DOI 10.1007/s11106-021-00184-7
Powder Metallurgy and Metal Ceramics, Vol. 59, Nos. 9-10, January, 2021 (Russian Original Vol. 59, Nos. 9-10, Sept.-Oct., 2020)

STRUCTURAL MATERIALS RESEARCH

THE STRUCTURE AND PROPERTIES
OF 65 wt.% Fe-35 wt.% FKh800 CHROMIUM CARBIDE STEEL
DOPED WITH TITANIUM BORIDE ADDITIONS
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The effect of TiB, additions on the structure, phase composition, and mechanical and tribological

properties of materials in the Fe—FKh800 system was studied. The introduction of titanium boride
additions activated compaction of the iron-based composites through sintering with participation of
the liquid phase that emerged with the formation of low-melting Fe—C-B (T, ~ 1050°C) and y-Fe—
Fe,B-TiB, (T, ~ 1162) eutectics and led to a 50-70°C decrease in the sintering temperature of the
compacts. Titanium boride additions between 0.38 to 0.74 wt.% provided 20-25% higher bending
strength of the 65 wt.% Fe-35 wt.% FKh800 composite with a slight increase in hardness.

Metallographic studies, X-ray diffraction, and electron microprobe analysis of the Fe—35 wt.%
FKh800-TiB, materials showed that titanium boride additions promoted a multiphase,

microheterogeneous matrix-reinforced composite, consisting of Kh17 chromium steel, double M,C;
and M;C iron—chromium carbides, and complex Me;(CB) carboborides. The influence of TiB,

additions on the wear resistance of the composites subjected to dry friction against fixed diamond
wheel particles and ShKh15 steel was studied. The study showed that the abrasive mass wear (I,,) of

carbide steels decreased from 36.94 to 14.8 mg/km and their linear wear (I) decreased from 0.197
to 0.079 mm/km with TiB, additions increasing from 0.38 to 1.48 wt.%. Titanium boride additions

ranging from 0.38 to 2.2 wt.% reduced the mass wear rate from 4.9 to 1.9 mg/km in dry friction of
the composite against a ShKh15 steel counterface with 50-55 HRC hardness and decreased the
friction coefficient from 0.49 to 0.38.
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INTRODUCTION

There is a growing need for materials possessing excellent mechanical and tribological properties and high

corrosion resistance in virtually all industrial applications. Articles made of such materials perform effectively when
simultaneously subjected to friction, abrasive wear, and corrosive environments. High-alloy steels and chromium
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cast irons are used in modern mechanical engineering to fabricate such articles. Powdered carbide steels,
particularly iron—chromium—carbon alloy composites, should also be regarded as promising materials. Despite
longer than a 100-year research history, the Fe—Cr—C system remains the focus of scholars and applied scientists in
the development of wear- and corrosion-resistant materials. This is ascertained by a great number of publications,
whose overview as of 2005 inclusive is provided in the fundamental paper [1].

The Fe-Cr-C system is known to contain complex M,3Cq, M;C;, and M;C, carbides, which are in
equilibrium with both austenite and ferrite.

The hypereutectic Fe—Cr—C alloy is a characteristic wear-resistant material. Its high wear resistance is due
to the formation of complex transition metal carbides of M,C; type. The weight content of primary M,C; carbides

increases with carbon amount. The wear resistance increases accordingly. The orientation of primary M,C; carbide
can also influence the wear resistance of the eutectic Fe-Cr—C alloy. In rapid cooling conditions, M,C; carbides

increase the eutectic alloy hardness [2, 3].

Modern Fe-Cr—C materials such as carbide steels and associated articles are successfully produced by
powder metallurgy techniques: solid-phase and liquid-phase sintering or hot forging of powder composites [4].

Our previous papers [5, 6] show that small additions of nickel boride Ni;B to 65 wt. Fe-35 wt.% FKh800
chromium carbide steel lead to a 50-70°C decrease in sintering temperature and a significant increase in the
abrasion and corrosion resistance in alkaline and acid solutions. In this connection, the effect of other borides (more
thermodynamically stable and less scarce) on the structure, mechanical, and tribological properties of chromium
carbide steels should be studied. Such borides include TiB,, having high microhardness, wear resistance, elevated-
temperature oxidation resistance, and adequate ductility. This boride is added in amounts smaller than 1% for
refining the grains and improving the hardness of classical carbide steels [7].

The objective is to examine the effect of titanium diboride additions varying from 0.38 to 2.2 wt.% on the
sintering temperature, structurization, phase composition, and mechanical and tribological properties of the
powdered 65 wt.% Fe—35 wt.% FKh800 chromium carbide steel.

