant lightweight cermets on the base of boron
carbide is actual because of their excellent properties such
as low density, high wear resistance, elastic modulus and
hardness. Conventional production methods used to
fabricate these materials, such as powder metallurgy, are
usually energy, time, and capital consuming, hence
reducing cost efficiency, due to the significantly high
strength and melting temperature of initial materials [2].
Self-propagating high-temperature synthesis (SHS), which
has been used in present study, provides an economical
and energy efficient process route for the preparation of
composites [3].

Obijective of this project is to synthesize by the SHS
technology the cermets based on boron carbide B4C and
aluminum Al powders, as well as to consider the recycling
features of sintered cermets.

*Corresponding author. Tel.: +372-62-03356; fax.: +372-62-03356.
E-mail address: kommel@edu.ttu.ee (L. Kommel)

48

Sintered boron carbide/aluminum cermets were sub-
jected to the heat treatment at different conditions to estab-
lish the optimal processing parameters for unlubricated
sliding against steel. With this purpose in addition to wear
and friction tests the evaluations of mechanical properties,
microstructural analysis, X-ray diffraction analysis,
electron-optical investigations of the microstructures and
wear surfaces of the samples were performed.

2. EXPERIMENTAL
2.1. Initial materials

Boron carbide B4C powders with different mean grain
size and aluminum Al powder ASD-4 (96 % Al) have been
used as raw materials for B4C/Al-cermets sintering. The
initial boron carbide B4C powder contained also graphite
C in small quantity.

Two groups of initial boron carbide B4C powder were
used: coarse-grained powder with grain size in range of
4.2 -74.7 um (average 17.3 um) and fine-grained powder
with average grain size of 1.24 um. The particle size of
boron carbide is a dominant parameter that determines
self-propagating sintering reaction rate and temperature of
SHS-process. By decreasing of particle size the sintering
time and residual aluminum content in cermet reduce
substantially [4]. The reduction in the particle size is also
known to exhibit a beneficial effect in improving the
mechanical strength [5].

Boron carbide B4C powder grinding, activation and
mixing with binder metal phase (aluminum) were carried
out in attritor. The powder was milled during 6 hours at
rotation speed of rotor 800 min™ (linear speed 3.73 m/s).
As a result the average grain size of boron carbide B4C
powder have been reduced more than 13 times and the
mean size of 1.24 ym and surface area of about 25 m?/g
obtained.

2.2. Samples preparation

Metal/ceramic material of B4C/Al composition has
been manufactured using SHS-technology. Following
stages includes the manufacturing process of B4C/Al
cermets from initial boron carbide B,C powder and
aluminum alloy powder: preparation of powder charge;



powder charge placement into the steel container and its
vibration compaction; heating of container with the powder
charge (SHS-process initialization) under pressing;
removal of container.

The powder charge was mixed from boron carbide and
aluminum powders in following proportion: aluminum —
46 — 48 wt.%, boron carbide — the rest.

Powder charge vibration compaction was performed
during approximately for 2 minutes. The heating of con-
tainer with the powder charge in vacuum furnace up to
temperature of about 850 °C initiates the SHS-process.
SHS-process proceeds as exothermic reaction, i.e. with
heat releasing, and the process temperature increase up to
1100 - 1150 °C. The SHS-process has been performed
under pressing strength of about 130 — 150 MPa for better
densification. After sintering the plate of manufactured
material was cut into samples, which then were machined
by diamond grinding.

For the strength properties improving additional heat
treatment of the synthesized cermets is required [4, 6, 7].
Different heat treatment regimes were used for composite
properties optimization. The temperature of heat treatment
varies in range from 1150 °C to 1500 °C. It is known,
that boron carbide B4C in temperature interval of
300 — 2300 °C is very chemical attractive with metals and
as a result the forming of refractory compounds occur [8].
Earlier performed experiments [4, 6, 7] allow concluding
that forming of hard refractory carbides in structure of
cermets promotes increasing of wear resistance.

