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Abstract: Basalt fiber is an eco-friendly reinforcement fiber in fabricating polymer composites with
high specific mechanical physicochemical, biodegradable, and wear resistant properties. This article
firstly introduces the composition, morphology, functional group, and thermostability of basalt
fibers. Subsequently, friction composites based on a newly designed formulation were fabricated
with different content basalt fibers. According to the Chinese National Standard, the physical and
mechanical properties and tribological performance of the friction composites were characterized and
evaluated. Extension evaluation based on extenics theory was developed to evaluate the relationships
between the coefficient of friction and content of basalt fiber. Furthermore, the possible mechanism of
basalt fiber reinforced friction composites was proposed.

Keywords: basalt fiber; brake composites; mechanical and tribology performance; interfacial
structure; mechanism

1. Introduction

Asbestos fiber has been a popular reinforcement used to fabricate brake pads over the past
few decades, on account of its strength, resistance to heat and acid, chemical stability, and ease of
machining [1]. However, it has already been confirmed that the micromolecule produced by the
thermal decomposition of asbestos fiber is harmful to human health, as well as the environment [2,3].
In view of this, asbestos fiber has been forbidden by various countries. An increase in the demand of
eco-friendly, natural fibers as reinforcement for the fabrication of resin-based friction materials can
be seen globally in recent decades. In order to meet this need, many non-asbestos fibers have been
developed, including mineral fiber [4-7], plant fiber [8-11], and artificial fiber such as Kevlar fiber [12],
glass fiber [13,14], carbon fiber [15,16], etc. These fibers exhibit fairly good mechanical and friction
properties. Although carbon fiber has been largely used in friction brake, especially in aircrafts and
Formula 1 braking, high cost is still the main factor preventing its widespread usage. The others have
some drawbacks more or less such as poor heat resistance, high cost, low-frequency braking noise,
poor affinity with resin and other fillers, even harmful to human [7,17], these disadvantages severely
limit their application in the automobile brake industry.
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Basalt fibers have been extensively applied to military research for defense and aeronautical
applications worldwide since their discovery [18,19]. In recent decades, basalt fibers have been used
to fabricate light, high-end hybrid composite materials for infrastructural and civil applications due
to their enhanced mechanical properties [20]. Based on their reliable structural properties, basalt
fibers are a preferred choice of material in the construction industry. Branston et al. evaluated the
relative merit of two types of basalt fibers (bundle dispersion fibers and minibars) in improving
the mechanical capacity of concrete [21]. Both types of fibers could increase pre-cracking strength.
However, only the latter could enhance the post-cracking behavior. Kabay et al. reported that basalt
fibers could improve flexural strength, fracture energy and abrasion resistance of concretes, although
the compressive strength of concrete would be reduced [22]. Basalt fiber as a strengthening material
for concrete structures could not only enhance both the yielding and the ultimate strength of the beam
specimen, but the strengthening didn’t need to extend over the entire length of the flexural member [23].
Additionally, basalt fibers have received increasing attention as a novel type of reinforcement material
in the fabrication of basalt-epoxy composites. Kim et al. developed a surface modified basalt fiber
with low-temperature atmospheric oxygen plasma, and furthermore investigated the interlaminar
fracture behavior of basalt fiber/epoxy woven composites [24]. They found the interlaminar fracture
toughness of basalt fiber/epoxy woven composites was increased because the adhesive force between
fiber/resin interfaces was enhanced by oxygen plasma treatment. Lee et al. explored the effects of
surface treatment of a basalt fiber by chemical methods on the mechanical interfacial properties of
basalt fibers reinforced epoxy composites [25]. Their results show the surface roughness of basalt fibers
was increased, which further improved the interfacial bonding strength all in between basalt fibers
and epoxy resin. A new perspective has arisen on filling fibers into a polymer matrix. Lopresto et al.
investigated mechanical characteristic of basalt fiber reinforced plastic, and the results showed a high
performance of the basalt material in terms of Young’s modulus, compressive and bending strength,
impact force, and energy [26]. In addition to these, basalt fiber could also be used in other applications,
such as marine [27-29] and impact or ballistic resistance applications [30-33].

