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aBSTraCT: The present study assesses the infl uence of non-metallic constituents and manufacturing parameters, such as 
compaction pressure and sintering temperature, to produce a metal matrix composite (MMC) of copper/iron, based on the 
brake disc of aircraft AT-29 SuperTucano. The samples were produced with six different compositions, by varying the amount 
of abrasive particles (quartz and zirconia silicate) and the solid lubricant (graphite), with one of the compositions manufactured 
without the addition of graphite. The compaction pressures were 210 and 420 MPa, with sintering temperatures of 950 °C and 
1050 °C in a furnace with controlled atmosphere of argon + 10% H2. After sintering, the effectiveness of the sintering process 
was evaluated through the apparent density (Archimedes’s method), Brinell and Vickers hardness, and the microstructure by 
Scanning Electron Microscopy (SEM). The sintering process was severely affected by the solid lubricant (graphite): its reduction 
resulted in a density increase near 18%, and the hardness of the compound up to 62%. The hardness values demonstrated 
signifi cant variation with compaction pressure, with a pronounced effect on compounds with less non-metallic elements. 
SEM analysis demonstrated that not only graphite, but also the ceramic particles affected the sintering process through the 
agglomeration of inclusions into the metal-metal interface. The samples without graphite exhibited almost the same value of 
pores after sintering, regardless of the compaction pressure, indicating that the graphite content affects directly the sintering 
process, regardless of the compaction pressure.

KeywOrdS:  Friction, Sintering, Aircraft brakes.

INTRODUCTION

Friction materials formed by sintered metal matrix (MMC) have a variety of constituents such as metals (iron and copper 
with or without alloying elements), solid lubricants (graphite, lead and MoS2) and ceramic abrasives (silica, mullite, alumina and 
silicon carbide), being widely used in aircraft  brake systems (German 1998). To ensure the requirements related to the aircraft  
braking process, the friction material must have a stable and high friction coeffi  cient, low wear rate, mechanical strength at high 
temperatures and good thermal conductivity (Singaravelu et al. 2011).

For having a high thermal conductivity combined with good mechanical resistance, copper is one of the most important 
components in brake systems, added in the form of powders or fi bers (Blau 2001). Iron additions in the copper matrix ensure 
a greater mechanical strength, thermal stability and reduce the manufacturing cost of the product. Th e ceramic particles act as 
abrasives. Its high hardness leads to an increase in mechanical strength and wear resistance of the sintered composite. Recently, 
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studies (Shabani et al. 2016; Cho et al. 2008) have shown that zirconium silicate (ZrSiO4) caused considerable increase of the 
friction coefficient relative to other ceramics used in friction materials such as SiC and SiO2. The addition of solid lubricants such 
as graphite and MoS2 stabilizes friction coefficient and reduces wear (Upadhyaya 2000). 

However, the addition of non-metallic particles affects directly the sintering and densification process. Leon et al. (2009) 
analyzed the compressibility behavior of metal-ceramic powders in the preparation of copper base hybrid materials: the higher 
the ceramic content, the lower the densification obtained regardless of the applied method. Olmos et al. (2009) investigated the 
sintering behavior of metallic copper powder mixed with ceramic inclusions. The addition of inert inclusion (ceramic particles) 
consistently results in lower densification.

Details and functions of the constituents are determined mostly on experience, empirical observation and trial and error 
method for new formulations, given the difficulty in obtaining information due to patent issues (Kim et al. 2011; Liew and Nirmal 
2013). Only a limited number of studies have been reported for sintered compounds with a focus on high-energy brake systems 
as observed in aircrafts. In addition, the composition of each aircraft friction material is unique, such as the powder metallurgy 
process for synthesizing the material (Jang and Kim 2000).

The present study assesses the effects of manufacturing parameters, such as the compaction pressure, sintering temperature, 
and influence of non-metallic constituents in the sintering process and mechanical strength of the compound. The compounds 
developed have a Cu-Fe matrix, with the addition of ZrSiO4 and SiO2 as abrasives, and graphite as solid lubricant.

MATERIALS AND METHODOLOGY

Minasolo and Höganäs donated the powders used as raw materials: pure copper, pure iron, quartz (SiO2), zircon silicate 
(ZrSiO4), and graphite.

For the analysis of grain size and particles morphology, it was used images obtained by SEM following the ASTM E175-82 
and ASTM E766-98 standards. Verification of the powders composition in order to evaluate purity and presence of possible 
contaminants was performed by XRD and XRF.

The samples were produced with six different compositions, by varying the amount of abrasive particles (quartz and zirconia 
silicate) and the solid lubricant (graphite), with one of the compositions manufactured without the addition of graphite. Table 1 
demonstrates the compositions obtained after the mixtures.

