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In this paper, Al-Cu alloy-based SizN, composite was prepared by using a powder metallurgy technology.
The phase, surface appearance and hardness of the composites with different Si;N, contents were inves-
tigated. The water lubrication behaviors of Al-Cu alloy-based Siz;N, composites were evaluated, and the
corresponding low friction mechanisms were explained. Experimental results show that the main structure
of sintered Al-Cu alloy contains of a(Al) + §(CuAl,) metal phase. With the addition of SizN,, the AIN, Al,O3
and SiAION ceramic phases appear for the Al-Cu alloy-based SizN4 composites. The composites with 40
wt.% SizN4 content demonstrates flat net structure on the surface with the highest hardness. Under water
lubrication condition, the low friction coefficient of 0.05 can only be achieved for the composites with proper
Si;N4 content. Analysis reveals that the flat contact surface and tribo-chemical reaction seem to be the two
essential conditions for the low friction. The major wear mechanisms transfer from mechanically domi-
nated wear at the running-in process to the tribo-chemical dominant at the low friction stage.

Keywords Al-Cu alloy-based SizN, composites, hardness, low
friction, water lubrication

1. Introduction

Oil lubricant is crucial to mechanical equipment, and it may
maintain the dominant role in the lubrication area for a long
time. However, the environmental pollution is under increasing
threat from the overuse of oil, and the presence of the global oil
crisis has presented particular challenges for oil lubrication,
which makes people seek an alternative urgently since the
1970 s (Ref 1). To resolve the pollution of oil lubrication and
save the energy sources, many green lubricants, such as ionic
liquids (Ref 2), eco lubricants (Ref 3, 4) and self-organization
of the surface layers (Ref 5, 6) have presented a good prospect.

Water is ubiquitous but is often overlooked. It is environ-
mentally friendly, flame retarded, low cost and sustainable as
well (Ref 7-12). Adopting water as a lubricant could be an ideal
approach to avoid the drawbacks of oil lubrication. Thus,
choosing suitable materials as tribo-pairs for water lubrication
is of great importance.

Rubber (Ref 13-16) and plastic (Ref 10, 17, 18) were used
as water-lubricated materials. It was reported that the groove-
shaped rubber bearings have a low friction coefficient of 0.02
under water lubrication condition (Ref 13, 14). However,
rubber is prone to elastic deformation, resulting in poor shape
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retention and low load-bearing capacity. Plastic is a synthetic
polymer with the properties of good plasticity, excellent
chemical stability and shock absorption. Polytetrafluo-
roethylene and ultra-high molecular weight polyethylene, as
one of the typical representative, have been widely applied in
the water lubrication area (Ref 10, 17). The disadvantages of
water absorption and poor heat resistance may seriously affect
its mechanical properties and dimensional accuracy.

Copper alloys, such as bronze, brass and tin bronze, are also
used as water-lubricated materials in the early days (Ref 15, 19,
20). One of the successful application is brass, which is the first
water-lubricated material for propeller shafts. These materials
possess a high load-bearing capacity, while their weakness is
equally notable, such as electrochemical corrosion and poor
impact resistance. Recent studies show that ceramic is a
suitable candidate for water lubrication (Ref 21-25). It has
corrosion resistance, high hardness, high strength, low density
and high stiffness. The friction coefficient of self-mated SizN4
and SiC can reach 10> order of magnitude in water. However,
fatal flaws of low fracture toughness and hard machinability
limit their applications to a certain extent.

According to available reports, the main properties of the
above materials were summarized in terms of corrosion
resistance, load-bearing capacity, shape retention, high-temper-
ature stability, wear resistance, impact resistance, machinability
and friction coefficient. And the results are shown in Table 1.

