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Abstract: The effects of melt superheat and pulsed magnetic field on the microstructure, mechanical and wear
properties of the MnsSis reinforced Cu—35Zn—3Al alloy were investigated. The results indicate that after the combined
treatments, the hollow formation on the prism-shaped MnsSis particles is inhibited, due to the enhanced solute migration
in melt and promoted adsorption kinetics for crystal growth. The tensile strength and elongation of the forged alloy
increase by 9.0% and 66.5%, respectively. The failure type of MnsSis particles during tension transfers from brittle
cleavage fracture to pulling out of the matrix due to the higher fracture strength with diminished stress concentration,
which leads to enhanced reinforcement of matrix/particle load transfer. The wear resistance of alloy is significantly
improved because of reduced delamination wear, since the severe shear fracture on the MnsSis particles with hollows
under friction induced plastic deformation is restrained, alleviating the subsurface originated crack propagation and

spalling.
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1 Introduction

Special brass is one kind of Cu—Zn based
material with small additions of alloying elements
such as Al, Mn, Si, Ni, and Sn. These additions play
different roles, among which Al produces solid
solution strengthening while Mn reacts with Si and
forms the transition metal silicide of MnsSi; in the
Cu—Zn system. MnsSis has high thermal stability,
high hardness and good anti-wear performance, and
is commonly as reinforcement to endue brass alloys
with high strength and excellent wear property at
low cost [1]. Therefore, the MnsSi; reinforced brass is
widely used to manufacture wear-resistant parts in
the machine, automobile and aero industries, for
instance synchronizer ring, self-lubricating bearing

and piston hydraulic pump [2,3].

Due to the DS8s hexagonal structure, MnsSis
phase tends to grow into hexagonal prism shape
along a long axis in the brass alloys [4—6]. However,
many studies have found that hollows easily appear
in the center of prism-like MnsSi; particles. The
hollow morphology combined with high brittleness
of MnsSi; greatly increases its cracking tendency,
seriously reducing both the strength and wear
resistance of brass alloys [4—7]. LI et al [4]
prepared the brass with different sizes of MnsSi;
phase and indicated that the dimension of internal
hollow rises with increasing the prism diameter. It
is believed that during crystal growth, the melt
region depleted of Mn and Si solutes is easy to
generate in the prism center due to long diffusion
distance, finally resulting in hollow formation inside
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the MnsSisz phase. BIE et al [5] investigated the
morphology evolution of MnsSis phase in the brass
with various Mn contents. It was speculated that the
impurities discharged from the grown MnsSi; are
accumulated in the center of prism surface. Then,
the restricted solute adsorption on the hexagonal
plane leads to the presence of hollows in the prism
center. Up to now, the formation mechanism of
hollows on the MnsSis phase has yet been clarified.
Moreover, there is still a lack of effective means to
control the hollow morphology of MnsSis particles,
so as to improve the mechanical and wear
properties of brass alloys.

Melt superheat (MS) and pulsed magnetic field
(PMF) have been successfully applied to improving
the solidification structure of alloys. The MS
treatment contributes to a uniform and disordered
melt structure, promoting the homogeneous
nucleation and growth of primary phases [8—10].
The PMF has dual effects of electromagnetic
oscillation and stirring on the melt with introducing
the forced convection. The application of PMF with
appropriate intensity is able to reduce the temperature
gradient and solute segregation in the melt, and a
uniform structure with modified morphology of
precipitated phase could be obtained [11—13].

Therefore, in this study the Cu—35Zn-—
3AI-2Mn—0.6Si alloy as a typical example was
synthetically treated by MS and PMF to tailor the
hollow morphology on the MnsSis phase. Growth
pattern and influential factors of MnsSi3 phase, and
the effect of MnsSis morphology on the strength,
ductility and wear resistance of the brass alloy are
investigated. This work could have a great
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transition metal silicides to enhance performances
of composite or alloy.

