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rth oxides on the microstructure
and properties of Fe-based friction materials
synthesized by in situ carbothermic reaction from
vanadium-bearing titanomagnetite concentrates

Dajun Zhai,ab Yue Shui, a Keqin Feng *a and Yanyan Zhanga

In this work, we prepared an iron-based frictional material from vanadium-bearing titanomagnetite

concentrates by in situ carbothermic reaction with improved tribological properties. Effects of different

amounts of rare-earth oxides on the microstructure and properties of the Fe-based friction materials

were investigated. The microstructure of the Fe-based friction material consisted of an Fe matrix, hard

particles (mainly TiC) and a lubricating phase (graphite). The moderate addition of rare-earth oxides

improved the microstructure and properties of the Fe-based friction material significantly. Particularly,

the friction coefficient decreased from 0.61 to 0.48–0.56 and the wear rate reduced from 7.8 � 10�7

cm3 J�1 to 2.6 � 10�7�4.9 � 10�7 cm3 J�1. Addition of La2O3 (#0.2 wt%) or CeO2 (#0.4 wt%)

contributed to sintering densification and improved the relative density, hardness and wear resistance.

The dominant wear mechanism changes from severe abrasive wear and oxidative wear to mild oxidative

wear. However, when rare-earth oxide addition was increased further, the microstructure, relative

density, hardness, and wear performance of the Fe-based friction materials deteriorated. Consequently,

the optimal additions of La2O3 and CeO2 were 0.2 wt% and 0.4 wt%, respectively.
1. Introduction

Friction composites are important parts of brakes, clutches and
friction gearings for all types of vehicles. They directly relate to
the reliability and stability of the operation systems. Therefore,
they have to show stable friction coefficients and low wear rates
over wide ranges of operating conditions, as well as stability at
higher temperatures. In order to improve the tribological
properties of materials, researchers focus on the addition of
alloying elements, reinforced phases and lubricating compo-
nents. The performance of friction materials is mainly
controlled by their composition and microstructure. As for
metal-matrix friction materials, the addition of suitable alloying
elements contributes to the effective improvement of the fric-
tion properties. Xu et al. have found that the appropriate
addition of Ni element strengthens the matrix of copper-based
friction material and decreases the wear rate remarkably.1 Yang
has shown that the addition of Al and Zr contributes to the
improved tribological performance of Fe–18Cu-based friction
material.2 A suitable amount of reinforced phases and lubri-
cating components also ameliorates the tribological
n University, Chengdu 610065, China.

an Engineering Technical College, Deyang

hemistry 2019
performance of friction material. For instance, Ma added
natural ber (pine needle ber) into friction composite as
reinforced phase and prepared a friction material with stable
friction coefficient and low wear rate.3Marie et al. concerned the
inuence of titanium dioxide on the characteristics of Fe–10%
Cu–7% graphite–12% Ni materials and found that the presence
of titanium dioxide has a benecial inuence in a certain
content range on the tribological characteristics.4 Peng et al.
prepared the improved tribological properties of Cu–Fe-based
friction materials by adding FeS and MoS2.5 In addition, the
surface treatment can also be used to improve the friction and
wear properties of materials, such as the improvement of
surface texture.6

Friction materials prepared by powder metallurgy tech-
niques have been used extensively in aircra, tanks, high-speed
trains, brakes, and clutches. Traditional Fe-based powder
metallurgy friction materials are prepared with iron powders of
high purity, solid lubricants such as MoS2, graphite etc. and
abrasives such as SiO2, TiC, etc.7–9 However, this traditional
mechanical mixing method still has disadvantages. For one
thing, the wettability between the added components and Fe
matrix is poor. It is easy for reinforcement to spall off from
matrix, which increases the wear rate of material seriously.10 For
another thing, the preparation of various pure substance
powders is oen costly and time-consuming.11 In order to
overcome the shortcomings of traditional mechanical mixing
RSC Adv., 2019, 9, 20687–20697 | 20687
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Table 1 The chemical compositions of vanadium and titanium iron
concentrate (wt%)

Fe2O3 FeO TiO2 V2O5 Al2O3 SiO2 MgO CaO S P
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method, in situ synthesis technology has attracted extensive
attention in the preparation of powder metallurgy friction
materials in recent years.

