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Abstract: Amorphous carbon (APC)/Al laminated composites were prepared by hydrothermal carbon adsorption on
plates (HTCAP) and vacuum hot-press sintering process. The effect of the glucose solution concentration on the
microstructure, mechanical properties and tribological properties was investigated. The results indicate that APC is
uniformly distributed between layers and has good interfacial bonding with the matrix through the diffusion of Al. As
the glucose solution concentration increases, the interlayer hardness, ultimate tensile strength and elongation first
increase and then decrease, while the wear rate shows the opposite trend and the coefficient of friction (COF) gradually
decreases. A maximum elongation of 16.4% and a minimum wear rate of 0.344x107°mm?3/(N-m) are achieved at a
glucose solution concentration of 0.3 mol/L. Adhesive wear is the dominant wear mechanism of APC/Al laminated
composites. The improvement in wear resistance is attributed to the formation of uniform APC lubrication film on the
wear surface.

Key words: Al matrix laminated composites; amorphous carbon; hydrothermal reaction; interfacial microstructure;
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1 Introduction

As the most widely used nonferrous metal
structural materials, aluminum and aluminum alloys
have the advantages of high specific strength and
stiffness, excellent corrosion resistance, high recycling
rate and good plasticity processing performance.
They have been widely applied in many fields
necessary for national development, such as the
automotive and aerospace industries [1-3].
However, the disadvantages of aluminum alloys,
such as relatively poor wear resistance, limit their
further application in high-performance tribological
fields. Therefore, reinforcement and lubricating

materials have been introduced to prepare
aluminum matrix composites (AMCs) and improve
the wear resistance of aluminum alloys [4—6].
Recently, carbonaceous materials, such as
graphite [7—9], graphene [10—12], and carbon
nanotubes (CNTs) [13—15], have been applied to
enhancing the wear resistance of aluminum alloys.
BARADESWARAN and PERUMAL [16] prepared
7075 aluminum alloy—graphite composites through
a conventional liquid casting technique and found
that graphite can effectively reduce the coefficient
of friction and wear rate of 7075 aluminum alloy,
while the hardness and flexural strength of the
composites decreased with increasing graphite
content. MAURYA et al [17] fabricated A16061—
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graphene composites by a friction stir process,
achieving increase in the surface hardness and
tribological properties of 160% and 84.2%,
respectively. BASTWROS et al [18] prepared
Al-CNTs composites via high-energy ball milling,
cold compaction and hot extrusion. The results
indicated that the wear rate of the Al-5wt.%CNTs
composites decreased by 78.8% compared to that of
pure aluminum because CNTs were crushed into a
carbon film that covered the surface and acted as a
solid lubricant, significantly improving the wear
behavior.

Although these carbonaceous materials can
effectively improve the resistance  of
aluminum alloys, it is still difficult to resolve the
problem of uneven dispersion of carbonaceous
materials and weak interfacial bonding in aluminum
matrix composites by powder metallurgy techniques
and casting technique. HE et al [19] proposed a
process of hydrothermal carbonized deposition on
chips to prepare amorphous carbon (APC)/Al
composites and found that amorphous carbon was
uniformly distributed in the composites and well
bonded with the aluminum matrix interfacially.
Moreover, the wear resistance of the composites
was significantly improved due to the self-lubricating
characteristic of amorphous carbon. Thus,
compared with other carbon materials, APC is also
a viable material for enhancing the wear resistance
of composites, with the advantages of a simple
preparation process, an extensive selection range of
raw materials, a low cost and a high yield [20,21].

However, the hardness, strength and
plasticity of APC/Al composites were gradually
reduced [22,23]. A novel kind of bioinspired
metal-reinforced laminated composite was designed
and fabricated to obtain excellent comprehensive
properties. LI et al [24] prepared graphene/
aluminum composites with a bioinspired nano-
laminated structure by flake powder metallurgy.
The results showed that tensile strength and elastic
modulus increased by 50% and 20.2%, respectively.
The laminated structure can improve the strength
and toughness of materials simply and effectively,
balance the contradiction between the plasticity
and strength of the reinforcement phase and the
matrix alloy, and make full use of the mechanical
properties of the two different materials.