2 Experimental

2.1 Material and microstructure characterization

The studied alloy was prepared from pure Cu,
Zn, Al, Ni, Sn and Pb, Cu—Mn and Cu—Si master
alloys. The raw materials were melted in a graphite
crucible using a medium-frequency induction
furnace. For the combined treatments of MS and
PMF, the well-mixed melt was first superheated to
1200 °C for 30 min and slowly cooled to 1000 °C.
Then, the crucible was placed in the experimental
setup with PMF triggered simultaneously, as shown
in Fig.1. The PMF was applied until the
solidification process was ended. The input voltage
and frequency were 700 V and 10 Hz, respectively,
while the peak current was measured as about
500 A with pulse duration of 2 ms (Fig. 2(a)). For
comparison, another alloy was cast without any
treatment. The prepared cast ingots were 40 mm in
diameter and 80 mm in height. After that the ingots
were heated to 700 °C for 30 min and subsequently
forged into circular plates with a deformation rate
of 90%. The complete process route is shown in
Fig. 2(b). Chemical compositions of the forged
alloys measured by X-ray fluorescence (XREF,
Shimadzu XRF1800) are presented in Table 1. For
the convenience of discussion, two alloys without
and with MS-PMF treatment are termed as TO and
T1, respectively. The phase composition of alloys
was analyzed using an X-ray diffractometer (XRD,

Stainless frame —

Water inlet

Fig. 1 Schematic diagram of experimental setup
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Fig. 2 Current waveform through induction coil of PMF (a) and solidification and processing route of alloy (b)

Table 1 Chemical composition of experimental alloys (wt.%)

Condition Alloy Zn Al Mn Si Ni Sn Pb Cu

Without treatment TO 35.64 2.92 2.08 0.63 0.22 0.15 0.16 Bal.

MS-PMF treatment T1 35.47 2.89 2.11 0.61 0.21 0.15 0.14 Bal.
Rigaku Ultima TV). A scanning electron with an accuracy of 0.1 mg. Before each weighing

microscope (SEM, Mira 3XMU) and a transmission
electron microscope (TEM, JEOL JEM-F200) were
used to analyze the microstructures.

2.2 Tensile test

The tensile test was carried out using a
universal tensile testing machine at room
temperature at a strain rate of 0.5 mm/min. At least
three tensile specimens with a size of 20 mm x
5 mm % 2 mm prepared from the same positions of
forged samples, were measured for each condition.

2.3 Wear behavior

To characterize the wear resistance of brass
alloys, dry sliding wear tests were carried out using
a universal pin-on-ring configuration. The alloy
pins, machined from the same positions of forged
specimens, rotated along the vertical axis while
rubbing against the ring made of quenched
0.45 wt.% C steel. The pin sample has a dimension
of 4.8 mm in diameter and 12.7 mm in length, with
one end of a hemispherical tip and a surface
roughness of 0.2 um. The total sliding distance is
set to be 1000 m with a sliding speed of 0.5 m/s and
an applied load of 180 N. Friction coefficient
during the test was recorded by computer in real
time. Mass loss of wear samples at different sliding
distances was measured using an analytical balance

the samples were ultrasonically cleaned in an
acetone bath and air dried.

The topography of worn surfaces for the pins
and counterpart rings, as well as the morphology of
wear debris, were characterized by SEM. The 3D
morphology and depth profiles of worn surfaces of
the pin samples were examined using a laser
scanning confocal microscope (LSCM, OSL4000).
The samples were also longitudinally sectioned and
the microstructures below the wear surfaces were
investigated.

3 Results and discussion

3.1 Microstructure and growth morphology of

MnsSis; phase

Figure 3(a) shows the XRD patterns of alloys
without and with MS-PMF treatment. It can be
found that the main component is S phase (bcc
structure, solid solution based on electron
compound CuZn). The formation of MnsSi3 phase
can be confirmed by the small diffraction peaks as
shown in the partially enlarged patterns (Fig. 3(b)).
The microstructures of as-cast alloys are displayed
in Figs. 4(a, b). The gray matrix is § phase and the
particles distribute both within the grains and at the
grain boundaries. According to the 3D morphology
observation with EDS analysis after deep etching,
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Fig. 3 XRD patterns (a) and partial enlargement (b) of alloys without and with MS-PMF treatment
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Fig. 4 SEM images of alloys without and with MS-PMF treatment: (a, b) As-cast alloy; (c, d) Cross section of as-forged

alloy; (a, ¢) TO; (b, d) T1; (ai—di) Local magnification of MnsSi3 particle in dot frame; (a;—d») 3D morphology of