As an abundant, important, and complex ore, vanadium-
bearing titanomagnetite concentrates consist of large
amounts of ferrous oxides as well as TiO2, V2O5, SiO2, Al2O3,
CaO, and MgO. By carbon thermal reaction, the ferrous oxides
are converted to metal iron, which acts as matrix of Fe-based
friction materials. TiO2 and V2O5 react with C to form TiC and
VC, which can be used as hard particles of Fe-based friction
materials. The remaining SiO2, Al2O3, CaO, and MgO also serve
as abrasives. The compositions of vanadium-bearing titano-
magnetite concentrates aer carbothermal reactions meet the
compositional characteristics of iron-based friction material.
Therefore, it is possible to nd an alternative method to prepare
an iron-based friction material by means of selective in situ
carbothermic reactions of the vanadium-bearing titanomagne-
tite concentrates. The preparation of Fe-based friction materials
synthesized by in situ carbothermic reaction from vanadium-
bearing titanomagnetite concentrates not only overcomes
shortcomings of traditional mechanical mixing method, but
also make good use of various elements in the vanadium-
bearing titanomagnetite concentrates simultaneously.

Some Fe-matrix composites can be prepared directly from
natural minerals by in situ synthesis technology, which has
attracted the interest of researchers because of the potential for
process simplication and cost reduction. Welham and Willis
prepared titanium nitride (TiN)/TiC–Fe composites from
ilmenite concentrate by in situ reaction.12 Razieh Khoshhal used
cheap ilmenite as raw material to synthesize Fe–TiC/Al2O3

composite material by in situ reaction.13 However, until recently,
few reports have been concerned with preparing materials from
vanadium-bearing titanomagnetite by in situ synthesis
technology.

Our research group previously reported the preparation and
properties of an Fe-based friction material by in situ reaction
and sintering from vanadium-bearing titanomagnetite
concentrates under in vacuum.14–16 The prepared Fe-based
friction material meets the basic requirements of JBT 3063-
1996. In order to make further improvements about the prop-
erties of the Fe-based friction material, an addition of alloying
elements is considered in this study.

In the early 1950s, people began to study the application of
rare-earth elements in iron and steel. Aer long-term explora-
tion and research, it was found that rare-earth elements plays
a role of solid solution strengthening and grain renement in
steel and cast iron. Moreover, rare-earth elements combines
with other strengthening phases to form new strengthening
items and rare earth element reduce the harmful effects of S
and P impurities in nodular cast iron. Thus, the impact
toughness of steel is improved, the brittle transition tempera-
ture of steel is reduced, the anisotropy of steel is improved, and
the quality of steel is remarkably improved.17–21 In view of the
good role of rare earth in iron and steel, researchers began to
study the role of rare earth in iron-based powder metallurgical
materials.
20688 | RSC Adv., 2019, 9, 20687–20697
The chemical properties of rare-earth elements are very
active, so it is difficult to add them directly to the materials. Our
research group have studied the effect of the addition form of
rare-earth on the iron-based friction material. Li Ying et al. have
researched the effect of rare-earthmaster alloy (FeSiMg9RE9) on
the iron-based friction material.22 The results show that rare-
earth can promote the sintering densication process and
improve tribological properties in this system obviously.
Compared with rare earth master alloys, rare-earth oxide is of
lower price. In order to make further improvements to the
material's performance and service life, this paper refers to the
benecial role of rare-earth oxides in iron-based materials and
focuses on the effects of La2O3 and CeO2 on the microstructure
and properties of Fe-based friction material prepared by in situ
carbothermic reaction from vanadium-bearing titanomagnetite
concentrates. The ndings show that it is promising to nd an
optimal addition of rare-earth oxides to greatly improve the
tribological properties of the material.
2. Materials procedure
2.1 Materials

The vanadium-bearing titanomagnetite concentrate powder,
Fe powder (#44 mm, with 99.5% purity), rare-earth oxide
powder (#74 mm, with 99.0% purity) and graphite (44 mm,
with 99.8% purity) which acts as reductant and lubricant are
the main materials for the preparation of iron-based friction
material. Fe powder, rare-earth oxide powder and graphite
powder are supplied by Nangong Chunxu Metal Material Co.,
Ltd.

