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Abstract: A novel Cu-based P/M aircraft brake material was prepared and the effects of sintering pressure and temperature on
microstructure and tribological characteristic were investigated. For the constant sintering temperature, when the sintering pressure
increases from 0.5 MPa to 1.5 MPa, the porosity, wear loss and friction coefficient decrease remarkably. When the sintering pressure
increases from 1.5 MPa to 2.5 MPa, the porosity further decreases but in a little degree and wear behaviors are improved slightly.
However, once the sintering pressure is larger than 2.5 MPa, it has no obvious effect on microstructure and tribological characteristic.
For the constant sintering pressure, when the sintering temperature increases from 900 ‘C to 930 °C, the sintered density
remarkably increases, and wear behaviors are obviously improved. For further increasing sintering temperature to 1 000 ‘C, the

density keeps on increasing, but wear behaviors change slightly.
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1 Introduction

Powder metallurgy(P/M) friction materials are the
composites made up of metal matrixes, friction
components and solid lubricants. These materials are
normally classified into three types according to the
matrixes, namely Cu-based, Fe-based and Cu-Fe-based
materials[1-2]. Compared with Fe-based and Cu-Fe-
based materials, Cu-based materials have many
advantages, such as better heat conductivity and friction
resistance, so they are broadly used in aircrafts,
automobiles and shipping brake systems[3—4].

In the past several decades, many studies had
focused on the sintering techniques of Cu-based aircraft
brake materials. However, with the rapid development of
aeronautical industry, the mass of aircrafts keeps on
increasing and brake speed increases remarkably, which
results in the notable enhancement in brake energy. For
example, the friction surface temperature is usually
above 1 000 C and the bulk temperature also can be
600°C. Therefore, for the present working condition, the
components and the preparation of brake materials have
greatly changed. However, domestic studies on the new

type of aircraft brake materials have been limited. In the
present study, the effects of sintering pressure and
temperature on microstructure and  tribological
characteristic of a new type Cu-based aircraft brake
materials were studied thoroughly.

2 Experimental

2.1 Sample preparation

The powders listed in Table 1 were weighed with
given proportion, well blended and compacted in a steel
die. The compacts were subsequently sintered for 3—4 h
in a pressed bell furnace saturated with dry H, at 900—
1 000 ‘C and pressure of 0.5-4.5 MPa. The sintered
materials were then driven out when the water-cooled

Table 1 Chemical composition of Cu-based friction materials
(mass fraction, %)

_r Lubricant Alloying
. Frictional
Matrix component component element
Cu : (Graphite and  (Sn and Mn,
(Cw) (Fe and SiO,) MoS,) tc)
50-60 15-20 15-20 5
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temperature is lower than 100 C.

2.2 Test and analysis

The densities of sintered compacts were measured
according to ASTM B376—65 [5]. The microstructures
were investigated by optical metallographic microscope
(OM) and scanning electron microscope(SEM). In OM,
the erode liquor is saturated FeCl; contained in alcohol.

The friction and wear property test were carried out
on an MM-1000 type tester with 30CrMoSiVA structural
steel (HRC 40) as counterpart. The samples were
machined into rings with circumradius and inradius of 75
mm and 53 mm, respectively. The relative parameters
were load of 0.8 MPa, inertia of 2.5 kg-cm's® and the
rotating rate of 6 500 r/min. Every sample was tested 10
times. The wear loss was obtained by measuring the
average difference of the sample’s thickness at three
different spots before and after test. According to the
moment force recorded during braking, the friction
coefficient can be calculated by f=M/(PR), where f is the
friction coefficient, P is working load and R is sample’s
radius. The average result of the last five tests was
considered as the friction coefficient of this sample.