Therefore, a novel method, called the hydro-
thermal carbon adsorption on plates (HTCAP) and

wear

vacuum hot-press sintering (VHPS) process, was
proposed to prepare APC/Al laminated composites
in this work. Then, the effect of the glucose solution
concentration on the microstructure, mechanical
properties and tribological properties of the APC/Al
laminated composites was investigated. Finally, the
wear resistance mechanism of the laminated
composites was discussed.

2 Experimental

2.1 Primary materials

An industrial A6061 aluminum alloy sheet
and glucose crystal powder (CsHi20¢H>O,
198.17 g/mol) were used as raw materials for the
experiment, and the chemical composition of the
A6061 aluminum alloy is given in Table 1. The
A6061 aluminum alloy sheet was wire-cut into thin
circular plates (d24 mm x 0.4 mm) with a flat
surface. The A6061 plates were ultrasonically
cleaned in alcohol for 20 min to remove surface
impurities. Meanwhile, glucose crystal powder was
added to distilled water and ultrasonically stirred
for 10 min to obtain glucose solutions with
concentrations of 0.1, 0.2, 0.3 and 0.4 mol/L,
respectively.

Table 1 Chemical composition of A6061 aluminum alloy
(wt.%)

Mg Si Fe Cu Zn Mn Ti Cr Al
1.0 07 04 025 025 0.15 0.15 0.2 Bal

2.2 Preparation process of APC/Al laminated

composites

A schematic diagram of the preparation
process of the APC/Al laminated composites is
shown in Fig. 1. First, the A6061 plates (15 pieces)
and glucose solutions (70 mL) with different
concentrations were combined in a high-
temperature and  high-pressure  hydrothermal
reaction kettle. Then, the sealed reaction kettle was
put into a heating furnace for 3h at 180 °C
(hydrothermal reaction). Subsequently, the reaction
kettle was cooled to room temperature, and the
A6061 plates were taken out and dried at 90 °C for
2 h (drying). Afterward, the A6061 plates were
heated at 500 °C for 2h in a vacuum thermal
furnace (vacuum heating). According to different
glucose solution concentrations, the A6061 plates
treated by HTCAP process were named HTCAP-0.1,
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Fig. 1 Schematic diagram of preparation process of APC/Al laminated composites

HTCAP-0.2, HTCAP-0.3 and HTCAP-0.4,
respectively. Finally, the A6061 plates (26 pieces)
were loaded into a graphite mold with an inner
diameter of 24.1 mm, heated at 570 °C for 2 h, and
hot-pressed into a billet at a pressure of 30 MPa for
30 min in a vacuum hot-press sintering (VHPS)
furnace. Meanwhile, the A6061 plates not treated
by the HTCAP process were also subjected to the
VHPS process to obtain comparison samples.

2.3 Characterization

Scanning electron microscopy (SEM, FEI
Quanta 200 kV) equipped with energy dispersive
spectroscopy (EDS) was used to observe the surface
morphology of A6061 aluminum alloy plates, the
interface morphology of APC/Al laminated
composites, and the wear surface morphology of
different samples. The thin circular plates of A6061
aluminum alloy treated by the HTCAP process were
examined by a Raman spectrometer (HR—800). The
microstructure of the composites was observed
using an optical microscope (OM, LCMS301).
Phase analysis was conducted via X-ray diffraction
(XRD, X-Pert PRO). The microstructure of APC

and the interfaces of the APC/Al laminated
composites were investigated by transmission
electron microscopy (TEM/HRTEM, JEM—2100).
A room-temperature tensile test was performed at a
velocity of 1 mm/min by using a universal material
testing machine (Instron 5569/50K). A Brinell
Rockwell & Vickers optical hardness tester
(HBRVU—-187.5) was used for microscopic Vickers
hardness testing with a load of 0.98 N for 15s. A
dry sliding friction wear test was conducted at room
temperature on a ball and disk friction wear tester
(HT-1000). GCrl5 steel balls with a hardness of
HRC 55—66 were used as the counterface material.
The parameters of the wear test were a load of 8 N,
a rotation speed of 200 r/min, and a test time of
3600 s. After the test, the specimen was weighed,
and the wear rate was calculated.