Vanadium-bearing titanomagnetite was supplied by Pan-
zhihua Iron and Steel Company (China), and its chemical
composition and XRD analysis are presented in Table 1 and
Fig. 1. It can be seen that vanadium-bearing titanomagnetite
concentrates is mainly consisted of Fe3O4 and FeTiO3, as well
as Al2O3, SiO2, MgO and CaO. The processes for preparing Fe-
based friction material from vanadium-bearing titano-
magnetite concentrates is consisted of carbothermic reaction
of vanadium-bearing titanomagnetite concentrates and
a nal sintering process of green samples.

In the carbothermic reaction process, rst, the vanadium-
bearing titanomagnetite concentrate and reluctant graphite
(at a ratio of 100 : 20.3 wt%) were mixed in the mill at
400 rpm for 4 hours. The mixture was then heated in vacuum
furnace at 1300 �C for 3 hours at a pressure of 5 Pa and the
pre-reduced powder was obtained. The chemical composi-
tions and XRD analysis of the pre-reduced powder are pre-
sented in Table 2 and Fig. 2. From Fig. 2 and Table 2, it can
observed that ferrous oxide has been reduced into metal iron,
42.6 30.02 12.65 0.56 4.085 3.89 3.91 1.57 0.677 0.038

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD analysis of vanadium-bearing titanomagnetite
concentrates.

Fig. 2 XRD analysis of the pre-reduced powders.
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titanium oxide and vanadium oxide are converted into TiC
and VC. According to the experimental mass loss, it can be
calculated that the percentage of ferrous oxides reduced to
metal iron is about 96%, the percentage of FeTiO3 converted
into TiC is about 75% and the percentage of V2O5 converted
into VC is about 94%.

In the nal sintering process, rst, the pre-reduced
powder (78.72 wt%), supplementary Fe powder (15.28 wt%),
and lubricant graphite powder (6 wt%) were mixed to form
the basic ingredient, according to according to the compo-
sition requirement of typical iron-based friction material (JB/
T3063-2011). Next, the basic ingredient was admixed with
different addition (0–0.6 wt%) of La2O3 or CeO2. Then the
powders were mixed into a grinding mill for 30 minutes.
Later, the mixed powders were placed in a steel mold and
pressed under 400 MPa by a hydraulic oil press, and the green
samples were sintered at a temperature of 1050 �C for 3 hours
in a vacuum furnace.
2.2 Analysis

The microstructure of the sintered samples was observed
with scanning electron microscopy (SEM, Phenom ProX). The
phase composition was analysed by X-ray diffraction (XRD)
using a AL-2700B X-ray diffraction apparatus with Co Ka
radiation. The scanning voltage was 20 kV, the current was 50
mA, the scanning range was 10–110� and the scanning rate
was 5� min�1. According to GB/T 10421-2002, the density was
measured by the Archimedes drainage method and Brinell
Table 2 Chemical compositions of pre-reduction mineral powder
(wt%)

MFe FeO TiC VC Al2O3 SiO2 MgO CaO Others

74.50 1.07 10.69 0.53 5.90 4.71 1.25 1.23 0.13

This journal is © The Royal Society of Chemistry 2019
hardness of sintered samples was measured with an elec-
tronic tester (HBE-3000A). In the hardness test, the load was
612.5 N, the holding time was 15 s, and the indenter was
cemented carbide ball with 2.5 mm.

The chemical states of some typical elements on the worn
surfaces were determined using a PHI-5702 X-ray photoelec-
tron spectroscope (XPS) at a pass energy of 29.4 eV and
a resolution of 70.2 eV, using Al Ka radiation as the excitation
source and the binding energy of adventitious carbon (C1s:
284.8 eV) as the reference.
2.3 Friction and wear test

A schematic illustration of the wear test process is presented
in Fig. 3. Specimens having dimension of 4 13 � 11 mm were
evaluated on block-on-ring tester (M-2000, Zhang Jiakou
Kehua Testing Machine Manufacturing Co., Ltd.). Samples
Fig. 3 Diagram of block-on ring tester (a) grinding wheel, (b) spec-
imen, and (c) load.

RSC Adv., 2019, 9, 20687–20697 | 20689
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Fig. 4 Microstructure of sintered sample (a) and EDS analysis of area A (b), B (c) and D (d).
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were weighted before testing. The wheel was rotated at
210 rpm and the samples were pressed against the wheel with
a load of 200 N. Aer the test, the weight loss was measured
with a precision electron balance (Model BSA124S, Beijing
Sartorius Co., Ltd. China) with an error of �0.1 mg for mass
loss determination. Weight loss was converted into volume
loss. The coefficient of friction was obtained directly by the
block-on-ring tester. We repeated the wear test three times
for each sintered sample.
Fig. 5 XRD pattern of the sintered sample without rare-earth oxide.

