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In this work, we showed that immersing polymethyl methacrylate (PMMA)/poly alpha olefins (PAO6) micro-
capsules into the porous matrix can improve the lubrication properties of porous alumina ceramics dramatically.
PMMA/PAO6 microcapsules were synthesized by microemulsion polymerization, and the microcapsules were
immersed in the porous alumina ceramic matrix by vacuum impregnation. The lubrication behaviors of the
porous alumina ceramics with PMMA/PAO6 microcapsules have been investigated under different loads. As

compared with the unprocessed porous alumina ceramics, the coefficient of friction (COF) of the porous ceramics
impregnated with microcapsules could be reduced to 4% of that without microcapsules, and the wear rate could
be reduced by two orders of magnitude. No obvious change of the COF was noticed for the matrices with
different pore sizes. The good self-lubrication properties were achieved by releasing the PAO6 in the micro-
capsules during the friction process.

1. Introduction

Ceramic materials have excellent mechanical properties and good
oxidation resistance, which provides a wide range of applications in
mechanics, aerospace [1,2], marine biological engineering [3], etc. As a
type of ceramic material, porous ceramics have the advantages of
lightweight and high strength. However, under dry sliding conditions,
the coefficient of friction (COF) of ceramics is relatively high (usually
0.4-0.8) [4-7]. There were many drawbacks when liquid lubricants
were used under specific working conditions. Owing to the benefits of
porous ceramics, many studies had been conducted on improving the
lubrication performance of porous ceramics. These researches include
adding oil or melted solid lubricants [8] to porous ceramics by
impregnation, synthesizing solid lubricants on the surface of the porous
ceramic matrix [9], and filling the second phase solid lubricants, such as
graphite [10], hexagonal boron nitride (h-BN) [11], carbon fiber [12],
into the porous ceramic matrix.

The addition of oil into the ceramics was a simple way to improve the
lubrication performance of the ceramic. There were a variety of similar
methods that could improve the lubrication of porous ceramics. On the
basis of a study conducted by Sang et al. [8] in which molten Ni and

fluoride were immersed into porous ceramics, the COF and the wear rate
did not improve and the COF even began to increase when the tem-
perature was below 300 °C. The self-lubricating properties of the com-
posite ceramics have been characterized only when the temperature was
above 600 °C. The method of synthesizing solid lubricants in porous
ceramics used by Abdul et al. [9] could obtain self-lubricating perfor-
mance of porous alumina ceramics at room temperature. Nevertheless, it
was a tedious process, and in many cases the penetration of solid lu-
bricants in the ceramic matrix was insufficient. Another common
method of adding the secondary phase of solid lubricant into the ceramic
matrix could also play a part in the improvement of lubrication. How-
ever, this method suffered from the fact that most of the lubrication
properties were only improved merely under specific conditions. The
COF and the wear rate would even increase under the dry friction
condition [13,14]. It was now well established from the above re-
searches that adding lubricating polymers into the ceramic matrix could
improve the lubricating properties of porous ceramics. Therefore, it is
necessary to develop composites that can easily penetrate into the
porous ceramic matrix while maintaining good lubricating properties.
In recent years, core-shell composites have attracted extensive
attention [15-20]. They were normally composed of two or more

* Corresponding author. School of Engineering and Technology, China University of Geosciences, Beijing, 100083, China.

** Corresponding author.

E-mail addresses: zhulina@cugb.edu.cn (L. Zhu), xgx2014@tsinghua.edu.cn (G. Xie).

https://doi.org/10.1016/j.ceramint.2021.12.003

Received 30 August 2021; Received in revised form 1 November 2021; Accepted 1 December 2021

Available online 3 December 2021
0272-8842/© 2021 Elsevier Ltd and Techna Group S.r.l. All rights reserved.


mailto:zhulina@cugb.edu.cn
mailto:xgx2014@tsinghua.edu.cn
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2021.12.003
https://doi.org/10.1016/j.ceramint.2021.12.003
https://doi.org/10.1016/j.ceramint.2021.12.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2021.12.003&domain=pdf
Admin
高亮文本


Z. Cheng et al.

different materials, and adjusting the material composition of the
core-shell particles by actual design can achieve superior performance
than a single material. Core-shell materials have a broad application
prospect in medicine [21], sensor [22], catalysis [23] lubrication [24,
25], etc.