MnsSi; particle

the particles are further proven to be MnsSiz and
present the shape of long hexagonal prism. For the
TO alloy, the prism diameter is about 2.0 pm. The
hollows can be clearly found in the center of
particles via local magnification of microstructure
(Fig.4(a;)) and 3D morphology observation
(Fig. 4(a»)). With the MS-PMF treatment, the
dimension and distribution of particles present
small variation and the hollows on the particles of
the T1 alloy disappear. After the forging

deformation, the particles turn to arrange along the
circular plane and there is no obvious change in
particle morphology, as shown in Figs. 4(c, d).

To investigate the crystal structure features of
MnsSi; phase, the bright field TEM images and
selected area electron diffraction (SAED) patterns
for different crystal planes of MnsSi; particles are
shown in Figs. 5(a—d). The results indicated that the
prism side plane and hexagonal plane correspond
to (1010) and (0002) faces, respectively. The prism
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Fig. 5 TEM images and crystal growth analysis for MnsSi3 phase: (a, ¢) Bright field images; (b, d) SAED patterns;

(e, e1, e2) Crystal structure and side views; (f) Atomic distribution of close-packed faces; (g) Schematic illustration of

growth pattern

height is parallel to the [0001] orientation, namely
the preferred growth direction of MnsSi3 phase. The
crystalline structure of MnsSis is detailly analyzed
as shown in Figs. 5(e, f), since it is an internal factor
determining the final growth morphology [14].
MnsSi; has a DS8s hexagonal structure with the
space group of P63/mcm and the lattice constants of
a=0.691 nm, and ¢=0.481 nm [15]. The unit cell is
composed of three different atomic planes with a
stacking sequence of ABCBA, and atomic plane C
can be obtained by rotating plane A with 180°
(Fig. 5(e)). The positions and atomic distributions
of close-packed faces (0002) and (1010) are
displayed in Figs. 5(ei, €2, f). According to the
Bravais-Friedel law, after crystal growth the
close-packed faces are easily preserved owing to
the lower surface energy [16]. In the theory of
classical crystal growth, the crystal with lattice
parameter a~b>c tends to grow into eclongated
prismatic shape [14]. For this reason, MnsSiz grows
the fastest along the c-axis, that is, (0001) direction.
The hollow defects on the hexagonal face reduce its
atomic density and also increase the growth rate
along the (0001) direction. For other directions
normal to c-axis, the growth rate oriented (1120) is

faster due to complete arrangement of the Mn—Si
periodic chains and thereby the {1120} faces would
disappear during crystal growth. The {1010} faces
have higher atomic density and slower attachment
kinetics. The growth rate along the (1010) direction
is lower and {1010} face can be eventually exposed
on the surface. Combined with the typical faceted
growth pattern, MnsSi3 will grow into the shape
of a long hexagonal prism after crystal growth.
The indices of crystal planes and directions of
hexagonal prism are present in Fig. 5(g), which are
consistent with the TEM results.

3.2 Formation and control mechanism of hollow

morphology on MnsSis phase

The hollows in the center of MnsSi3 particles
should be formed under the influence of the
external environment during the growth process.
Given that the solute concentration and solute
transfer are important environmental factors, to
reveal the formation mechanism of internal hollows
on the MnsSi; prism, the distribution of Mn and
Si solutes in the center and surrounding areas of
MnsSi; phase is investigated for the TO alloy, as
shown in Figs. 6(a—c). EDS analysis of Spots 4 and
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Fig. 6 SEM images of MnsSis particle with or without hollow in TO alloy (a) and T1 alloy (d); (b, ) EDS results for
spots in (a) and (d), respectively; (c, f) EDS line scan profiles of Cu, Mn and Si along red lines in (a) and (d),

respectively

B in Fig. 6(a) indicates that a small amount of Mn
and Si elements failing to react completely is
dissolved in the § matrix, while no Mn and Si are
detected in the hollow area of MnsSi; phase. EDS
line scan results further prove that the f phase at
entire hollow location forms the solute-depleted
region of Mn and Si. In comparison, the distribution
of Mn and Si solutes around MnsSi3 phase in the T1
alloy becomes relatively uniform (Figs. 6(d—f)).
The schematic illustration of hollow formation on
the MnsSi; phase is displayed in Fig. 7(a). With the
prism growth, Mn and Si atoms in melt are
continuously adsorbed to the lattice sites of crystal
faces, so that the solute concentration at the
interface front decreases and the solute diffusion
from surrounding melt is required to maintain the