3 Results and discussion
3.1 Microstructure of plates with adsorbed
amorphous carbon

Figure 2 shows the surface morphologies and
C element distributions of the A6061 aluminum
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alloy plates before and after the HTCAP process. It
is evident that the pure plate surface is flat with
parallel rolled streaks and no carbon element exists
(Figs. 2(a, ai, a2)). After the HTCAP process, a
uniform carbon film is generated on the surface of
HTCAP-0.1 (Figs. 2(b, by, by)), which has a typical
flocculent morphology. When the glucose solution
concentration is increased, several monodisperse
carbon spheres are randomly distributed on the
surface of HTCAP-0.2 in addition to the coagulated
carbon film, as shown in Figs. 2(c, ci, ¢2)). When

the glucose solution concentration reaches
0.3 mol/L, the carbon spheres gradually increase
and locally aggregate on the surface of HTCAP-0.3.
Meanwhile, the carbon film gradually becomes
dense (Figs. 2(d, di, d2)). When the glucose solution
concentration is further increased to 0.4 mol/L, the
aggregation of carbon spheres becomes obvious.
Furthermore, the monodisperse carbon spheres
closely cross-link with each other, and the carbon is
gradually enriched, leading to a decrease in carbon
dispersion, as shown in Figs. 2(e, i, €2).

50 S0 pum-

Fig. 2 SEM mlcrographs (a—e, ai—er) and C element distribution (a,—e;) of A6061 plates: (a, ai, a;) Pure plate;
(b, b1, b)) HTCAP-0.1; (c, c1, c2) HTCAP-0.2; (d, di, d2) HTCAP-0.3; (e, e, e2) HTCAP-0.4
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To determine the structure of carbon on the
surface of the A6061 plates, Raman spectroscopy
was performed on the A6061 plate surface after the
HTCAP process. As shown in Fig. 3, the D-band
(at approximately 1361 cm™!) and the G-band (at
approximately 1591 cm™) are observed in the
Raman spectra, which are typical spectra of
amorphous carbon (APC). Meanwhile, as the
glucose solution concentration increases from 0.1 to
0.4 mol/L, the intensities of the D peak and G peak
apparently increase, indicating that the carbon
content increases on the surface of the plate.
Moreover, the peak intensity ratios (/n/lg) are 0.85,
0.73, 0.62 and 0.52, respectively. It is suggested that
the graphitization of carbon gradually increases
with increasing glucose solution concentration. All
the peak intensity ratios (Ip/lg) are greater than 0.52,
so the carbon structure is still dominated by APC.

The HTCAP-0.1 and HTCAP-0.3 were
ultrasonically treated for 15 min in an alcohol
solution. The carbon/alcohol suspensions were
dropped onto a 300-mesh copper grid for TEM
analysis. The TEM morphology, HRTEM images
and formation process of APC on the surface of the
A6061 plates are shown in Fig. 4. The carbon film
on the surface of HTCAP-0.1 has a flocculent-like
structure (Fig. 4(a)), and HRTEM image (Fig. 4(b))
further proves that the carbon film is APC. With
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Fig.3 Raman spectra of A6061 plates after HTCAP
process

increasing the glucose solution concentration, both
the carbon sphere and a carbon film with an
amorphous structure coexist on the surface of
HTCAP-0.3, as shown in Fig. 4(c). The carbon
sphere has a dense carbon core with a flocculent
edge (carbon film), as shown in Fig. 4(d), which
further confirms that the carbon spheres are formed
from the growth of the carbon film. Thus, the
carbon spheres and the carbon film are tightly
linked, and the carbon spheres can closely adsorb
on the surface of the A6061 plate.
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Fig. 4 TEM images (a, ¢) and HRTEM images (b, d) of APC on surface of A6061 plates and schematic diagram of APC

formation process (¢)
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The hydrothermal reaction of glucose solutions
is generally considered to be consistent with the
growth mechanism of the LaMer model [25]. When
the glucose solution concentration is low, the
glucose molecules form large molecules of aromatic
compounds and oligosaccharide carbon chains with
a flocculent-like structure through dehydration and
polymerization, which is Stage II of the APC
formation process during the hydrothermal
carbonization reaction (Fig. 4(e)). Moreover, the
formed aromatic compounds and oligosaccharide
carbon chains can easily adsorb onto the surface
of aluminum alloy plates because they are rich
in oxygen-containing functional groups. As the
glucose solution concentration increases, the
content of aromatic compounds and oligosaccharide
carbon chains tends to saturate at random positions
of the carbon film, and they will further dehydrate,
cross-link and condense to form carbon nuclei.
Subsequently, the carbon nuclei grow up into
carbon spheres by further absorbing the
surrounding aromatic compounds and oligo-
saccharide carbon chains. In contrast, the rest of the
carbon film still exists as the growth substrate of
carbon spheres, which is Stage III of the APC
formation process (Fig. 4(e)). When the glucose
solution concentration further increases, the
aromatic compounds and oligosaccharide carbon
chains are more likely to reach the saturation
concentration, and the carbon nuclei significantly
increase, causing carbon spheres to gradually
increase and cross-link with one another.