EXPERIMENTAL PROCEDURE

The starting materials were iron powder of PZhR 3-200-28-30 grade (as per GOST 9849-86), high-carbon
ferrochrome FKh800 (GOST 4757-79), and titanium boride powder (TU 6-09-03-7-78). The high-carbon
ferrochrome powder was produced from lump FKh800 ferrochrome in a jaw crusher and further ground in a
planetary-ball mill.

The titanium boride content of the mixtures was varied between 0.38 and 2.2 wt.%, corresponding to 0.12—
0.67 wt.% B in TiB,. Boron is known [8] to have a several times stronger effect on iron than carbon, promoting

grain refinement and significantly improving the wear resistance in friction of white cast irons. Moreover, boron
forms with iron a low-melting eutectic, Fe—Fe,B, to activate the sintering of powdered carbide steels that contain
high-carbon ferrochrome.

The starting powder mixtures were prepared by wet grinding/blending in a planetary-ball mill in alcohol in
conditions described in [9]. The samples were compacted in a closed die at 800 MPa and sintered in an electric
vacuum furnace at 1100-1250°C.

The mechanical properties were measured in compliance with standard procedures used to test powder
materials and hardmetals [10, 11]. The abrasive wear resistance was determined by shaft (counterface)—plane
(sample) testing in dry friction against an ASV 160/125 diamond wheel and a ShKh15 counterface at room
temperature (+30°C). The friction test was performed at sliding sped ¥ = m/sec, load P = 0.5 MPa, and 1 km
friction distance.

The microstructure and phase composition of the sintered samples were examined employing optical
(Olympuis LX-70) and scanning (TESCAN VEGA) electron microscopes, and a DRON-3 diffractometer was used
for X-ray diffraction. Electron microprobe analysis was carried out with a MS-46 microprobe.
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EXPERIMENTAL RESULTS AND DISCUSSION

We examined how the sintering temperature influenced the bulk shrinkage, density, hardness, and bending
strength of carbide steels with TiB, 0.38-2.2 wt.% additions introduced into the Fe-35 wt.% FKh800 mixture.

When sintering temperature increased from 1100 to 1200°C, the bulk shrinkage and density of the samples grew
monotonically (Fig. 1a, b). The bulk shrinkage of the material with 0.74 wt.% TiB, was 24.9-32.8% even at solid-
phase sintering temperatures of 1100—-1150°C; this was 1.8-2.0 times greater than that of the samples without TiB,
additions. When sintering temperature increased to 1250°C, the shrinkage and density of the composites with TiB,

additions reached the highest values (porosity lower than 2—-3%). This indicates that titanium boride (boron)
additions activate compaction by promoting sintering involving the liquid phase that may emerge with the
formation of low-melting Fe-C-B (7,,~ 1050°C) and y-Fe-Fe,B-TiB, (T}, ~ 1162°C) eutectics. That such eutectics
exist in the Fe—C—B and Fe-Ti-B system is ascertained, respectively, by the research effort [12] and fundamental
paper [13]. It is rather difficult to quantify the composition of these eutectics and indicate more accurate
temperatures of their formation within this research effort because we deal with a multicomponent iron-based
system (including, besides Ti and B, a significant amount of Cr and C) and are not aware of any data on this system
in accessible sources.

At sintering temperatures above 1250°C, the bulk shrinkage and density increase at a slower rate, probably

because the liquid phase amount becomes excessive and the samples partially deform and lose shape. This is
especially noticeable at TiB, content ranging from 1.48 to 2.2 wt.%.

40
B A
30 - 4
S ?
S 20
< | —a— /
—o—2
104 —a—3
) —v—4
1 D —
0 1 | 1 | 1 6 R
1100 1150 1200 1250 1100 1150 1200 1250
a b
75 <
o
p=
69 g
on
5 5
T 7
63 o0
g
2
5
57 A
51 . l . | )
1100 1150 1200 1250 1100 1150 1200 1250
Sintering temperature, °C Sintering temperature, °C
c d

Fig. 1. Effect of the sintering temperature and amount of TiB, additions on the bulk shrinkage (a),

density (b), hardness (c), and bending strength (d) of the Fe—FKh800 samples, wt.%: 65 Fe-35
FKh800 (7); 64.8 Fe-34.8 FKh800-0.38 TiB, (2); 64.6 Fe-34.6 FKh800-0.74 TiB,(3); 64.4 Fe-34.4