facet growth. Hence, with the increase of prism
diameter, the melt region depleted of Mn and Si
solutes tends to be generated in the prism center,
due to the longer diffusion distance and barrier
effect of the prism side planes. Then, the internal
hollows will be left on the MnsSi; prism after
crystal growth.

With the MS-PMF treatment, the MnsSi3 phase
grows into the morphology of a complete hexagonal
prism in the T1 alloy, which should be ascribed to
the promoted solute adsorption kinetics. In the
favor of melt superheat, the distribution of Mn and
Si solutes in melt becomes uniform and the
dimension of solute atom clusters decreases, which
benefits the homogeneous precipitation and grow-
up of MnsSis phase. Under the effect of periodically
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changing PMF, an induced current is produced in
the melt in turn. The melt will be subjected to a
Lorentz force caused by the interaction of magnetic
field and induced current, which can be explained
as follows [17]:

F=JxB (1)

where J is the induced current density, and B is the
magnetic flux density. The fields of Lorentz force
and fluid flow under PMF were simulated using the
commercial Ansys software. Figure 8(a) shows the
calculated Lorentz force distribution in melt in one
period of PMF, which demonstrates the simultaneous
generation of electromagnetic oscillating and stirring.
Figure 8(b) displays the time-averaged flow
velocity distribution in melt under PMF. Fluid
regions with different flow velocities can be
observed, indicating the formation of effective
forced convection, and the specific convection
direction is shown in Fig. 8(c). Through the
enhanced fluid movement, the ambient melt rich in

Mn and Si solutes is able to migrate to the growth
front of MnsSisz phase, resulting in the sufficient
solute adsorption on the prism planes during crystal
growth (Fig. 7(b)). Therefore, after the MS-PMF
treatment, the MnsSi; phase eventually grows into
the hexagonal prism-like morphology without
center hollows.

3.3 Effect of MnsSi; morphology on mechanical
properties

Figure 9 shows the typical engineering stress—
strain curves and mechanical properties of forged
alloys under different treatments. The ultimate
tensile strength and elongation to fracture of the TO
alloy are 601 MPa and 9.2 %, respectively. After
the MS-PMF treatment, the T1 alloy achieves high
tensile strength of 655 MPa and high elongation of
15.3%, with increments of 9.0% and 66.3%,
respectively. SEM images of fracture surfaces of
the tensile samples are displayed in Fig. 10. For the
TO alloy, the tearing edges, small cleavage planes
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Fig. 7 Schematic illustration of hollow
(a) TO alloy; (b) T1 alloy
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Fig. 10 SEM images of fracture surfaces of tensile samp

t e -
les: (a) TO alloy; (b) T1 alloy; (ai, a», bi, bs) Local
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5—Particle; 6—Fractured particle)

and few dimples are observed on the fracture
surface, indicating a quasi-cleavage fracture mode.
In the local magnification of dot frames in
Fig. 10(a), it can be clearly seen that many cracks
are created on the MnsSi; particles with hollows,
and the prism-like particles are seriously fractured
along the cross and longitudinal sections.
Considering the lowest binding force of close-
packed faces, the cleavage fracture surfaces of
MnsSis particles should be (0002) and (101 0)
planes, respectively. With the MS-PMF treatment, a
lot of small and deep dimples are dominant features
and a ductile failure mode can be determined for the
T1 alloy, as shown in Fig. 10(b). The cracked
MnsSis particles are rarely observed on the fracture
surface and there are obvious pull-out marks of
particles at the bottom of some dimples (Figs. 10(b)
and (by)).

