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ABSTRACT

The aim of this study is to examine the effects of the processing conditions on the final microstructure of Al-B,C
functionally graded materials (FGMs). Al-B,C functionally graded material (FGM) having a compositional gradient
from Al to B,C was obtained by powder metallurgy method with Al and B,C powders as starting materials. For this
purpose laminar type of functionally graded Al-B,C with 1, 2 and 3 layers, which have different compositions, were
produced. The functionally graded materials were analysed using a scanning electron microscopy (SEM). The
microstructure, elemental distribution and microhardness variation of the sintered AI-BAC samples were investi-
gated. The experimental results show that the distributions of structure properties strongly depend on the variation
of microstructure. It is observed that hardness increases and ductility decreases with the increase of B,C, which
is attributed to the variation of the matrix phase from the metal to the ceramic. Morever, The results showed that
laminar type is an effective method for Al-B,C functionally graded materials production.
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1. INTRODUCTION

Functionally graded material (FGM) is a new concept in material design. FGMs with continuous changes of micro-
structures and properties across the material are expected to have low residual and thermal stresses and improved
bonding strength between dissimilar materials and ceramic coatings. The unique characteristics in structure dis-
tribution makes FGM offer great promise in applications in many areas and the researches have been widely per-
formed. It is well known that FGM performance depends mainly on the composition distribution. The composition
distribution in FGMs can be tailored to specific requirements and properties of the constituent materials. For exam-
ple, the structure of ceramic/metal FGMs is designed by considering the thermomechanical properties of the metal
that has high mechanical strength and thermal conductivity of the ceramics that acts as a heat-resisting thermal
shield. Therefore, ceramic/metal FGMs have received growing attention as prospective thermal barrier materials.
A number of numerical analyses and experimental methods have been developed to evaluate the mechanical and
thermal properties of FGMs [1-5].

Various techniques have been employed to the fabrication of FGM, including physical and chemical vapor deposi-
tion, sintering, plasma spraying, electroplating and combustion synthesis. Powder metallurgical processing is one of
the most viable routes for FGM, because the composition and microstructure as well as shape forming of FGM can
be easily controlled in a wide range [2,6,7]. The powder metallurgy (PM) or ceramic technology route for processing
of materials and engineering parts includes powder production, powder processing, forming operations and sinter-
ing or pressure assisted hot consolidation. Powders of many metals, alloys, compounds and ceramic materials with
particle sizes ranging from nanometers to several hundred micrometers are available from industrial sources or
may be produced by the methods developed over decades in the field of PM or ceramics. Since the material used
to form the sintered part is dispersed into very small portions of individual powder particles nearly ideal conditions
exist to build-up graded materials with varying chemistry or microstructure by using the particles as building blocks.
Practical considerations towards an efficient process design suggest the use of powder mixtures with changing
average particle size or composition during deposition of the material prior to the forming operation. It depends
on the method applied for powder deposition whether a smooth change or a stepwise variation is obtained in the
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green body. Since the consolidation of the green parts during sintering or hot pressing requires high temperatures at
which diffusion processes are fast enough to enable densification, chemical reactions between particles of different
compositions and the influence of particle size on the sintering behavior have to be taken into account for the final
microstructure and dimensional control of the part. On the other hand thermodynamic factors acting during sintering
may be used to create a gradient, e.g. during liquid-phase sintering [3,8].

The purpose of this research is to develop fundamental constitutional control technique of FGM by powder metal-
lurgy, expecting to optimize FGM fabrication process and further improve its performance.The microstructure and
the composition of the fabricated FGM by powder metallurgy were studied and the relative density and the Brinell
hardness of each layer in the FGM were measured. The relationship between microstructure, composition,

and some physical and mechanical properties were discussed.

2. EXPERIMENTAL PROCEDURES

Aluminium powders and B,C particles were used as raw materials to fabricate the FGMs. An average particle size
of B,C particles used as reinforcement material and Al powders (Etial 7) used as matrix materials were 102um and
113um, respectively. Fig. 1(a) and (b) shows the morphologies of the as received Al matrix powders and B,Cpar-
ticles [9].
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Fig. 1. Morphology of as-received powders: (a) Al alloy and (b) Al O, particles.

The Al matrix powders are ligamental in shape and the B,C particles are polygonal in shape. These powders are
mechanically mixed and single-axis press, compressed raw samples produced at different pressures. The stacked
layer were pressed at a pressure of 400 and 500 MPa. In this work, experiments on single-layer, two-layer and
three-layer of AI-B,C FGM, as shown in Fig. 2 and Table1, are conducted [9].

Al Al + 5 wt. % B,C Al +10 wt. % B,C

Al + 5 wt. % B4C - Al +10 wt. % B4C
Al Al

Al + 10 wt. % B4C
Al + 5 wt. % B4C
Al

Fig. 2. The composition distribution model of Al-B,C FGMs. (a) Single-layer samples,
(b) Two-layer samples, (c) Three-layer samples
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Table 1.Configuration of FGMs.