Sample Cu Fe Graphite SiO2 ZrSiO4 Type

I 52 34 8 6 0 ↑ Graphite. ↑SiO2

II 52 34 8 4 2 ↑Graphite. SiO2 + ZrSiO4

III 54.1 35.4 4 4.3 2.2 ≈ Graphite. SiO2 + ZrSiO4

IV 55.8 36.5 1 4.4 2.3 ↓ Graphite. SiO2 + ZrSiO4

V 56.8 37.2 4 1 1 ≈ Graphite. ↑ (SiO2 + ZrSiO4)

VI 59.5 38.5 0 1 1 ↓ (SiO2 + ZrSiO4)

Table 1. Mixtures composition of the samples (values in wt.%).

Powder Processing
The powders mixture was performed in a mixing mill MARCONI MA500 with a fixed speed of approximately 200 RPM during 

2 h. Due to the small quantities of each powder mixture (100 g) and the larger size of the disposable container, the mixture was 
placed in a small plastic container, which rotated inside the larger mill container.

For the composite formation, mixtures were uni-axially compacted in a metallic mold to form cylindrical discs with 15 mm 
diameter and 7 mm height (Fig. 1). Two different pressing loads were applied for powder compaction: 420 and 210 Mpa. The 
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pressing loads were defi ned according to values reported in the literature for metal matrix composite of copper and iron (Nair 
et al. 1993; German 1998; Upadhyaya 2000; Olmos et al. 2009). To reduce frictional losses during compaction, zinc stearate was 
added to the die wall.

Figure 1. Samples after compaction.

Th e sintering process (Fig. 2) was conducted at two diff erent temperatures, 950 °C and 1050 °C, in a tubular furnace with 
controlled atmosphere (argon + 10% H2). Th e sintering process can be divided into three diff erent phases: pre-sintering, sintering 
and cooling. Th e process had a total duration of 112 min. In the pre-sintering phase, the samples were kept for 20 min at a 
temperature of 600 °C to burn the lubricant used in the compaction die and any other contaminant. Temperature was gradually 
raised to the sintering temperature over 15 min. Th en, the samples were held at that temperature for 50 min. Finally, the cooling 
was carried out inside the furnace until room temperature.

Figure 2. Sintering process.
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Sintered densities of composites were determined by Archimedes’s method using distilled water at 23 °C. Mo st studies related 

to the development of friction materials use tests that evaluate the surface hardness of the sample, such as the Vickers hardness 
test (Leon et al. 2009; Shabani et al. 2016) or the Brinell hardness test (Moustafa et al. 2002; Prabhu 2015) with a smaller diameter 
ball and lower loading. Th erefore, for the purpose of comparison and a pre-evaluation of the compound’s performance in future 
tribological tests, the mechanical behavior and eff ectiveness of the sintering process was studied by measuring Vickers and Brinell 
hardness. 

Values of Vickers hardness, also referred to as a micro-hardness test method, were calculated as the average of fi ve readings 
for each sample. Th e Brinell hardness was held in a universal testing machine EMIC with capacity of 20 kN using a load of 500 kg
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and a steel sphere with 10 mm diameter as indenter according to ASTM E10. Given the sample size (cylindrical with 15 mm 
diameter), the sphere with 10 mm diameter scans a large area on the sample even in terms of the indentation depth, thus providing 
the possibility to indirectly evaluate how the constituents (composition) and parameters process influenced on sintering.

The microstructures of the sintered composites were studied by scanning electron microscopy (SEM). Coupled to the SEM, it 
was used a Spectrometer Energy Dispersive (SED) Oxford INCA X-act, which was essential to evaluate the chemical composition 
(elements) of specific points and phase distribution of the compound.

RESULTS AND DISCUSSION
Powder Composition

The ceramic powders (SiO2 and ZrSiO4) XRD patterns presented an additional phase (contamination) of Al2O3, probably from 
the powder processing at the supplier. This was confirmed by the XRF analysis, as seen in Table 2.

Material Particle size (µm) Morphology

Copper 10 to 50 Spherical and rounded

Iron 20 to 200 Rounded and aggregate

Quartz 2 to 50 Acicular

Zirconia Silicate 2 to 40 Acicular

Graphite 10 to 100 Flake

Table 2. FRX powder composition.

Material Composition (wt.%)

Copper 99% Cu + 1% (Na, Al)

Iron 99% Fe + 1% (Si, Na, Mn, Cr, Al)

Quartz 99.5% SiO2 + 0.5% Al2O3

Zirconia Silicate 97% ZrSiO4 + 3% Al2O3

Graphite Carbon

Table 3. Characteristics of metallic and non-metallic powders.

Figure 3. Particle analysis of (a) copper, (b) iron, (c) SiO2, (d) ZrSiO4, and (e) graphite.

Table 3 demonstrates a summary on size (calculated from the Feret diameter) and morphology (shape) of each particle that 
constitutes the powders used as raw material.