3 Results and discussion

3.1 Microstructure

Fig.1 shows the typical microstructures of compacts
sintered at 930 C under the pressure of 0.5, 1.5, 2.5 and
4.5 MPa, respectively. It’s found in Fig.1(a) that many

evident interfaces exist among particles and pores remain
in the matrix, which indicates that the sintering process is
still not complete under 0.5 MPa. Under this pressure,
since the shearing stress working on the material is lower
than its yield strength, the densification can only be
carried through by diffusion. When sintering pressure
increases to 1.5 MPa, the interfaces among particles
almost disappear and the pores reduce remarkably, as
shown in Fig.1(b). Under this higher pressure, the
shearing stress outweighs the material’s yield strength
and then plastic flow of metal elements in the matrix
happens, which accelerates the densification. When the
sintering pressure reaches 2.5 MPa, the copper particles
couple with each other (Fig.1(c)), indicating the
completeness of sintering process. By comparing Fig.1(c)
with Fig.1(d), it can be found the microstructure varies
slightly for the further increasing pressure to 4.5 MPa,
which suggests sintering pressure of 2.5 MPa is
sufficient for thorough sintering process.

Fig.2 shows the microstructures perpendicular to
pressure direction of composites sintered under 2.5 MPa,
at temperatures of 900, 930 and 1 000 ‘C, respectively.
For the sintering temperature of 900 °C, some black
spots appear in Fe particles (Fig.2(a)). SEM observation
further reveals these spots are pores (Fig.3(a)). In
addition, the connection of Fe and Cu is pore and some
pores exist at the interfaces. Compared with this image,
the pores in Fe particles reduce remarkably and the
bonding strength between Fe and Cu particles improves
obviously for sintering temperature of 930 C (Fig.2(b)
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Fig.2 Microstructures of sintered compacts at different
sintering temperatures: (a) 900 ‘C; (b) 930 C; (¢) 1 000 C

and Fig.3(b)). However, for further increasing sintering
temperature to 1 000 °C, the microstructure changes
slightly, which can be found by comparing Fig.2(b) with
Fig.2(c).

The diversity of composite’s microstructures with
temperatures is closely related with the dissimilar
sintering behaviors of components at different
temperatures. The transformation of ferrite to austenite at
912 °C [6] enhances the solubility of Cu in Fe from about
1% to 8%, which increases the alloying degree between
copper and ferro [7]. Therefore, the higher the sintering
temperature, the larger the chemical interdiffusion
coefficient between Fe and Cu, which causes the vacancy
and dislocation in matrix to increase remarkably,
accelerates the diffusion creep of material and does favor
to the sintering process [8—9]. This is the main factor of
pore elimination in Fe particles. When sintering
temperature increases from 930 ‘C to 1 000 C, the
sintering property of components changes slightly, and
thus the corresponding microstructures hardly change.

Fig.3 SEM images of Fe particles in sintered compacts:
(a) 900 C; (b) 1000 C

3.2 Densification

Fig.4 shows the relationship between porosity and
sintering pressure at the same sintering temperature. It
can be seen that the total porosity and open porosity of
samples decrease remarkably with the increase of
sintering pressure from 0.5 MPa to 2.5 MPa. Once the
sintering pressure is larger than 2.5 MPa, it has no
obvious effect on the densification. These are consistent
with the phenomena observed in Fig.1. Thus, it’s further
shown that 2.5 MPa is enough for complete sintering and
higher pressure has minor effect on densification.
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Fig.4 Relationship between porosity and sintering pressure



672 XIONG Xiang, et al/Trans. Nonferrous Met. Soc. China 17(2007)

Besides, it also can be seen from Fig.4 that the total
porosity and open porosity both show similar down-trend.
However, the closed porosity changes slightly. It can be
summarized that the change of total porosity is mainly
aroused by the variation of open pores, and the closed
pores have minor contribution on densification. More or
less gas is imprisoned in the closed pores, which hinders
the shrinkage of pores during sintering process [10]. Thus,
the closed pores are little affected.