It can be found that the MnsSis particles with
and without hollows present different failure types
during the tensile test, and the influence on the
fracture mechanism of brass alloys is shown in

Fig. 11. Under uniaxial tension the stress efficiently
transfers from the matrix to MnsSi3 particles,
especially at the locations of geometric defects [18].
In the TO alloy, some particles with hollows are
prone to fracture along different close-packed faces
to form the cleavage planes with cracks, due to
the higher stress concentration combined with
significantly reduced fracture strength according to
the Griffith theory [19]. Under lower external stress,
the expansion of cleavage surfaces and connection
of cracks eventually lead to the macrofracture of the
material. For the T1 alloy, the matrix yields larger
plastic deformation under higher stress while few
particles are debonded from the matrix with
microvoids left. The microvoids continuously
emerge until the macroscopic fracture takes place.
Therefore, both the tensile failure strength and
ductility of brass alloy are effectively improved
after the MS-PMF treatment.

Many investigations [4,6] have indicated that
the major strengthening effect of the MnsSis
reinforced brass is matrix/particle load transfer
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strengthening. To quantitatively study the influence
of MnsSi3 phase morphology on the strengthening
contribution, finite element analysis (FEA) method
is used to simulate the uniaxial tensile deformation
of TO and T1 alloys via Abaqus software. Figure 12
shows the generated 2D geometrical models with
mesh grids and boundary conditions. To ensure the
accuracy of the simulation, dozens of particles are
included in the model. The particles distribute
randomly in the plane and do not overlap each other.
The volume fraction and dimension of MnsSis
particles (including center hollow) are set according
to the microstructure observation. Ten SEM images
and hundreds of particles were analyzed statistically,

Hang LI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 918—934

and the mean values of volume fraction and
dimension were obtained. To simplify the calculation,
a forged Cu—35Zn—3Al alloy was prepared
approximately as the matrix alloy. Detailed
parameters of the geometric models, and the
properties of matrix alloy and MnsSi3 phase are
displayed in Table 2. It should be noted that the
matrix strength is optimized based on the
experimental values, in combination with fine grain
strengthening and thermal mismatch strengthening
produced by MnsSiz particles. The specific
calculation process is shown in the Supplementary
Information.

In this simulation, the matrix and MnsSis
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Fig. 11 Schematic diagram illustrating tensile fracture mechanism of alloys and failure mechanism of MnsSis phase:
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Fig. 12 Generated 2D geometrical models with mesh grids and boundary condition of TO alloy (a) and T1 alloy (b) for

FEA

Table 2 Parameters of geometric models and properties of matrix alloy (Cu—35Zn—3Al) and MnsSi; phase

Material Volume Dimension/m Young’s Poisson’s Yield Tensile
fraction/% modulus/GPa ratio strength/MPa strength/MPa
Matrix alloy 93.5 230%180 95 0.32 280 483
MnsSis 6.5 18x2 (4.5%0.5) 217 0.24 - -
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particles undergo elastoplastic and elastic deformation
respectively. A ductile damage model is used for the
matrix with the fracture strain of 0.2. A brittle
fracture model is adopted for the MnsSis particles
with hollows in the TO alloy due to the serious
cleavage fracture during tension. For a brittle
compound, generally the fracture strength of o is
less than E/100, where E is the elastic modulus.
Thus, the fracture stress of MnsSis particles with
hollows is about 2170 MPa and the fracture strain is
about 0.01. Figure 13(a) shows the simulated
stress—strain curves of TO and T1 alloys. Stress and
strain values of the whole model during tensile
deformation are calculated by averaging the values
of all grid nodes. The time nodes of particle fracture
initiation and reaching critical failure condition are
shown by the arrows. Table 3 lists the comparison
between the simulated and experimental results of
TO and T1 alloys. The calculated elastic modulus of
the FEA models is close to the test value of alloys,
which indicates good model rationality. The
simulated strength and elongation are in good
agreement with the measurement. Hence, the
reduced load transfer strengthening resulted by the
fracture damage of MnsSi; particles is the main
reason for the decrease in strength and ductility of
TO alloy. In addition, there are some difference
between the simulation and experimental results,

700
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which may be related to many aspects, such as
ignoring the interface cracking of particles and
solution strengthening of residual Mn and Si
elements, and the modeling accuracy.