Generally speaking, when multiple combined foreign materials are embedded within an organic
binder like resin, hybrid composite materials with synergistic effects are realized. By using this
technique, novel types of basalt fiber reinforced friction materials are fabricated. Thirumalai et al.
confirmed that basalt fibers in league with jute enhanced the tensile modulus and tensile strength of
epoxy-based composites [34]. The basalt fiber length and the fiber content also have significant effects
on the mechanical properties of friction composites. Amuthakkannan et al. revealed that 68% of fiber
and 10 mm length of fiber exhibited better on flexural strength and tensile strength [35]. Basalt fibers
also play roles in the tribological properties of friction composites. Three different fiber (flax fiber,
basalt fiber, and flax/basalt composite fiber) reinforced hybrid phenolic composites were compared.
The results indicated that basalt fiber had good thermal characteristics and bonding nature, which
greatly improved the wear resistance of basalt fiber/phenolic resin composites, and the wear resistance
of friction composites increased with the increase of basalt fiber content. Basalt fiber is a brake pad
material with better properties than the other fiber reinforced composites [17,36,37]. Manoharan et al.
further explained various wear mechanism, such as the formation contact plateaus, and fiber-matrix
debonding that resulting in fiber pull-out, fracture and damage [37].

Above all, basalt fibers are useful for the preparation of resin-based friction composites as
reinforcement components. Our previous work indicated that the physico-chemical characteristics of
natural minerals, such as their composition, morphology, structure and thermal stability, had a certain
influence on the properties of the prepared composites [38-44]. In this paper, the composition,
morphology, functional group, and thermo-stability of basalt fibers are introduced first. Then, based
on a newly designed formulation of friction composite, the present work aims to evaluate the potential
performance of the composites with different content of basalt fibers. Furthermore, the study is aimed
at exploring and analyzing the possible mechanism of interfacial structure between basalt fiber and
resin-based friction materials on performance of brake pads.
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2. Experimental

2.1. Fabrication of the Friction Materials

Fabrication of the friction materials was based on a typical non-asbestos organic (NAO) type
formulation composed of binders (phenolic resin and chemigum), reinforcements (basalt fiber as the
studied fiber; aramid pulp, copper fiber and calcium sulfate whisker as the assistance fibers), abrasives
(zirconite and friction powder), solid lubricants (synthetic graphite, antimony sulfide and petroleum
coke) and fillers (barite) amounting to 100% by weight. In order to study the effect of basalt fiber
with different content on the properties of friction materials, the content of basalt fiber was increased
by 5%, and the content of barite was decreased at the same time. The compositional variation and
the designations for the manufactured composites were summarized in Table 1. Five samples were
prepared for each group. All the ingredients of the friction material were provided by the Xi’an
Hongqi Brake Factory in China at a commercial grade without further treatment. Basalt is chemically
rich with oxides of magnesium, calcium, sodium, potassium, silicon and iron, along with traces of
alumina [45]. However, because of the different geographical distribution, the prepared basalt fiber
may have a modicum difference in chemical content. According to the result of XRF, the details of
the composition of the as-received basalt fiber that cites SiO;, Al;O3, CaO, Fe;O3, MgO, Na,O, K,O
and TiO; contents of 33.8%, 21.23%, 16.52%, 10.53%, 7.52%, 3.1%, 2.12%, and 1.59%, respectively.
In the present work, non-asbestos organic brake pad materials filled with different content of basalt
fibers were manufactured by dry-mixing, hot press molding, and heat treatment. Detailed fabrication
conditions of the composites are given in Table 2. All the brake pad materials were cut into a specified
size (25 + 0.2 mm in length and width, 5~7 mm in thickness) for tribological characterizations.

Table 1. Composition of Basalt fiber sliders (wt%).

Sample Binder Basalt Fiber  Assistance Fibers Abrasives  Solid Lubricants Barite
Bas-0 8 0 33 6 19 34
Bas-5 8 5 33 6 19 29
Bas-10 8 10 33 6 19 24
Bas-15 8 15 33 6 19 19
Bas-20 8 20 33 6 19 14
Bas-25 8 25 33 6 19 9

Table 2. Details of the processing conditions for composite fabrication.