It was be found that spontaneous disintegration of the
cermets heat-treated in oxidizing surrounding at tempera-
tures above 1300 °C occurs. This material after spontane-
ous disintegration was additionally subjected to attrition
and disintegration milling, mixing with powders of binder
metals (aluminum Al — 41.4 wt.%, copper Cu — 4.3 wt.%)
and small amount of graphite C. The obtained powder
mixture was then used for the new composites manu-
facturing by SHS process as it described above. The
recycled composite was subjected to the heat treatment at
temperature of 1080 °C in zirconium oxide ZrO, powder.

In Table 1 are presented the reference designations for
tested samples that are used further for simplification in
current paper.

Table 1. Designations and characteristics of the samples

Parameter
Sample
symbol Initial B4C-powder Heat treatment
mean grain size, um conditions
N1 17.3 1080 °C, vacuum
N2 1.24 1470 °C, vacuum, ZrO,
N3 1.24 1080 °C, vacuum, ZrO,
N4 recycled material 1080 °C, vacuum, ZrO,

2.3. Characterization and testing

In present study mechanical properties of the
synthesized cermets were studied by data obtained from
using universal hardness tester Zwick Z 2.5/TS1S and
according to the standard DIN 50359. Microhardness of
B,4C/Al cermets has been measured according to ASTM
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E384-89 standard test method. Buehler Micromet-2001
tester and Vickers diamond indenter were used for
microhardness evaluating under different test loads. Up to
10 measurements of each phase have been performed for
mean value evaluating.

Tribological properties studies included wear
resistance determining of the material in unlubricated
sliding against steel and friction coefficient measurements.
Dry sliding friction experiments were performed on a
block-on-ring contact geometry. The following test
conditions have been used: room temperature, atmospheric
pressure, normal load of 82N (in static state), sliding
velocity of 2.19 m/s (disk rotation speed of 235 min™),
sliding distances of 2km, 4km, 6 km and 8 km. The
specimens mass was reweighed after each sliding distances
with accuracy 10™g. The wear of steel disc was not
measured. The coefficient of friction in the dry sliding
condition was obtained as the ratio of the frictional force to
the contact force. The frictional force wvalues were
continuously determined using a dynamometer.

Microstructural studies of B,C/Al cermets before and
after wear experiments have been performed using several
complementary analytical techniques. Optical microscopy
(Neophot 32 microscope), EDX and SEM (JEOL JSM-
840A microscope) were used to examine qualitatively the
surface morphology of cermets. X-ray diffraction tech-
nique (Bruker AXS D5005 analyzer) was used to analyze
the chemical composition of investigated materials.

The primary and the recycled materials were tested in
the same conditions, and obtained experimental data was
compared to estimate the reuse possibilities and validity of
boron carbide/aluminum composites.

2.3.1. Recycling mechanism

Recycling mechanism of the cermets is based on
spontaneous disintegration. It was discovered that sponta-
neous disintegration is occurred in result of additional heat
treatment in oxidizing environment.

Fig. 1. SEM micrograph of cermet microstructure

Four different regions can be visually observed in the
microstructure of cermet, that is illustrated in Fig. 1: dark-
gray colored grains of hard phase (boron carbide B,C) with
microhardness up to 3800 HV0.05 (Region 1), flake-
shaped structural formations in Region 2, light colored
areas of second hard phase (Region 3, 1500 HV0.05), and



light-gray colored areas of binder phase (Region 4,
700 HV0.05). The marks of spontaneous disintegration of
cermet are presented in Fig. 1 (see Region 2). In region 2
of the SEM-image expressed in Fig. 1 are the flakes of
cermets material which trend to fall out from the sample.
These flakes are about 200 nm in width and up to 1 um in
length (see Fig. 2).

Fig. 2. SEM micrograph of the cermet microstructure in Region 2

In Fig. 2 are presented the structural formations in the
cermet’s microstructure that was subjected to additional
heating in oxidizing atmosphere. It should be noted, that no
evidence of such flake-shaped formations was observed
before additional heat treatment.

The EDX analysis of the microstructure in region
illustrated in Fig. 2 suggests that large amount of different
chemical elements concentrated in this area (see Fig. 3).
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Fig. 3. EDX patterns of the recycled cermet in Region 2

2.3.2. Mechanical properties

Universal hardness of B,C/Al cermets has been
measured according to standard DIN 50359 and using
Zwick Z 2.5/TS1S testing machine at load value of 100 N
and standard load application time of 7.5s. The results of
universal hardness measuring are present in Fig. 4.