3.2 Microstructure of APC/Al laminated
composites

Figure 5 shows the optical microscopy micro-
structures of the APC/Al laminated composites in
the hot-press direction. The thick light-colored
layers in the composites are the matrix A6061 alloy,
the thin dark-colored interlayers are mainly
composed of APC, and the enlarged area in the red
box highlights the interfacial morphology features
of the APC/Al laminated composites. The interlayer
of composites prepared from pure plates has a
typical jagged shape (Fig.5(a)), reflecting the
mechanical bond caused by the plastic deformation
of the A6061 alloy during the hot-press sintering
process. After the HTCAP process, the APC/Al
laminated composites have flat and continuous
interlayers (Figs. 5(b—d)), indicating that APC can
hinder plastic deformation of the matrix A6061
alloy. As the glucose solution concentration
increases, the average interlayer thickness gradually
increases, as shown in Fig. 5(f). When the glucose
solution concentration reaches 0.4 mol/L (Fig. 5(e)),
the interlayers become discontinuous and uneven
in thickness, demonstrating that APC distributes
inhomogeneously due to agglomeration of APC.

Figure 6 shows SEM micrographs and element
distributions of the laminated composites prepared
from pure plates and HTCAP-0.3. A slender gap
exists in the interlayer of the laminated composites
prepared from pure plates, while the interlayer of
the APC/Al laminated composites prepared from
HTCAP-0.3 is filled, as shown in Figs. 6(a, b). It is
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Fig. 5 Microstructures (a—e) and average interlayer thickness (f) of APC/Al laminated composites prepared from A6061
plates: (a) Pure plate; (b) HTCAP-0.1; (c) HTCAP-0.2; (d) HTCAP-0.3; (e) HTCAP-0.4
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A6061 plates: (a, aj—as) Pure plate; (b, b1—bs) HTCAP-0.3

further confirmed from the element distributions
that APC is mainly distributed along the interlayer
of the APC/Al laminated composites (Fig. 6(ba),
which is consistent with the result of Fig. 5.
Moreover, Mg element also obviously enriches in
the interlayer of the APC/Al laminated composites,
and Si element agglomerates both in the interlayer
and on the A6061 plate, suggesting that Mg atoms
and Si atoms seriously precipitate and form Mg,Si
phase during the HTCAP process.

The XRD patterns of the APC/Al laminated
composites are shown in Fig. 7. The A6061 alloy
mainly consists of a(Al) and Mg,Si phases. The
diffraction peaks of Al and Mg,Si can be clearly
detected in all the APC/Al laminated composites
after the HTCAP process. However, the diffraction
peaks of Mg,Si are indistinct for the laminated
composites prepared from pure plates in
comparison, which is in agreement with the SEM
result in Fig. 6(a). Thus, it is concluded that most
of the MgSi phase precipitates during the
hydrothermal reaction. Additionally, the diffraction
peaks of APC are difficult to distinguish. The
diffraction angle area from 18° to 30° is magnified,

A Al Ve
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HTCAP-0.2
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[ F]]
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A
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Fig. 7 XRD patterns of APC/Al laminated composites

and the peaks corresponding to APC are observed at
approximately 24° in all the APC/Al laminated
composites. Moreover, the intensity of the APC
peaks becomes stronger as the glucose solution
concentration increases, indicating that the content
of APC in the APC/Al laminated composites
increases.