Note that copper alloys and ceramics exhibit relatively good
performances. It could be a feasible method to preparing metal-
based ceramic composite with an excellent water lubrication
property. Among the numerous ceramics, SisN,4 presents the
shorter running-in period in water (Ref 21). When fabricating
metal-based Si;N,; composite, the interfacial infiltration and
wettability between the selected metal and Si;N4 is a core
problem. Actually, the wettability between SizN, and several
metals, such as Ag, Al, Au, Cu, In and Sn, was studied by
Ljungberg et al. (Ref 27), and molten Al shows an outstanding
potential, especially at the high temperature of 1100 °C.
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Recently, research shows that the contact angle between molten
Al-10wt.%Cu alloy and SizN4 ceramic is less than 40°,
exhibiting good wettability (Ref 28, 29). During the brazing
process, it is confirmed that the addition of an appropriate
amount of Cu to Al could not only improve the wettability of
Al with Si3Ny ceramic, but also reduce the sintering temper-
ature (Ref 30, 31).

In this paper, attempts were made to prepare Al-Cu alloy-
based SizN, composite by using the powder metallurgy
technology. The influences of the Si;N4 content on the phase
structure, surface appearance and hardness of the composites
were analyzed. Special attention was paid on the water
lubrication properties of the Al-Cu alloy-based SizN, compos-
ite.

2. Materials and Methods

2.1 Preparation of Al-Cu Alloy-Based Si;N,; Composites

To prepare the Al-Cu alloy-based SizN, composites, Al-
10wt.%Cu alloy powder with the average size of 30 um was
selected as the raw alloy material. And the Si3Ny particle with
the diameter of 1 um was used. The Al-Cu alloy-based SizNy
composite wafers were prepared by powder metallurgy. The
preparation process was mainly divided into ball milling of dry
powders, cold pressing and high-temperature vacuum sintering,
as shown in Fig. 1.

The powder of Al-Cu alloy and SizN; was mixed in a
planetary ball milling machine. According to Ref 32-34, the
selected ball milling parameters were as follows: the rotation
speed of 300 r/min, the ball-to-powder mass ratio of 3:1, and
the duration of 8 h with a 10 min pause per hour. After that, the
mixed powders were cold pressed into a wafer with the size of
@15 x 2 mm by using an electric powder pressing machine at
the pressure of 240 MPa for 5 min. Then, the pressed wafers
were placed into a high-temperature vacuum furnace with a
vacuum degree of 10-1 Pa for sintering. The sintering param-
eters are set as follows: temperature rises to 450 °C for 10 min,
and then continues to heat up to 1100 °C at the rate of 10 min/
°C and holds for 2 h. After that, the sample in the furnace cools
to room temperature. The specific sintering process is also
given in Fig. 1.

To investigate the effect of Si3Ny, content on the properties
of Al-Cu alloy-based Si;N, composites, the wafers with
different components were prepared, as shown in Table 2.

2.2 Characterization of Al-Cu Alloy-Based SizN, Composites

The phase structure of the sintered wafers was performed by
an x-ray diffractometer (D8 Advance A25, Bruker, USA) with
Cu Ku radiation (A = 0.15404 nm). The surface appearance of
the samples was investigated by a scanning electron micro-
scope (Nova Nano SEM 450, FEI, Japan). The average
hardness was obtained by measuring 9 points along the radial
direction of the wafer surface via a micro-hardness tester
(VMH-002VMA, Lecia, Germany) with the load of 0.2 kgf/
cm? and loading time of 10 s.

The water lubrication performance of each composite wafer
was investigated using a ball-on-disk tribometer and a SizNy
ball with the diameter of 8 mm worked as the counterpart.
Figure 2 presents schematic diagram of the test setup.
Throughout the test, the contact between the wafer and ball
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was completely immersed in the deionized water. The normal
load and sliding speed were kept at 2 N and 0.168 m/s, and the
total sliding time was 1100 min. To ensure the reliability, each
test was carried out 3 times. Due to the component difference,
the six wafers present different original roughness. Since the
surface quality may affect the friction result, the wafers were
polished with the roughness of about 90 ~ 100 nm. The wear
scars on the balls and the wear tracks on the wafers were
characterized by an optical microscopy, SEM and 3D pro-
filometer (Contour GT-KO, Bruker, USA). Based on the cross-
section area of the wear track and the diameter of the wear scar,
the wear volumes of the wafer and corresponding ball were
calculated.