The sequence in Fig. 3 presents the images obtained by SEM to analyze the particles size and morphology.
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Sintered Density
Variation of the sintered density is presented in Fig. 4. Despite a reduction in initial compaction pressure lead to significant 

increase in the quantity of pores, after sintering, the variation in density was significantly reduced, with the exception of the 
compounds I and II.

Figure 4. Sintered density.
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The composition VI, which was carried out without addition of graphite, was the one with less dependence on the compaction 
pressure: samples pressed at 210 and 420 MPa demonstrated almost the same density after sintering. This result indicates that 
the graphite content affects directly the sintering process, regardless whether the compaction pressure is significantly greater. 
Graphite particles shear easily during mixing, thus spreading over the metallic particles, causing excessive discontinuity of the 
matrix and reduction in metal-metal contact (Leon et al. 2009). In addition, graphite is almost insoluble in copper up to very 
high temperatures; its solubility does not exceed 0.02% atm (Dorfman and Fuks 1995), occurring only a mechanical connection 
between the metal particles and graphite. This is well observed in compounds I and II microstructure, which were the ones with 
higher graphite content. The microstructure section explains this behavior.

Microstructure
Microstructure of the compounds were studied by scanning electron microscopy (SEM) with magnifications of 100 × and 

250 × for general observation and 1500× for an accurate observation of the constituent’s distribution in the composite material. 
Typical SEM micrographs are presented in Fig. 5 and Fig. 6. All images correspond to compounds pressed at 420 MPa.

The metal-metal and ceramic-metal interfacial contacts are hindered by graphite particles agglomerations, seen as the darker 
areas in Fig. 5.

Figure 5. Microstructure of compounds I (a), and II (b).

One way to overcome this difficulty lies in the coating of graphite particles with metal (matrix) by Electroless Coating as 
studied by Moustafa et al. (2002) and Kovácik et al. (2008): particle contact occurs directly between metal/metal particles during 
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compaction and the sintering process, with the compound exhibiting behavior similar to pure metal consolidation.
In all microstructures in Fig. 6, copper appears as light gray, iron as darker gray and graphite as black. The ceramic particles 

are indicated in the images.

Figure 6. SEM images for a magnification of 1,500 × for compounds (a) I, (b) II, (c) III, (d) IV, (e) V, and (f) VI.

As expected, the microstructures are heterogeneous. The interfacial contact between the metal phases increased with the 
reduction of graphite, according to Fig. 6e. However, there was an agglomeration of ceramic particles in the Cu-Cu, Fe-Cu-Fe and 
Cu interface in all compounds, most likely due to the ceramic particles small grain size or some inefficiency in the mixing process.

Hardness
The Vickers hardness values obtained after sintering are presented in Fig. 7.

Figure 7. Vickers hardness after sintering.
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The reduction of non-metallic material (graphite, SiO2, and ZrSiO4), indicated by the continuous line in Fig. 7, resulted in 
an increase in hardness with higher values for compaction pressure of 420 MPa. Due to a higher compaction pressure, there is an 
increase of the contact surface between particles, decreasing the interdiffusion distance, providing a higher densification and, 
consequently, increasing mechanical strength.
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The compounds III and IV demonstrated a greater increase in hardness. Compounds III and IV have the same wt.% of ceramic 
particles, however, composition IV has four times less graphite (4 wt.% and 1 wt.%, respectively). As the hard abrasive particles 
provide mechanical strength to the material and the ceramic content was the same, it can be concluded that the gain in hardness 
was due to the graphite content. Other parameters such as sintering time and temperature, and compacting pressure, were the same.

When analyzing the friction behavior and wear mechanisms of copper matrix composites reinforced with SiC and graphite 
particles, Zhan and Zhang (2004) observed a decrease in mechanical properties for the composites with the increasing volume 
fraction of graphite particles. Moustafa et al. (2002) found similar results when comparing the relative density, tensile strength in 
compression test and Brinell hardness on composites made with Cu-coated and uncoated graphite particles. The relative density 
and properties obtained for compression test and the Brinell hardness are higher for the compounds of pure copper. While the 
samples without added graphite are deformed continuously without fracture when being compressed, the samples with added 
graphite suffered the fracture with an inclined angle of 45°, leading to the sample break before reaching its potential strength and 
ductility (brittle fracture). In addition, during compression testing, the graphite particles tend to disintegrate, which enhances 
the sliding mechanism and leads to the formation of pores and a brittle fracture.

Sintering Temperature
An assessment between the Brinell hardness (diameter deformation), Vickers hardness and sintered density of compounds III 

(4.0 wt.% graphite – 6.5 wt.% ceramics), IV (1.0 wt.% graphite – 6.7 wt.% ceramics), and V (4.0 wt.% graphite – 2.0 wt.% ceramics) 
demonstrated the effect of temperature on the sintering process.