Microcapsule is a typical core-shell material, its shell material and
core material are usually selected according to the application field.
When used in the field of lubrication, many polymers such as poly-
styrene [26] and polymethyl methacrylate [27,28] were used as the
shell materials. And its nuclear material is usually various types of
lubricants.

Nanocomposites with polymer matrices encapsulating liquid lubri-
cants have excellent mechanical and lubricating properties, which are
suitable for the occasions where external lubricants are unsuitable.
These polymer composites were often mixed with other matrix phases
such as epoxy resin [29-33], polyurethane [34], aluminum oxide
(Al,03) [35] to produce composites with enhanced mechanical and
lubrication properties.

The core-shell polymer composite materials had good lubricating
properties and the advantages of solid lubricating materials. Therefore,
in this work, microemulsion polymerization was used to prepare mi-
crocapsules with polymethyl methacrylate (PMMA) shell filled with
poly alpha olefins (PAO6) oil. The synthesized microcapsules were
infiltrated into porous alumina ceramics by vacuum impregnation to
obtain porous ceramics with desirable self-lubricating properties. On the
basis of macroscopic frictional experiments with the ball-on-disc
configuration, the lubrication performances of porous ceramics con-
taining microcapsules were systematically examined. The results
demonstrated that the porous alumina ceramics with microcapsules
possessed excellent lubrication properties.

2. Experimental
2.1. Materials

Methyl methacrylate (MMA, 99%, Meryer, Shanghai, China) was
passed over basic alumina prior to use. 2, 20-Azoisobutyronitrile was
purchased from Beijing J&K in China. All of the above materials were
retained below. Hexadecane (HD, 98%) was supplied by Meryer
(Shanghai, China). Sodium n-dodecyl sulphate (SDS 99%) was provided
by National Medicine Group Chemical Reagent Co., Ltd. PAO6 was
purchased from Shanghai Qi Cheng Industrial Co., Ltd. The porous ce-
ramics were supplied by Guizhou Meirui New Material Technology Co.,
Ltd.

2.2. Synthesis of PMMA microcapsules containing PAO oil

Studies by Guo et al. [36] have shown that microcapsules of different
sizes can be synthesized by changing the concentration of surfactants
and co-stabilizers. Therefore, we changed the size of the microcapsules
by reducing the ultrasonic speed and increasing the concentration of
co-stabilizer and surfactant. Two types of PMMA-PAO6 microcapsules
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with diameters of 60-70 nm and 200-400 nm were prepared through
the microemulsion polymerization method. The schematic diagram was
shown in Fig. 1.

Firstly, the PAO6 and HD were added into PMMA, and magnetic
stirring was used to form the dispersed phase. For the preparation of the
surfactant solution, SDS was added into deionized water, and the
dispersed phase solution was then added. Subsequently, the mixed so-
lution was transferred into the cell crusher for ultrasonic micro-
emulsification. In order to avoid polymerization owing to the temper-
ature increase during the ultrasonic process, an icy water bath was used
for cooling. Afterwards, the solution was transferred into a three-necked
flask filled with nitrogen for further reaction at 75 °C under agitation for
about 5 h. Finally, the synthesized microcapsules solution was sealed
and stored at room temperature before being impregnated to the porous
alumina ceramics.

2.3. Preparation of the porous Al;O3 ceramics with microcapsules

The porous alumina ceramics with PMMA/PAO6 microcapsules were
prepared by the vacuum impregnation method. To better penetrate the
microcapsules into the deep part of the porous ceramics, multiple im-
pregnations were carried out during the preparation process. As shown
in Fig. 2, porous alumina ceramics were immersed in the solution with
microcapsules of 60-70 nm in diameter, and transferred to a vacuum
chamber. The solution with microcapsules was permeated into the
porous matrix by using a negative pressure for more than 36 h. Subse-
quently, the porous alumina ceramics were baked in an oven at 45 °C for
6 h to remove the water in the solution. After the first drying, the porous
alumina ceramics were once more immersed in the PMMA/PAO6 mi-
crocapsules solutions with the diameters range of 200 nm-400 nm.
Then, the porous alumina ceramics were baked in an oven at 45 °C until
complete drying. During the drying process, the microcapsules
agglomerated, and individual microcapsules gathered together.