To further investigate the wear mechanisms, microscopic
morphology of the worn surface was characterized by a
scanning electron microscope (FE-SEM) equipped with an
energy dispersive spectrometer (EDS) (Quanta 200, Philips-
FEIL, Netherlands). Besides, the wear products dispersed in
water were also collected and analyzed with a transmission
electron microscope (TEM) (HT7700, Hitachi, Japan).

3. Results and Discussion

3.1 Phase of Al-Cu Alloy-Based SisN,; Composites

The XRD patterns of Al-Cu alloy-based Si;N, composites
with varying SizN4 content are shown in Fig. 3. It can be seen
that the main structures of wafer A0 are a(Al) + O(CuAly).
With the addition of Si;Ny4 in the composites, AIN, Al,O; and
SiAION ceramic phases, as well as the a(Al) + 0(CuAl,) metal
phase, form in wafer Al. As mentioned in Ref 35, in a low
vacuum environment, Al and O can form amorphous AlO and
stable Al,O5 through a high-temperature reaction, which may
be described in Eq 1 and 2. The formation of AIN can be
ascribed to the reaction of Al and Si3Ny (see in Eq 3) since the

Si;N,
ball milling

Fig. 1 Preparation process of Al-Cu alloy-based Si;N4 composites
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calculated free energy (AG) of the reaction is negative. At the
same time, the SiAION is also detected. According to Ref 36,
the high temperature may not only accelerate the diffusion of
Al in SizNy, but also promote the solution of Al,O5 in the Si3Ny
lattice. Due to the highest content of Si;Ny in wafer AS, the
more solid solution of Al,O5 in SizN4 could be formed. Thus,
more SiAION ceramic phase appears in the wafer AS.

Al+ 0O, — AlO (Amorphous) (Eq 1)
Al+ 0, — ALO; (Eq 2)
SisNs + Al — AIN + Si AG < 0 (Eq 3)
SisNs + AIO — SiAION (Sialon) (Eq 4)

3.2 Surface Appearances of Al-Cu Alloy-Based SisN,
Gomposites

Figure 4 shows the surface appearances of the six samples
after damage-free polishing. As can be seen, the surface of the
sample AO is relatively smooth. With the addition of SizNy,
small amount of bright particles appears on the surface of wafer
Al. With the increment in the SizN,4 content, the microparticles
increase gradually (see in Fig. 4, A2).

Obvious difference appears when the Si;N4 content exceeds
20wt.%. Compared with wafer A2, a net structure can be found
on the surface of A3 wafer, and the bright particles distributed
on the surface of wafer A3 decrease sharply. The EDS analysis
shows that the elemental compositions of the precipitate are N,
0O, Al and Si. Combined with the results of the XRD and EDS,
it can be deduced that the structure of the bright precipitate
could be SiAION. Compared with the surface appearance of
sample A4, more cloddy bulges distribute randomly on the
surface of wafer AS. Based on the results of XRD (see in
Fig. 3), both the peaks and strengths of SiAION phase increase
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Table 2 Al-Cu alloy-based Si;N, composite wafers with
different components

Wafer sample Al Al A2 A3 A4 AS

Si3Ny mass percent, wt.% 0 10 20 30 40 50

_Dead weight

- S1;N, ball
o MLe” ) Sample
- "~ - Cup

— (1)

Fig. 2 Schematic diagram of the test setup

for wafer AS. Thus, the cloddy bulges could be SiAION
structure.

3.3 Hardness of Al-Cu Alloy-Based Si;N, Composites

Figure 5 presents the hardness of the six wafers. In order to
improve the test accuracy, the wafers were polished to the
average roughness of 90-100 nm. The value is the average of 9
points along the radial direction of the wafer surface.

It can be seen that the hardness first increases with the
increment in SizN,4 content and then decreases. Based on the
previous phase structure analysis, the more the Si;N, content is,
the more the ceramic phases of AIN, Al,O5; and SiAION form.
It is known that the hardness of the three ceramic phases is
higher than that of the a(Al) + 0(CuAl,) metal phase, which
will result in the rise of the hardness. Among the six samples,
the maximum value of 628 HV is achieved for A4 wafers.
Compared with sample A4, the hardness of AS decreases to a
certain extent. As mentioned above, the high content of the
Si;N4 may lead to the relative lacking of Al-Cu alloy. In the
composite, the Al-Cu alloy plays as a binding phase. Due to the
reduction in the binding phase, the compactness of the wafer
decreases, which would weaken the surface hardness.

