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Abstract: In situ ZA27/TiB, composites were synthesized successfully by diluting the in situ Al/TiB,
composite, which was used as a master alloy. The microstructure and hardness of the developed in
situ composites have been investigated. Results have shown that TiB, particles distribute uniformly
through the matrix and significantly refine the matrix grain. The hardness of the composites was
higher than that of the matrix alloy and increased with the increasing TiB, content. The dry sliding
wear behavior under heavy loads and high rotation speed were studied in detail by using a pin-on-disc
wear tester at room temperature. The results revealed that the wear resistance of the composites
increased monotonically with the increase in the TiB, content. The composites had a lower coefficient
of friction, friction temperature, wear rate, and specific wear rate especially under high loads when
compared with the matrix alloy. An increase in the applied load increased the wear severity by
changing the wear mechanism from abrasion and oxidation to adhesive wear. The composites possess
better adhesive wear resistance properties compared with the matrix, which shows obvious adhesive
wear as the load increased to 36 N, while the ZA27/3.0% TiB, composite did not show adhesive wear
until the load increased to 54 N.

Keywords: sliding wear; microstructure; hardness; zinc; TiB;; wear resistance

1. Introduction

Zinc alloys are characterized by high strength, good tribological properties, high damping,
non-magnetism, low melting temperatures, and excellent formability [1-3]. It can be used not only
in the production of structural parts, but also in the manufacturing of wear-resistant parts [4,5].
Nevertheless, zinc alloys suffer from a drastic deterioration in their properties when the operating
temperature is above 100 °C, and cannot be used effectively under high speed working conditions [6,7],
especially in the dry or non-hydrodynamic friction regime. Therefore, further improving the tribological
characteristics of zinc alloys to substitute traditional high-melting bearing alloys, such as bronzes
and iron alloy, can help simplify the fabrication process, decrease energy consumption, and reduce
the manufacturing cost in case of cast machine components. In recent years, reinforcing with second
phase particles has been verified to be an important way to further improve the strength and wear
resistance of zinc alloys [2,8,9]. A conventional practice to prepare zinc-based composites is the ex
situ method, which involves the addition of externally synthesized particles, for instance, SiC [10,11],
Al,O3 [12], ZrO, [13], graphite [14], and TiO, [15], etc. into matrix alloys. However, owing to the
surface contamination of the reinforcements and poor particle-matrix wettability, various problems
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such as particles segregation, poor adhesion at the interface, and inferior thermodynamically instability
of the reinforcement frequently arise in the fabricating process [8,16-18].

Recently, in situ synthesis techniques have been developed to produce MMC [17,19-21]. Since the
formation and growth of reinforcement take place within the matrix, the in situ preparation of
composites provides advantages including uniform distribution of finer particles, excellent bond at
the interface, and thermodynamically stable reinforcements that overwhelm the conventional ex situ
processes, yielding better mechanical and tribological properties [22,23]. Although various in situ
techniques have been used to fabricate aluminum [17,24], magnesium [25], copper [26], and iron [27]
matrix composites, relatively fewer studies have been reported regarding the fabrication and properties
of zinc-based in situ composites. Therefore, the preparation of zinc-based in situ composites is of
great significance to expand the application field of zinc alloys and improve the use efficiency of
zinc resources.

In our previous study, the high-quality Al/TiB, in situ composite had been fabricated [20], and was
used as a master alloy to refine ZA27, furthermore, the influence of TiB; on solidification dynamics of
ZA27 alloy has been investigated in detail by synchrotron radiation microradiography [28]. ZA27 is a
typical zinc alloy and has been considered for a number of commercial applications due to the good
mechanical, machinability [29,30], and its nominal composition is listed in Table 1. Although zinc
alloys are usually used in lubrication conditions, they may be short of oil temporarily during the
mechanical start-up stage or when occasional accidents take place. As a result, the components
should work under a boundary lubrication or non-lubrication condition, which is easy to cause
the danger of “bearing burning” or “journal sticking”. Therefore, it is necessary to consider the
dry friction performance of zinc based in situ composites. In the present study, ZA27/TiB, in situ
composites were fabricated using the Al/TiB, composite as the master alloy, and their dry sliding wear
performance under relative heavy loads and high rotation speed, which is not applicable for traditional
zinc alloys [7,31], were investigated in detail to evaluate the enhancement of TiB, particles to wear
resistance of the matrix alloy. Additionally, the main wear mechanisms were also discussed based on
the experimental observation.

