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Abstract: Functionally graded materials (FGM) containing different amounts of B4C particles within 4 layers in an aluminum matrix 

were produced and characterized. The layers contained B4C particles at amounts of 0, 5, 15 and 25 volume %. In order to form the 

composite structure, pure aluminum (<10 microns), copper (1 micron) and B4C powders (<10 microns) were utilized. After mixing, 

functionally graded materials were compacted and shaped in a rectangular cross sectional geometry, having 6.4 mm thickness, 12 mm width 

and 33 mm length, by cold pressing at 600 MPa pressure. The parts were pressureless sintered at 610 oC for 30 min in high purity nitrogen 

atmosphere. The properties of the FGM sample were compared with those of the sample which did not contain B4C particles, and which 

contained 25% B4C particles throughout the whole sample. 

Microstructural examinations were performed by an optical microscope. 3- point bending tests were conducted by a universal testing 

machine. The sample that did not contain B4C particles presented a 3-point bending strength of 380 MPa, whereas the sample that contained 

25 % B4C had a bending strength of 140 MPa. The FGM sample had a bending strength of 190 MPa. However, the failure of the FGM 

sample was composed of steps. The stepwise failure of the FGM sample was due to delamination and fracture of the layers containing 15 

and 25 % B4C.  Microhardness values of each layer the samples were determined by Vickers micro hardness measurements. 
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1. Introduction

Continuous advancements in the modern industry have brought 

about the request for unconventional materials and properties. This 

necessitated a renovation of materials from their monolithic forms 

to composites, properties of which could be tailored as a function of 

their constituent’s type and ratio [1-3]. 

Functionally graded materials (FGM) in a sense can be thought 

to be in the category of composite materials.  They exhibit a graded 

structure and gradually changing properties, and they are 

constructed to provide a greater performance [1-3]. 

The graded structure of the FGMs can depend on variation in 

factors such as density, grain size, chemical composition or other 

physical properties. The change in the structure, brings about the 

variation in the properties, on an axis of the FGMs. The change in 

the structure or properties may be abrupt in passing from a layer to 

a subsequent layer, or it may be gradual. The gradual transition in 

the structure and properties eliminates the incompatibility that 

would otherwise take place in an abrupt transition [1-3]. 

The most common example on the benefits provided by the 

FGM structure is the elimination of thermal stresses. For example, 

in the combination of two dissimilar materials such as a metal and a 

ceramic, the thermal stress caused by the different amount of 

expansion of the joined materials leads to crack or delamination of 

the joint. Thus, a gradual change in thermal expansion coefficient, 

created by the FGM structure, could be useful to prevent the 

thermal stresses and delamination in the material [1-3]. 

Powder metallurgy, which involves the formation of articles by 

starting from their particles, has the advantage of microstructural 

and compositional control not only in the whole body of an article, 

but also as a function of position on an axis. It is a widely used 

technique which provides production with net shape. It is 

sometimes more economical and faster than other manufacturing 

methods. Therefore the formation of compositional gradients is 

mostly easier with powder metallurgy, than other production 

techniques. Formation of layers as thin as 1 mm is possible with this 

method by piling layers on one another [1,3-5].  

In literature, B4C, SiC, Al2O3 and TiB2 have been used as 

reinforcement phase in aluminum matrix in FGM structure [2]. 

Centrifuge casting is utilized in most of the studies in literature on 

FGM [2]. 

In the study of Canakci et al. [4], Al-10%B4C and Al-5%-

10%B4C FGMs were prepared by powder metallurgy. It was 

reported that hardness of the layers increased with increasing B4C 

content.  

In the present study, powder metallurgy was employed for 

formation of FGM which consists of layers having 5, 15 and 25 % 

B4C reinforcement particles in an Al-%4Cu matrix.  

2. Experimental Procedure

The unreinforced Al-%4Cu sample, sample reinforced with 25 

vol.% B4C having Al-%4Cu  matrix and the FGM sample were 

produced by powder metallurgical techniques. The first layer of the 

FGM was unreinforced Al-%4Cu alloy. The other layers of the 

FGM were essentially individual metal matrix composites, having 

5, 15 and 25 vol. % B4C reinforcement particles in Al-%4Cu 

matrix. Utilized powders were pure aluminum powder (Alfa Aesar, 

purity >99.5%, particle size <10 microns), Copper (Merck, purity 

>99.7%, dendritic, -63 micron), B4C (Alfa Aesar, purity >99, <10

microns).

