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Abstract

An electroless deposition method was used to modify the surface properties of rice husk
ceramic particles (RHC) by depositing nano-nickel on the surface of the RHC (Ni-RHC).
The dry tribological performances of aluminum matrix composite adobes containing differ-
ent contents of RHC and Ni-RHC particles have been investigated using a micro-tribometer.
Results showed that the Ni-RHC particles substantially improved both the friction and wear
properties of the Ni-RHC/aluminum matrix adobes. The optimal concentration was deter-
mined to be 15 wt% for both the RHC and Ni-RHC particles. The improvements in the
tribological properties of aluminum adobes including the Ni-RHC were ascribed to friction-
induced peeling off of Ni coating and formation of protection layer on the wear zone, both
of which led to low friction and wear volume.

Key words: Rice husk, Engineering ceramics, Aluminum-matrix composite, Nickel coating

1. Introduction

Rice husk is a flexible base material that can be used to prepare renewable biomass
fuel[1,2], solid fuel[3], white carbon black[4], adsorption materials[5], and many other
things. The comprehensive utilization of a wide range of biomass resources continues to
receive increasing attention from researchers looking to develop solutions to ongoing global
environmental and energy crises [6,7]. China is the world’s largest rice-growing country.
The annual production of rice has been estimated at up to 180 million tons, which would
yield 36 million tons of rice husk. Storing large amounts of rice husk requires considerable
space. Burning rice husk, on for example a farm, can result in serious pollution and a large
reduction in local air quality. This, therefore, provides a good motivation to develop urgently
needed applications and uses for rice husk [8,9]. The preparation of rice husk ceramics can
complete the comprehensive utilization of rice husk resources.

At present, due to their high hardness and elastic modulus properties, bio-based ceramic
particles can be used in the preparation of wear-resistant materials, such as polymer sliding
bearings, and functional additives in lubricating oils. Shibata et al. [10] investigated rice
bran ceramic (RBC) and glass beads to improve the mechanical and tribological properties
of Polyamide (PA66). The wear resistance mechanism of RBC and glass beads is prevention
of wear debris forming within wear traces. Shibata et a/.[11] and Dugarjav et al. [12]
investigated the sliding of rice husk ceramic (RHC) particle composites against a variety of
materials under dry conditions. They indicated that the development of robust transfer films
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Fig. 1. Preparation processes for Ni-RHC particles

within the wear traces resulted in lower friction coefficients
and wear rates. Shibata ez al. [13] also used RHC particles to
prepared pantograph contact strip material (copper/carbon/RBC
composite) for railways; the material’s tribological behaviors
have also been studied. Results have showed that obtained low
friction and wear rates were highly dependent on the formation
of transfer films. Chand et al. [14] used maleic anhydride as
a compatibility agent to improve the surface performance
of rice husk particles; the end-product was utilized as a filler
in polyvinylchloride, showing that surface modified RHC
improved the hardness of composites, leading to reduced wear
and friction. Akiyama et al. [15] used RBC to reinforce PA66,
PA1l1, PBT, POM, and PP. The wear rate and friction coefficient
were reduced in all of the tested materials, demonstrating the
potential of RBC particles in producing low friction and high
wear resistance polymer composite materials, with the key
aspect being the compatibility between the filler and the matrix
polymer. Hu et al. [16] investigated the tribological behaviour
of phenol-based RH adobes under dry friction. The wear rate
was found to be related to the apparent contact area. They also
demonstrated the potential of RHC particles as a functional
additive for lubricating oils[17]. Alaneme ef al. [18, 19] used
rice husk ash and silicon carbide particles as fillers in Al-Mg—
Si alloy matrix hybrid composites, and studied the corrosion
and wear behavior of the composites. Dinaharan et al. [20]
investigated the effect of rice husk ash on the microstructure
and tensile behavior of AA6061 aluminum matrix composites
produced using friction stir processing.

Overall, research on RHC particles as a filler used in metal-
matrix composites has been limited. A limiting factor for the
application of RHC particles in metal-matrix composites is
the compatibility between RHC and metal particles such as
Fe, Al, Cu, etc. In order to promote the mechanical, dynamic,
and tribological properties of metal-matrix composites,
surface metallization technology was studied by referring to
references[21-26]. However, there is still a need to address
the apparent metallic incompatibility between nano-Ni coated
RHC and alumina based materials such as alumina based
sliding bearings, etc.; one potential solution to this problem is
optimization of the dosage of the nickel plating of RHC particles
in alumina based composites.