To evaluate the load transfer capacity of MnsSis
particles with and without hollows, the stress
partition parameter (Rmp) between the matrix and
particles is used, which can be expressed by [20]

Rm — O-matrix
/p

O-particle

()

where Omarix and oparicle are the average stresses on
the matrix and particles, respectively. Figure 13(b)
displays the variation curves of Ruy as a function of
strain for TO and T1 alloys. In the stage of lower
strain with £<0.02, the curves gradually decline and
the stress is continuously transferred from the
matrix to MnsSi; particles. Rmp of TO alloy is
slightly lower than that of T1 alloy, which means
that more stress is concentrated on the particles
with hollows. In the stage of plastic deformation
with £>0.02, Rw; of T1 alloy slowly decreases and
then remains a sight change. Rmp of TO alloy
gradually increases and becomes greater than that
of T1 alloy, which is ascribed to the fracture
damage of some particles, resulting in the reduction
of stress transfer capacity.
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Fig. 13 Simulated stress—strain curves (a) and stress partition parameter (Rmjp) between matrix and MnsSis phase (b) of

TO and T1 alloys

Table 3 Comparison between simulated and experimental results of mechanical properties of TO and T1 alloys

All Elastic modulus/GPa Yield strength/MPa
oy
Simulated Experimental Simulated Experimental
TO 318 310
63 61
T1 318 314

Tensile strength/MPa Elongation/%
Simulated Experimental Simulated Experimental
609 601 10.0 9.2
660 655 14.9 15.3
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Figures 14(a—d) show the von Mises stress
contours of TO and T1 alloys at different strain
conditions. With increasing the strain, the stress on
the particles gradually increases, and higher level of
stress 1.e. the stress concentration, exists on some
particles. The stress concentration degree on the
particles of TO alloy is higher than that of T1 alloy,
especially at the hollow locations, as shown
by the arrows in the enlarged view of particles
(Figs. 14(ai—d2)). Correspondingly, the strain
contours of particles at the same model strain are
displayed in Figs. 14(e, f). It can be seen that the
particles subjected to higher stress also exhibit
greater strain  concentration (Figs. 14(ei, e2)).
Therefore, brittle fracture is more likely to occur
on the MnsSiz particles with hollows, which
remarkably reduces the load transfer strengthening
in the TO alloy.

3.4 Effect of MnsSiz; morphology on wear resistance
Figure 15(a) shows the variation curves of

TO alloy

Stress/MPa
+2.028e+03
+1.879e+03
+1.730e+03
+1.581e+03
+1.432¢+03
+1.283e+03
+1.134e+03
+9.852e+02
+8.361e+02
+6.871e+02
+5.381e+02
+3.890e+02
+2.400e+02

wear loss as a function of sliding distance for TO
and T1 alloys. According to the change law, the
friction process can be divided into two stages. In
Stage I the curves rise linearly and the critical
sliding distances of TO and T1 alloys are 300 and
500 m, respectively. In Stage Il the curves increase
rapidly and the T1 alloy exhibits lower wear loss.
The friction coefficient curves of two alloys with
sliding distance are displayed in Fig. 15(b). During
the steady-state wear, the TO alloy presents higher
average friction coefficient with violent fluctuation,
which is proven by a greater standard deviation (o).
Figure 16 shows different wear features of
samples after sliding 400 m. The main wear forms
can be determined as adhesive wear and abrasive
wear, according to the observation of grooves and
plastic deformation on the worn surfaces, strip-like
wear debris, and material transfer on the counterpart
surfaces (Figs. 16(a, d)) [21,22]. Oxidative wear is
confirmed by detecting the O element distribution
on the wear surfaces [23]. Compared with T1 alloy,

T1 alloy

Stress/MPa
+9.213e-03

03
+1.868¢-03
+11200¢-03

Fig. 14 von Mises stress contours of alloys at different strains of 0.015 and 0.025: (a, c) TO alloy, (b, d) T1 alloy; strain

contours of MnsSi3 particles at strain of 0.025; (e) TO alloy; (f) T1 alloy; (a;—fi, a>—f2) Enlarged views of stress and

strain distribution within MnsSi3 particles
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Fig. 16 SEM micrographs and 3D images of worn surfaces and subsurface microstructures showing wear features of
alloy samples after sliding 400 m: (a—c) TO alloy; (d—f) T1 alloy; (a1, a2, di) Local magnification of dot frames in (a)
and (d); (a3, d2) EDS maps of dashed frame showing O element distribution; (a4, d;) Wear debris; (as, d4) SEM