Procedure Conditions

Pre-dispersion of aramid pulps for 10 s, then mixtures of powdery ingredients with
pulps and fibers for 10 to 15 s, Chopper RPM: 28,000
Hot press molding Temperature: 155 + 5 °C, compression: 5 MPa, curing time: 6 min
Room temperature to 150 °C, 1 h; constant temperature of 150 °C, 1 h; 150 °C to 160 °C,
1 h; constant temperature of 160 °C, 1.5 h; 160 °C to 170 °C, 1 h; constant temperature of
170 °C, 1.5 h; 170 °C to 180 °C, 1 h; constant temperature of 180 °C, 3 h; 180 °C to room
temperature, 1.5 h

Mixing

Heat treatment

2.2. Characterizations of the Basalt Fiber

The chemical constitution of the basalt fiber was analyzed by Bruker 54 Pioneer X-ray fluorescence
(XRF) spectrometer (Bruker, Karlsruhe, Germany). The phase composition of the basalt fiber was
recorded on a Bruker-AXSD8 Advance Diffractometer (XRD, Bruker, Karlsruhe, Germany) with CuKa
radiation (A = 0.15406 nm) at 40 kV and 40 mA. The scan rate was 0.02 °/s. The morphology of the basalt
fiber was observed using a Mira3 LMU field emission scanning electron microscopy (SEM, Tescan, Brno,
Czech Republic). The surface functional groups of the basalt fiber were detected by a Tensor II Fourier
infrared (FTIR) spectrometer (Bruker, Karlsruhe, Germany) using KBr pellets between 4000 cm™!
and 400 cm™!. The thermal performance (thermogravimetry and differential scanning calorimeter,
abbreviation for TG-DSC) of the basalt fiber was analyzed using Mettler-Toledo TGA DSC3+ 1600LF
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thermal analyzer (Mettler-Toledo, Zurich, Switzerland) under air atmosphere with a heating rate of
10 °C/min from room temperature to 800 °C.

2.3. Physical and Mechanical Characterizations of the Composites

Physical properties such as density, hardness, and thermal expansivity of the composites were
measured on the basis of Chinese Building Materials Federation Standard JC685-2009, Chinese
National Standard GB5766-2007, and GB22310-2008 on a ME104 density balance containing DS1
density components (Mettler-Toledo, Zurich, Switzerland), a XHRD-150 electric plastic rockwell
apparatus (Huayin, Laizhou, China), and a XYP-B compression thermal expansion testing machine
(Xinyi, Xianyang, China), respectively. The mechanical properties, for instance internal shear strength
and compressibility characteristics as a function of content of the basalt fiber, have been determined
following Chinese Automobile Industry Standard QC473-1999 and Chinese National Standard
GB22311-2008. Internal shear strength was measured on a WDW-50 electronic universal testing
machine (Tianchen, Jinan, China) and compressibility test was conducted on a JF221A compressibility
machine (Institute of Mechanical and Electrical Equipment, Jilin, China). Fracture surface structure of
the composites was observed to reveal the possible reinforcing mechanism by a Nova Nano SEM230
field emission scanning electron microscope (Thermo Fisher, New York, NY, USA).

2.4. Tribological Performance Evaluation of the Composites

A XD-MSM machine (Xinyi, Xianyang, China) was used to investigate the friction performance,
and the schematic draft of the tester can be seen from the paper written by Hou et al. [7]. The friction
test was performed at temperature range of 100~350 °C with applied normal pressure of 0.98 MPa and
speeds in the interval of 7.8 m/s according to Chinese National Standard GB 5763-2008. Two small
polished specimens were embedded into the supporting arm and rubbed below 100 °C for a good
contact between the small brake pads and dual disc made of grey cast iron. Then, the instant coefficient
of friction was recorded on computer and the average friction coefficient was computed automatically
during heating process (at 100, 150, 200, 250, 300, and 350 °C) and cooling process (at 300, 250, 200, 150,
and 100 °C) separately. The wear rate (the ratio of volume wear loss to frictional work of the lining
under specified conditions) of the blocks during the heating process was also measured and calculated.
The calculation formula is followed by our previous work [7]. Eleven friction coefficient data and
six wear rate data of each friction block were obtained for tribological performance evaluation of the
friction composites. The worn surface structure of the composites was observed to reveal the possible
tribological mechanism by a Nova Nano SEM230 field emission scanning electron microscope.