Table 1. Chemical composition (mass fraction) of ZA27 alloy (ASTM B 240-2004).

Element Al Cu Mg Zn
% 25.5-28.0 2.0-2.5 0.012-0.020 Balance

2. Experimental Procedure

ZA27/TiB; in situ composites with different weight percentages (0.6, 1.8, and 3.0) of TiB, were
fabricated by diluting the in situ Al/TiB, composite. The raw materials were commercial pure aluminum,
0.5 mm thickness Cu foil, pure magnesium, pure zinc, and the Al/10% TiB, composite prepared using
our previously developed mechanical stirring technique [20]. Firstly, the Al/10% TiB, composite and
pure Al were melted at 720 °C in a resistance furnace (Shiyan Electric Furnace Ltd., Shanghai, China),
while pure zinc was melted at 450 °C in another resistance furnace. When the aluminum melt reached
the setting temperature, Cu and Mg were added and melted. Then, the aluminum melt and zinc melt
were mixed rapidly and transferred into a stirring furnace at 610 °C and held for 30 min. After that,
the melt was stirred for 2 min at 120 rpm by a preheated graphite stirring paddle, and refined using
high-purity argon gas, and then poured into a stainless steel mold preheated at 100 °C after slagging off.

The phase identification of the composite was performed by an X-ray diffractometer (PANalytical,
Almelo, Netherlands) using Cu Kot radiation and operated at 40 kV and 40 mA. For the microstructure
analysis, the specimens were polished and etched with Keller’s reagent, and then observed by a
field emission scanning electron micrograph (SEM) operated at 15 kV and equipped with an energy
dispersive spectrometer (EDS). The high resolution transmission electron microscope (TEM) analysis
was carried out using a JEOL 2100 TEM (200 keV incident beam voltage, JEOL Ltd., Tokyo, Japan).
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The hardness tests of the composites were carried out using a Brinell hardness tester (Shidai Ltd,
Jinan, China) with an indenter diameter of 10 mm. The selected experimental force was 1000 kgf,
and the holding time was 30 s. Each sample was measured three times, and the average value of the
three results was determined as the hardness of the material.

The dry sliding wear resistance of the composites was carried out using the CFT-I universal friction
and wear testing machine (ZKKH Ltd., Lanzhou, China) controlled by a microcomputer. Considering
that zinc alloys are conventionally used to produce sliding bearings, therefore, the pin-on-disc module
with sliding and rotating features was used. Figure 1 is the schematic diagram of the wear experiment.
The pin-like specimens of ®4.8 mm X 12.7 mm were made by the fabricated composites, while the
counterpart discs with an outer diameter of 40 mm and a height of 10 mm were made from ASTM
E52100 bearing steel, which is the most widely used bearing alloy and has an excellent wear resistance.
Therefore, the composites couple with the bearing steel is much similar to the real service condition of
the zinc alloys.

Load

,-//

Counterpart
."//

Wear specimen

—— =

Figure 1. Schematic diagram of the pin-on-disc wear test.

Since traditional zinc alloys cannot be used under high speed working conditions owing to their
poor high temperature performance [31,32], a relative high rotation speed (important limiting factor
for the matrix alloys) and different loads were chosen in the present study to accurately evaluate
the enhancement of TiB, to the wear resistance of the matrix alloys. The experimental speed was
fixed at a high speed of 600 rpm, the diameter of friction track was 2 cm, and the wear time was
1 h. In order to evaluate the wear resistance of the composite objectively, the wear experiments were
carried out under three different loads of 18, 36, and 54 N, the corresponding contact stress was 1, 2,
and 3 MPa, respectively, which coupled with the high rotation speed form a high speed and heavy
load situation [33]. As a result, the friction pair will release lots of heat, which is helpful to reveal the
wear resistance of the material under severe conditions.