The relationship between porosity and sintering
temperature under the same sintering pressure is shown
in Fig.5. The change of porosity is classified into two
stages. In stage I , when the sintering temperature
changes from 900 ‘C to 930 ‘C, the total porosity and
closed porosity both remarkably reduce, while the open
porosity changes slightly. These indicate that the
reduction of closed pores mainly brings about the
densification of composite. By comprehensively
analyzing Figs.2, 3 and 5, it can be further ascertained
that the elimination of pores in Fe particles causes the
densification of composite in this stage. In stage II, when
the sintering temperature changes from 930 C to 1
000 C, the total porosity, closed porosity and open
porosity all decrease, which reveals that the closed pores
and open pores both affect the densification of
composites. The reason lies in two aspects. On one hand,
with the increase of sintering temperature, the sintering
driving force increases and the self-diffusion and
inter-diffusion of atoms enhance as well, which
accelerates the densification of materials. On the other
hand, due to components of low fusing point (such as Sn)
in the matrix, some liquid phase will appear at higher
temperature, which can fill some pores and then
strengthen the densification of the composites to a
certain extent.
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Fig.5 Relationship between porosity and sintering temperature

3.3 Tribological characteristics
Fig.6 shows the relationship between sintering
pressure and friction and wear behaviors. When the

sintering pressure increases from 0.5 MPa to 1.5 MPa,
the friction coefficient and wear loss decrease by 14%
and 28%, respectively. However, they only decrease by
4% and 8% respectively when the sintering pressure
increases from 1.5 MPa to 2.5 MPa. For the sintering
temperature higher than 2.5 MPa, they change slightly.
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Fig.6 Relationship between sintering pressure and friction and

wear behaviors

Fig.7 displays the relationship between sintering
temperature and friction and wear behaviors. With the
increase of sintering temperature, the friction coefficient
varies slightly, which indicates that in the certain range
of temperature, the change of porosity has slight effect
on friction coefficient of this Cu-based friction
composite. At the same time, the wear of composite is
severe for the sample sintered at 900 ‘C. However, the
wear loss decreases remarkably for raising sintering
temperature to 930 C and it becomes stable for further
raising sintering temperature to 1 000 C.
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Fig.7 Relationship between sintering temperature and friction
and wear behaviors

3.4 Worn surface and sub-surface
The typical worn surfaces of composites under
different sintering pressures are shown in Fig.8. The



XIONG Xiang, et al/Trans. Nonferrous Met. Soc. China 17(2007) 673

worn surface of specimen sintered under 0.5 MPa takes
on lots of adherences and casts and looks much rougher
than that sintered under 2.5 MPa. This shows that severe
wear happens between the friction material and the
counterpart during sliding process, which causes higher
friction coefficient and wear loss. For specimen sintered
under 2.5 MPa, the worn surface is relatively integrated
and only scattered pieces break off from it, which shows
the specimen sintered at this temperature has favorable
wear resistance(Fig.6).

Fig.8 Micrographs of friction surfaces under different sintering
pressures: (a) 0.5 MPa; (b) 2.5 MPa

Fig.9 presents the micrographs of friction surfaces
along cross-section under different sintering pressures,
where the black strips are flake graphite. In case of
composite sintered at 0.5 MPa, the graphite array is
parallel to friction direction, few is extruded to the
surface as shown in Fig.9(a). However, the surface of
composite sintered under 2.5 MPa is covered with a thin
and integrated friction layer and the graphite has the
tendency to be extruded to the friction surface, as shown
in Fig.9(b).

According to the wear theory of self-lubricant
materials, lubricant components, such as graphite, will be
extruded from deformation layer during sliding process
[11-12]. In the materials prepared under 0.5 MPa some
open pores remain, which act as channels. According to
fatigue friction theory, the apt-to-slide flake graphite will
extend and join with each other through the channels
parallel to the friction direction, which results in the
graphite’s lamination and accumulation in the
sub-surface, as shown in Fig.9(a). That is to say, the

graphite can hardly be extruded to the worn surface and
surface lubrication is not enough. This is the main reason
for higher friction coefficient and severe adhesion of
composite sintered under this pressure, as shown in
Fig.8.

Fig.9 Micrographs of friction surface along cross-section under
different sintering pressures: (a) 0.5 MPa; (b) 2.5 MPa

When the sintering pressure increases from 0.5 MPa
to 2.5 MPa, the porosity of composite decreases
considerably and prevents the parallel prolongation of
graphite, so the lamination and accumulation of graphite
on the sub-surface won’t happen and graphite can be
normally extruded to the surface. The extruded graphite
gradually forms adherence layer with low shear intension,
which effectively prevents initiation of microcracks on
the worn surface. Thereby, the steady friction layer forms
and prevents adhesion between the matrix and
counterpart. These favor to lower the friction coefficient
and wear loss [13].