There are present universal hardness (HU) and plastic
hardness (HUps) of B4C/Al-cermets. It refers to a
permanent deformation of the material in response to an
applied force. The part will be deformed and the
deformation will remain after the load is removed. As
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opposed to elastic deformation or hardness where the
material springs back to its original shape.

The B4C/Al cermets synthesized from fine-grained
boron carbide powder have
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Fig. 4. Universal hardness of B,C/Al-cermets

Elastic characteristics of material can be obtained
from universal hardness tests. In Fig.5 are present the
values of indentation elastic modulus Y, for B,C/Al-
cermets.
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Fig. 5. Indentation elastic modulus of B,C/Al-cermets

The indentation elastic modulus Y, is comparable
with the modulus of elasticity (Young’s modulus) E of the
material [8]. The relatively low elastic properties of
investigated materials do not ensure that deformation can
take place under stress without rupture occurring, resulting
in delamination and galling.

2.3.3. Tribological properties

The sliding friction tests were carried out in open air
and under atmospheric pressure according to block-on-ring
tribosystem, where the B4C/Al-block was pressed with
normal force of 85N against rotating steel disc (linear
speed 2.19 m/s). The mass loss was determined every 2 km
up to 8 km of sliding distance. In Fig. 6 are presented the
dry sliding tests results, namely the average values of wear
rate and steady-state friction coefficient.

The values of wear rate presented in Fig. 6 are the
mean values of wear rate obtained after 8 km of sliding
distance. The results obtained are comparable with those
obtained in the same conditions of the WC-Co and TiC-
NiMo composites, but the density of B,C/Al cermets is
well lower (about 2.5 g/cm®) [9].
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Fig. 6. Wear rate and friction coefficient for boron
carbide/aluminum cermets

The performed dry sliding friction tests for B,C/Al
samples fabricated from coarse and fine powders
composite produced friction coefficients averaging
between 0.30 and 0.40. The friction coefficient values do
not oscillated widely and after 2 — 3 minutes of breaking-in
remained stabile during whole test (about 60 minutes).

For the recycled composite the value of the friction
coefficient oscillates at value of 0.24.

The temperature of the worn surfaces was also
measured immediately after testing. Using a thermocouple
the temperature of 150 — 170 °C has been recorded.

2.3.4. Microstructural investigations

Microstructural features of the samples are considered
in following.

As a result of heat treatment the forming of hard
refractory compounds (carbides, nitrides, borides) and
skeleton of hard phase occurs. The use of XRD-technique
allows to detect the forming of boron aluminum carbide
Al;BC and small amount of aluminum carbide Al,C; as a
result of heat treatment at temperature of 1080 °C, and no
evidence of forming of complex carbide AlgB,C-,
aluminum boron AIB,, and aluminum nitride AIN, which
taken place at temperature of 1470 °C was observed [4, 7].
All of these phases tend to form large clusters of grains and
result in lower strength regardless of which phase forms
[10].

The structure of recycled cermet (sample N4) is
present in Fig. 7.

Fig. 7. Microstructure of the recycled cermet

It can be concluded that the microstructure of the
recycled cermet is similar to that of the primary cermet.
The main phases are the light-gray colored carcass of hard
phase, dark-gray colored binder phase and light colored
inclusions of second hard phase.

3. DISCUSSION

For strengthening of the B,C-based composites it is
necessary to use manufacturing and processing technolo-
gies which provide the fine-grain structure, improve
carbide/binder bonding and do not allow forming a
skeleton of hard phase. Furthermore, technologies must
provide the absence of free graphite in structure, prevent
the decarbonization of carbide and forming of complex
chemical compounds [8].

It should be noted that the specific wear rates of all the
B4C/Al-composites, including recycled one, in this study
were in order of 10°° mm?/(Nm), which belong to a mild
wear regime. This confirms the high wear resistance of
considered materials in given conditions of dry sliding
contact against steel.