Only a limited number of studies have been reported on the
modifying effect of nano-Ni coated RHC particles (Ni-RHC) on
the tribological behavior of aluminum matrix RHC composites.
This paper presents the results of a study that examined the dry
tribological performance of sintered aluminum matrix composite
adobes containing RHC and Ni-modified RHC particles at con-
centrations of 5, 10, 15, and 20 wt%. Tests were conducted using
a micro-tribometer under controlled environmental conditions,
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with results compared to those for unreinforced sintered alumi-
num adobes. This work can supply a new way to comprehensive-
ly utilize rice husk resources, as well as data to develop alumina
based materials such as alumina based sliding bearings, etc.

2. Experimental
2.1. Materials and sample preparation

RHC particles were prepared via high temperature carboniza-
tion. These were then added to a phenol resin (25 wt%) mixture
and stirred using a glass rod for 15 min. The mixture was then
transferred to a porcelain crucible, and this was placed in a tube
furnace (model OTF-1200X) at 900°C under N, atmosphere
conditions for 2 h and then cooled at room temperature. The
remainder of the powder comprised the RHC particles.

A simple electroless plating deposition process was conduct-
ed to prepare the Ni-RHC particles at the optimal conditions
of 60 °C temperature, 180 min time, pH value of 11, and 180
g/L phosphite dosage [21, 27]. A schematic of the processes is
shown in Fig. 1. First, RHC particles were washed in ethanol to
remove impurities; they were then the sensitized, activated, and
reduced using SnCl, (20 g/L), PdCl, (1g/L), and NaH,PO,-H,O
(30 g/L). Electroless plating was then applied. The composition
of the electro-plating solution is shown in Tab. 1.

The morphology and composition of the Ni-RHC are shown
in Fig. 2. The surfaces of the sheet-like RHC particles were
coated with copious amounts of Ni particles. Nano measurement
software was used to analyze the particle diameter distribution
of the Ni particles on the surface of RHC. The analysis process
was conducted by choosing Ni particles according to the blue
arrow shown in Fig. 2 (b). The average particle diameter (APD)
was approximately 84 nm. X-ray diffraction (XRD) analysis in-
dicated that Ni particles (Crystal faces 111 and 200) existed on
the surface of RHC, as shown in Fig. 2 (¢)

Table 1. Compositions of chemical plating solutions

Items Chemical Concentration
formula (g/L)
Nickelous sulfate NiSO4:6H.0 30
Sodium hypophosphite NaH»PO,.H.O 30
Thiourea CH4N2S 0.001
Trisodium citrate dihydrate ~ NasCsHsO7-2H.O 25
Ammonium chloride NH. Cl 20
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Fig. 2. HRTEM and selected area electron diffraction diagrams (SAED)
of Ni-RHC particles.

(a) HRTEM mages of Ni-coated RHC (b) Magnified HRTEM and ASED
images (c) XRD image of RHC and Ni-coated RHC

The magnified images of Ni-RHC provided in Fig. 3 show
that Ni particles are predominately spherical and have adhered
to the surface of the RHC particles. Fig. 3(e) confirms the pres-
ence of elemental Ni. The XRF (X-Ray Fluorescence Spectros-
copy, PANalytical, Netherlands) analysis shows that the weight
ratio of Ni to RHC is 1: 2.25.

A commercially available aluminum powder (Al powder size
of 100 wnm) was purchased from Qinghe Boxin Wear-resistant
Alloy Co. Ltd, China. The test samples were prepared by first
preparing a green compact and then sintering. Both RHC and
modified Ni-RHC particles were added to the Al powder at con-
centrations of 1 wt%, 5 wt%, 10 wt%, 15 wt%, and 20 wt% mass
percentage. Finally, 5 wt% phenolic resin (PR) was added to the
mixture to uniformly disperse the RHC/ Ni-RHC particles in Al
powder. Fig. 4 shows the preparation process for the test adobes.