Fig.10 shows the macrographs of worn surfaces of

specimens sintered at different temperatures. It is found

Rough
section

Smooth
section

(b)

Rough
section
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Fig.10 Macrographs of worn surfaces at different sintering
temperatures: (a) 900 C; (b) 1 000 C
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that the worn surfaces mainly involve two sections,
namely smooth section and rough section. The smooth
section looks darker and is integrated with little casts. In
contrast, the rough section looks pale and fragmentary
with lots of casts. Compared Fig.10(a) with Fig.10(b), it
is also found that monolithic casts occur in a large area
shell from the worn surface for composite sintered at
900 °C, but only spot casts in a small area happen for that
sintered at 1 000 C.

Cross-sectional micrographs of the smooth areas of
friction surfaces at different sintering temperatures are
shown in Fig.11, where the arrowhead referred is the
covered friction film. For the specimen sintered at
900 ‘C, the friction film is about 40 um in thickness and
contains lots of cracks, which indicates that this kind of
film is easy to break during sliding process. For the
specimen sintered at 930 C, the friction film is 10-20
pum in thickness. This kind of thin film helps to improve
the wear property of composite. For the specimen

Fig.11 Cross-sectional micrographs of smooth areas of friction
surfaces at different sintering temperatures: (a) 900 ‘C; (b)
950 C;(c) 1000 C

sintered at 1 000 ‘C, superposition of friction film is
found because the new friction film has formed before
the old is destructed. It further indicates that thinner
friction film is not easy to break off, so it is favored to
improve wear property of composite.

Diversity of wear property of composites at
different temperatures is closely related with the
microstructure, especially that of Fe particles. Fe
particles also play a particle strengthening role in the
composite due to its higher strength and hardness than
the matrix [14]. Because many pores remain in the
composite sintered at 900 ‘C, as well as the weak
connection between Fe and Cu, particle strengthening of
Fe is weakened, which leads to lots of material avulsions
along graphite and severe wear loss. During sliding, part
of particles fall from the worn surface and become debris,
the others accumulate in grooves or pits and further
transform into friction film under the action of
multi-axial stress. For the debris with large volume and
quantity, the transformed friction film is thick, as shown
in Fig.11(a). For the composite sintered at 930°C, the
pores in Fe particles remarkably reduce and the
connection between Fe and Cu becomes strong (Fig.3(b)),
so the particle strengthening action of Fe particles
enhances, which results in a small quantity of debris at
the connection region of the material and its counterpart.
This is the main reason for obvious decrease of wear loss.
For the debris with small volume and size, the
transformed friction film is relatively thin (Fig.11(b)),
which causes the decrease of wear loss and stable brake
of composite.

In addition, since the friction film on the surface
directly contacts with the counterpart, it endures intense
friction and thermal impact stress, which makes
microcracks generate and even fall off. For the thicker
friction film, this trend of falling is more obvious [11].
The thickness of friction film on the composites sintered
at 900 ‘C is 2—4 times than that sintered at 930 C.
That is one of the reasons for severe wear of composite
sintered at 900 °C.

4 Conclusions

1) At the constant sintering temperature, the
porosity, wear loss and friction coefficient of composites
all remarkably decrease as the sintering pressure
increases from 0.5 MPa to 1.5 MPa. As the sintering
pressure increases from 1.5 MPa to 2.5 MPa, the porosity
and wear loss decrease slightly. Further increase of
sintering pressure has little effect on microstructure and
tribological characteristic of Cu-based friction materials.

2) Under the constant sintering pressure, the wear
loss of composites sintered at 900 ‘C is severe. As the
sintering temperature increases from 900 ‘C to 930 C,
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density and tribological characteristic of materials
improve remarkably. As the sintering temperature
increases to 1 000 °C, the density further increases, but
the tribological characteristics change slightly. In the
temperature range of experiment, sintering temperature
has minor effect on the friction coefficient.
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