3.4 Water Lubrication Performance of Al-Cu Alloy-Based
SisN, Composites

Figure 6 shows the friction curves of the six samples under
water lubrication condition. It can be found that the sample Al
shows the highest coefficient of friction about 0.7 during the
whole test process. For the composite samples, there are two
kinds of experimental phenomenon. The friction coefficient of
samples A1-A4 presents a high value at the very beginning, and
it drops gradually with the sliding time. The low and
stable friction coefficient of 0.05 can be achieved for each
sample after a period of running-in time. Among the four
samples, the wafer A4 exhibits the shortest running-in time of
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135 min. The only exception is sample A5, and its friction
coefficient always stays above 0.2 after sliding in water for
1100 min.

Figure 7 presents the final morphology of the worn surfaces.
As can be seen, the wear track on the AQ wafer surface is the
widest and deepest. The diameter of the wear scar on the
corresponding Si;Ny ball is the biggest. And the thick and deep
furrows along the sliding direction can also be observed. Many
grinding scratches appear on the wear scar of the ball.
Combined with the high friction coefficient and severe wear,
the abrasive wear could be the dominated mechanism for the
tribo-pairs.

Compared with the AO wafer, the wear tracks on the wafers
of A1-A4 become narrow and shallow obviously. Meanwhile,
the wear tracks tend to be smoother according to the 3D profile
images, which is beneficial to the formation of a better
conforming contact interface. What’s more, the diameter of the
wear scar on the balls decreases gradually. A similar phe-
nomenon for the low friction of self-mated Siz;N, was also
found by Tomizawa and Fischer (Ref 22), and the wear
mechanism could be changed into tribo-chemical wear. While
for the sample of A5, the depth of wear track presents a slight
increment, and the diameter of the wear scar on the ball also
enhances moderately. Compared with sample AO and samples
A1-A4, it seems that the wear mechanism is dominated by
mechanical and tribo-chemical wears together. Thus, the
sample of A5 maintains a higher friction coefficient during
the whole test process.

Based on the cross-section profiles of the wear track (see in
Fig. 7) and wear scar on the ball, the wear rate of each tribo-pair
is calculated and displayed in Fig. 8, respectively. Not
surprisingly, the highest value appears for the A0 wafer with
the wear rate of 20.67-24.8 x 10~® mm?>/m, while for the Al-
Cu alloy-based Si;N4 composites, the values decrease dramat-
ically and the wear volume of the A4 wafer (with 40 wt.%
Si;N4 content) is the lowest with the value of about 0.58-
2.07 x 107® mm®/m, which is reduced by a factor of 10
compared with that of A0 sample. Again, wear volume of A5
wafer increases in a certain degree. Even so, the value is still
lower than that of A0 sample. Due to the formation of AIN,
Al,05 and SiAION in Al-Cu alloy-based SizN4 composites, the
increased hardness of the wafers may help to improve the wear
resistance and decrease the wear volume as well.

Overall, wear volume of the Si3Ny balls present the similar
variation tendency as the wafers. The ball sliding with the A0
wafer presents the highest wear volume, which is result from
the pure mechanical wear. On the contrary, the reduced wear
volume of the balls may be ascribed to the tribo-chemical
reaction of SizN, ball in water (Ref 37-39), which will be
explained in more detail in the next section.

To further figure out the mechanism of the low friction and
wear, the worn surfaces (A4 wafers and SizN, ball) were
observed at the two typical friction stages. As shown in Fig. 6,
the evolution of friction curve of A4 wafer can be divided into a
running-in period and a stable friction period. The width of the
wear track is about 560 um after the first 135 min of running-in
time (see in Fig. 9), and the value increases to 702 um at the
end of the test (1100 min). The wear volumes of the wafer and
ball are about 0.014 and 0.006 mm” after the running-in time.
Although another more 965 min sliding was carried out, only a
slight increase in the wear volumes (0.004 and 0.006 mm?®)
appears for the wafer and the ball. It seems that the major wear
mechanism could be mechanical wear at the high friction
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process and it transits to tribo-chemical wear dominated at the
lower and stable frictional stage.

