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Steel-8TiB, composites were produced by two new sintering techniques, i.e. Spark Plasma Sintering (SPS) and
High Pressure-High Temperature (HP-HT) sintering. This study discusses the impact of these sintering methods
on the microstructure of steel composites reinforced with TiB, particles. Scanning electron microscopy (SEM),
wavelength dispersive spectroscopy (WDS), X-ray diffraction, electron backscatter diffraction (EBSD) and trans-
mission electron microscopy (TEM) were used to analyze the microstructure evolution in steel matrix compos-
ites. The results of microscopic examinations revealed a close relationship between the composite microstructure
Microstructure and the methods and conditions of sintering. Substantial differences were observed in the grain size of materials
Complex boride sintered by HP-HT and SPS. It has been demonstrated that the composites sintered by HP-HT tend to form a chro-
Phase mium-iron-nickel phase in the steel matrix. In contrast, the microstructure of the composites sintered by SPS is
Composite characterized by the presence of complex borides and chromium-iron phase.
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1. Introduction

Powder metallurgy (PM) is considered one of the key technologies
for the fabrication of composites reinforced with ceramic particles [1,
2]. Compared with other methods, its undeniable advantage is better
control of microstructure, allowing for a uniform distribution of the re-
inforcing phase in sintered composite [3-5]. Sintering by conventional
methods takes a long time and requires high temperature, both of
which produce sinters of high density. However, the long time of
sintering causes grain growth and loss of the unique properties resulting
from the fine-grained microstructure of a composite material [6-8]. The
use of modern sintering technology allows reducing both time and tem-
perature of the sintering process with positive impact on the economic
aspect of the fabrication of composite materials. Both HP-HT and SPS
techniques are included in the group of modern advanced technologies.
Application of technologies in which different mechanisms control the
sintering process can affect the composite microstructure and, as a fur-
ther consequence, its physical, mechanical and functional properties [9].
Compared with the conventional sintering process, HP-HT offers several
quite unique advantages, to mention only energy savings, shorter time
of sintering (a few minutes only), full consolidation of the sintered
material, and suppressed grain growth [10,11]. In addition to the
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aforementioned benefits, the widespread use of SPS is also the matter
of the economic viability of this process, resulting partly from the
lower temperature and partly from the shorter time of sintering. In
this method, heating of the sintered powder is done with pulse current.
During flow of this current, sparks are generated in pores of the sintered
material, removing particles of adsorbed gases and oxides from the sur-
face. This facilitates active contact between particles of the sintered
powder. Consequently, this and other similar phenomena shorten the
time and reduce the temperature of the sintering process [12,13].
Recent years have witnessed a growing interest in iron alloys, main-
ly due to their potential applicability as a matrix of the composite mate-
rials. The main factors that decide about this fact include the low cost of
production, high mechanical properties of iron alloys and satisfactory
corrosion resistance. Compared with aluminium and its alloys, iron-
based alloys, austenitic steels - in particular, offer higher strength, better
stiffness and ductility [14]. The ceramic particles most commonly used
as a reinforcement of the steel matrix are oxides (Al,03, ZrO,), nitrides
(TiN, Si3Ny), carbides (TiC, Cr3Cs,, VC, B4C) and borides (TiB,, ZrB,) [15-
22]. Abengjar et al. [23] studied the effect of the type and content of the
reinforcing phase (AlCr, Cr,Ti, VC and SiC) and sintering atmosphere on
the microstructure and properties of 316L stainless steel matrix com-
posites. It has been demonstrated that the use of intermetallic phases
is a good way towards the achievement of improved properties of the
composites tested. Akhtar et al. [24] analyzed the effect of MoSi, addi-
tion on the sintering behavior and microstructure evolution of sintered
316L stainless steel. It was found that MoSi; dissociated during sintering
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Fig. 1. XRD patterns of sintered 316L steel and composites steel-8TiB,: a) HP-HT method
(1300 °C-7 GPa) and b) SPS method (1100 °C-30 min).

with the resulting segregation of Mo and Si at grain boundaries. Exces-
sive amounts of Mo and Si appeared as separate phases in the micro-
structure. The addition of MoSi, to 316L stainless steel was observed
to increase the density, hardness and tensile strength of this steel after
sintering. On the other hand, Jain et al. [25] have proved that the addi-
tion of 5 wt% of YAG improves both density and hardness of the sintered
ferritic and austenitic steels. The effect of YAG particles on the compac-
tion process is definitely enhanced by the sintering process carried out
at 1400 °C. In turn, Akhtar et al. [26] sintered 465 steel with the addition
of Si3Ny. Tests covered the stability of the SisN4 phase in a steel matrix. It
has been shown that the increasing content of SisN4 phase increases the
sintered density. The maximum theoretical density of 98.5% was obtain-
ed in the composite containing 5 wt% of SizN,, but it was found that par-
ticles of Si3Ny4 are stable in the steel matrix only up to the content of
2 wt%. Higher content of SizN,4 dissolves the ceramic phase in the matrix.
Patankar and Tan [18] studied 316L stainless steel reinforced with SiC.

