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Abstract 

In this study, ceramic reinforced bronze matrix functionally graded materials (FGMs) were 
produced by using powder metallurgy method. B4C, TiC, Mo2C and SiC were selected as 
ceramic reinforcements. The samples with compositions bronze + 10% SiC, bronze + 10% B4C, 
bronze + 10% Mo2C, and bronze + 10% TiC were sintered at 750 °C for 90 minutes. 
Investigations were carried out to assess the mechanical properties and microstructures of 
specimens. For this purpose, optical microscope, scanning electron microscope (SEM-EDS), 
and X-ray diffraction (XRD) analysis were applied for microstructure investigations. Sample 
hardness testing was carried out with the help of Vickers hardness testing device. Composite 
layers of ceramic particles were homogeneously distributed. Little pore formation was 
observed. While the upper and lower composite layers of the FGMs produced were hard, the 
middle layer was found to be ductile. The highest hardness value was reached in the B4C 
reinforced FGM. 

Keywords: FGM, bronze, ceramic reinforcements  

 

 

1. INTRODUCTION 

Functionally graded materials (FGMs) are 
advanced composite materials that are 
characterized by variations in their composition 
or microstructure in a specific direction. The 
desired properties can be achieved in a single bulk 
material of FGMs, which makes them highly 
applicable for mechanical and tribological 
applications [1-3]. FGMs having superior 
properties are produced by combining different 
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reinforcement phases. This FGM strategy 
eliminates the use of high cost surface 
engineering in several applications [4,5]. The 
selection of the reinforcement helps to achieve a 
high-level graded performance in these FGMs [6-
8]. The development of composite materials with 
graded properties known as FGMs led to a 
revolution in the manufacturing of mechanical 
parts, particularly in the automotive, aviation and 
biomedical industries [9-11]. FGMs’ components 
have certain useful characteristic properties, 
which meet the specific needs of certain industrial 
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processes; therefore, they effectively overcome 
the shortcomings of traditional composite 
materials. FGMs have many advantages over 
conventional and composite materials, such as 
[12-15]: (i) FGMs have an interface layer, that is 
fully capable of attaching two components made 
of incompatible materials, which allows them to 
substantially increase the bond strength. (ii) FGM 
coating and interfaces can be used to reduce 
residual and thermal stresses. (iii) FGM coating 
can be used for connecting materials and 
eliminating endpoint and interface stresses. (iv) 
FGM coating not only enhances the strength of 
connections, as but it can also reduce the crack 
driving force [16-18].  

During recent years, bronze matrix composites 
have gained widespread importance because they 
are utilizable in several technological 
applications. Since they have high conductivity 
but low mechanical strength, they are taken 
through dispersion strengthening process, which 
developed new composite materials with far 
better properties. Particles including carbides, 
oxides, and borides are not soluble in the bronze 
matrix. Moreover, they have high thermal 
stability to bear high temperatures that makes 
them a good choice for reinforcement process. 
Particulate-strengthened copper matrix 
composites allow making desirable 
improvements in the mechanical properties such 
as high temperature tolerance, improved tensile 
properties, increased stiffness, and better wear 
resistance [19-21].  

In this study, ceramic reinforced bronze matrix 
FGMs were produced by using powder 
metallurgy method. Investigations were carried 
out to evaluate the mechanical properties and 
microstructures of specimens. 

2. MATERIALS AND METHODS 

The bronze (Cu-15Sn) powder was selected as the 
base matrix and the ceramic carbide 
reinforcements: B4C, SiC, Mo2C and TiC are 
chosen with 10% (mass fraction). The size and 
purity of the selected powder were: bronze 
powder (-325 mesh particle size, 99.9% purity), 
B4C (-325 mesh particle size, 98% purity), SiC 

(400 mesh particle size, ≥ 97.5% purity), TiC (-
325 mesh particle size, 98% purity), and Mo2C (-
325 mesh particle size, 99.5% purity). Figure 1 
shows SEM images of the chosen powders used 
in the production of FGMs. 

 

 

 

 

Figure 1. SEM images of powders:(a) bronze, (b) 
B4C, (c) Mo2C, (d) TiC, and (e) SiC 

The test samples preparation for different types of 
reinforcements were carried out in several stages 
that are summarized in the following steps: 

• Mixing: For the mixing process, the powders 
were subjected to mixing for 45 minutes at speed 
of 20rpm.  

• Compact pressing process: In this process, the 
powders were placed in a cylindrical mold with a 
13mm diameter. The 10% (mass friction) 
reinforcement powder was added to the powder 
matrix in lower and upper layers and pressed at 
500MPa to produce a 6mm thick cylindrical 
composite sample with a 13mm diameter (with 
three 2mm layers), as shown in Figure 2. 

• Sintering: The samples were sintered in a tube 
furnace under a protective argon gas atmosphere. 
The sintering temperature was 750 ºC and the 
duration was 90 min. with a heating and cooling 
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rate of 10 ºC/min. In the literature, the sintering 
temperature was not exceeded 700 ºC in order to 
avoid liquid phase sintering for Cu-15Sn [22]. 