Al, Cu and B4C powders were weighed in proper amounts, 

separately for the 4 layers of the FGM. The amounts of the 

constituents of each layer are presented in Table 1. The theoretical 

thickness of each layer was calculated to be 1.6 mm and the total 

thickness of the FGM was planned as 6.4 mm. The width of the 

sample was 12 mm and length was 33 mm. These dimensions are 

suitable for 3-point bending sample according to ASTM B528 

standard entitled: Standard Test Method for Transverse Rupture 

Strength of Metal Powder Specimens. The unreinforced sample 

contained Al-%4Cu of 7.768 g. The sample having 25 % B4C in its 

whole body was composed of 5.826 g Al-%4Cu and 1.762 g B4C. 

Table 1: Amounts of the constituents of each layer in FGM. 

Layer No B4C Vol. % Wt. Al-%4Cu (g) Wt. B4C (g) 

1 0 1,94 0 

2 5 1.8449 0,0881 

3 15 1.6507 0,2643 

4 25 1.4565 0.4405 

Al, Cu and B4C powders were mixed separately for each layer 

and the mixtures were placed on top of each other in a tool-steel die 

in layered fashion. The mixtures were lightly pressed after each 

layer. The parts of the steel die were covered with stearic acid, in 

order to reduce die friction and to prevent the sticking of the pressed 

article to the die. After weighing and measuring the dimensions of 

the samples, they were placed in the hot zone of a tube furnace. 

Samples were sintered at 610 oC for 30 min in high purity nitrogen 

atmosphere. After sintering, they were subjected to microstructural 

examinations by optical microscope (Nicon Eclipse, LV150), 
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microhardness measurement in HV0.1 scale and 3-point bending 

tests (Shimadzu AG-IC 50 kN). 

3. Results and Discussion

After sintering FGM sample and unreinforced Al-4%Cu sample 

presented a slight distortion in the form of bending in one direction. 

Therefore a slight curvature formed on one side of the samples. This 

effect was more pronounced in the FGM sample as compared to 

unreinforced Al-4%Cu sample (Fig.1). Two reasons can be 

proposed for this behavior. One is the uneven green density of the 

article, origination from uni-axial pressing in the die. The second is 

the uneven green density of the article, originating from the 

different amount of B4C particles in the layers of the FGM. On the 

contrary to other samples, this effect was not observed in the 25 % 

B4C reinforced Al-4%Cu sample, and that sample was flat. 

(a) 

(b) 

(c) 

Fig. 1 Macro images of the samples after sintering. (a) unreinforced Al-
4%Cu, (b) FGM, (c) 25 % B4C reinforced Al-4%Cu. 

Micrographs of the layers in the FGM structure containing 5, 15 

and 25 % B4C are presented in Fig.2. It can be seen that B4C 

particles are in general homogenously distributed in the 

microstructure. The amount of B4C in the microstructure increases 

in accordance with the reinforcement content of the layers.  

(a) 

(b) 

(c) 

Fig. 2 Optical microscope images of the layers after sintering, containing 

(a) 5% B4C, (b) 15% B4C FGM, (c) 25% B4C. 

It can also be seen that porosity (black regions in the 

micrographs) increases in the structure with the increase in the 

amount of B4C particles.  The pores appear to form among the 

groups of B4C particles (Fig. 2(c)). Higher sintering temperature or 

pressure assisted sintering may be effective in reducing these pores. 

Microhardness values of the layers of the FGM sample is 

presented in Fig.3 as a function of B4C content. Hardness of the 

unreinforced layer was 60.0±4.14 HV0.1. Hardness increased 

steadily with the increase in the amount of B4C reinforcement 

particles in the layers. Hardness of the layer containing 25 % B4C 

was 115.7±1.87 HV0.1. 

Fig. 3 Vickers microhardness values of the layers in FGM as a function of 

B4C content 

Stress-strain curves of the samples obtained by three point 

bending tests are presented in Fig.4. The unreinforced sample 

exhibited a bending strength of 375 MPa, with about 25 % strain. 