micrographs of worn surfaces of counterpart steel

small amounts of cracks and spallings can be
clearly seen on the worn surface of TO alloy, as
shown in the local magnification of dot frames
(Figs. 16(a1, a2)). This suggests the occurrence of
delamination wear, which is also demonstrated by
the 3D wear topography (Fig. 16(b)). In addition,
the continuous deformation layer is formed below
the wear surfaces (Figs. 16(c, f)). For TO alloy,
cracks appear on the particles with hollows in the
worn subsurface while a few particles are broken
into several fragments (Fig. 16(c)), which forms the

origin of surface spallings. Archard model and
Rabinowicz model can be respectively used to
describe the wear volume of adhesion and abrasion,
which is proportional to the sliding distance
and inversely proportional to the hardness of
materials [24,25]. Therefore, during the first-stage
friction, TO and T1 alloys exhibit little difference in
wear loss due to the similar yield strength and
hardness. Delamination occurs earlier during
friction of the TO alloy, since the accumulated
plastic deformation under short-distance sliding can



930 Hang LI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 918—934

lead to the subsurface originated cracking and
spallings [26,27].

Figure 17 shows different wear features of
alloys after sliding a total of 1000 m. It is found that
delamination has become one of the dominant wear
forms alongside adhesive and abrasive wear. The
TO alloy presents heavier delamination indicated by
lots of severe spallings on the worn surfaces
(Fig. 17(a)), propagation of longer surface cracks
(Fig. 17(a1)), and thicker wear debris with serious
cracking (Fig. 17(a2)). The obvious relief of 3D
wear topography of the TO alloy exhibits a rough
worn surface (Fig. 17(b)). The depth profiles of
complete wear tracks for TO and T1 alloys are

displayed in Figs. 17(d, h), respectively. To
quantitatively describe the fluctuation amplitude of
the surface profile, the term A is introduced and can
be calculated as follows [28]:

Al 2

g/ —
A=Y (dipy —d) (3)
i=0
where d is the average depth of surface profile, /nax
is 4800 um, Al is 0.625 um, and dj—#a; is each
measured d-value which corresponds to a specific
l-value. The calculated results show that 4 of the
worn surface of TO alloy (105741 um?) is about
3.3 times higher than that of T1 alloy (31765 um?),
and the relevant dmax values are 23.2 and 9.5 pm,

@ Delmmatlon JVEI

d =232 pm, 1=105741 pm?

Delamination

e -—

1200 2400 3600 4800
Length/um

B Deformation layer

pullallmn

dax=9.5 um, 2=31765 pm?

1200 2400 3600 4800
Length/um

Fig. 17 SEM micrographs, 3D images and depth profiles of worn surfaces and subsurface microstructures showing wear

features of alloys after sliding total 1000 m: (a—d) TO alloy; (e—h) T1 alloy; (a1, e1) Local magnification of dot frame in

(a) and (e), respectively; (a2, €2) Wear debris
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respectively. This indicates the evidently reduced
wear damage with a flatter worn surface of T1 alloy.
Figures 17(c) and (g) display the worn subsurface
microstructures of TO and T1 alloys with a thicker
deformation layer, respectively. For the TO alloy,
severe fracture occurs on many particles with
hollows, and propagation and penetration of
clongated cracks are generated, resulting in the
imminent spalling failure of coarse wear particle
(Fig. 17(c)). In the worn subsurface of T1 alloy, the
cracks are found to be developed only through the
matrix in the deformation layer, and the spalling of
a small piece of material is to be produced
(Fig. 17(g)). The MnsSis particles as hard phase
favors the friction coefficient decrease of the alloy
during friction. The spalling of MnsSi; phase
reduces its real contact area with counterpart,
resulting in a higher friction coefficient with larger
fluctuation. Therefore, during the second-stage
friction, the wear loss and friction coefficient of the
T1 alloy are apparently decreased due to the
reduced delamination, which is mainly ascribed to
the alleviation of subsurface originated cracks and
spallings.

