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Corn stalk fibre reinforced nonasbestos environment-friendly friction composite materials have been fabricated, and their
physical, mechanical, and tribological properties are characterized. The tribological properties of the friction composites were
evaluated following GB5763-2008 norms on a constant-speed-type friction tester. The experimental outcome reveals that the
content of corn stalk fibre has a noteworthy impact on the tribological, mechanical, and physical properties of the friction
composites. Specifically, the friction composite with a content of 7% exhibited excellent friction and wear properties. The worn
surface morphology of friction composites was further investigated using a scanning electron microscope. It was found that the

corn stalk fibre content greatly affected the tribological properties of the friction composites.

1. Introduction

Among brakes, clutches, and driving devices of many ve-
hicles, friction composites make up important parts [1]. The
reliability and stability of the executive components are
directly linked with friction composites. Hence, suitable
friction coefficients and better wear resistance under various
temperatures and complex conditions must be presented [2].
The friction composites should be noise-free and vibration-
free in working condition. Moreover, the friction material
should not be harmful to human and environment [3]. So
they are usually made up of various ingredients, such as resin
binder, fibres, abrasive fillers, lubricating or antifriction
agent, and quality modifiers [4, 5]. The influence of each
category on the performance parameters of friction material
has been extensively discussed and reported in the literature
[6-9].

Fibre is an important category because it imparts
strength, improves the wear and friction properties of brake
composites, and also agitates the drawbacks of inherent

composition flaws [10]. Previously, asbestos fibre was selected
as the reinforcing component of friction composites, which
has been rejected because of its carcinogenicity [3]. In order to
find a substitute for asbestos fibre, many researchers have
done a lot of research on carbon fibre, ceramic fibre, glass
fibre, organic fibre, hemp fibre, and so on [10-15]. In the
course of the research, the ideal research results are constantly
appearing, and a series of new problems are also generated,
such as high cost, unfriendly environment, and unstable high-
temperature friction performance [16, 17]. Natural fibres have
the advantages of environmental friendliness, low cost, and
biodegradability, including bamboo fibres, hemp fibres, ba-
nana fibres, jute fibres, and banana fibres, and they are used in
friction composites [18-23]. Matéjka et al. [24] reported that
the effective combination of hazelnut shell and jute fibre can
improve remarkably the tribological properties of friction
composites. Ma et al. [25, 26] studied wool fibre and bamboo
fibre reinforced friction composites, respectively. The results
illustrated that the friction composite with fibre content of
3wt.% had the best wear resistance. Ramesh et al. [27]
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prepared banana fibre reinforced composites and investigated
their physical and mechanical properties. Liu et al. [28, 29]
investigated the effects of abaca fibre content on the physical,
mechanical, and tribological properties of abaca fibre rein-
forced friction composites. The experimental results revealed
that the sample with abaca fibre content of 3 wt.% had the
lowest wear rate. Pozzi and Sepe [30] prepared composites
with fibre volume fraction greater than 55% by hand layup
technique. The tensile and flexural properties were analyzed.
It was observed that the tensile and flexural strength of silk
composites is 1.98 times that of jute composite.

Corn is one of the most widely cultivated plants in the
world, while corn stalk fibres are a waste result of corn ag-
riculture [31]. In our previous work, waste tire rubber pellets
were successfully utilized in nonasbestos organic brake friction
composites [32]. Due to its beneficial attributes such as
flexibility, low density, good compatibility, high strength, and
toughness, corn stalk fibre finds various applications [33, 34].
Therefore, corn stalk fibre has the potential to be utilized as
raw material in brake friction composites. Hence, the current
work aims to prepare and assess the tribological, mechanical,
and physical properties of the environment-friendly friction
composites containing different weight fraction of corn stalk
fibres. The tribological properties were studied using a con-
stant-speed-type friction tester following GB/T 5763-2008
standard. Finally, the influence of different weight fractions of
corn stalk fibres on the wear mechanism of friction composites
was analyzed based on the morphologies of worn surfaces
obtained using SEM.

2. Experimental Detail

2.1. Preparation and Characterization of Corn Straw Fibres.
Corn stalks were harvested from a rural cooperative in
Shenyang, China. After being dried naturally for about
20 days, they were crushed and separated into husks, which
were then ground into fibres. Prior to use, corn straw fibres
were soaked for 24 hours in 3% NaOH solution at room
temperature to improve the binding strength of fibre-matrix
interface [35, 36]. Thereafter, fibres were washed with dis-
tilled water and then dried at 60°C for 5 h in an oven. Finally,
the treated fibres were cut to a length of approximately 4-
5mm and used for friction composite fabrication.