20690 | RSC Adv., 2019, 9, 20687–20697
3. Results and discussion
3.1 Microstructure and phase composition of Fe-based
friction materials

Fig. 4 shows the microstructure of Fe-based friction materials
synthesized in situ from vanadium-bearing titanomagnetite
concentrates. As seen in Fig. 4(a), there are three areas with
different shades of gray can be seen in the sample: area A is
pale-gray, area B is gray, and area D is black. The EDS analysis
results show that area A is dominated by Fe and C atoms, area B
by Ti and C atoms, and area D by C atoms, as seen in Fig. 4(b)–
(d) and Table 2. The XRD pattern reveals that the sintered
samples mainly contain Fe, TiC and C phases, as seen in Fig. 5.
Thus, the titanium oxides are transformed into TiC in the
carbon-thermal reduction process, which plays a role of hard
particle phase. The graphite powder (area D) acting as a lubri-
cant remains in the gap (Table 3).
3.2 Effect of rare-earth oxides on the milling process

Morphologies of reduced powders with La2O3 and CeO2 addi-
tives are shown in Fig. 6. The powder particle size is reduced
obviously when 0.2 wt% La2O3 or 0.4 wt% CeO2 is added.
Besides, the size of powder particle 0.4 wt% CeO2 is smaller
than that with 0.2 wt% La2O3. In the powder metallurgy mate-
rials, rare-earth can not be directly added into as pure metal
powder because of its active chemical properties. Thus, rare-
earth master alloys and rare-earth oxides are common forms
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03271a


Table 3 EDS analysis results of area A, B, and C (atom fraction %)

Part Fe C Ti V

A 94.65 4.78 0.57 —
B 47.49 12.55 37.32 2.64
C 4.54 94.70 0.46 0.30
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of rare earth additions. Different from adding rare earth master
alloys, the chemical properties of rare earth oxides are very
stable, and it is difficult to decompose into active rare earth
atoms at ordinary sintering temperature. Therefore, rare earth
oxides are added into the milling system as hard particles. In
the process of mechanical milling, rare earth oxides play a role
of cutting and crushing, which accelerates the deformation of
powder and the exfoliation of surface oxides.17
Fig. 6 SEM micrographs of powders (a) without and with (b) 0.2 wt% La

This journal is © The Royal Society of Chemistry 2019
Table 4 shows the crystalline structure and lattice constants
of La2O3 and CeO2.23,24 For crystalline structure, the calculation
formula of crystal cell volume is as follows:

V ¼ 3a2 � c � sin 60� (1)

For crystalline structure, the calculation formula of crystal
cell volume is as follows:

V ¼ a3 (2)

By substituting the lattice constants of La2O3 and CeO2 into
formula (1) and (2), it can be calculated that the crystal cell
volume of La2O3 and CeO2 are respectively 0.247 nm3 and 0.157
nm3.

In the milling process, the ning effect of iron powder is
sensitive to the size of rare-earth oxide. It can be noted that
2O3, (c) 0.4 wt% La2O3, (d) 0.4 wt% CeO2 and (e) 0.6 wt% CeO2.

RSC Adv., 2019, 9, 20687–20697 | 20691
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Table 4 The crystalline structure and lattice constants of La2O3 and CeO2

La2O3 CeO2

Crystalline structure Hexagonal crystalline structure Cubic crystalline structure
Lattice constant of a 0.3938 nm 0.5400 nm
Lattice constant of c 0.613 nm —
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0.4 wt% CeO2 has better effect on the ning particle than that
of 0.2 wt% La2O3. This may be due to the fact that the small
size of CeO2 has more collision points with iron powder and
thus it is easier to crush and rene iron powder particles.17

3.3 Effect of rare-earth oxides on the microstructure of Fe-
based friction materials

Fig. 7 shows themicrostructure of the sintered specimens produced
with La2O3 and CeO2 additives. A small amount of La2O3 (0.2 wt%)
Fig. 7 Microstructure of the sintered specimens with (a) 0.2 wt% La2O3, (b
(f) 0.6 wt% CeO2.