The changes of the coefficient of friction (COF) during the experiment were recorded by the
computer in real time (once per second). A thermocouple connected with a Graphtec GL220 paperless
data logger (Graphtec Co., Yokohama, Japan) was attached to the sample surface to record the
temperature change of the sample during the experiment. The temperature acquisition frequency was
2 times per second. Before and after the experiment, the samples were put into alcohol for ultrasonic
cleaning for 30 min, then dried and weighed to determine the wear mass loss. The wear rate can be
obtained by dividing the mass loss by the material density and sliding distance, i.e., the volume loss
per unit sliding distance. In order to improve the accuracy of the measurement, three experiments
were carried out under each set of experimental parameters, and the average value of three results was
taken as the final representative result.
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3. Results and Discussion

3.1. Microstructure and Hardness Characterization

The XRD spectrum of ZA27/TiB, composites is shown in Figure 2. It can be seen that the composite
mainly contains x-Al, n-Zn, e-CuZny, and TiB,. The intensity of the TiB; diffraction peak increases
with the increasing particle content, indicating that the TiB, particle content in the composites can be
controlled. No obvious brittle intermetallic compounds such as TiAl3 and AlB,, as well as Al,O3, ZnO,
and other harmful phases can be detected, confirming the feasibility of the preparation technology of
the composites.
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Figure 2. X-ray diffraction patterns of the fabricated ZA27/TiB, composites.

Figure 3a—d shows the SEM images of the matrix alloy and the fabricated composites. As observed
in Figure 3a, the structure of the matrix alloy is mainly composed of coarse «-Al dendrites, and the
inter-dendritic regions are mainly occupied by non-equilibrium eutectic and intermetallic CuZny.
Due to the eutectoid reaction at 275 °C, x-Al dendrites transform into lamellar eutectoids composed
of a-Al and n-Zn (illustrated in Figure 3d). Compared with the matrix, the dendrite branches in
the composites decrease and the grains are obviously refined. When the TiB, content increases
from 0 to 3%, the average grain size of x-Al decreases from 205.4 to 52.3 pum. The corresponding
grain refinement mechanisms have been revealed in our previous work [28]. The TiB, particles
distribute uniformly in the matrix, and there is no obvious particle aggregation. This is mainly due
to the in situ fabrication, which improves the wettability between the matrix and the reinforcement.
In addition, owing to the small density difference between the particles (4.5 g/cm®) and melt (~4.0 g/cm?),
the particles can be suspended in the melt for a long time [19]. During the solidification process of the
composites, the suspended particles are engulfed by the solidification front, and evenly distributed in
the solidification structure. Such particle distribution can reduce the stress concentration, which is
very important to the improvement of the mechanical properties of the composites.
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Figure 3. Scanning electron micrographs of (a) ZA27, (b) ZA27/0.6% TiB,, (c) ZA27/1.8% TiB,,
(d) ZA27/3% TiB,, (e) low-magnification, and (f) high-magnification transmission electron microscope
images of ZA27/3% TiB,,

TEM micrographs and the selected area electron diffraction pattern of the composites are presented
in Figure 3e/f. It is evident that a number of nanoparticles (20~100 nm) are dispersed in the matrix.
Due to the small size of the particles, there are many particles in the selected area, and the diffraction
pattern is polycrystalline. It can be seen that the interface between the TiB, particles and matrix alloy is
straight and clean, and no obvious holes, cracks, residual fluorine salts, and adverse interface reaction
products can be found, indicating that the particles are well-bonded to the matrix.

The hardness of the matrix alloy and ZA27/TiB, composites is shown in Figure 4. It is obvious that
the hardness of the composites is significantly higher than that of the matrix and increases gradually
with the increasing particle content. When the particle content is 0.6%, 1.8%, and 3.0%, the hardness
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of the composites is 2.2%, 8.9%, and 14.4% higher than that of the matrix, respectively. As we all
know, the hardness is a measurement of the material’s ability to resist plastic deformation. Therefore,
the above phenomenon shows that the ZA27/TiB, composites have a stronger ability to resist plastic
deformation compared to the matrix alloy.

130

125 E
120 |
L5 -
110- E/E

105 1 N i N 1 N 1 L | L 1 N i
0.0 0.5 1.0 1.5 2.0 2.5 3.0

wt.% TiB,

Brinell Hardness (HB)
[

Figure 4. Hardness of the ZA27/TiB, composites.