2.2. Preparation of Specimens. The selection of raw materials
for friction composites is presented in Table 1. Phenolic resin
was used as an adhesive. Paper-based fibre and corn straw
fibres were used as reinforcing fibre. Powders such as water
slag, purple clay, and shale were used as fillers. Water slag
was mainly industrial waste and had good environmental
friendliness and economy. In the parent formulation, the
phenolic resin content was fixed at 9%. According to the
variable comparison analysis method, the test materials were
divided into six groups, which were recorded as FM-0, FM-1,
FM-3, EM-5, EM-7, and FM-9, respectively. The content of
corn straw fibre increased successively while the proportion
of other materials decreased equally. Twelve specimens in
each group had been manufactured and tested, and three
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TABLE 1: Details of composite designation and composition.

. Specimens

Raw materials (wt.%)

FM-0 FM-1 FM-3 FM-5 FM-7 FM-9
Corn straw fibres 0 1 3 5 7 9
Paper-based fibre 10 990 9.69 947 925 9.01
Antiwear powder 3 297 291 284 277 271
Purple sand 13 12.87 12,57 12.32 12.02 11.71
Water slag 11 10.81 10.52 10.31 10.12 9.91

Vermiculite powder 7 693 678 6.63 647 631

BaSO, 25 2475 2421 2358 23.02 22.52
Shale 15 14.85 14.54 14.21 13.87 13.52
Brown corundum 7 693 6.78 6.63 6.47 6.31
Phenolic resin 9 9 9 9 9 9

parallel tests had been carried out in each experiment to
improve the reliability of the data.

The ingredients were weighted with a sensitivity of 10 mg
and mixed in a plough type shear mixer (feeder speed
300 rpm; chopper speed 3000 rpm) for 10 min until a uni-
form distribution was achieved. In the meantime, a small
amount of water was sprayed through the top water inlet
during the mixing process to prevent dust from appearing.
The mixed material is shown in Figure 1. Because no metal
was contained in the mixing materials, these materials were
dried using a microwave heating method. Mixed wet ma-
terials were placed on the conveyor belt of the equipment,
using microwave heating for about 8min, as shown in
Figure 2. Wet mixing and microwave heating methods were
used in the mixing process, which was a new approach
completely. This approach fundamentally solved the dust
pollution problem caused by the traditional dry technology
in the mixing process.

Thereafter, the mixture was hot pressed for 10 min at
155°C and 15MPa in the form of brake pads by using a
mould supported by adhesive coated steel plates. During hot
pressing, three breathings were allowed to degassing. Then,
the brake pads were postcured (to remove residual stresses)
in the oven, and process of heat treatment is shown in
Figure 3. Prior to the tribological characterizations, the brake
pad surfaces were polished with a grinding wheel. Specimens
of 25 mm x 25 mm X 6 mm size were cut from the brake pads
and used for tribological testing.

2.3. Physicomechanical and Tribological Behaviors Evaluation.
The fabricated friction composites were assessed for physical
and mechanical properties by following appropriate mea-
suring standard. The hardness of the composites was de-
tected on the Rockwell hardness tester (Model HRSS-150,
Shanghai, China) as per the China National Standards
(CNS) 2114. According to the JC/T685-1998 friction ma-
terial density test method, the density of each sample was
investigated by using electronic density balance (MP-5002,
Shanghai, China) in accordance with the Archimedes method.
Impact strength was assessed using an impact testing machine
(XJ-40A, Wuxi, China).

The friction and wear performances of the developed
friction composites were evaluated on a JF151-type con-
stant-speed friction test machine. The standard regulatory
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FIGURE 1: Real photo of the mixed material.
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FiGure 3: Heat-treatment process for preparation of friction
composites [28].

test Chinese National Standards GB5763-2008 had been
followed for the performance evaluation. The friction-wear
mode of the constant-speed friction test machine is indicated
in Figure 4, and real photo is shown in Figure 5. A friction
cast iron (HT250) disc with a hardness of 180-220 HB
rotated at a constant speed of 480 r/min, which temperature
was measured by using a temperature sensor. In the middle
of the annular surface of the rotating disc, the specimen was
applied with a constant positive pressure of 1225 N through
the weight in the vertical direction. During the test, the
specimen was continuously dragged on the friction disc and
the frictional force was explored by the stretching-com-
pression sensor. The test mainly consisted of two parts,
namely the fade test runs and the recovery test runs.