Therefore the unreinforced sample presented a quite ductile 

behavior, with high amount of plastic deformation. The macro 

image of the unreinforced sample given in Fig. 5(a) supports this 

outcome. 

 The composite sample containing 25 % B4C in its whole body 

had a bending strength of 150 MPa, with about 3.6 % strain. This 

results indicates that the sample reinforced with 25 % B4C fails in a 

brittle manner. Indeed, the macro structure of this sample presented 

no indication of plastic deformation (Fig. 5(c)). The reason for the 

brittle behavior may be due to the discontinuity of the matrix phase 

due to the presence of B4C particles and the pores. 

The FGM sample, on the other hand, presented a behavior that 

is in between the unreinforced sample and the sample reinforced 

with 35 % B4C, in terms of bending strength and strain. Bending 

strength of the FGM sample was150 MPa and strain was 10.7%.  
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Fig. 4 Stress-strain plots of the samples obtained by three point bending 

tests. 

The fracture of the FGM sample exhibited steps, in which the 

stress on the sample decreased during the bending test. The first 

step in the stress-strain plot of the FGM sample took place due to 

interlayer separation during the bending test. The interface between 

the layer containing 5 % B4C and 15% B4C was seen to delaminate 

horizontally during the test at this point. This delamination indicates 

the poor bonding of the matrix alloy between these layers during 

sintering. The poor bonding may have resulted due to pressing after 

laying each layer in the die. 

The second and larger drop in the stress value that took place at 

about 10.7 % strain was due to vertical cracking of the layers. The 

cracking occurred in the top 2 layers of the FGM, which contained 

15 and 25 % B4C. These layers are expected to be less ductile than 

the other layers of the FGM. The vertical cracks in these layers can 

be seen in Fig.5(b). The bottom two layers of the FGM did not 

exhibit vertical cracking, indicating their ductile behavior. They 

presented high amount of plastic deformation. 

(a) 

(b) 

(c) 

Fig. 5 Macro images of the samples after 3 point bending test. (a) 

unreinforced Al-4%Cu, (b) FGM containing 0, 5, 15, 25 % B4C reinforced 
layers, (c) 25 % B4C reinforced Al-4%Cu. 

4. Conclusion

Functionally graded materials (FGM) containing B4C particles 

at amounts of 0, 5, 15 and 25 volume % within 4 layers in an 

aluminum matrix were produced and characterized. The plain 

sample had a 3-point bending strength of 380 MPa, whereas that of 

the 25 % B4C composite was 140 MPa. The FGM sample presented 

a bending strength of 190 MPa. The failure of the FGM sample was 

composed of steps which were suggested to originate due to 

delamination and fracture of the layers containing 15 and 25 % B4C. 

It can be proposed that in order to obtain better mechanical 

properties from the FGM, a better bonding between the interlayers 

is crucial. 

Acknowledgements 

Authors are grateful to Akdeniz University Research Projects 

Coordination Unit for supporting this study with project number 

FYL 2019-4378. 

References 

1. Besisa DHA. and Ewais EMM., Advances in Functionally

Graded Ceramics – Processing, Sintering Properties and

Applications in Farzad Ebrahimi (ed), Advances in Functionally

Graded Materials and Structures, Intechopen, 2016.

2. Radhika N., Raghu R., Development of functionally graded

aluminium composites using centrifugal casting and influence of

reinforcements on mechanical and wear properties, Trans.

Nonferrous Met. Soc. China 26 (2016) 905−916.

3. Pandey VK., Patel BP. and Guruprasad S., Mechanical properties

of Al/Al2O3 and Al/B4C composites, Advances in Materials

Research, Vol. 5, No. 4 (2016) 263-277.

4. Canakci A., Varol T., Özkaya S., Erdemir F., Microstructure and

Properties of Al-B4C Functionally Graded Materials Produced by

Powder Metallurgy Method, Universal Journal of Materials Science

2(5) (2014) 90-95.

5. Jin H., Li S., Ouyang Q., Fabrication of Double-Layer 2024Al-

2024Al/B4C Composite by Plasma Activated Sintering and Its

Mechanical Properties, Engineering Science 2(1) (2017) 1-4.

323

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS." WEB ISSN 1314-507X; PRINT ISSN 1313-0226

YEAR XIII, ISSUE 7, P.P. 321-323 (2019)