More detailed information on the worn track is shown in
Fig. 10. Compared with the initial surface, not only the matrix,
but also the network structures are grinded. The worn surface of
the track is quite flat and it looks like a polished one after
sliding in water for 1100 min. Based on the images of the worn
surface, it can be speculated that the continuous and flat contact

12746—Volume 33(22) November 2024
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surface might be one of the essential conditions for the low
friction.

Besides, the EDS analysis indicates that the main element in
the flat track contains N, O, Al, Si and a small amount of Cu.
As mentioned in Ref 37, 38, 40-43, hydrated silica can be
formed as a product of the tribo-chemical reaction between
Si3N4 and water (AG = — 566.5 kJ/mol for the formation of
Si0,). Meanwhile, alumina can also react with water to form
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aluminum hydroxides during the friction process according to
the free energy calculation (AG = — 21.6 kJ/mol for the
formation of aluminum hydroxide) (Ref 44). Since the free
energy of these two tribo-chemical reactions is negative, it is
quite likely that the lower friction is related to the formation of
silicon hydroxide and aluminum hydroxide, which may play as
good boundary lubrication film to increase the bearing capacity
(Ref22,37,41) and to decrease the shear stress. In addition, the
result of molecular dynamics simulations also shows that the
hydrolysis reaction of the Si-based ceramic can be mechani-
cally induced at the sliding interface by friction (Ref 45), and
double tribo-layers consisting of a colloidal silica layer and a
hydrophilic hydrate are self-formed at the sliding interface (Ref
46). Thus, the low friction coefficient appears, and the wear
volume keeps a little increase in the stable friction stage.

To figure out the tribo-chemical reactions, morphologies and
chemical composition of the wear products formed in the
lubricant were detected. As shown in Fig. 11, the lubricant
collected after 1100 min friction test presents milk white
compared with the deionized water, which indirectly confirms
the tribo-chemical reactions. The lamellar structured wear
debris with the size of 30-40 nanometers can be observed from
the TEM image. Due to the size effect, serious aggregation
occurs. The electron diffraction pattern indicates that these
particles are mainly polycrystalline phase. According to the
EDS, elements N, O, Al, Si and Cu are detected, which may
also reflect the formation of silicon hydroxide and aluminum
hydroxide. Therefore, besides the smooth worn surface, the
hydration products could be the other reason for the low
friction. The corresponding wear mode may change from the
mechanical to tribo-chemical wear in the low friction stage.

Journal of Materials Engineering and Performance

4, Conclusions

In this paper, a kind of water-lubricated material, Al-Cu
alloy-based Si;N4 composite was successfully fabricated by
using powder metallurgy technology. The effect of SizNy
content on the phase structure, surface appearance and hardness
was studied. Much attention was paid on the water lubrication
properties of the composite.

Owing to the excellent wettability of Al with SizNy4
ceramics, the Al-Cu alloy-based SizN, composites can be
prepared by vacuum sintering at 1100 °C. The phase of
sintering Al-Cu alloy (A0 wafer) mainly contains «-Al and 0-
CuAl,. With the addition of SizN, in the composites, metal
phases of the o-Al and 0-CuAl, are gradually transformed into
AIN, AL,O3 and SiAION ceramic. Meanwhile, the surface
appearance also changes with the variation of Si3N4 content.
The precipitate distributed on the surface decreases with the
increase in SizN,4 content and flat network structure forms for
the wafer A4 with the 40wt.% Si;N4 content. The appropriate
amount of SizNy plays the strengthen effect, and the composite
with 40wt.% SizN,4 content presents the highest hardness of 628
HV. Water lubrication property of the composite is also related
with the Si;N, content, and low friction coefficient only
appears for samples A1-A4. To achieve low friction, the flat
wear track and tribo-chemical reaction seem to be the two
essential conditions. During the total friction course, the major
wear mechanisms transfer from mechanically dominated wear
at the running-in process to the tribo-chemical dominant at the
low friction stage.
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SizNy ball 3D images and cross section profile of wafer
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