2.4. Materials characterization

The morphology of PMMA/PAO6 microcapsules was observed by
scanning electron microscopy (SEM, Hitachi SU8220). The diluted so-
lution with microcapsules was dripped onto a silicon wafer surface and a
splattered Pt surface after drying. The shell thickness of the PMMA/
PAO6 microcapsule was measured by transmission electron microscopy
(TEM, JEM-2100F). The morphology of porous alumina ceramics was
characterized by environment scanning electron microscopy (ESEM, FEI
Quanta 200 FEG). X-ray diffraction (XRD, Bruker, Rint 2000) was
applied to characterize the structure of the porous alumina ceramics
with capsules. The three-dimensional morphology of wear marks and
the ware rate were obtained by using the three-dimensional white light
interference surface topography device (Zygo Nexvie).

The friction tests of porous ceramics with microcapsules were carried
out by using the UMT-3 universal micro-friction and wear tester from
CETR Corporation with the ball-disk configuration. The grinding balls
were zirconia (ZrO) ceramic balls, ¢3.98 mm the balls were rinsed

MMA, PAO6,HD

Magnetic stirring

H,0, SDS |—'| Magnetic stirring I—

PMMA/PAO6

microcapsules solution

emulsification
Reaction micro-
75°C 5h emulsification

Fig. 1. PMMA/PAO6 microcapsule preparation scheme.
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Fig. 2. Schematic diagram of the preparation of the self-lubricating porous alumina ceramics.

thoroughly with alcohol prior to each test. Raw porous alumina ce-
ramics were used as the control group. Reciprocating friction stroke was
4 mm, the sliding speed was 16 mm/s, and the test loads were 3 N and 5
N.

3. Results and discussion

The prepared PMMA/PAO6 microcapsules were regular spheres with
smooth surfaces, and PAO6 was tightly wrapped. Next, by adjusting the
concentration of HD and SDS, the microcapsules with a particle size of
200-400 nm were obtained, as shown in Fig. 3 (b). As a result, the
monomer dispersibility of the capsule solution was better, but it was

66nm)é(

easy to form agglomerates after drying. The morphology after agglom-
eration is shown in Fig. 3 (c). The shell thickness of the PMMA/PAO6
microcapsules obtained from the TEM analysis of is shown in Fig. 3 (d).

As illustrated in Fig. 4(a), the porous alumina ceramics have a pore
size of 3-5 pm. The porosity of porous alumina ceramics was calculated
to be 41.55% measured by the Archimedes drainage method. As shown
in Fig. 4(b), the adhered capsules can be observed on the surface of
porous alumina ceramic with PMMA/PAO6 microcapsules. These mi-
crocapsules showed good dispersion at the smooth surfaces of porous
alumina, many capsules can be seen in this area. Agglomerated capsules
could be seen on the uneven surfaces of the porous alumina ceramics. It
was because recesses provided conditions for the accumulation of

X

364nm

~40nm

Fig. 3. (a) and (b) SEM images of PMMA/PAO6 microcapsules, (¢) SEM image of PMMA/PAO6 microcapsules agglomeration, (d) TEM image of PMMA/PAO6

microcapsules.
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Fig. 4. (a) SEM images of porous alumina ceramics; SEM micrographs of (b) surface morphology, and (c) cross-section of porous alumina ceramics with

microcapsules.

capsules, which leads more capsules reunited after drying. For the sake
of observing whether PMMA/PAO6 microcapsules successfully
permeate into porous alumina ceramics, SEM was taken to observe the
cross-sectional morphology of porous alumina ceramics with micro-
capsules. As indicated in Fig. 4 (c), PMMA/PAO6 microcapsules could be
observed, and these microcapsules were distributed individually or
aggregated on the porous alumina ceramic matrix.