Fig. 4. Preparation process for the composition material adobes

Surface modified rice husk ceramic particles

SiKa1 NiKa1

Fig. 3. Element distribution and EDS analysis of selected zones of Ni-
RHC particles
(a) SEM images (b) C (c) Si (d) Ni

2.2, Analysis methods
The tribological behavior of the composite adobes was
assessed using a micro-tribometer under a controlled atmo-

sphere at 1 N load and 300 rpm speed for 30 min. The test
temperature was approximately 25°C and relative humidity

Adobe

http://carbonlett.org
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Fig. 5. Schematic diagram of the ball-basic tribometer

was approximately 60% (RH). A schematic of the tribometer
is shown in Fig. 5. The upper specimen was a 5 mm diameter
stainless-steel (grade 304) ball with a surface roughness of
0.35 um (Ra) and a hardness of 74.0 (HRA). The lower sam-
ples were composite adobes, which were polished with 800-
mesh abrasive paper to obtain a similar surface roughness.
After testing, the worn traces were investigated using 3D
laser scanning microscopy (mode VK-X100K). Each tribo-
logical test was conducted three times to reduce experimental
deviation. The hardness of the samples was tested using a
microindentation and Macro/Vickers hardness testing system
(model HV-1000IS). The morphology and compositions of
the transfer films on the upper samples were measured and
analyzed using SEM/EDS. Using the measured wear track,
and according to the formulas, wear resistance of the com-
posite materials was calculated according to the wear volume
and the apparent contact area (S,, mm?) [16]:

1.2
w0 wit%
o Swit%
— —a— 10 wt%
510 v 15 wi%
o
—~ +— 20 wt%
E —
2
o 08+ T e e e T Te
s |1 ettt
e \ . L 4
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=1 g e
L: 0.6 po = "‘vﬂ ¥ v
AT
v'v"'
0.4 1 L 1 1 ' '
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Time (min)

Friction coefficient

V=2zRS, (1)

S, =n(R+d/2)’- n(R-d/2)’ = 2nRd 2)

Note: V is wear volume of disk sample; S, is cross-sectional area of
wear trace; R is the upper specimen radius (5 mm); and d is the wear
trace width (um, WTD), as shown in Figure 8

3. Results
3.1. Friction reduction

Fig. 6 shows the variation in the friction coefficient with
various concentrations of RHC and Ni-RHC particles in the
aluminum matrix composites adobes. In Fig. 6(a) the friction
coefficient of the RHC composites is shown to decrease up to
concentrations of 15 wt%, representing a saturation point be-
yond which the measured friction rises to 20 wt%.The modified
Ni-RHC composites showed similar trends, as shown in Fig.
6(b); however the equivalent friction coefficients were all lower
than the equivalent RHC concentrations.

3.2. Wear resistance

Fig. 7 shows the wear volume of the aluminum composite
adobes with varying concentrations of RHC and Ni-RHC
particles. The worn volume of unreinforced aluminum adobe
was 0.76 mm?®. With the addition of 5 wt% RHC, the wear
volume increased to 0.92 mm?. Interestingly, beyond this
concentration the wear volume decreased continuously, to 0.71
mm? at 10 wt% and 0.29 mm? at 15 wt% RHC, decreases of 6%
and 61%, respectively. For the modified Ni-RHC wear volumes,
compared to those of unreinforced aluminum, all decreased with
the addition of Ni-RHC to the aluminum composite adobes.
This indicates that the modification of RHC with Ni strengthens
the wear resistance of the composites [25]. The optimal
concentration of Ni-RHC in the aluminum matrix was 15 wt%,
which was similar to the case of unmodified RHC addition to
aluminum.

1.2
(b) 29 —m— 0 Wi%
E
T *— 5 wit% Ni
10 = A 10 wit% Ni
T S ¥ 15 wt% Ni
T +— 20 wi% Ni
=
0.8 T sn"na"
4442
|“w L]
0.6 b vvvv,,,vvv"’"'v'
| yrvryTyy? 7Y
“'4 | 1 L 1 1 1 1
0 5 10 15 20 25 30
Time (min)

Fig. 6. Variation in friction coefficient with different amounts of RHC or Ni-RHC particles in aluminum-based composite adobes at 1 N and 300 rpm for 30

min: (a) RHC and (b) Ni-RHC
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Fig. 7. Variation in wear volume with the addition of RHC or Ni-RHC particles at different amounts in composition material adobes at 1 N and 300 rpm
for 30 min: (a) RHC and (b) Ni-RHC

Upper sample Nether sample ACA(mm’] (10%-Ni)