To better understand the crack initiation
conditions in the worn subsurface of alloy samples,
the stress distribution below the wear surfaces is
investigated. During friction the wear samples
contact with counterpart surface in the form of
micro-convex. The stress state at a point at the
depth is complex and multiaxial, which can be
described according to the Hertzian contact
theory [29]. Based on the observed debris size, the
micro-convex is assumed to be a hemispherical
model with a radius () of 100 um. The maximum
compressive stress (Pmax) on the micro-convex can
be expressed as 3F/(2nr?). The applied load F
is 180 N and the P is calculated to be about
8.6x10°MPa. There 1is a three-dimensional
compressive stress near the surface below the
micro-convex and cracks are not easily formed. In
the subsurface layers adjacent to the micro-convex,
the tensile stress and shear stress exist synchronously
and the cracks are most often originated in the
region of maximum shear stress [30]. The zmax value
in the subsurface regions is about 0.25Pm.x and can
be estimated as 2150 MPa. For the TO alloy, the
critical fracture stress or of MnsSi; particles along

the hollow section could be expressed according to
the Griffith formula [19]:

1/2
o0 = (ﬂj (4)

a

where FE(=217 GPa) is the elastic modulus,
»(=1 J/m?) is the fracture surface energy, and a
represents the hollow radius about 0.25 um. Then,
the orfor MnsSis particles with hollows is estimated
as 743 MPa. The shear fracture strength of f matrix
is 0.6—0.8 times of tensile strength and calculated as
290—386 MPa. Thus, during the sliding friction of
TO alloy, cracking will occur on both the particles
and matrix located in the subsurface suffering high
shear stress. According to the aforementioned
discussion, higher stress concentration produced on
the particles with hollows will further promote the
crack initiation. For the T1 alloy, the fracture
strength of particles without hollows (>2170 MPa)
is greater than the maximum shear stress and hardly
any particles are cracked in the worn subsurface.

Therefore, the cracking of MnsSis particles
below the wear surface of alloy samples is very
sensitive to the hollow morphology. The schematic
illustrating the formation mechanism of cracks and
spallings on the worn subsurfaces is displayed in
Fig. 18. During friction of the TO alloy, cracks
initiate at the hollow locations of subsurface
particles where being stress concentrated. Under the
action of accumulated plastic deformation, severe
shear fracture occurs on numerous subsurface
particles with hollows. Connection of cracks
between the particles and matrix leads to rapid
crack growth (Fig. 18(a)). Thereafter, the long
cracks propagate and penetrate up toward the
surface, finally resulting in the massive spallings of
bulk surface material (Fig. 18(b)). For the T1 alloy,
the crack development along the ductile matrix in
subsurface is limited and few spallings of small
wear particle are created (Figs. 18(c, d)). In addition,
the hard MnsSi3 particles play a vital role of
supporting the matrix during friction, and the
broken particles will debilitate the capacity of
surface material to resist the plastic deformation
and microplowing. To sum up, after the MS-PMF
treatment, the wear damage of adhesion and
abrasion is reduced together with the mitigated
delamination, and the wear resistance of brass alloy
is significantly improved.
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treatment: (a, b) TO alloy; (c, d) T1 alloy

4 Conclusions

(1) The formation of hollows in the center of
Mn;sSis phase with the growth pattern of hexagonal
prism is inhibited, due to the uniform solute
distribution and enhanced solute diffusion through
forced convection in melt, which promotes the
adsorption kinetics on the prism planes and thereby
hinders the generation of melt regions depleted of
Mn and Si solutes in the prism center, i.e., the
origin of hollows.

(2) The brass alloy achieves high tensile
strength of 655 MPa and high elongation of 15.3%
with great increments of 9.0% and 66.5%,
respectively. The failure type of MnsSis particles
during tensile deformation transfers from brittle
cleavage fracture to pulling out of the matrix
ascribed to the higher fracture strength with
diminished stress concentration. This leads to the
increased particle/matrix load transfer strengthening,
favored by the good agreement between finite
element simulation and experimental results.

(3) The wear resistance of brass alloy is
significantly improved because of the reduced

delamination wear, since the severe shear fracture
on the Mn;sSis3 particles with hollows under friction
induced shear plastic deformation is restrained,
thus alleviating the subsurface originated crack
propagation and spallings.
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