In the fade test runs, the friction disk temperature was set
to 100°C, 150°C, 200°C, 250°C, 300°C, and 350°C, respectively.
In the recovery test runs, the friction disk temperature was set

Load
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F1GURE 4: Schematic of the friction-wear mode [28].
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FIGURE 5: Real photo of the constant-speed tester.

to 300°C, 250°C, 200°C, 150°C, and 100°C in sequence. After
the friction disk rotating for 5000 rpm, the friction co-
efficient was recorded separately at different temperatures,
and the thickness of the sample under the same temper-
ature condition was measured.

Friction coefficient (4) and wear rate (AW) were au-
tomatically calculated through the computer software.
Wear rate (AW) was determined as follows [28, 37]:

A(dl_dZ)
N'fm )

where A is the specimen friction area (A = 625 mm®); d; and
d, are the average thickness of specimens before and after
tests (cm), respectively; N is the number of revolutions of the
friction disc (N=5000); and f,, is the average friction force
(N).

AW = 1.06 x (1)

3. Results and Discussion

3.1. Morphology and Interfacial Characterization of Corn
Straw Fibres. Figure 6(a) shows the morphology of the
untreated corn stalk fibre. Obviously, the surface of the corn
stalk fibre distributed a number of impurity particles, which
may be composed of pectin, wax, and lignin. After treatment
with NaOH solution, impurity particles disappeared and
many node structures appeared, as shown in Figure 6(b),
which was able to enhance the effective combination of fibre-
matrix interface [38].
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FIGURE 6: Morphologies of (a) the untreated corn stalk fibre and (b) the corn stalk fibre treated with NaOH solution.

3.2. Results of Physicomechanical Characterization. The re-
sults of evaluated physical and mechanical properties are
arranged in Table 2. As evident from table, the composite
FM-0 possesses highest density (2.19 g/cm®) and hardness
(112.4 HRR). The inclusion of increased corn stalk fibre
content has contributed to decrease in density and hardness.
The decreasing trend in density is expected because of the
addition of corn stalk fibre, which is lighter than fillers.
However, the increase of corn stalk fibre did not cause
obvious variation trend in the value of the impact strength.
In conclusion, the addition of a certain amount of corn stalk
fibre can improve the physical and mechanical capabilities of
composites. This is consistent with the results of the team’s
previous research [39].

3.3. Tribological Properties of the Composites. The fade and
recovery response of six investigated friction composites are
illustrated in Figure 7. During the fade test runs, the friction
coefficient of all composites increased and then decreased
with the increasing of temperature. Meanwhile, the friction
composites above 250°C exhibited decreasing trend in y. The
main reason for this change was that the phenolic resin in
friction composites was a kind of high polymer, which was
more sensitive to temperature. With the increasing of test
temperature, the internal structure of phenolic resin
changed from glass phase to rubber phase, and at the same
time, the adhesive force between components enhanced, so
the friction coefficient increased. When the temperature
exceeded 200°C, phenolic resin and lignin in corn straw
fibres began to decompose, and fibres were gradually car-
bonized in the meantime [24]. Therefore, the friction surface
film was formed with a certain lubricating function, and dry
friction was converted into mixed friction or fluid friction,
resulting in a significant decrease trend in the friction co-
efficient [40]. The friction coefficient of each specimen was
higher at 150 and 200°C, which was approximately equal.
The friction coeflicient at 100°C, 250°C, and 300°C was
slightly lower, while was lowest at 350°C. Except for the case
at 100°C, the composite FM-7 had a higher friction co-
efficient than other composites and exhibited excellent
friction properties, followed by FM-5 and FM-9. It seemed

TaBLE 2: Physical and mechanical properties of the friction
composites.

Specimens Density Hardness Siﬁizct;
-3
(g:em™) (HRR) (MPa)
FM-0 2.19 112.4 0.241 £ 0.008
FM-1 2.16 109.2 0.263 £0.011
FM-3 2.14 108.8 0.238 £0.006
FM-5 2.09 105.6 0.252£0.014
FM-7 2.03 104.3 0.285+0.009
FM-9 1.96 101.2 0.273 £0.015