To further reveal the interfacial bonding of
APC and the matrix in the APC/Al laminated
composites, TEM analyses were performed on the
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APC/Al laminated composites prepared from
HTCAP-0.3, as shown in Fig. 8. It is obvious that
there is a diffusion zone between Al and APC at the
interface, and Al and APC are uniformly distributed
in the diffusion zone without voids or reaction
products (Figs. 8(a, b)). The selective area electron
diffraction (SAED) pattern shows the typical
concentric diffraction rings, which can further
demonstrate the amorphous carbon structure, as
shown in Fig. 8(b,). Figure 8(c) shows the TEM
morphology of the center region of the interlayer.
APC and Al are well bonded by the diffusion of Al,
which is marked by the red dashed box in Fig. 8(c).
The HRTEM image shows that APC is wrapped by
Al, and there is still a diffusion region, as shown in
Fig. 8(d). Through Fourier transform of the diffuse
area, a diffraction pattern with the coexistence of
spots and concentric diffraction rings is obtained
(Fig. 8(d1)), which is further processed into
Fig. 8(d»). The calibrated diffraction spots match
those of Al, and the concentric diffraction rings
agree with those of APC. Therefore, good
interfacial bonding between APC and Al is achieved
by the diffuse distribution of APC and Al, which
can provide the basis to improve the mechanical
and tribological performance.

3.3 Mechanical properties of APC/Al laminated

composites

Figure 9 shows the matrix hardness, interlayer
hardness and location of sampling points of the
laminated composites. The matrix hardness of the
laminated composites is constant, approximately
HV 48.53. The interlayer hardness of the laminated
composites prepared from pure plates is
approximately HV 50.57. After the plates are
treated by the HTCAP process in glucose solution
(0.1 mol/L), the interlayer hardness of the APC/Al
laminated composite significantly increases to
the maximal value (HV 55.53). This is mainly
generated by the aggregated distribution of the
Mg,Si phase in the interlayer during the hydro-
thermal reaction, as evidenced by the interlayer
enrichment of elemental Mg and Si in Fig. 6.
Moreover, as the glucose solution concentration
increases, the interlayer hardness of the APC/Al
laminated composites gradually decreases. Among
them, the interlayer hardness of the APC/Al
laminated composites prepared from HTCAP-0.4 is
the lowest (approximately HV 49.91), even less
than that of the sample prepared from pure plates,
which is primarily attributed to the low hardness of
APC. The greater the glucose solution concentration

28!
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NENG

S inm

Fig. 8 TEM images (a, c), HRTEM images (b, d) and SAED patterns (b, bz, di, d2) of APC/Al laminated composites
prepared from HTCAP-0.3: (a, b, b1, bo) Composites interface; (c) Center region of composites interlayer
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is, the greater the content of APC is, and the lower
the interlayer hardness is.

The tensile properties of the APC/Al laminated
composites were also further investigated, as shown
in Fig. 10. The ultimate tensile strength (UTS) and
elongation (EL) present the same trend as the
interlayer hardness, and videlicet, they increase
firstly and then decrease as the glucose solution
concentration increases. Compared to the laminated
composites prepared from pure plates (135.78 MPa
and 11.5%), the UTS and EL of the APC/AI
laminated composites significantly increase. The
highest UTS and EL are 148.91 MPa (HTCAP-0.1)
and 16.4% (HTCAP-0.3), with improvements of
9.6% and 42.6%, respectively. Although it has low
hardness and strength, APC could effectively fill
the gap between the interlayers and densify the
composites, leading to elimination of cracks.
Furthermore, good interfacial bonding between
APC and Al is achieved by the diffusion of Al
resulting in the formation of a continuous plastic
deformation gradient zone coordinating with the
matrix and the interlayers. During the tensile
process, the APC film plays an important role in
releasing tensile stress and improving plasticity.
Thus, the tensile properties of APC/Al laminated
composites, especially the elongation, are
remarkably improved. However, with a further
increase in glucose solution concentration, the
agglomeration of APC causes deterioration of
interfacial bonding and a decrease in the tensile
properties.