The XRD patterns of the porous alumina ceramics and porous
alumina ceramics with PMMA/PAO6 microcapsules were compared in
Fig. 5. The characteristic peaks of all samples were consistent with the
standard alumina card. The intensity of all characteristic peaks of porous
alumina ceramics with microcapsules was reduced. The results indicated
that the structure of porous alumina ceramics was not destroyed during
the process of vacuum impregnation, and the decrease of peak intensity
proved that the PMMA/PAOG6 microcapsules were distributed on porous
ceramics.

In order to better understand the distribution of microcapsules in the
porous alumina ceramic matrix, the cross-section was observed in detail
by SEM. Fig. 6 presented the SEM cross-sectional image of the porous
alumina ceramic with PMMA/PAO6 microcapsules. As shown in Fig. 6
(a), four areas were selected from top to bottom on the cross-section
image with a total length of 5910 pm for observation. In the four
selected areas, the microcapsules adhering to the porous ceramic sub-
strate could be seen. The distances from the four selected areas to the
upper surface of the porous alumina ceramic are 1472 pm, 2919 pm,
4270 pm and 5181 pm. As the distance from the porous ceramic surface
increases, the quantity of PMMA/PAO6 microcapsules gradually de-
creases. Many single and agglomerated microcapsules can be clearly

ls *
g ‘
z
g —— ceramics —— ceramics+capsules ¢ Al,03
=
10 20 30 40 50 60 70
20(degree)

Fig. 5. XRD pattern of the porous alumina ceramics and the porous alumina
ceramics with PMMA/PAO microcapsules.
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seen in the porous ceramics as showcased in Fig. 6 (b2) and (e2). In the
areas of Fig. 6 (c2) and Fig. 6 (d2), the microcapsules are relatively few.
However, it was also apparent that many monodisperse capsules were
uniformly distributed on the porous ceramic substrate. Agglomerated
microcapsules could be seen at the junction of the porous ceramic par-
ticles. The EDS results in Fig. 7 was the element mapping of the porous
alumina ceramics with PMMA/PO6 microcapsules cross section.

The tribological performances of original ceramics, porous alumina
ceramics with PMMA/PAO6 microcapsules were evaluated using the
UMTS3 tester. The lubricating properties of the porous alumina ceramics
with PMMA/PAO microcapsules under different loads were studied. As
illustrated in Fig. 8 (a), the porous alumina ceramics with PMMA/PAO6
microcapsules under 3 N and 5 N both showed low and stable COF, while
the original ceramics showed the high COF. When the load increased
from 3 N to 5 N, the COF changed drastically. The lubrication perfor-
mance of the porous ceramics with the microcapsules was further
studied, as shown in Fig. 8 (¢). Under the load of 5 N, within a test period
of 7200 s, the porous alumina ceramics with the PMMA/PAO6 micro-
capsules could obtain a lower COF, and it remained stable over time. The
above results showed that the porous alumina ceramics with PMMA/
PAO6 microcapsules had good self-lubricating properties. The results
showed that the filling of PMMA/PAO6 microcapsules in porous ce-
ramics could produce excellent lubricating properties. As shown in Fig. 8
(d), the lowest COF and wear rate of the porous alumina ceramic were
0.196 and 96.74 x 105 mm?®/N-m, which were only 20% and 0.17%o of
the original alumina porous ceramic (lowest COF: 0.962, wear rate:
5611.49 x 10~% mm3/N-m). In order to explore the influence of porous
ceramic pore size and capsule size on lubrication performance, the same
way was used to process porous ceramics with self-lubricating properties
whose pore sizes were around 200-400 nm. The only dissimilarity was
that the microcapsule solution with a particle size of 60-70 nm was used
for both dipping. Tribological experiments were carried out on the
processed samples with pore diameters of 200-400 nm, as shown in
Fig. 8 (b). The COF was not significantly different from the samples with
pore diameters of 3-5 pm. However, the addition of microcapsules also
reduced the COF of porous ceramics in the range of 200-400 nm pore
size. It showed that compared with changing the pore size, the addition
of capsules had a greater impact on the lubricating performance of
porous alumina ceramics.