2691
32.84
25.46
33.44
(15%-Ni)
2o 56 24.81
(20%) ]
2973 35.13
YRNT
Fig. 8. Optical microscopy images of the upper and nether samples (20%-Ni)

after friction
25.68

3.3. Surface analysis

Fig. 8 shows the morphologies of wear traces for the upper
and lower samples after friction. For the unreinforced alumi- . ‘
num adobe, there was clear evidence of a significant transfer Fig. 8. Continued
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Fig. 9, Hardness of samples with different added amounts of Ni-RHC
particles

of wear debris from the aluminum adobes that had adhered
to the surface of the stainless steel ball. This phenomenon
was ascribed to the greater hardness of steel balls than that of
unreinforced aluminum adobe. A similar behavior was also
observed on the surface of the abodes with 5 wt% and 10 wt%
RHC particulates. However, wear debris decreased signifi-
cantly with increasing particle concentration, especially with
the 15 wt% and 20 wt% RHC composites. For these samples,
wear debris was very low, taking a form of scratching and
by definition confirming that the hardness of the aluminum
composite samples increased with increasing RHC particle
concentration.

The wear trace width (WTD) and apparent contact area
(ACA) of the unreinforced aluminum adobe were approxi-
mately 1046 um and 32.84 mm?, respectively. The WTD and
ACA values of the adobes with 5, 10, and 15 wt% RHC par-
ticles added were 1065 um and 33.44 mm?, 947 pm and 29.73
mm?, and 811 um and 25.46 mm?, respectively. In view of
the results above, the addition of 15 wt% RHC particles was
determined as the optimal concentration, offering minimal
values of WTD and ACA. For the modified Ni-RHC parti-
cles, the WTD and ACA values of the composite adobes were
951 pm and 29.86 mm? (5 wt%), 857 pm and 26.91 mm? (10
wt%), and 790 pm and 24.81 mm? (15 wt%), representing
decreases of 9%, 18%, and 24.5%, respectively, as compared
with those of unreinforced aluminum adobes. The optimal
concentration was once again determined to be 15 wt % of
Ni—-RHC particles in the aluminum adobes. Interestingly, the
WTD and ACA values both increased with the addition of 20
wt% RHC and Ni-RHC particles to the aluminum powder.
The high content Ni-RHC (20 wt%) plays an opposite role
in strengthening the hardness, resulting in friable composite
materials. These results can be confirmed by the variation in
hardness for each sample with different added amounts of
RHC or Ni-RHC particles, the details of which can be seen in
Fig. 9. The hardness of the composite including 15 wt% Ni-
RHC was obviously higher than the hardness of the 20 wt%
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Fig. 10. SEM/EDS analysis of wear zones on lower samples (a) 0 wt%
RHC/AI (b) 15 wt% RHC/AI (c) 15% Ni-RHC/Al

Ni-RHC composite.

Fig. 10 shows the variation of surface morphologies of
wear traces for lower different samples. Serious wear zones
can be observed in Fig. 10(a); these were ascribed to low
hardness and lots of wear debris on the wear traces. The wear
phenomenon was alleviated via addition of 15 wt% RHC
particles; however, lots of wear debris and RHC particles
were exfoliated from the sample surface, as shown by the
red arrows in Fig. 10(b). Interestingly, friction layers were
observed on the wear zones, as shown by the red rectangle in
Fig. 10(c); these layers can increase the load capacity of the
composites, resulting in lower friction coefficient and wear
volume.

Fig. 11 shows the variations in elemental content of the
transfer films detected on the various stainless steel upper
samples. Interestingly, the transfer films were clearly visible on
the surfaces of the samples that had run against the unreinforced
aluminum adobe, as they were too on the samples with additions
of 15 wt% RHC and 15 wt% Ni-RHC particles, as shown in
Figs. 11(a), 11(b) and (c). The EDS spectral analysis indicates
that the Ni-RHC particles promoted the formation of transfer
film, with elemental Ni detected throughout the contact surface
of the stainless steel balls. The elemental Ni content of the
sample from the 15 wt% Ni—RHC tests was 0.33 wt%, as shown
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Fig. 11. SEM/EDS analysis of wear zones of steel ball for different samples
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Fig. 12. Schematic diagram of friction and wear mechanism of Ni-RHC particles
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Table 2. EDS analysis of wear zones of steel balls for different samples

Element content (wt%)

Items
C (e} Al Fe Si Ni S Mo
Unreinforced Al 1.91 46.05 46.24 5.32 0.48 - - -
Al+ 15 wt% RHC 2.21 23.04 39.32 33.43 2.02 - - -
Al+15wt% RHC-Ni 6.65 13.76 0.07 78.45 0.75 0.33 - -

in Tab. 2. Such a film and friction layer on the lower sample
could be used to explain both the low friction coefficient and the
wear volume for addition of 15 wt% Ni-RHC to alumina based
materials[29].