20692 | RSC Adv., 2019, 9, 20687–20697
promotes the formation of a sintering neck between iron powder
particles and reduces the porosity of sintered samples, as seen in
Fig. 7(a). Further addition of La2O3 does result in further improve-
ment of the density or phase distribution of sintered samples, as
seen in Fig. 7(c) and (e). Fig. 7(c) shows that the highest relative
density of sintered samples and the most uniform distribution of
TiC occur when the amount of CeO2 additive was 0.4 wt%.

In the mechanical milling process, the rare-earth oxides
participate in cutting and crushing, which accelerates powder
) 0.2 wt% CeO2, (c) 0.4 wt% La2O3, (d) 0.4 wt% CeO2, (e) 0.6 wt% La2O3,

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Hardness and relative density of Fe-based friction material with
different rare earth.

Fig. 9 Wear rate and friction coefficient of Fe-based friction material
with different rare earth addition.
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deformation and releases of the oxide lm from the powder
surface.18 As shown in Fig. 6, the proper addition of rare-earth
oxides contributes to rene iron particles signicantly. Parti-
cles with small size is of high surface activity, which promotes
the volume diffusion and surface diffusion of powders during
sintering process. With the increase of temperature, the diffu-
sion process becomes signicant, which is helpful to the early
formation of sintering neck. When the sintering process rea-
ches to the holding stage, there are many vacancies at the edge
of sintering neck, which reduces the curvature radius of grain
boundary, and then spheroidizes pores. The smaller size of the
powder, the more grain boundaries exist in the sintered body,
and the vacancies at the sintering edge will diffuse to the grain
boundaries and disappear, which makes the distance between
particles shorter and more obvious, thus improving the densi-
cation of the material.

However, with further increases in the amount of rare-earth
oxides, the powder's surface energy is increased sharply and the
particles agglomerate. Thus, a small amount of rare-earth
oxides (0.2 wt% La2O3 or 0.4 wt% CeO2) improved the density
of sintered samples, while excessive rare-earth oxides destroyed
the continuity of the structure.

Compared with the sintered sample with 0.2 wt% La2O3,
0.4 wt% CeO2 has better effect on the sintering densication of
Fe-based friction material. It can be explained that the particle
size of powder system with 0.4 wt% CeO2 is ner than that of
0.2 wt% La2O3, which increases the surface energy on the
powder surface and promotes sintering densication.25
3.4 Effects of rare-earth oxides on the properties of Fe-based
friction materials

Fig. 8 shows the relative density and hardness of sintered
samples with different amounts of rare-earth oxides. When the
content of La2O3 or CeO2 is increased, the relative density of
sintered samples increases at rst and then it decreases, with
the maximum relative density of 90.87% and 92.25% occurring
with 0.2 wt% La2O3 or 0.4 wt% CeO2.
This journal is © The Royal Society of Chemistry 2019
The hardness variation of sintered samples parallels that of
the relative density variation. When 0.2% wt% La2O3 or 0.4 wt%
CeO2 is added, the hardness of the sintered samples reach the
maximum values of 97.5 HB and 101.4 HB. An observation that
is attributed to the higher relative density and uniform distri-
bution of hard particles. The increased relative density can
increase the effective area of bearing force and the uniformly
distributed TiC particles contribute to hinder the movement of
dislocations.26

However, when the addition of rare-earth oxides increases
further, increasing number of irregular pores and agglomerated
TiC appear in the microstructure. The stress concentration
around pores and less effective area to bear external force will
bring about the decreasing value of hardness.

The hardness improvement of CeO2 is better than that of
La2O3 due to the different lattices. CeO2 has cubic lattice
structure, the spacing between atoms is close to that of
austenite atoms, and the mismatch between them is small, so
CeO2 can be used to inhibit nucleation and strengthen ne
grains.27 However, the hexagonal structure of La2O3 has a poor
effect on grain renement of austenite.

Fig. 9 shows the wear rate and friction coefficient of Fe-based
frictionmaterials with different rare earth contents. The friction
coefficient and wear rate of sintered samples without rare-earth
oxides were 7.8 � 10�7 cm3 J�1 and 0.61, respectively. With the
addition of 0.2 wt% rare-earth oxides, the friction coefficient
and wear rate of sintered samples were noticeably reduced.
When the La2O3 exceeds 0.2 wt%, the friction coefficient and
wear rate of sintered samples increase slowly. When the CeO2

exceeds 0.2 wt%, the friction coefficient and wear amount of the
sintered samples decrease slowly at rst, reaching the lowest
value at 0.4 wt%, and then increase slowly. In addition, CeO2

reduces the friction coefficient of sintered samples more obvi-
ously, but the two rare-earth oxides show little difference in
their reduction of the wear rate of sintered samples.