3.2. Coefficient of Friction

The change of coefficient of friction (COF) with time and the average coefficient under different
loads are shown in Figure 5. It can be seen that, for all the loads, the COF increases rapidly with time
after the experiment begins, and then the curve gradually stabilizes. These two stages correspond to
the initial running-in and the stable wear stage, respectively. Since the apex of the sample is a spherical
cap, in addition, the surface of the sample and the counterpart is not completely smooth, but has many
tiny surface protrusions. The contact between the sample and counterpart thus occurs at only a few
highly protruding asperities and induces high contact stress at the beginning of the wear [19,34]. As the
test proceeds, the apex of the sample and the asperities are gradually worn down, and the contact area
between the dual parts increases gradually and tends to be stable, so called the running-in stage [23],
which is an adaptive process of friction pair, and its duration is related to the relative sliding speed and
the load. It can be found that with the load increasing from 18 to 54 N, the running-in stage gradually
extends from 3 to 5 min, while the particle content has no obvious influence on the duration.

It can be seen from Figure 5a that the COF of the matrix and composites show a little fluctuation
when the load is 18 N, indicating that the wear process is relatively stable at this time. When the load
increases to 36 N (Figure 5b), the COF of the matrix and ZA27/0.6% TiB, composite fluctuates greatly.
However, for the other two composites with a high particle content, the COF is still stable, indicating
that they can smooth run without obvious wear mechanism changes. Compared with the load of
18 N, the COF of the two composites decreases slightly, which is consistent with a large number of
reports [35,36]. In the abrasive wear, the fine wear debris produced under the high load has a certain
degree of solid lubrication, the COF thus decreases with the increase of the load [23,37,38]. When the
load increased to 54 N (Figure 5c¢), the COF of the matrix alloy increases greatly and fluctuates violently,
and shows a series of sharp peaks, some of which are close to 1, indicating that large surface protrusion,
coarse debris, or adhesive junctions result in the rapid increase of the friction force. After a period of
time, these protrusion, debris, or junctions are worn out and pushed out of the mating surfaces due to
the mechanical rolling and centrifugal force, and the COF drops sharply, thus forming a sharp peak in
the curve. At the end of the wear test, sharp peaks appear intensively in the curve, which indicates that
the wear resistance of the sample decreases significantly. However, the overall COF of the composites,
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especially ZA27/1.8% TiB, and ZA27/3% TiB,, increases slightly, and the fluctuation range is within
+0.1, and the wear process is generally stable.
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Figure 5. The coefficient of friction (COF) of the ZA27/TiB, composites: (a) 18 N, (b) 36 N, (c) 54 N,
(d) average COF.

Figure 5d shows the average COF of the matrix alloy and composites. It can be seen that the
average COF of the composites is lower than that of the matrix under all loads except for the 18 N load,
confirming that the composites have a better anti-wear performance. The lower COF will generate less
vibration and noise, reduce the energy consumption, and extend the service life of components and
mechanical equipment. The slightly lower COF of the matrix alloy under the light load of 18 N may
be due to the TiB, particles protruding from the sample surface results in the increase of the surface
roughness [39].

3.3. Sample Temperature

Temperature rising can significantly affect the material behavior and alter wear mechanism.
Therefore, the variation of sample temperature during the testing has been monitored and analyzed.
Figure 6 shows the change of the sample temperature of the matrix alloy and ZA27/3.0% TiB, composite
during the wear process. Similar to the COF curve, in the initial stage of wear (the running-in stage),
the temperature curve increases rapidly. With the increase of the load, the slope of the initial increasing
stage of the curve increases, indicating that the frictional heat increases with the increasing load. After
the initial rise, the sample temperature shows different changing trends due to different loads and
materials. When the load is 18 N, the temperature of the matrix alloy and composites decreases slowly,
which is owing to the unstable wear and large amount of friction heat produced in the running-in
stage, and as the test proceeds into the stable stage, the release rate of friction heat decreases, thus,
the temperature drops slowly. When the load is increased to 36 N, the temperature of the matrix alloy
increases obviously and fluctuates sharply with the peak value exceeding 80 °C. The temperature
twists and increases gradually with the wear time, and the average value in the last 10 min of the
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experiment is about 78.6 °C, which is consistent with the change of the COF. Although the temperature
of the composite increases to about 55 °C, the trend of the temperature change is still the same as that
under the low load (18 N).
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Figure 6. Variation of the surface temperature as a function of the test duration for wear samples.