160
140 -
120 -
Pure plate
< L
E 100 HTCAP-0.4
% 80 HTCAP-0.1
[
i= HTCAP-0.2
g 6ol -~ HTC
6 HTCAP-0.3
40 . T2
— &
20 14
Unit: mm

0 2 4 6 § 10 12 14 16 18
Strain/%
Fig. 10 Stress—strain curves of APC/Al laminated

composites

3.4 Tribological properties of APC/Al laminated

composites

The tribological properties, including the
coefficient of friction (COF) and wear rate, of the
laminated composites were measured. The friction
test curves and variations in the COF and wear rate
with the glucose solution concentration are shown
in Fig. 11. The COF and wear rate of the laminated
composites prepared from pure plates are the largest
(0.46 and 1.01x107>mm?/(N-m), respectively), and
the COF—time curve greatly fluctuates, indicating
that the wear surface is rough. After the HTCAP
process, the COF of APC/Al laminated composites
gradually decreases, and the COF-time curves
become smooth with increasing glucose solution
concentration, while the wear rate first decreases
and then increases. The minimum COF (0.376) and
minimum wear rate (0.344x10°mm?/(N-m)) are
achieved for the samples prepared from
HTCAP-0.4 and HTCAP-0.3, respectively, which
are reduced by 18.26% and 65.94% compared with
those of the laminated composites prepared from
pure plates. This mainly occurs because the APC
in the interlayer is crushed into APC lubrication
film, covering the surface of APC/Al laminated
composites during sliding friction, and the APC
film can effectively hinder direct contact between
the wear surfaces and significantly enhance the
wear resistance. However, when the glucose
solution concentration is further increased to
0.4 mol/L, the wear rate increases, and the
COF—time curve becomes volatile again. The
aggregation of APC in the interlayers affects the
interfacial bonding of the composites and
deteriorates the tribological properties.
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Figure 12 shows the SEM morphologies of
the wear surfaces of the laminated composites. In
addition to some microcracks, severe delamination
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appears on the surface of the laminated composites
prepared from pure plates, which is a typical
characteristic of adhesive wear [26], as shown in
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Fig. 11 Friction test curves (a), and COF and wear rate (b) of APC/Al laminated composites
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Fig. 12 SEM micrographs of wear surfaces of APC/Al laminated composites prepared from A6061 plates: (a) Pure plate;
(b) HTCAP-0.1; (¢) HTCAP-0.2; (d) HTCAP-0.3; (¢) HTCAP-0.4; (f) Element distributions of HTCAP-0.4
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Fig. 12(a). Thus, the dominant wear mechanism is
adhesive wear caused by the direct contact between
the sample and the steel ball under the normal force
and shear force during sliding, leading to higher
COF and wear rate. When the APC formed during
the hydrothermal reaction is introduced into the
laminated composites, although adhesive wear still
plays the dominant role, the delamination positions
and delamination sizes on the wear surface of the
APC/Al laminated composites gradually decrease
with increasing glucose solution concentration, and
the wear surface becomes smooth, corresponding
to the lower COF and wear rate, as shown in
Figs. 12(b—d). Due to the easy sliding of APC under
shear stress, an APC film acting as a solid lubricant
is generated on the wear surface of the matrix
aluminum alloy (Fig. 12(f)). However, when the
glucose solution concentration further increases to
0.4 mol/L, delamination and microcracks around
the interlayer begin to increase (Fig. 12(e)) because
APC significantly agglomerates in the interlayer of
the APC/AIl laminated composite, forming a softer
area than the surrounding area. Therefore, adhesive
wear is more likely to occur at the edge of the softer
area.

A schematic diagram of the wear surface of
the laminated composites is shown in Fig. 13.
According to Archard’s wear theory, the theoretical
wear rate (W) of a material in dry sliding friction is
expressed as [27,19]

w = o

3H
where k is the COF, x is the dry sliding friction
distance, p is the applied normal load, and H is the

)

(a) ‘ Pressure (b)
Sliding direction

—

Pressure

Sliding direction
—_—

hardness of the material. According to Eq. (1),
theoretically, the wear rate is inversely proportional
to the hardness and directly proportional to COF.
However, in the actual process of friction and wear,
when the glucose solution concentration increases
in the range of 0—0.3 mol/L, the wear rate gradually
decreases as the hardness of the laminated
composites first increases and then decreases
(Figs. 9 and 11(b)), which is mainly attributed to the
formation of the APC lubrication film. In the sliding
process of the steel ball, the laminated composites
prepared from pure plates are directly in contact
with the steel ball. The microcracks initiate at the
matrix alloy, induced by a combination of stress and
friction, and propagate through plastic deformation
to form a stripping interface. Then, the debris
entirely detaches from the wear surface, and
delamination is formed, as shown in Fig. 13(a).
Thus, the wear rate and COF of the laminated
composites prepared from the pure plate are the
largest.