The morphologies of the worn surface aer test and the
debris produced during the test are shown in Fig. 10. Obvious
differences in worn surface and wear debris are observed as
RSC Adv., 2019, 9, 20687–20697 | 20693

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03271a


Fig. 10 Worn surface and wear debris of sintered samples. (a) and (b) without rare-earth oxide, (c) (d) La-0.2 wt%, and (e) and (f) Ce-0.4.
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a function of rare-earth oxides. The surface roughness and
the degree of deformation decrease with 0.2 wt% La2O3 or
0.4 wt% CeO2. As shown in Fig. 10(a), grooves along the
sliding direction and delamination fracture are seen on the
surface of the sintered samples without rare-earth oxides.
Compared with the wear debris of sintered samples with
0.2 wt% La2O3 or 0.4 wt% CeO2, the wear debris of sintered
samples without rare-earth oxides is the biggest, around 7–8
mm, as seen in Fig. 10(b).

When the addition of La2O3 increases to 0.2 wt% or the
addition of CeO2 rises to 0.4 wt%, grooves disappear the worn
surface becomes smooth. There are a large area of lamellar
exfoliations and wear debris (around 2–3 mm) on the worn
surface of sintered sample with 0.2 wt% La2O3 while only
a small amount of oxide exfoliation and tiny wear debris
(around 1 mm) appear on the worn surface of sintered sample
with 0.4 wt% CeO2.
20694 | RSC Adv., 2019, 9, 20687–20697
In order to compare the elements variation of chemical
states aer sliding, the XPS results on Fe and C elements are
analyzed in detail (shown in Fig. 11) and type of the metal
oxides is listed in Table 5.

In the presence of all the samples, the C1s peak can be tted
with the peak with binding energies of 284.8 eV, suggesting that
graphite exists on the worn surface.28 It proves that there is
graphite lubricating lm on the worn surface. As for Re-0, the
Fe2p3/2 peak can be divided into two sub-peaks with binding
energies of 709.4 and 711.4 eV, indicating the co-existence of
FeO and Fe2O3.29,30 When the addition of La2O3 increases up to
0.2 wt%, the Fe2p3/2 peak is divided into three sub-peaks with
binding energies of 709.4 eV, 711.2 eV and 709 eV, indicating
the co-existence of FeO, Fe2O3 and Fe3O4.31,32 When the addition
of CeO2 is 0.4 wt%, Fe element coexisting on the worn surface is
in the form of Fe3O4 and Fe2O3, besides, the content of Fe3O4 is
more than that of Fe2O3.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03271a


Fig. 11 XPS spectrum of the worn surface of sintered sample with different rare-earth addition: (a) carbon, (b) Fe on the worn surface of Re-0, (c)
Fe on the worn surface of La-0.2, (d) Fe on the worn surface of Ce-0.4.
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The tribological properties of Fe-based friction materials
are closely related to the composition of oxide lm, relative
density and hardness. In the friction process, the oxide lm
is formed and thicken on the worn surface with increasing
friction heat. As for the sintered sample without rare-earth
oxides, the oxide lm of that is consisted of FeO and
Fe2O3. Tsuji and Hurricks have pointed out that when the
oxide layer is mainly composed of FeO, the wear rate of the
material increases owing to the loose structure of FeO and
the poor bonding strength with Fe matrix.33 Thus, the oxide
lm composed of FeO is prone to exfoliate and form large
debris. Besides, the falling oxide particles and reinforced
phase leave wide and deep furrows on the worn surface of
the so substrate owing to its low value of hardness, which
increases the wear rate and friction coefficient of the mate-
rial. Additionally, there are a large number of banded pores
Table 5 Oxides on the worn surface of Fe-based friction material

Sintered samples The oxide of Fe

Mo-0 FeO, Fe2O3

Mo-1 FeO, Fe2O3, Fe3O4

Mo-3 Fe3O4, Fe2O3

This journal is © The Royal Society of Chemistry 2019
in the Fe-based friction material without rare-earth. In the
friction process, the sharp edge of the pore is easy to form
stress concentration source and crack, which causes the
tearing of particles and forms larger irregular particles. In
a nutshell, it can be inferred that the wear type of Fe-based
friction material without rare-earth are primarily severe
oxidative wear and abrasive wear.