3. Results and Discussion

3.1. Phase Composition, Morphology, and Properties of Basalt Fiber

Basalt fiber obtained by melting basalt shows amorphous SiO,, which was confirmed by
widely-angle X-ray diffraction (WAXRD) of the samples (Figure 1a). SEM imaging shows that
the average diameter of as-received basalt fiber is roughly 6 um that measured by a nano measurer
according to 100 diameter specimens (Figure 1b). An obvious inhomogeneous distribution in the length
of basalt fiber is observed from the microgram, which is related to our choice of cheap commercial
basalt fibers. On account of its length-diameter ratio, the as-received studied fiber should be viewed as
chopped basalt fibers with unique strengthen strategies. Figure 1c represents the characteristic peaks
of the as-received basalt fiber. The peaks at 3423 cm™! and 1641 cm™! result from stretching vibration
and bending vibration of liquid water molecules that adsorbed on the silica forms respectively [46].
The strongest band at 997 cm™! is ascribed to the stretching vibration of the Si—O bond. Si—O bond
also gives a weak characteristic peak due to bending vibration at 729 cm™!. The peak appeared at
489 cm™! may be caused by vibration of Mg—O and Al-O. FTIR analysis verifies that basalt fiber is
combined to covalent bond and ionic bond with higher temperature resistance. Thermal decomposition
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property of basalt fiber was investigated using a simultaneous thermal analyzer (Figure 1d). The only
apparent weight loss of 5.03 wt% was detected between 200 °C to 550 °C with an endothermal peak of
around 430 °C, which should be attributed to the removal of crystal water. Although there is a little
crystal water lost, the basalt fiber has an excellent performance in terms of heat resistance. According
to the composition, morphology, bonding, and thermal properties, basalt fiber exhibits outstanding
thermostability with enhancement effect.
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Figure 1. (a) XRD pattern, (b) SEM image, (c) FTIR spectrum, and (d) TG and DSC curves of basalt fiber.

3.2. Effect of Basalt Fiber Content on the Properties of Composites

Various physical and mechanical properties of the friction composites were characterized shown
in Table 3, Figures 2 and 3. In the case of the density of brake pad, it will affect the weight of
an automobile. As evident from Table 3, the density of the samples added in basalt fiber increases
compared to the sample without basalt fiber. Moreover, with the increase of basalt fiber content, the
density increases and culminates when basalt fiber content reaches at 15%, then begins to decrease.
The increase in the density of the brake pad is bad for business application, since greater density
will increase the weight of a car. However, the increase of density in this work is well within the
permissible limit of Chinese National Standard. Hardness shows a tendency to rise and then fall, and
culminates at a fiber content of 20% (except for the sample with 10% fiber content, which possibly
caused by uneven mixing). For the automobile brake pad, the appropriate rockwell hardness ranges
from 40 to 90 HRM. It can be seen from Table 3 that all samples are within this range, in addition to
the sample with 10% fiber content. Among these samples, the sample with fiber content of 15% can
be regard as the most appropriate hardness. The thermal expansion is another important parameter
for evaluating a brake pad, which is connected with the frictional undulation. According to the
requirement of Chinese National Standard, the coefficient of thermal expansion shouldn’t exceed 2.5%
at the measuring temperature of about 400 °C. As shown in Table 3, the coefficient of thermal expansion
shows a similar variation trend to the hardness, and all the samples accord with the requirement of
Chinese National Standard except for the sample with 20% fiber content.
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Table 3. Physical properties of the composites.

Content of Basalt Fiber (wt%) 0 5 10 15 20 25
Density (g/cm3) 1.94 2.00 2.16 2.29 2.27 1.99
Rockwell hardness (HRM) 454 46 274 68 75 41.6
Thermal expansion coefficient (%) 1.34 1.73 1.95 2.10 2.85 2.06