FKh800-1.12 TiB, (4); 64.2 Fe-34.2 FKh800—1.48 TiB, (5); 63.9 Fe-33.9 FKh800-2.2 TiB, (6)
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When sintering temperature rises from 1100 to 1200°C, the hardness and bending strength of the basic
material doped with titanium boride also increase according to near-parabolic dependences with gentle maxima at
1200°C (Fig. 1c, d). A further increase in the sintering temperature to 1250°C causes some decrease in hardness and
bending strength of the composites. This may result from both grain growth in the hard component (from 8—13 um
to 15-25 pum) and shape loss of the samples caused by an excess amount of the liquid phase. The maximum bulk
shrinkage and density (minimum porosity) and the best combinations of hardness and bending strength of the
samples allow us to state that 1200°C is close to the optimum sintering temperature for most materials with TiB,
additions.

Metallographic studies, X-ray diffraction, and electron microprobe analysis of the Fe-35 wt.% FKh800
materials showed (Fig. 2, Table 1) that the introduction of even 0.38% TiB, resulted in a microheterogeneous,
multiphase composite microstructure, generally consisting of an iron—chromium metallic matrix containing 14—17%
Cr (spectrum 3), complex Me,C; and Me,;C4 chromium—iron carbides (spectra 5 and 6), and complex Me;(CB)
carboboride (spectrum 4). Figure 2 indicates that additions of 0.38-1.48 wt.% TiB, promote homogeneous distribution

Fig. 2. Microstructures and EMPA areas (shown with arrows) of the Fe—-35 wt.% FKh800 samples (@)
with TiB, additions, wt.%: 0.38 (b), 0.74 (c), 1.12 (d), 1.48 (e), 2.2 (f)
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TABLE 1. Electron Microprobe Analysis of Phase Constituents in the Fe—FKh800 Carbide Steels
with 0.38-2.2 wt.% TiB, Additions

Spectrum Phase type
Composition, wt.% No. Fe Cr Ti C C+B
(Fig. 2) hard metallic
. 35 FKES 1 82.75 17.08 0.17 Kh17
> Fe-35 FKh800 2 1978 | 73.13 7.08 Me,C
3 83.97 15.86 0.07 0.08 Kh16
64.8 Fe—34.8 4 49.72 43.11 0.17 6.98 Me;(CB)
FKh800-0.38 TiB, 5 21.42 69.67 0.05 8.54 Me,C,
6 33.48 60.92 0.08 5.51 Me,;Cq
64.6 Fe—34.6 7 82.58 17.21 0.07 0.11 Kh17
FKh800-0.74 TiB, 8 45.22 47.75 0.1 6.91 Me;(CB)
64.4 Fe-34.4 9 85.91 13.82 0.1 0.14 Kh14
FKh800-1.12 TiB, 10 49.61 43.12 0.17 7.08 Me;(CB)
11 83.32 16.39 0.12 0.15 Kh17
64.2 Fe-34.2 12 4605 | 4689 | 0.11 694 | Mey(CB)
FKh800-1.48 TiB,
13 30.15 60.73 0.09 8.67 Me-C;,
63.9 Fe—33.9 14 84.23 15.48 0.16 0.12 Khl6
FKh800-2.2 TiB, 15 56.53 36.36 0.2 6.89 Me;(CB)

of the metallic (spectra 3, 7, 9, 11) and hard (spectra 4, 8, 10, 12) phases and refine the Me;(CB) grains to 4-6 pm
(Fig. 2b, ¢, e) compared to the cementite grains (8-23 um) in the material without TiB, (Fig. 2a). This can be
attributed to boron that forms low-melting Fe-B-C (7}, ~ 1050°C) and Fe-Fe,B-TiB, (7,,~ 1162°C) eutectics and
thus decreases the liquid-phase sintering temperature by 50°C, which inhibits the growth of carbide and carboboride

grains in recrystallization through the liquid phase.
Electron microprobe analysis (Table 1) indicates that TiB, additions also promote the transformation of

chromium—iron cementite of Me;C type into complex iron—chromium carboboride (boron cementite) of Me;(CB) type.
Note that boron cementite of Me;(CB) type is a predominant conducting phase in all composites with TiB, additions,
though X-ray diffraction (Fig. 3) identified also a small amount of Me,;C;, Me,;C, and Fe;C complex carbides.
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Fig. 3. Phase constituents of the Fe-35 wt.% FKh800 composite doped with 0.74 wt.% TiB,
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That the X-ray diffraction patterns do not show intensive independent lines of boron cementite may be
because these line overlap with the y-Fe line, complicating the identification of carboboride phases in such systems.
These complications were pointed out in the paper [12] focusing on the phase formation and structurization
mechanism in liquid-phase sintering of Fe—C—B composites.