 

 

Figure 2. The samples shape and dimensions 

For determining the hardness level of the 
produced samples, we used a Shimadzu HMV-
G21 model digital microhardness machine at 200 
g load. For accurate determination of hardness, 
hardness values were measured from the upper, 
middle, and lower layers of the samples. The 
hardness values of these layers were taken from 
different regions and these values were taken into 
the medium. These different hardness values are 
given as the error bar in the hardness graph. 

For metallographic examinations, the obtained 
metallography samples were cleaned on 60-1200 
mesh papers. Then, the surfaces of the samples 
were polished with the help of diamond spray. For 
microstructure investigations, the samples should 
be etched for 20 seconds in 5 g FeCl3+50ml 
HCl+100 ml H2O solution. Energy dispersive 
spectroscopy (EDS), scanning electron 
microscopy (SEM), and X-ray diffraction (XRD) 
were used to understand the phase structures. For 
SEM analysis, a FEI QUANTA 250 FEG brand 
SEM device was used. Phases of samples were 
identified by mean of X-ray diffraction using a 
Bruker D8 Advance model diffractometer. 

3. RESULTS AND DISCUSSION 

Figure 3-6 shows the structures of FGMs. In these 
photographs, triple (composite-middle-
composite) layers and enlarged photographs of 

these regions as well as interface parts are seen in 
detail. The composite layers and the middle part 
are clearly distinguished. The B4C, Mo2C, TiC 
and SiC grains were distributed in a similar 
manner and relatively homogeneously in the 
bronze matrix. These ceramic particles are located 
in places where the bronze grains meet. There was 
no breakage and crack formation at the interface 
surface. Pore formation was observed in the 
FGMs. 

 

 

Figure 3. Optical microscope images of B4C 
reinforced bronze matrix FGM 

 

Figure 4. Optical microscope images of Mo2C 
reinforced bronze matrix FGM 

 

Figure 5. Optical microscope images of TiC 
reinforced bronze matrix FGM 
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Figure 6. Optical microscope images of SiC 
reinforced bronze matrix FGM 

FGMs have been analyzed by using SEM-MAP 
analysis to determine the distribution of 
reinforcing particles (Figure 7). The basic 
elements are Cu and Sn. The other elements are 
B, Mo, Ti, Si and C. It is clear that reinforcing 
particles are distributed uniformly. The 
homogeneous distribution of the elements has a 
positive effect on the physical, chemical and 
mechanical properties of the material [23]. 

 

 
(a)                                      (b) 

 
(c)                                      (d) 

Figure 7. SEM-MAP analysis of FGMs: (a) B4C, (b) 
Mo2C, (c) TiC and (d) SiC  

XRD analysis was performed for FGMs to 
determine whether a phase that would bind the 
matrix and the carbide particles at the interface. 
Figures 8 shows the XRD analysis of FGMs. No 
intermetallic compound was formed between the 
carbide particles and the matrix. This is due to the 
absence of any chemical reaction between the 
matrix and the carbides. In the bronze matrix, α-
Cu and Cu3Sn phases were formed as seen from 

XRD graphs. These phases were also identified in 
the literature on bronze [24]. In addition, carbide 
phases are clearly seen in XRD graphs. 
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Figure 8. XRD analysis of the FGMs 

The hardness graph of FGMs is shown in Figure 
9. The hardness value of the middle layer is about 
95 HV0.2, while the hardness values of composite 
layers are 210 HV0.2 for B4C, 130 HV0.2 for Mo2C, 
176 HV0.2 for TiC and 197 HV0.2 for SiC. The 
hardness of the composite layers is very high 
hardness compared to the middle layer. This rate 
of increase is about 35% in Mo2C additive, 100% 
in SiC additive, 75% in TiC additive and 
approximately 121% in B4C additive. Several 
factors cause a growth in hardness. The hardness 
of the composite elements, the dispersion 
strengthening effect and the effect of the hard 
particles on the movement of dislocations, 
depending on the mixture rule [25, 26]. Since the 
composite layers are harder than the middle layer, 
the wear resistance of the composite layers is 
expected to increase. This is in agreement with 
other studies [27-29]. An increase in fatigue 
strength is expected in FGMs with hard outer 
layers. This is another effect of high hardness on 
mechanical properties [30].  
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Figure 9. Hardness graph 

 

4. RESULTS 

In this study, the microstructure and hardness 
properties of the FGMs were experimentally 
investigated in detail. Ceramic reinforced bronze 
matrix FGMs were successfully produced by 
using powder metallurgy method. It is seen from 
both optical photographs and SEM-MAP images 
that ceramic particles were homogeneously 
distributed. At the microstructure, little pore 
formation was observed. The hardness of the 
FGMs showed an increase with reinforcements. 
While the hardness of the matrix was about 95 
HV0.2, the maximum hardness was measured in 
bronze-10%B4C composite as 212 HV0.2. 
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