The friction composite is required with sufficient mechanical strength to ensure that there is no
damage or breakage in the process of processing or braking application. Internal shear strength and
compression strain of friction composites are important properties to measure the emergency braking
ability of automobile braking system. The variations in internal shear strength and compression
strain as a function of their composition such as basalt fiber content are shown in Figures 2 and 3.
Internal shear strength is the ratio of shear force to shear area. From the perspective of the whole
variation range given in Figure 2, the internal shear strength of the friction composites increases first
and then decreases with the increase of basalt fiber content, and reaches the maximum when the fiber
content reaches at 15%. Actually, the basalt fibers, as a supporting material in the friction material,
provide sufficient mechanical strength for the friction products to resist load force (such as: impact
force, internal shear force, and pressure). If the fiber content is too low, the load is difficult to uniformly
distribute to more fibers, while too much fiber will obviously increase the fracture. According to
enterprise standards JF04-2A 1996, the value of internal shear strength is required to be no less than
11.8 MPa, which surpasses that of Chinese National Standard (no less than 2.5 MPa). In spite of this,
all the samples are well within the permissible limit of Chinese National Standard, and the sample
with fiber content of 15% is able to adapt to more stringent braking environment. The compression
strain is the ratio of the thickness reduction of the brake lining caused by pressure and temperature
to the initial thickness. On the basis of Chinese National Standard, the compression strain should be
inferior to 2% at room temperature and 5% at 400 °C. As is shown in Figure 3, the compression strain
of the samples all meets this requirement. With the increase of fiber content, the compression strain at
room temperature decreases first and then increases again (Figure 3a), while that at 400 °C decreases
all along (Figure 3b). The smaller the compression strain, the less the sample is affected by temperature
and pressure. Obviously, the addition of basalt fiber could improve the mechanical properties of the
friction composites significantly. In comparison, the sample with fiber content of 15% exhibits the
highest internal shear strength, suitable hardness, and lower compression strain, thermal expansion
coefficient and density, indicating that the composite is more appropriate as a brake lining.
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Figure 2. Internal shear strength of the friction composites.



Minerals 2020, 10, 490 7 of 13

a20 b 20

161 16}
IS IS
£ £
©1.2}F S 12F
? ]
5 5
®08F 208}
2 hd
E £
Q0.4 S 04}
(] (8]

0.0 0.0

0 5 10 15 20 25 0 5 10 15 20 25
Basalt fiber content (%) Basalt fiber content (%)

Figure 3. Compression strain of the friction composites: (a) at room temperature and (b) at the
temperature of 400 °C.

3.3. Fracture Surface Analysis

The mechanical properties of the friction composites Bas-0, Bas-5, Bas-15 and Bas-25 are affected
by the interfacial microstructure between basalt fibers and resin-based matrix. SEM images of fracture
surface of the friction composites are shown in Figure 4, and it can be seen that rigid basalt fibers
randomly distributed in the matrix work as supporting framework as indicated by the arrows. If the
fiber content (Figure 4a,b) is lower than the optimal value (Figure 4c), load could not be uniformly
distributed to more fibers, which are not well bonded with the resin and fiber, resulting in the decline
of the mechanical properties of the friction composites. The fracture mechanism has shown that the
fracture starts from the end of the fiber and spreads along the interface between the fiber and the
matrix under load [35]. When the fiber content is higher than the optimal value, the fiber fracture
increases (as indicated by the ellipse shown in Figure 4d), which also results in the decrease of the
mechanical properties of the friction composites. According to the results detailed above, it is further

revealed that the friction composite with 15% of basalt fiber is deemed to have the best comprehensive
mechanical performance.

200 pm

Figure 4. SEM images of the fracture surface of the friction composites: (a) Bas-0; (b) Bas-5; (c) Bas-15;
and (d) Bas-25. Arrows indicate the reinforcing fibers, and ellipses indicate the broken fibers.
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3.4. Effect of Basalt Fiber Content and Temperature on Tribology Performance

Details of basalt fiber content and temperature on the friction coefficient of the composites were
discussed in Figure 5a,b. The relationships among coefficient of friction, composition, and temperature
are non-liner. The influence of temperature on friction coefficient is complex, but it is mainly manifested
that the friction coefficient increases with the increase of temperature and culminates at 300 °C,
then begins to decrease. It is evident that the friction coefficient increases with the increase of fiber
content during heating process (apart from the broken line without basalt fiber), and culminates at 20%
of basalt fiber, then begins to decrease (Figure 5a). During the cooling process shown in Figure 5b,
the coefficient of friction behaves with a similar trend to the heating process at basalt fiber content
higher than 10%. Oztiirk et al. thought the increase in friction coefficient with increasing basalt fiber
content was related to the addition of this hard fiber enhancing the ploughing action of surface of the
friction composites on surface of the metallic disc [47]. However, when the content of basalt fiber was
too high, the surface integrity of friction composites became worse, resulting in the decrease of friction
coefficient. In a word, the effect of basalt fiber content on friction coefficient is obvious and the fade of
friction coefficient appears at higher content of basalt fiber and higher temperature.
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Figure 5. Effects of basalt fiber content on coefficient of friction in (a) heating processing and (b) cooling
processing at different temperatures.