As the load increased to 54 N, the temperature of the matrix fluctuates more sharply with the
maximum value of 116 °C, and the average temperature of the last 10 min is about 101.8 °C. Such high
temperature will lead to the obvious softening of the alloy. The temperature trend of the composite
starts to change at this time, namely, increases slowly and fluctuates slightly during the test process,
indicating that a change probably takes place in the wear mechanism of the composites at this time.
The average temperature of the last 10 min reaches 76.9 °C, which is significantly lower than that of the
matrix alloy and will help maintain the composite strength.

3.4. Wear Rate

Figure 7a shows the wear rates of the matrix alloy and composites under different loads. It can
be found that the wear rates increase with the increasing load and decrease with the increasing TiB,
content. For the load of 18 N, the wear rate of the matrix alloy is 1.13 times that of the ZA27/3%TiB,
composite, indicating that TiB; particles have no significant contribution to the wear resistance under
the low load. As the load increases to 36 N, the wear rates of all materials increases significantly,
however, that of the matrix alloy increases by 128.0%, while that of the ZA27/3.0% TiB, composite
increases by 53.6%, the former is 1.67 times of the latter. As the load increases to 54 N, the wear
rates of the matrix alloy and ZA27/0.6% TiB, increase by 763.9% and 671.2% as compared with the
condition of the 18 N load, while that of the composites containing 1.8% and 3.0% TiB, increase by
only 188.2% and 149.3%, respectively. In this case, the wear rate of the matrix alloy is 3.9 times higher
than that of ZA27/3.0% TiB,. It can be found that with the increase of the load, the wear rate difference
between the matrix and the composite gradually increases, indicating that the wear resistance of
the composites under a high load is more prominent, this is quite different from the traditional ex
situ composites [40,41], in which the wear resistance advantage reduces with the increase in the
load applied.
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Figure 7. Wear rate of the ZA27/TiB, composites: (a) Wear rate, (b) specific wear rate.

Figure 7b shows the specific wear rate of the composites under different loads. The specific wear
rate is the volume loss per unit sliding distance and load [37], thus reflecting the ability of the material
to bear the wear load. It can be seen that the specific wear rate of the matrix alloy increases with
the increasing of the load, especially when the load increases from 36 to 54 N, confirming that the
wear resistance of the alloy declines obviously with the increase of the load, namely, the ability to
resist a heavy load is inferior. However, for the composites with the TiB, content of 1.8% and 3.0%,
their specific wear rates under a heavy load (36 and 54 N) are even slightly lower than that under a
low load, thus, providing sufficient evidence that the composites have an obvious wear resistance
advantage, especially under a high load. This means that the introduction of TiB, particles can break
the limitation of the traditional zinc alloy to a certain extent, and improve the application potential of
the alloy.

3.5. Wear Debris Morphology

In order to study the change of the wear debris under different loads and infer the wear mechanism,
the counterparts together with the wear debris on their surface were photographed after the experiment
(Figure 8), and the corresponding micro morphology and EDS analysis are shown in Figure 9. As shown
in Figure 8, under the action of centrifugal force, the wear debris is distributed in a ring shape on
the surface of the counterpart. As the load is 18 N, the wear debris of the matrix and composites
is fine black powder. The EDS analysis in Figure 9a,d shows that the powder is mainly composed
of tiny debris with a size less than 5 pm and some large strip debris, which is much smaller for the
composites. The powder mainly contains Zn, Al, Fe, and O elements, and the atomic percentages of Fe
are 18.3% and 17.7%, the atomic percentages of O are 42.2% and 43.1%, respectively, indicating that
there are a lot of oxides in the debris, and the friction pair experiences oxidation wear in the wear test.
Under the action of oxygen and friction heat, an oxide film is formed on the worn surfaces of both
parts of the friction pair. Therefore, the two parts can contact each other by the oxide film. The size of
the strip wear debris of the matrix alloy is slightly larger than that of the composite, which indicates
that TiB; particles can inhibit the surface abrading of the sample. When the load increases to 36 N,
the wear debris of the matrix alloy turns to gray, increases obviously in the size, and contains some
large-scale silvery white wear debris. The EDS test results show that the Fe content decreased to
10.4% and the oxygen content dropped to 29.3%, indicating that the oxide film on the surface has been
damaged to a certain extent, and the probability of direct contact between the two parts of the friction
pairs or between the alloy and abrasive particles increase, so that the “fresh” metal is directly grinded.
However, the wear debris of the composite does not change significantly, the EDS results show that the
oxygen content of the debris slightly decreases to 38.5% and the iron content increases to 18.4%.
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ZA27