As can be seen from Fig. 9 (a), the surface morphologies of the worn
surface were examined using the surface profilometer. The width and
depth of wear scars of porous alumina ceramics without PMMA/PAO6
capsule were wider and deeper. It also suggested that porous alumina
ceramics without PMMA/PAO6 microcapsules were more likely to be
worn. As shown in Fig. 9 (b), the energy spectrum analysis of the wear
scars on the surface of porous alumina ceramics was performed. Ele-
ments of Al, O, and C existed in the non-wear region as shown in spec-
trum 2. Al and O are the main elements in porous alumina ceramics, and
C was the main element in PMMA/PAO6 microcapsules. While in
spectrum 1, in addition to Al, O, and C elements, the worn area also
existed Zr element. It demonstrated that during the friction process, the
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Fig. 6. SEM images of porous alumina ceramics with PMMA/PAO6 microcapsules (a) cross-section; (b1) and (b2) magnified SEM images of region I in Fig. 6(a); (c1)
and (c2) magnified SEM images of region II in Fig. 6(a); (d1) and (d2) magnified SEM images of region III in Fig. 6(a); (e1) and (e2) magnified SEM images of region
IV in Fig. 6(a). The agglomerated microcapsules were indicated by green arrows. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Fig. 7. Elemental diagram of porous alumina ceramic cross section.

Zr element in the grinding wheel was transferred to form wear debris
and glued to the surface of porous alumina ceramics.

The lubrication mechanism of porous alumina ceramic with PMMA/
PAO6 microcapsules was primarily due to the boundary lubricant film
was formed on a wear surface. As illustrated by Fig. 10 (c), PMMA/PAO6
microcapsules adhered to porous alumina ceramics were damaged
during friction, and PAO6 lubricating oil was released [37]. The PAO6
lubricates the friction surface and prevents direct contact between the
ZrO grinding ball and the porous alumina ceramic matrix. The wear
debris generated in the friction process were also entered into the holes
on the surface of porous ceramics. In the wear process, the microcapsule
on the porous alumina ceramics surface was damaged first, and the
PAOG oil inside was released to play a lubricating effect, forming a stable
film on the surface of the substrate. As the wear further occurs,

8035

microcapsules deep in the porous ceramics were broken, and the oil
inside was released to provide continuous and stable lubrication. As the
wear time increases, more PAOG6 oil was released. Therefore, low friction
coefficient and wear rate were maintained.

4. Conclusion

The PMMA/PAO6 microcapsules with two different particle sizes
were prepared by microemulsion polymerization. Self-lubricating
porous alumina ceramics were fabricated by impregnation vacuum the
microcapsules into the porous ceramic substrate. For the tribology
testing, the porous alumina ceramics with microcapsules showed
outstanding self-lubrication property. As a result, a lower COF and wear
rate were obtained, which were 0.196 and 96.74 x 10~® mm3/N-m,
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Fig. 8. (a) and (c) coefficient of frictions of the porous alumina ceramics and the porous alumina ceramics with microcapsules at different loads (pore size: 3-5 pm);
(b) coefficient of frictions of the self-lubricating porous alumina ceramics with different pore size; (d) the wear rates of the samples (pore size: 3-5 pm).

Fig. 9. (a) Surface morphologies of the worn surfaces of the samples (the porous alumina ceramics on the left side and the porous alumina ceramics with micro-
capsules on the right); (b), (c) and (d) the EDS of the porous alumina ceramics with microcapsules (spectruml: the worn surface; spectrum?2: the unworn surfaces).

8036



Z. Cheng et al.

Ceramics International 48 (2022) 8031-8038

Fig. 10. High-magnification SEM images of the wear scars of (a) porous alumina ceramics, (b) and (c) self-lubricating porous alumina ceramics.

respectively. Besides, the effect of pore size on the lubricating efficiency
of porous ceramics was also investigated, and studies have shown that
the presence of microcapsules has more impact than the size of porous
ceramics. During the friction process, the PAO oil released from the
microcapsules formed a boundary lubrication film. This prevented direct
contact between the two sliding surfaces, which reduced the coefficient
of friction and the rate of wear.
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