Drivers prefer expecting a smooth braking at unpredictable diverse braking conditions in brake
applications, so it is important for friction material manufacture to produce commercial brake pads
with friction stability. Extension evaluation [48,49] based on extenics theory was developed to evaluate
the relationships between coefficient of friction of the friction composites and basalt fiber content for
obtaining better friction stability formula. According to the reports [3], the procedures of the extension
evaluation areas follow. Assuming that there is an interval X = {a,b) and a point M € X, the dependent
degree function of any point x € —co,+0c0 with respect to the interval X and the point M is defined by
Equation (1):

K(x) { jra ¥ <M M)

For the coefficient of friction (u), let M = (a + b)/2 (assuming that the best coefficient of friction is
the middle point of interval X on the basis the brake linings Chinese National Standard GB 5763-2008
shown in Table 4), the dependent degree function is changed into Equation (2):

Z(P’i_”i) a;+b;
) — bi—a; 7 H < 2
Klp) = Z(bz—aﬂx‘) l> ai+b; @

bj—a; 7 i
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The dependent degree K(x;) was calculated at each temperature in heating and cooling process, and
each of the eleven measured coefficient of friction has equal importance to this evaluation, with a same

weight (a;) described by Equation (3). K, (x), the weighted average dependent degree can be used to
compare and rank different samples, and the higher the value of K, (x), the better friction stability is.

11

1
K#(x) = Z OciK([,li), A= A= ... = a11 — ﬁ (3)
i=1

The greater the K, (x) value, the more stable the friction coefficient of the brake block, and the
closer the dependent degree is to 1, the better the evaluation result is. The results of extension evaluation
on relationships between friction coefficient and content of fibers by Equation (3) are shown in Table 5.
Without considering physical and mechanical properties of the friction composites, the samples ranked
from best to worst are Bas-0, Bas-15, Bas-20, Bas-10, Bas-25, and Bas-5. The samples Bas-0 and Bas-15
have similar frictional stability, which belongs to the optimal level.

Wear in terms of wear rate, total wear rate and total weight loss was observed in all the friction
composites (Figure 6). All wear rate values are far less than the requirements of GB 5763-2008 listed
in Table 5. It exhibits also non-linear relationship among the wear rate, composition, and temperature
(Figure 6a). When the fiber content is too high (20% and 25%) or too low (0%), the value and fluctuation
of wear rate are both high with the temperature changes. The variation of wear rate with temperature
follows the trend: higher temperature induces high wear, which could be mainly due to that the friction
composites may be largely thermally activated [50]. Kim et al. indicated that the improvements or
deterioration in wear performance of friction composites was depended on the thermal stability of rein
binder [51]. With the increase of temperature to a certain value, organic binders such as resins begin
to soften, and even decompose thermally, leading to weaker bonds among binders, fibers, and other
fillers, finally the wear increased. The samples with 5%, 10%, and 15% of fiber contents were observed
relatively stable, and had low wear rate with the temperature changes, because suitable basalt fiber
can improve the integrality of the friction composite, which has a positive effect on stabilizing and
decreasing the wear rate. Figure 6b shows the variations of total wear rate and total weight loss of the
friction composites with basalt fiber content. With the increase of basalt fiber content, the total wear rate
decreases first and then increases, whereas the total weight loss increases all through. When content of
basalt fiber exceeds 20%, the surface of friction material was badly worn. A comprehensive comparison
of the total wear rate and the total weight loss shows the optimal formulation of these samples is Bas-15.
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Figure 6. (a) Variations of wear rate of the friction composites with basalt fiber content and temperature;
(b) Variations of total weight loss and total wear rate of the friction composites with basalt fiber content.