Considering that wear-resistant structural components and friction parts that perform without lubrication
are fabricated from carbide steels, an important task is to examine the effect exerted by titanium boride additions
ranging from 0.38 to 2.2 wt.% on the abrasive wear resistance and dry friction of Fe—35% FKh800 carbide steel
samples against a ShKh15 steel counterface. The research results demonstrated (Table 2) that the TiB, addition
increasing from 0.38 to 1.48 wt.% reduced the carbide steel mass wear I, from 36.94 to 14.8 mg/km and linear
wear /| from 0.197 to 0.079 mm/km in friction against diamond wheel particles.

This may be attributed to the formation of complex carboborides of Me;(CB) type, improving hardness and

wear resistance of the composites. However, a further increase in the doping content to 2.2 wt.% intensifies both the
mass wear (from 14.8 to 20.8 mg/km) and linear wear (from 0.079 to 0.141 mm/km), which may be associated with
the development of a coarser structure and the precipitation of eutectic layers at Me;(CB) grain boundaries (Fig. 2f).
In dry friction against ShKh15 steel, titanium boride additions reduce the mass wear (from 4 to 1.9 mg/km)
and linear wear (from 0.0397 to 0.022 mm/km) of the composites.
The tribological tests also found that the mass wear of the ShKh15 steel counterface was 6.2—7.1 mg/km.

Moreover, 0.38-2.2 wt.% titanium boride additions decreased the dry friction coefficient of the composite with ShKh15
steel from 0.49 to 0.38 (Fig. 4) through the formation of complex iron—chromium carboboride of Me;(CB) type.
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Fig. 4. Effect of the TiB, amount on the coefficient of friction between the ShKh15 steel counterface
and Fe-FKh800-TiB, materials

TABLE 2. Wear Rate and Wear Resistance of the Fe-FKh800 Materials with TiB, Amounts

Composition, Counterface Sample wear Wear resistance fﬁ;:::ii‘;e Friction
wt.% material I, mghkm | £, mm/km (1/)), km/mm me/km coefficient

65 Fe—-35 FKh800 Diamond wheel 36.96 0.197 5.10 — —
ShKh15 4 0.0397 252 6.8 0.49

64.8 Fe— ‘ Diamond wheel 18.94 0.121 8.3 - -
34.8 FKh800-0.38 TiB, ShKh15 1.9 0.022 448 6.5 0.44

64.6 Fe—34-6iFKh800— Diamond wheel 18.7 0.102 9.8 - -
0.74 TiB, ShKh15 24 0.023 43.7 6.3 0.42

64.4 Fe-34.4 FKh800— Diamond wheel 213 0.145 6.9 - -
1.12 TiB, ShKh15 2.8 0.024 40.8 6.2 0.38

64.2 Fe—34-2'FKh800— Diamond wheel 14.8 0.079 12.6 - -
1.48 TiB, ShKh15 2 0.023 42.5 6.9 0.38

63.9 Fe-33.9 FKh800— | Diamond wheel 20.8 0.141 7.067 - -
22 TiB, ShKh15 25 0.023 42 7.1 0.37
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CONCLUSIONS

We have studied the effect of small TiB, additions on the structure, phase composition, and mechanical and
tribological properties of Fe-FKh800 materials. The introduction of TiB, additions to the starting Fe-FKh800
mixture leads to a 50°C decrease in the sintering temperature of all composites through the formation of low-
melting iron-based eutectics. Titanium boride additions ranging from 0.38 to 0.74 wt.% in the 65 wt.% Fe—35 wt.%
FKh800 material improve its hardness and bending strength (by 20-25%) and promote a multiphase,
microheterogeneous matrix-reinforced composite consisting of Khl7 chromium steel, complex Me;(CB)
carboborides, and a small amount of residual Me,;C; iron—chromium carbide.

The influence of TiB, additions on the wear resistance of the chromium carbide steel subjected to dry
friction against fixed diamond wheel particles and ShKh15 steel has been studied. An increase in the TiB, addition

between 0.38 and 1.48 wt.% reduces the abrasive mass wear rate from 37 to 14.8 mg/km and improves the wear
resistance of the carbide steel by a factor of 2 to 2.5. Titanium boride additions ranging from 0.38 to 2.2 wt.%
decrease the mass wear rate of the chromium carbide steel in dry friction against a ShKh15 steel counterface (50—
55 HRC hardness) from 4.9 to 1.9 mg/km and decrease the friction coefficient from 0.49 to 0.38.
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