that the friction composite with corn straw fibre content of 7%
is most suitable. The composite FM-0 without corn straw fibres
showed a drastic decrease when the temperature exceeded
200°C. During the recovery test runs, the overall variation
trends of all specimens were that the friction coeflicients
decreased slowly with the change of temperature from 300°C
to 150°C, and the friction coeflicients increased slowly during
the temperature drop from 150°C to 100°C. The main reason
for this phenomenon might be that after 350°C high tem-
perature, the volatile matter released by the thermal de-
composition of organic components (phenolic resin, organic
fibre, and straw fibre) had basically completed. In the recovery
test at 300°C, because there was no friction surface film
produced by volatiles, the friction surface was relatively rough,
so the friction coefficient was relatively high, and then the wear
debris increased. Under the action of normal and tangential
forces, these wear debris formed a secondary contact platform
through the adsorption and accumulation of fibres, which
made the rough surface relatively smooth, and the friction
coefficient decreases gradually. With the destruction of the
secondary contact platform, the friction coefficient increases
gradually when the temperature decreases from 150°C to
100°C. In addition to 250°C, the composite FM-0 showed the
lowest friction coeflicient at each test temperature. The var-
iation of the friction coeflicient of the composite FM-7 was
lowest. In any case, the friction coefficient at every test
temperature conformed to the Chinese National Standard.
The average thickness of each specimen before and after
the test is shown in Table 3. The wear rate of each specimen
was calculated by using equation (1). Figure 8 shows the
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FIGURE 7: Friction response of the composites: (a) fade test runs and (b) recovery test runs.
TasLE 3: The average thickness of each specimen before and after the test.
) Measuring points (cm) Average
Specimens Tests .
1 2 3 4 5 thickness (cm)
EM-0 Before 0.5981 0.5962 0.6039 0.6045 0.6038 0.6013
After 0.5517 0.5504 0.5578 0.5585 0.5582 0.5553
FM-1 Before 0.6017 0.6017 0.5992 0.6004 0.6026 0.6011
After 0.5482 0.5470 0.5448 0.5456 0.5484 0.5468
FM-3 Before 0.5989 0.5988 0.5997 0.5992 0.6012 0.5995
After 0.5487 0.5472 0.5461 0.5467 0.5486 0.5474
EM-5 Before 0.6013 0.6012 0.6010 0.6008 0.6013 0.6011
After 0.5497 0.5492 0.5486 0.5492 0.5506 0.5495
EM-7 Before 0.5997 0.5998 0.5995 0.5999 0.6008 0.5999
After 0.5528 0.5528 0.5519 0.5524 0.5530 0.5526
FM-9 Before 0.6001 0.5996 0.6003 0.5997 0.6004 0.6000
After 0.5527 0.5522 0.5527 0.5520 0.5526 0.5524
08 effect of corn straw fibre on the wear rate of the composites.
o1 It is visible from Figure 8 that with the increase in tem-
~ perature, the wear rate of the composites increased. The
g specimen FM-0 without corn straw fibres showed the highest
206t wear at each temperature. The main cause of this behavior
ﬁ may be attributed to the lack of fibre bridging between
) components, resulting in the powder particles being placed
= 04 in a relatively distributed state. With the increase of tem-
< a4 o . .
o perature, the wear debris increased and fell off, which led to
< . . .
2 the continuous increase of wear. At high temperature, the
thermal decomposition reaction of phenolic resin was ag-
0.2 : ~ : ~ : ~ gravated, and the bond strength decreased greatly, which
100 150 200 250 300 350 . . .
- are (°C) resulted in the decrease of the strength of friction composites
emperature and the gradual increase of wear. However, the friction
—+— EM-0 —— FEM-5 composites containing corn straw fibre could improve its
—= FM-1 —%- EM-7 thermal stability and wear resistance due to fibre bridging.
—2— FM-3 —e— FM-9

FIGURE 8: Wear rates of the composites.

The composite FM-7 with 7% straw fibre content had the
lowest wear rate except 100°C.



The sum wear rates of the investigated friction com-
posites are presented in Figure 9. One can see that the sum
wear rates of friction composites with different fibre
contents changed significantly, and the order of change
was as follows: FM-0>FM-1>FM-3>FM-5>FM-
9 > FM-7. This result indicates that with the increase of the
content of the corn straw fibre, the sum wear rates of
specimens decreased gradually and then increased. The
sum wear rates of the composite FM-0 was highest
(3.638 x10~7 cm’-(N-m) ") and which of the composite
FM-7 was the lowest (2.675x1077 cm>(N-m) ™), followed
by FM-5 and FM-9. In few words, adding appropriate
amount of fibre materials is an effective way to improve
the friction and wear properties of friction composites
[41].