Coded Samples Composition Pressure (MPa) | Layer
Al .(400) 100 wt.% Al 400 Single
Al ..(500) 100 wt. % Al 500 Single
Al5_ . (400) 95 wt.% Al + 5wt.% B,C 400 Single
Al5_ . (500) 95 wt.% Al + 5wt.% B,C 500 Single
Al-10, i (400) 90 wt.% Al + 10wt.% B,C 400 Single
Al-10, e (500) 90 wt.% Al + 10wt.% B,C 500 Single
(AI+AI-5),, (400) 100 wt. % Al and 95 wt.% Al + 5wt.% B,C 400 Two
(AI+AI-5), (500) 100 wt. % Al and 90 wt.% Al + 10wt.% B,C 500 Two
(AI+A10),, (400) 100 wt. % Al and 90 wt.% Al + 10wt.% B,C 400 Two
(AI+A10),, (500) 100 wt. % Al and 90 wt.% Al + 10wt.% B,C 500 Two
(A+AL5+AI10), _ (400) | 100 wt. % Al, 95 wt.% Al + 5wt.% B,C and 90 wt.% Al + 10wt.% B,C | 400 Three
(A+AI-5+AI-10),  (500) | 100 wt. % Al, 95 wt.% Al + 5wt.% B,C and 90 wt.% Al + 10wt.% B,C | 500 Three

The as-received Al alloy powder, the conventionally mixed (CM) powders were
uniaxially cold pressed in a rectangular die with dimension of 30x30x20mm at 400
and 500MPa, with graphite as the die lubricant. The green compacts were sintered
600 °C for 3h under argon atmosphere. The sintered compacts were cooled to
room temperature in the sintering furnace. The experimental density of the com-
posite samples was measured using Archimede’s method. In this technique, den-
sity is determined by measuring the difference between the samples weight in air
and when it was suspended in distilled water at room temperature. The theoretical
density was calculated using the mixture rule according to the volume fraction of
the B,C particles. The porosities of FGMs were then evaluated from the differ-
ence between the expected and the observed density of each sample. To evaluate
microstructure of produced composites the surface of samples were polished to
achieve a rough surface of about 0.05um. The morphologies and distribution of
the B,C particles and the microstructures of the conventionally both mixed and the
milled Al-B,C FGMs were analyzed on a Zeiss Evo LS10 scanning electron micro-
scope (SEM) and a stereo microscopy.

The particle size distributions were determined using laser diffraction (Malvern,
Model mastersizer Hydro 2000e), connected to a compute that models the volume
size distribution, D, , D, D,, calculation automatically; three measurements were
carried out for each sample. The hardness of the samples was measured using
Brinell hardness method under a load of 31.25 kg held for 20s. Reported hardness
values were the average of five measurements. With the variation of composition,
the AI-B,C uniform compacts undergo very different shrinkage during densifica-
tions as shown in Fig. 3.

3. RESULTS AND DISCUSSIONS

3.1. Microstructure distribution

Gradient
Sracking

Stepwise Gradient Filling
in a Steel Die

Cold Pressing

Pressureless
Sintering

Fig. 3. Developing
procedure of FGMs [9].

The optical and SEM images of the cross-section of the prepared FGM component are shown in Fig. 4 and Fig. 5,

respectively.
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(b)

Fig. 4. Optical micrographs of different Al-B,C FGM fabricated by
powder metallurgy (pressed at 500MPa). (a) Single-layer samples,
(b) Two-layer samples, and (c) Three-layer sample.
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Fig. 5. Scanning electron microscopy micrographs at different positions in FGMs. (a) Single-layer samples (pressed
at 500MPa), (b) Two-layer samples (pressed at 400MPa), and (c) Three-layer sample (pressed at 400MPa)
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It can be seen that the microstructure of the sample takes on a compositional gradient change along the thickness
direction. The layer boundaries were observed clearly, which indicates that the structures of the FGMs were mac-
roscopically heterogeneous due to the graded distribution of the composition. There aren’t delaminations or defects
at the interlayer boundaries. In the images, it is noted that the light phase in the FGMs is Al and the dark phase is
B,C, which is seen particularly clearly in the SEM image (Fig. 4). The microstructure of the sintered Al-B,C FGMs
is presented in Fig. 5, where the gray and dark phases are Al and B,C, respectively. These images show a good
gradual compositional variation in the FGMs.

The obvious macroscopic interfaces are not observed even on the interfaces between different layers where the
material composition jumps. Fig. 5 shows a typical variation of the microstructure in the FGMs. The varying micro-
structure is characterized by the gradual variation of the matrix phase from the metal to the ceramic with the in-
crease of B,C. In the metal-rich side, the ceramic particles are dispersed in the metal matrix. With the increase of
B,C, the clusters of the ceramic are formed and their further growths result in the formation of a network structure.
Then, the network of the metal is gradually diminished and turns into the isolated metal particle dispersed in the
ceramic matrix in the ceramic-rich side.