ZA27/3%TiB: |

100 p

100 pum c 100 pwm

Figure 9. SEM micrographs and energy dispersive spectrometer (EDS) analysis of the wear debris
generated at three loads of 18, 36, and 54 N: (a—c) ZA27 alloy, (d—f) ZA27/3% TiB, composite.

As the load increases to 54 N, the wear debris of the matrix alloy tends to become much silvery
with a flake-like main morphology. Most of the debris has a size greater than 0.5 mm. The debris
mainly contains two elements, Zn and Al, and the percentage of oxygen atom further decreases to
12.4% (Figure 9¢), indicating that the oxide film on the sample surface is completely damaged and
serious material migration occurs. At the same time, the wear debris of the composite changes from
black to taupe (Figure 9f), and contains some coarse silvery wear debris. Most of the wear debris is
flake-like with a size in the range of 5-200 um, and the composition is mainly Zn, Al, Fe, O, in which
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the atomic percentages of O and Fe are reduced to 31.9% and 13.7%, respectively, indicating that the
oxide film is no longer an integrity.

3.6. Worn Surface of the Counterpart

A comprehensive study of the wear requires a detailed investigation of the counterpart worn
surface after the wear test. Figures 10 and 11 are the macroscopic and SEM images of the counterpart
surface with the debris removed. It can be seen that under a low load (18 N), the worn surfaces of all
the counterparts are grayish brown. SEM shows that the worn surfaces are mainly shallow circular
grooves with the width in the range of 20-55 pm (Figure 11a). The EDS analysis shows that the wear
tracks of the counterparts mainly contain O, Zn, Al, Fe, and trace Ti, in which the O atom percentage is
46.1%. It is proven that with the participation of matrix alloy elements and oxygen, oxide forms on the
surface of the counterparts. The local enlarged figure (Figure 11a) shows that there are some micro
protrusions on the counterpart surface, and the micro protrusion surface is covered with oxide, which is
verified by the EDS analysis. During the wear process, the counterpart will contact the specimen
surface through these protrusions. As the load is increased to 36 N, the color of the worn surface
corresponding to the base alloy ZA27 and ZA27/0.6% TiB, becomes lighter, and there are silver white
wear debris on the surface. The debris mainly contains two elements, Zn and Al, which proves that the
above-mentioned materials directly migrate to the surface of the counterpart, and the occurrence of
the obvious adhesive wear. The counterparts corresponding to ZA27/1.8% TiB, and ZA27/3.0% TiB,
samples have no obvious change in the surface, namely, covered by a large number of ploughs, no
obvious material migration occurs, confirming that the two composites have a strong adhesive wear
resistance compared with the matrix alloy.

Load 18N 36N 54N
Sample

ZA27 ‘ :

ZA27/0.6%TiBy|

ZA27/1.8%TiBy|

ZA27/3%TiB;

Figure 10. Macrographs of the counterpart surfaces.
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Figure 11. SEM micrographs of the counterpart: (a) ZA27/3.0% TiB, (18 N), (b) ZA27 (54 N).

For the load of 54 N, the size of the silver white wear debris that bonded on the counterpart
surface of ZA27 increases significantly, and the coarse debris is composed of the matrix (Figure 11b).
In addition, there are a lot of smearing areas on the worn surface, namely, the soft material is smeared
on the surface of the hard material, confirming that the matrix alloy softens obviously under the action
of friction heat, resulting in the occurrence of severe adhesion. As adhesion is much easier between
the same kind materials, each time the sample passes through these coarse debris adhered on the
counterpart, a serious adhesion takes place, resulting in the increase of COF, temperature, as well as
serious mechanical vibration and noise. For high TiB, containing (1.8% and 3.0%) composites, a small,
white, bright wear debris extends along the groves and appears on the counterpart surface, indicating
that the composites also have a slight adhesive wear.