The sintering temperature was 950 °C for compositions III and IV and 1050 °C for composition V. The sintering time was the 
same, as well as the compaction pressure (420 MPa). 

The differences in composition between samples also made it possible to evaluate the effect of graphite particles and ceramic 
particles in the material processing. Results are presented in Fig. 8 and Table 4. Table 4 shows, in the right column, the diameter 
of the deformation from the Brinell hardness test with a 10 mm steel ball and load of 500 kg.

Compound Tsint. (oC)
Sintered Density 

(g∙cm–3)
Voids (%) Diameter (mm)

III 950 6.52 4.9 4.2

IV 950 6.87 6.9 3.6

V 1050 7.25 1.3 3.5

Table 4. Sintered density and void percentage for compounds III, IV and V.

The increase in sintering temperature produced a significant reduction in pores percentage between compounds III and V 
(Table 4). The sintering duration required to achieve a desired degree of homogeneity is critically dependent on temperature 

Figure 8. Vickers hardness of compounds III, IV, and V.
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because interdiffusion coefficients are exponentially dependent on temperature (German 1998). Although the degree of sintering 
also increases with time, its effect is small compared to the temperature dependence (Upadhyaya 2000).

In addition, compound V has three times less ceramic particles (6.7 wt.% and 2 wt.%), which may produce a dual effect: an 
increase in sintered density and a decrease in mechanical strength (less hard particles).

Leon et al. (2009) analyzed the compressibility behavior of metal-ceramic powders in the preparation of copper base hybrid 
materials: the higher the ceramic content, the lower the densification obtained regardless of the applied method. At higher 
ceramic content, densification decreases, because contacts between hard particles act as shield, protecting the copper powder of 
being largely deformed. There is a reduction on interparticle contact and an increase in voids after hot consolidation (sintering).

Olmos et al. (2009) investigated the sintering behavior of metallic copper powder mixed with ceramic inclusions. The addition 
of inert inclusion (ceramic particles) consistently results in lower densification. It seems that most interparticles necks between 
copper particles in the close neighborhood of an inclusion are less developed than the necks in pure copper specimen. Additionally, 
pores in the neighborhood of an inclusion are noticeably larger than those inside a group of copper particles.

The deformation observed at compound III after Brinell hardness testing was significantly higher, demonstrating a lower 
mechanical resistance. Moreover, compound V presented Vickers hardness values about 60% higher.

Although the strength of composites that contain hard particles (ceramics) increases with the volume percentage of particles 
in the composite (Rohatgi et al. 1992), an increase in sintering temperature resulted in greater mechanical resistance, due to a 
higher densification.

Another aspect to be considered relates to the ceramic powder particles size (Table 3). For presenting an extremely fine grain, 
fine ceramic particulate agglomerations were observed in Cu-Fe, Cu-Cu and Fe-Fe interfaces (Fig. 9), which act in a harmful way 
in the compound consolidation during sintering.

Concerning composition IV, there was not a significant difference in Vickers hardness compared to compound V, as noted 
before between compounds III and V.

Figure 9. SEM microstructure (1500×) obtained for compounds III (a), and V (b).

The composition IV has three times more ceramic particles in relation to composition V, therefore, it would be expected 
a similar behavior as observed with the composition III: considerable difference in deformation after Brinell hardness testing 
and Vickers hardness (surface). However, composition IV was produced with four times less graphite, which greatly hinders the 
composite consolidation during sintering.

Furthermore, the ceramic particles provide an improvement in hardness for the compound although, at some degree, interfere 
with the material densification. Together with the reduced graphite content previously mentioned, this may be an explanation for 
the small difference between hardness values.

The effect of the sintering temperature can be observed directly by the pore percentage. The composition IV was the one that 
presented the greatest difference compared to compound V. Although the composition V has four times more graphite, which 
interferes more noticeably than ceramic particles during sintering, that was the compound with a density closer to the theoretical 
material density.

(a) (b)
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CONCLUSION

The graphite content affected the sintering process, regardless whether the compaction pressure is significantly greater. Its 
reduction (graphite) caused an increase in density by 18% and increased mechanical resistance up to 62%. The increase in compacting 
pressure improved mechanical strength, with more pronounced effect on the composition with a lower graphite content. 

Although the strength of composites that contain hard particles (ceramics) increases with the volume percentage of particles 
in the composite, an increase in sintering temperature resulted in greater mechanical resistance due to a higher densification. 
From the microstructural analysis, it was observed that the ceramic particles hindered the sintering process by the agglomeration 
of ceramic inclusions in the Cu-Fe, Cu-Cu and Fe-Fe interfaces. 

Increasing the sintering temperature to 1050 °C made possible the production of a compound with a moderate level of graphite 
(compound V) without severely affecting the material properties.
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