They proved that adding SiC to this steel allowed obtaining higher den-
sities of the sintered material. This effect was attributed to reactions oc-
curring between the SiC phase and steel matrix at 1100 °C giving rise to
the formation of a low melting Fe-SiC phase.

The aim of this study was to investigate the effect of two sintering
methods on changes in the microstructure of steel-8TiB, composites. Ti-
tanium diboride was selected as a steel matrix reinforcement owing to
its low density, very high hardness, high strength at elevated tempera-
tures, and good thermal stability and wettability [27]. Several authors
produced steel composites reinforced with TiB, by the technique of
powder metallurgy using conventional sintering and hot isostatic press-
ing (HIP) [28-30]. The techniques selected in this study for the manu-
facture of steel-8TiB, composites included two modern advanced
techniques, i.e. Spark Plasma Sintering (SPS) and High Pressure-High
Temperature (HP-HT) sintering.

2. Methods

Commercially available TiB, powder (H.C.-Starck) and 316L steel
powder (99.9 wt.%, Hoganas) were used in these studies. The stainless
steel powder had the following chemical composition: 17.20 wt% Cr,
12.32 wt% Ni, 2.02 wt% Mo, 0.43 wt% Mn, 0.89 wt% Si, 0.03 wt% S,
0.028 wt% P, 0.03 wt% C and Fe as a balance. The average particle size
of TiB, and AISI 316L steel powders was 2.5-3.5 pm and 25 pm, respec-
tively. The raw powders were mixed for 8 h in a TURBULA mixer. For the
sintering process, a composite mixture of powders of the 316L steel
+ 8 vol% TiB, was prepared.

Composites were sintered by the HP-HT and SPS techniques. In the
case of SPS, the composite mixture was fed into a cylindrical graphite
mould with an inner diameter of 20 mm. The sintering process was car-
ried out in SPS HP5 equipment made by FCT (Germany). The following
sintering parameters were observed: temperature - 1100 °C, pressure -
35 MPa, and heating rate - 200 °C/min. The sintering time was 5 and
30 min. The sintering temperature was measured with a pyrometer
(IGA-5). The height of the sintered samples was 7 mm. In the HP-HT
process, disk-shaped samples with a diameter of 15 mm and a height
of 4 mm were used. The samples were first cold-pressed in a steel die
under a pressure of 100 MPa. Next, the process of sintering was carried
out using a toroidal Bridgman-type apparatus. The sintering tempera-
ture and time were 1300 °C and 60 s, respectively. Two sintering pres-
sures of 5 and 7 + 0.2 GPa were applied.

Composite microstructure was examined by scanning electron mi-
croscopy (SEM) using a new concept, ultra high-resolution, Hitachi
SU-70 scanning electron microscope equipped with a field emission
gun and a set of Thermo detectors. Chemical analysis of sintered ma-
terials was made by WDS. The X-ray diffraction patterns were ob-
tained using PANalytical Empyrean diffractometer with copper
radiation. The phase identification was done with the ICDD (PDF4 +
2015) files. The quantitative phase analysis of the examined composites
was performed by the Rietveld refinement using HighScore PANalytical
software.

Phase analysis and analysis of the crystallographic orientation of
grains were performed under a high-resolution INSPECT F50 FEI

Table 1

List of phases identified in the composites sintered by SPS and HP-HT.
Ref. code Compound name Chemical formula Crystal system Space group
01-089-4185 Iron v-Fe Cubic, a = 3.6468 A Fm-3 m
04-014-0258 Iron a-Fe Cubic, a = 2.8700 A Im-3 m
04-002-3697 Iron-nickel v-Fepe6Nio 34 Cubic, a = 3,6040 A Fm-3 m
04-015-0310 Iron-nickel Y-Feo gNig> Cubic, a = 3,5830 A Fm-3 m
04-015-0503 Chromium-molybdenum-nickel Cro.099MO0g.172Nig 729 Cubic, a = 3.6100 A Fm-3 m
04-006-2019 Titanium diboride TiB, Hexagonal, a = 3.0190 A, c = 3.2180 A P6/mmm
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