3.7. Worn Surface of the Samples

Figure 12 shows the worn surface and EDS analysis of the matrix and ZA27/3% TiB, composite.
The low magnification (low Mag) images show that all the worn surfaces are relatively smooth under
18 N, and there are a large number of groves and small debris on the surface, and the grove edges
protrude and deform plastically, indicating that the samples have experienced a certain degree of
abrasive wear. The so-called abrasive wear refers to the phenomenon that the abrasive particles scratch
the mating surface during the relative movement of the friction pair and cause the material to fall off.
The abrasive particles are usually surface protrusion, abrasive debris, or foreign hard particles. The high
magnification (high Mag) image shows that the uniform fine grinding scratches along the sliding
direction in the flat groves, which is a typical feature of oxidation wear. Generally, oxidation wear
involves two successive processes: Destruction and regeneration of oxide film. When the formation
speed of oxide film is higher than that of destruction, the oxide film can play a role in reducing the
wear. However, for the high sliding speed or heavy load, the formation speed of oxide film is lower
than the damage rate, the oxide film will break and may cause the adhesive wear. The EDS analysis
shows that the worn surface is rich in O, Zn, Al, and Fe under the 18 N load, and the percentage of
the O atom is 49.8%, which indicates that the stable oxide film is formed on the surface. In addition,
a large number of cracks are distributed in the surface of the seemingly smooth oxide film, and some
cracks are connected with each other, causing the fracturing of the sample surface.

The above analysis shows that there are some micro-protrusions on the surface of the counterpart,
which are pressed into the sample surface under the normal load. Most of the micro protrusions do
not plow the surface of the sample, but squeeze the alloy to both sides during the sliding process,
thus causing the plastic flow of the material and forming the flat grooves, and scratching the surface of
the oxide film, forming the fine oxide wear debris. Some protrusions with sharp corners micro-cut the
sample surface to form deep groves and stripe debris. The tensile stress caused by the micro-protrusion
pressing and the shear stress during the scratching process lead to the longitudinal crack perpendicular
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to the surface and the transverse crack extending from the indentation bottom to the surface in the
oxide film, respectively. The longitudinal crack causes the oxide film to crack and promotes the oxygen
atoms to diffuse into the surface layer, forming the white oxide distributed along the crack in the
local enlarged picture. When the transverse crack propagates to the surface or intersects with the
longitudinal crack, the oxide film fragments fall off and form a crater. These fallen oxide layers can
also act as abrasive particles, leading to the three-body abrasive wear.

Low Mag

500 um

ZA27

High Mag

Low Mag

ZA27/3%TiB,

ok
100 pm

Figure 12. Worn surfaces of the ZA27 alloy and ZA27/3% TiB, composite at different loads.

According to the simplified model proposed by Rabinowicz [42], the abrasive wear rate satisfies

the following formula [36]:

dv W
a - kﬂH_m 1)

where L is the relative sliding distance between the abrasive particles and the worn surface, V is the
wear volume, k; is the abrasive wear constant, which is related to the hardness, the shape of abrasive
particles, and the number of abrasive particles that play a micro-cutting role, W is the load and H,; is
the hardness of the material.

The above formula shows that the abrasive wear rate is directly proportional to the load and
inversely proportional to the hardness of the material. Compared with the matrix, the composite
has a higher hardness, which reduces the protrusion pressing depth and plastic deformation of the
material [43], so the wear degree of the composites is much lower. In addition, since the hardness of
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the matrix is significantly lower than that of the TiB, particles, the matrix around the particles will be
grinded preferentially during the wear process. As a result, the particles contact the protrusions of the
counterpart and act as load-bearing elements, reducing the direct contact between the sample surface
and the counterpart, thus having a protective effect on the matrix and the oxide film [44,45]. This has
been verified by a large number of TiB, particles distributed on the worn surface of the sample under
the 18 N load.