4. Discussion

The hardness of unreinforced aluminum adobe was signifi-
cantly lower than that of stainless steel balls, which resulted in
the formation of wear products as a film on the surfaces of the
steel balls, as shown in Fig. 11(a) and Fig. 8. Despite the pres-
ence of wear products transferred to the surface of the wear zone
on the steel balls, the changes of friction form and hardness of
material [30] led to a low friction coefficient and wear volume,
which can be proved by the variation of friction coefficients at
the different concentrations of RHC and Ni-RHC.

In general, the addition of functional ceramic particles to
metal matrix composites must be done at an optimum dosage.
At concentrations of 5 wt% RHC, the friction reduction and
wear resistance properties, however, did not improve; this can
possibly be ascribed to the RHC particles peeling off from the
matrix and those products of the wear process not being of suf-
ficient concentration to provide a sufficiently lubricious film or
friction protected layer, resulting in serious wear. Regarding the
5 wt% Ni-RHC, the friction and wear resistance were modified
compared to those characteristics of the sample with addition of
5 wt% RHC and pure aluminum material. The phenomenon in-
dicates that the Ni-coating played important roles of anti-friction
and anti-wear[31]. The friction reduction and wear resistance
properties were obviously modified when 10 wt% and 15 wt%
RHC particles were added to the composite materials. The main
reason was thought to be friction, which induced lots of RHC
particles to peel off, resulting in the sliding friction form chang-
ing into a rolling friction form. As for the 10 wt% and 15 wt%
Ni-RHC samples, the friction reduction and wear resistance
properties were also obviously modified; this was ascribed to the
Ni coating, transferred onto the surface of the steel balls, result-
ing in the formation of a tribo-film and a friction protected layer
on the lower sample, as shown in Fig. 10(c) and Fig. 11(c). With
increasing addition of RHC and Ni-RHC particles up to 20 wt%,
wear resistance properties become worse; this was ascribed to
the decrease of the hardness or the density of the materials [32].
The optimum concentration of RHC and Ni—RHC particles in
aluminum was 15 wt%. The mechanism of the anti-friction and
anti-wear properties of Ni-RHC particles is described in Fig. 12.

Overall, Ni-RHC particles first form a protective layer on the
surface of the sample during the friction process. Then, spheri-
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cal-like Ni is liberated from the RHC particles on the surface of
the adobe with friction time extending. Ni along with some of
the aluminum matrix formed a transfer film on the surface of the
stainless steel balls, resulting in a low friction coefficient. These
results suggest that Ni-modified RHC particles can be used as
an additive to enhance the friction reduction and wear resistance
properties of aluminum matrix composites. The efficacy of the
additive is determined by the concentration of Ni-RHC added to
the matrix; this concentration controls the hardness of the com-
posite material.

5. Conclusions

The dry tribological performance of sintered aluminum ma-
trix composite adobes containing RHC and Ni-modified RHC
particles at concentrations of 5, 10, 15, and 20 wt% has been
investigated. Using a micro-tribometer, tests were conducted
under controlled environmental conditions, with results com-
pared to those for unreinforced sintered aluminum adobes. The
following conclusions are drawn from this study:

Addition of RHC and Ni-RHC particles reduced friction and
increased the wear resistance of the aluminum matrix composite
adobes.

Compared to the unreinforced samples, induced friction coef-
ficient and generated wear volume were the same, decreasing
with increasing concentrations of RHC or Ni-RHC particles to
15 wt%. Beyond this point, at 20 wt%, both friction and wear
increased.

The hardness of aluminum matrix composite adobes was de-
termined by the concentration of RHC and Ni-RHC particles,
resulting in contrasting tribological performances. The nano-Ni
coated RHC can form a friction protected layer; also, friction
induced wear caused Ni coating to be ‘peeled’ off from the RHC
particles, forming a transfer film on the surface of the stainless
steel counterface, and resulting in low friction coefficient and
wear volume.

Both RHC and Ni-RHC particles can be used as functional
additives in the development of aluminum-matrix composite
bearing materials.
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