3.4. Worn Surface Morphology Analysis. Important in-
formation on friction and wear can be obtained by ob-
serving the wear surface and wear debris of the friction
composite. The worn surface morphology of friction
composites is an important basis for judging the friction
and wear mechanism of friction composites [42]. It was
reported in the literature that the formation of contact
plateaus on the worn surfaces of friction composites helps
in stabilizing the friction and wear performances [12, 43].
The wear surface of the corn straw fibre reinforced friction
composites has been investigated by using the scanning
electron microscope, and the corresponding worn surface
micrographs are presented in Figure 10. The worn surface
of the friction composite FM-0 (Figure 10(a), without
corn straw fibre) was observed to have an increased
amount of loose matrixes, wear debris, and voids formed
by the scattered particles. This may be due to the lack of
fibre bridging, which greatly weakened the reinforcement,
resulting in a lower friction coefficient (Figure 7), espe-
cially at high temperatures (250°C-350°C). This may be
the reason of the high wear rate of the composite FM-0
(Figure 8) and a significant decreased wear resistance.
Comparing with FM-0, the friction composites containing
corn straw fibre were relatively compact, which indicated
that corn straw fibre could strengthen the interface of
friction materials. The worn surface of the friction
composite FM-1 (Figure 10(b), 1 wt.% corn straw fibre
content) showed very rough topography with cracks,
grooves, voids, spalling pits, wear debris, and particles.
This demonstrated that the relative low fibre content
could not enhance the bonding strength of the fibre and
matrix [28], which corresponded to the relatively high
wear rate (Figures 8 and 9). For the case of FM-3
(Figure 10(c), 3wt.% corn straw fibre content), the fric-
tion composite was slightly damaged, and voids and
relatively loose particles were not observed indicating
weakened wear in the composites, which provided evi-
dence that the increase in corn straw fibre content had a
reinforcing effect on the composites. As shown in
Figure 10(f), the worn surface of composite FM-9 (9 wt.%
corn straw fibre content) appeared with many bare fibres
and a small amount of secondary plateaus. This illustrated
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that when the straw fibre content increased to 9%, the
straw fibre agglomerated, resulting in a decrease in the
bond strength between the fibre and the matrix, which
weakened the fibre reinforcement effect to some extent. As
indicated in Figures 10(d) and 10(e), the worn surface of
composites FM-5 (5wt.% corn straw fibre content) and
FM-7 (7wt.% corn straw fibre content) was observed to
have a large number of secondary contact plateaus, and
the area of the specimen FM-7 was larger than that of the
FM-5, which revealed that the core straw fibre content
between 5% and 7% contributes to the formation of the
secondary plateaus. The conformation of secondary
contact plateaus played an active effect on the tribological
properties of the composites [44], which can stabilize the
friction coeflicient (Figure 7) and decrease the wear rate
(Figures 8 and 9) [28].

4. Conclusions

Corn stalk fibre reinforced nonasbestos environment-
friendly friction composites have been fabricated and
their physicomechanical and tribological properties are
studied. The tribological properties of the developed
friction composites have been evaluated on a constant-
speed friction test machine following GB5763-2008
standard. The evaluated physicomechanical properties
such as density and hardness decreased with the increase
in corn stalk fibre content. However, the increase of corn
stalk fibre did not cause obvious variation trend in the
value of the impact strength. During the fade test runs,
the friction coefficient of all composites increased and
then decreased with the increasing temperature. Except
for the case at 100°C, the composite FM-7 had a higher
friction coefficient than other composites and exhibited
excellent friction properties, followed by FM-5 and FM-
9. During the recovery test runs, the overall variation
trends of all specimens were that the friction coeflicients
decreased slowly with the change of temperature from
300°C to 150°C, and the friction coefficients increased
slowly during the temperature drop from 150°C to 100°C.
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A large number of secondary contact plateaus were
presented on the worn surface of the friction composite
FM-7 with 7 wt.% corn stalk fibres, which could enhance
wear resistance. According to the experimental outcomes,
it can be summarized that a certain amount of corn stalk
fibres such as 7wt.% proved effective to enhance the

friction and wear performance of the composites.
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Supplementary Materials

Friction and wear data of the composite FM-0 show the
friction coefficient and wear rate of FM-0 at different
temperatures during decay and recovery turns. Friction and
wear data of the composite FM-1 show the friction co-
efficient and wear rate of FM-1 at different temperatures
during decay and recovery turns. Friction and wear data of
the composite FM-3 show the friction coefficient and wear
rate of FM-3 at different temperatures during decay and
recovery turns. Friction and wear data of the composite FM-
5 show the friction coeflicient and wear rate of FM-5 at
different temperatures during decay and recovery turns.
Friction and wear data of the composite FM-7 show the
friction coefficient and wear rate of FM-7 at different
temperatures during decay and recovery turns. Friction and
wear data of the composite FM-9 show the friction co-
efficient and wear rate of FM-9 at different temperatures
during decay and recovery turns. Friction test video shows a
short video of the friction and wear test process. (Supple-
mentary Materials)
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