The friction tests of present study produced friction
coefficients averaging between 0.35 and 0.45 (see Fig. 3)
and they remain constant throughout the test as the
material wears and temperature increases, i.e. exhibited no
fade with increasing temperature. The results of friction
and wear of boron carbide/aluminum cermets published in
[11] confirm this fact. The B,C/Al-cermets showed friction
coefficients that fell within the industry-accepted range for
automotive brake materials [11]. The stable and relatively
high friction coefficient is one among the main
requirements for frictional materials.

The recycling process of the composites investigated
in current study is based on heat treatment processing of
materials. The additional heat treatment of B,C/Al
composites was realize in oxidizing environment at
temperatures up to 1500 °C. This was led to the formation
of binary and ternary borides and carbides in material’s
structure, which tend to form large clusters. The complex
compounds formed in structure following the heat
treatment  promote  spontaneous disintegration  of
composites. The refined material can be used further as
raw material for composite preparation.

4. CONCLUSIONS

1. The SHS-process was used to synthesize the
lightweight B,C/Al composites. This manufacturing
route has a number of benefits comparing to
traditional powder metallurgy methods. Additional
heat treatment of cermets allows to improve strength
and tribological properties of the material.

2. An alternative route for boron carbide/aluminium
cermets disintegration was found, that is able to reuse
the material.

3. The B4C/Al cermets demonstrate high wear resistance
in dry sliding conditions in combination with stabile
friction coefficient and low density.

4. The use of fine-grained initial boron carbide powder
does not influence significantly on wear resistance of
cermets, however, the strength properties increase.



REFERENCES

1.

Fedorchenko, I., Andrievski, R. Powder
Fundamentals. Kiev, 1963: 420 p. (in Russian).

Slokombe, A., Li, L. Selective Laser Sintering of TiC-
Al,O; Composite with Self-propagating High Temperature
Synthesis Proceedings of the International Conference on
Advances in Materials and Processing Technologies,
AMPT’99 and 16"™ Annual Conference of the Irish
Manufacturing Committee. IMC16 Vol. 2, 1999:
pp. 1261 — 1269.

Degnan, C. C., Shipway, P. H. A Comparison of the
Reciprocating Sliding Wear Behavior of Steel Based Metal
Matrix Composites Processed from Self-propagating High-
temperature Synthesised Fe-TiC and Fe-TiB, Masteralloys
Wear 252 2002: pp. 832 — 841.

Kommel, L., Hussainova, I., Kimmari, E. Wear and
Friction in Boron Carbide Cermet-Steel Sliding System
WTC 2001, Vienna, Austria, 03-07 September, 2001:
p. 93. CD-ROM Disc.

Wu, S. Q., Zhu, H. G., Tjong,S.C. Wear Behavior of
In-situ Al-based Composites Containing TiB,, Al,O3; and
Al3Ti Particles Metallurgical and Materials Transactions
Part A 30A 1999: pp. 243 — 248.

Metallurgy

52

10.

11.

Kommel, L., Pirso,J., Traksmaa, R. The Light Weight
Boron Carbide Cermet as Tribomaterial Proceedings of 9th
Nordic Symposium on Tribology NORDTRIB 2000 3 2000:
pp. 886 — 895.

Kommel, L., Kimmari, E., Peetsalu, P. The Influence of
Binder Phase Status on the Wear Resistance of Boron Car-
bide Cermet by Friction Materials of the 10" International
Baltic Conference BALTTRIB 2001 pp. 202 — 206.

Boron Carbide. Ed. Kislij, P., Kuzenkova, M., Bodnaruk,
N., Grabchuk, B. Kiev, 1988: 216 p. (in Russian).

Kommel, L., Kybarsepp, J., Hussainova, I., Kimmari, E.
Structure and Properties of Boron Nitride Based Composite
— Produced by SHS Method Proc. of the Fifth International
Conference on Composite Science and Technology ICCST/5,
Sharjah, United Arab Emirates, 1-3 February, 2005:
pp. 461 — 466.

Pyzik, A. J., Beaman, D. R. Abstract Journal of American
Ceramic Society 78 (2) 1995: p. 305.

Chapman, T.R., Niesz,D.E., Fox, R.T., Fawcett, T.
Wear-resistant Aluminum-boron-carbide Cermets for Auto-
motive Brake Applications Wear 236 1999: pp. 81 — 87.



DOI: 10.5755/j02.ms.26401