When the load increases to 36 N, the surface of the matrix alloy becomes rough, and the grove
depth increases obviously. There are a lot of V-shaped groves caused by micro-cutting, which indicates
that the abrasive wear is increased. The EDS analysis shows that the grove surface mainly contains
Zn and Al, indicating that the oxide film on the surface of the sample has been destroyed. This is
mainly due to the fact that the high load increases the indentation depth of the micro protrusion
into the specimen surface. During relative sliding, the micro-cutting in the surface is intensified. In
addition to a large number of groves, there are a large number of adhesion areas on the surface. It
shows that with the increase of contact stress and temperature, the specimen surface and the protrusion
of the counterpart have undergone softening and plastic deformation, resulting in the formation of
adhesion junctions between them. In the subsequent sliding, the junctions will fracture under the
shear force. Generally, the location of shear fracture determines the degree of the adhesive wear. The
deeper the fracture location, the more serious the wear. These adhesion areas and the above-mentioned
scattered adhesion debris on the counterpart surface (Figure 10) confirm that the strength of some
adherent junctions has exceeded the shear strength of the matrix alloy at this time and the shear failure
occurs in the surface of the sample and results in the formation of the above-mentioned flake debris
(Figure 9b). The broken adhesion junctions that adhere to the counterpart and subsequently scratch
the surface of the specimen during the sliding process, form deep and wide groves. Under the load of
36 N, the abrasive wear degree of the composite samples increases, which is mainly reflected in the
increase of the grove depth and width. However, there is no obvious adhesion on the worn surface,
proving again the better adhesion resistance of the composite as compared to the matrix.

The hemispherical wear debris model proposed by Arcard in 1953 is a basic model for describing
the adhesive wear, according to the model, the volume wear rate satisfies the following formula [46]:

dv. W
dL =~ 3q, @)
where V is the wear volume, W is the load, and oy, is the yield strength of the material. The above
formula shows that the adhesive wear rate is directly proportional to the load and inversely proportional
to the yield strength of the material. Our previous study has shown that TiB; could significantly
enhance the strength of ZA27 [16], the adhesive wear thus can be reduced.

When the load is increased to 54 N, the area and strength of the adhesive junction between the
matrix sample and the counterpart increase obviously, and the shear failure occurs at the deeper
position of the sample surface, resulting in a large area of surface material transfer and forms a coarse
adhesion debris on the counterpart surface. Owing to the fact that the same material has the same
plastic deformation and cold work hardening tendency, it is more likely to form new adhesive junctions,
which further aggravates the degree of adhesive wear damage. Furthermore, a partial adhesion debris
will cause severe plastic deformation on the surface of the sample under the contact stress, resulting
in severe scratches of millimeters width. For the composite, a large number of deep groves appear
on the worn surface, indicating that the sample has experienced serious abrasive wear. In addition,
the adhesive zones also appear on the worn surface, indicating that due to the further increased load
and temperature, the surface of the composite sample has undergone plastic deformation and the oxide
film has been damaged, leading to the formation of the adhesive junction between the composite and
the counterpart. The high magnification shows that the partial surface of the specimen is exfoliated
under the action of friction force, forming flake debris, which indicates that the strength of the adhesive
junction has exceeded the shear strength of the composite at this time, and the shear failure occurs
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in the surface layer of the specimen. However, most of the TiB, particles still remain intact and well
bonded to the matrix, which is shown in the local magnification image, indicating that the TiB, particle
can still play an anti-wear role due to the good interfacial bonding between the particle and the matrix.

4. Conclusions

In this work, ZA27/TiB, in situ composites were prepared by diluting the in situ Al/TiB, composite,
which was used as the master alloy. The structure and wear-resistant properties of the composite were
analyzed. The main conclusions are as follows:

(1) TiB, particles were distributed uniformly in the matrix, and had an obvious refinement effect
on the x-Al grain size. The hardness of the fabricated composites was significantly higher than that of
the matrix and increases gradually with the increasing particle content.

(2) The friction coefficient of composites was lower than that of the matrix alloy except for the low
load, and the temperature of the composite sample was significantly lower than that of the matrix alloy.

(3) The composite possessed an obvious wear resistance advantage as compared to the matrix,
especially for the high load. The wear rate and specific wear rate of the composites were lower than
that of the matrix alloy, for the load of 54 N, the wear rate of the matrix alloy was 3.9 times higher than
that of the ZA27/3.0% TiB, composite.

(4) The composites had better adhesive wear resistance properties compared with the matrix
alloys, which have shown an obvious adhesive wear as the load increased to 36 N, while the ZA27/3.0%
TiB, composite did not show adhesive wear until the load increased to 54 N.
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