After the introduction of APC, the APC in
the APC/Al laminated composites separates and
transfers to the surface of the aluminum matrix with
the movement of the steel ball, forming a
self-lubricating film (Fig. 13(b)) [28]. Since the
APC lubrication film hinders direct contact between
the APC/Al laminated composites and the steel ball,
the wear rate and COF significantly decrease. When
the glucose solution concentration further increases
to 0.4 mol/L, a soft area with lower hardness is
formed in the interlayers because of the
agglomeration of APC. Under the normal force
and shear force during sliding, when the steel ball

Pressure
CHE |

Sliding direction
—

LJ A6061

" Interlayer

{9 Delamination

- Micro-crack

@@ APC film

Fig. 13 Schematic diagram of wear surfaces of APC/Al laminated composites prepared from A6061 plates: (a) Pure

plate; (b) HTCAP-0.3; (c) HTCAP-0.4
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passes through the soft zone, the matrix alloy
nearby is seriously impacted, resulting in micro-
cracks. Therefore, new delamination and spalling
surfaces emerge (Fig. 13(c)), and the wear rate
increases once again.

4 Conclusions

(1) Novel laminated amorphous carbon (APC)/
Al composites with excellent wear resistance are
successfully prepared by the hydrothermal carbon
adsorption on plates (HTCAP) and vacuum hot-
press sintering (VHPS) process.

(2) During the HTCAP process, an APC film
and APC spheres are formed from the dehydration
and polymerization of glucose. They can adsorb on
the surface of the aluminum plate through its rich
oxygen-containing functional groups. After the
VHPS process, APC is uniformly distributed in the
interlayers and has good interfacial bonding with
the matrix through the diffusion of Al

(3) The interlayer hardness, ultimate tensile
strength and elongation of the APC/Al laminated
composites first increase and then decrease with
increasing  glucose
Compared to the laminated composites prepared
from pure plates, the interlayer hardness and

solution concentration.

ultimate tensile strength reach maximum values of
HV 55.53 and 148.91 MPa, with improvements of
9.6% and 9.8%, respectively, when the glucose
solution concentration is 0.1 mol/L. A maximum
elongation of 16.4% is achieved, corresponding to
an increase of 42.6%, at a glucose solution
concentration of 0.3 mol/L.

(4) The coefficient of friction gradually
decreases while the wear rate first decreases and
then increases with increasing glucose solution
concentration. Compared to laminated composites
prepared from pure plates, the wear rate reaches the
minimum value of 0.344x1073 mm?/(N-m), decreased
by 65.94%, when the glucose solution concentration
is 0.3 mol/L. A minimum coefficient of friction of
0.376 is achieved, with a decrease of 18.26%, at a
glucose solution concentration of 0.4 mol/L.

(5) The dominant wear mechanism of the
APC/Al laminated composites is adhesive wear.
The improvement in wear resistance is attributed to
the formation of a uniform APC lubrication film on
the wear surface.
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SRR M T Z 5% APC/Al BIRE &R
AR NEMREMEREZ MR

M, s, £ W O B ARR, FEA!

1 R /RVERL RS MORERL A S22 TR SRS, TR ZRIE 150080;
2. WR/RIEEL TR SEdthliG B R BOR T M M SEIR S, HR/KTE 150080

W OE: RAEBKAGRE M L ZHTCAP)HIE T #E b4l 1.2 (VHPS) 4 T0 € TE B (APCY AL ZIRE G- KL o
FE R HRIR R FEX S AL, Ju e B S M R s . S5 RS8R, APC FEENI RIS, JRHIE
Al ¥ 85 TR L R AT R TS5 & . B 2 AR B BB, R IAEEE . AR PRPTH S8 (UTS) MK R ok
WKW, TSR SO S S, BEEE N E(COF)Z Wi/ . S8 & FHABOIREE A 0.3 mol/L i, iR
WK, N 164%, EHRRR/D, A 0.344x10°5mm3/(N-m). #5EBEHRE APC/Al EIRE A HHEHK I B EE I LH .
TR P 1 0 v 2 L S B R T T AR 21 1) APC T R
KEEIR: HEBEREAMEL TR KHURR; TSRS, B
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