When La2O3 addition increases to 0.2 wt%, the oxide lm
on the worn surface is consisted of FeO, Fe2O3 and Fe3O4

while the oxide lm on the worn surface of sintered sample
with 0.4 wt% CeO2 is composed of Fe2O3 and Fe3O4. Li Dong-
Sheng has pointed that Fe3O4 with spinel structure which is
similar to graphite has excellent lubricating effect on the
worn surface, which decrease the friction coefficient and
wear rate obviously.34 Shin Jong-Han has pointed that the
micro-hardness of Fe2O3 is up to 1000 HV,35 which can be
considered as the high-quality oxide lm to resist plastic
deformation during the friction process. Consequently,
Fe3O4 and Fe2O3 binded well to Fe matrix keep the oxide
lms protect the worn surface from being ploughed by the
hard abrasive particles, resulting in smooth surface.36

Besides, as the relative density and hardness of material
increase, the number of pores decreases and the shape of
them turns to be spherical. Therefore, the stress
RSC Adv., 2019, 9, 20687–20697 | 20695
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concentration source in the material decreases and the
bearing capacity of the matrix to the oxide lm increases.
The falling debris repeatedly deforms on the worn surface,
resulting in the change of debris shape. Comprehensively,
the wear type of material with 0.2 wt% La2O3 or 0.4 wt%
CeO2 is mild oxidative wear.

In comparison of the sintered sample with 0.2 wt% La2O3 or
0.4 wt% CeO2, the tribological properties of the latter is better
than the former. This is thought to be caused by three reasons.
The rst is the relative density of the latter is higher than that of
the former, resulting in the less stress concentration sources
and better supporting ability to oxide lm. The second is
0.4 wt% CeO2 contributes to the improvement of hardness more
signicantly compared with the sintered sample with 0.2 wt%
La2O3 and the increase of hardness can improve the wear
resistance of the material. The third reason is that the increased
amount of Fe3O4 formed lubricating lm improve the wear
condition of the material.

4. Conclusions

In this study, in order to improve the tribological properties and
service life of Fe-based friction material, effects of rare earth
additions on the microstructures and properties of Fe-based
friction material synthesized by in situ carbothermic reaction
from vanadium-bearing titanomagnetite concentrates, are dis-
cussed in detail.

Additions of rare-earth oxides (#0.6 wt%) contribute to the
sintering densication process and the improved properties
signicantly. In particular, the friction coefficient decreases
from 0.61 to 0.48–0.56 and the wear rate reduces from 7.8 �
10�7 cm3 J�1 to 2.6 � 10�7�4.9 � 10�7 cm3 J�1.

When the addition of La2O3 increases to 0.2 wt% or the
content of CeO2 rises to 0.4 wt%, the size of powder particles is
reduced, resulting in the enhanced sintering densication.
Comparatively, the relative density and hardness increase
rapidly. Moreover, tribological properties are improved signi-
cantly. The wear rate decreases from 7.8 � 10�7 cm3 J�1 to 2.6 �
10�7 cm3 J�1 and the friction coefficient reduces from 0.61 to
0.48. The dominant wear type changes from severe oxidative
wear and abrasive wear to mild oxidative wear. However, when
La2O3 or CeO2 addition exceeds 0.2 wt% and 0.4 wt%, powders
accumulate and destroyed the continuity of the structure, as
a result, the relative density and hardness are reduced.
Furthermore, the wear rate and friction coefficient both
increase.

The preparation of iron-based friction from vanadium-
bearing titanomagnetite concentrates not only eliminate an
enormous waste of precious resources during the conventional
ironmaking process of the vanadium-bearing titanomagnetite
concentrates, but also make full use of various elements in the
vanadium-bearing titanomagnetite concentrates simulta-
neously to produce the iron-based friction material. This work
can contribute to the improved tribological properties of Fe-
based friction material signicantly by adding rare earth
oxides, which improves the service life of Fe-based friction
material and expand the application eld of this material.
20696 | RSC Adv., 2019, 9, 20687–20697
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