Minerals 2020, 10, 490 10 of 13

Table 4. Values of friction properties specified in GB 5763-2008.

Temperature (°C) 100 150 200 250 300 350
i 0.25-0.65  025-0.70  025-0.70  025-0.70  0.25-0.70 0.25-0.70
V/10~7cm®-(Nm)~! <0.50 <0.70 <1.00 <1.50 <2.00 <2.50

Table 5. Results of friction coefficient by extension evaluation method.

Parameters Bas-0 Bas-5 Bas-10 Bas-15 Bas-20 Bas-25

Ky (x) 0.765 0.588 0.670 0.761 0.738 0.637
Rank (u) 1 6 4 2 3 5

3.5. Worn Surface Analysis

Many friction characteristics between NAO friction materials and cast iron discs can be explained
by the formation of contact plateaus. The worn surfaces of the friction composites Bas-0, Bas-5,
Bas-15 and Bas-25 were observed as shown in Figure 7. According to Figure 7a,c, the worn surface
micrographs of Bas-0 and Bas-15 are mainly consisting of primary contact plateaus, which formed
due to the lower removal rate of the fibers/wear resistant ingredients. The increase of tribology
performances in the friction process is mainly related to the formation of the primary contact plateaus.
When the primary contact plateaus form, the real contact area between brake pad and disc is increased,
and further result in an increased coefficient of friction. The formation of the primary contact plateau
also means that the surfaces of the brake pad are worn smooth, giving rise to the stability of the
friction properties. However, in case of the friction composites Bas-5 (Figure 7b) and Bas-25 (Figure 7d),
the wear surface morphology also appears secondary contact plateaus apart from primary contact
plateaus. The secondary contact plateaus are formed by compaction of the debris under load, shear
force and friction heat. It is easily observed that secondary contact plateaus are loosely adhered to
the underneath subsurface. These secondary contact plateaus are likely to be damaged at the next
braking process, resulting in increased friction fluctuations and severe wear. According to previous
work [52], the abrasives and solid lubricants play a crucial part in improving and stabilizing coefficient
of friction and decreasing wear in the friction composite. However, suitable fiber content is also
helpful to improve the integrity of the composite, which can prevent the fillers (abrasives, solid
lubricants, functional fillers, and space fillers) from dislodging easily. In this work, the combination of
fiber-fillers/resin was enhanced when basalt fiber content was 15%, which further caused the friction
composite to behave well.

Figure 7. SEM images of the worn surface of the friction composites: (a) Bas-0; (b) Bas-5; (c) Bas-15;
and (d) Bas-25. PCP indicates primary contact plateaus and SCP indicates secondary contact plateaus.
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4. Conclusions

The physico-mechanical and tribological performance of the friction composites based on atypical
non-asbestos organic (NAO) type formulation containing different contents of basalt fibers has been
evaluated. The mechanical properties of the friction composites were improved due to the basalt fiber
added. Too high or too low contents of basalt fiber were unfavorable to the mechanical properties
of the friction composites. The best mechanical behavior was obtained in Bas-15 composite. The
probable mechanism may be that thousands of basalt fibers were dispersed into resin-based brake
composites, behaved as nets and skeletons, which strengthened the brake composites effectively.
From the tribology tests, the coefficient of friction and wear rate values all met the requirements
of GB 5763-1998. The relationships among coefficient of friction, composition, and temperature are
non-linear. Extension evaluation based on extenics theory was developed to evaluate the non-linear
relationships, and the results showed that the samples Bas-0 and Bas-15 had similar frictional stability,
which belonged to the optimal level. It showed also non-linear relationships among the wear rate,
composition, and temperature. A comprehensive comparison of the total wear rate and the total weight
loss demonstrates the sample Bas-15 was the optimal formulation. The worn surface analysis indicated
that the worn surfaces had revealed two kinds of contact plateaus, namely primary contact plateaus
and secondary contact plateaus. The former could provide a higher and stable friction coefficient,
while the latter was prone to serious friction fluctuations and wear. The abrasives and solid lubricants
played an important part in regulating the two kinds of contact plateau. When basalt fiber content
was 15%, the integrity of the fiber-fillers/resin was enhanced, which helped the friction composite to
behave well.
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