3.2. Some physical properties of FGMs

The graded change of the chemical compositions and microstructure in FGM leads to a continuous distribution of
the properties. As shown in Fig. 6, 7 and Table 2, the density of theoretical, green and sintered and porosities of the
FGMs according to the weight fractions of B4C particles. Al-B,C system show various graded distributions corre-
sponding to constitutional change. Fig. 6, 7 and Table 2 show that density of green and sintered samples decreases
with increasing B,C content. The graphs of green and sintered densities of the FGMs according to the weight frac-
tions of B,C particles are shown in Figs. 6 and 7, respectively.

Table 2. Physical properties of FGMs [9].

Coded samoles Theoretical density | Green density | Sintered density Green Sintered
P (g cm?) (g cm-3) (g cm-3) porosity (%) | porosity (%)
Al .(400) 2.70 2.52 2.60 6.54 5.19
Al .(500) 2.70 2.60 2.61 3.70 3.34
AI-5%(400) 2.69 2.51 2.51 6.74 6.58
AI-SSi_ngE(SOO) 2.69 2.59 2.60 3.82 3.50
AI-105M_€(400) 2.68 2.49 2.50 712 6.86
AI-105M_e (500) 2.68 2.57 2.58 427 3.69
(AI+Al-5) . (400) 2.70 2.52 2.52 6.63 6.38
(AI+AI-5) . (500) 2.70 2.59 2.60 3.75 3.42
(AI+AI-10),, (400) 2.69 2.51 2.51 6.88 6.58
(AI+AI-10),, (500) 2.69 2.59 2.60 3.84 3.49
(AI+AI-5+AI-10), _ (400) 2.69 2.50 2.51 7.09 6.72
(AI+AI-5+Al-10), _ (500) 2.69 2.59 2.59 420 3.75
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Fig. 6. The green densities of FGMs for different pressing pressure.(a) at 400MPa, (b) at 500MPa.
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Fig. 7. The sintered densities of FGMs for different pressing pressure. (a) at 400MPa, (b) at 500MPa.

Table 3 shows that some theoretical density values of the FGMs decrease (as expected from the rule of mixtures).
Although a decrease was also seen in the experimental densities (green and sintered density values), the value are
lower than those theoretical ones. The density measurements showed that FGMs contain some porosity, and the
amount of porosity in the green and sintered of FGMs increased with the increasing weight fraction of the particles
(Fig. 8 and 9), as observed in the previous investigations [10-17].
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Fig. 8. The green porosities of FGMs for different pressing pressure.(a) at 400MPa, (b) at 500MPa.
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Fig. 9. The sintered porosities of FGMs for different pressing pressure.(a) at 400MPa, (b) at 500MPa.

3.3. Hardness of FGMs

The influence of the varying microstructure on the hardness of the FGM sample is obvious, as shown in Fig. 10. As
the content of B,C increases from 0% to 10%, the slope of the hardness curve changes and the hardness increases
substantially. This is mainly caused by the gradual variation of the microstructure inthe FGMs. In these layers, the
matrix phase varies from the softmetal to the hard ceramic, as shown in Fig. 4 and 5. The Brinell hardness of the
FGMs and single-layers were given in Table 3. The relation between the B,C particle content and the hardness of
the FGMs were plotted in Fig. 10. It was seen from Fig. 10 that the hardness of the FGMs increased with increasing
particle weight fraction. As compared to the Al matrix alloy, the hardness of the FGMs was found to be greater,
and addition of B,C particles increase the hardness of the Al alloy [11,18].
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Table 3. The hardness properties of FGMs.

Coded samples Brinell Hardness (BHN)
| Al,.(400) 170
[ Al,,4,(500) 189
Al-ssi_ngl_e (400) 201
Al-5 e (500) 213
Al-10 g (400) 226
Al-10 e (500) 250
(AI+AL-5),  (400) 170-201
(AI+AL-5)  (500) 195-226
(AI+AI-10), . (400) 175-213
(AI+AI-10),, (500) 195-241
(AI+AI-5+Al-10), _ (400) 166-195-220
(AI+AI-5+A1-10), _ (500) 185-220-250

An increase in the hardness of the Al-B,C FGM with increasing weight fractions of B,C from the matrix to B,C
graded regions, for both the FGM fabricated at 400 and 500MPa, respectively (Table 3, Fig. 10), as observed in
the previous investigations [19,20].
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Fig. 10. The Brinell hardness of FGMs.(a) Single-layer samples, (b) Two-layer samples, (c) Three-layer sample.
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4. Conclusions

Single, two and three staged Al-B,C FGMs had been successfully fabricated by powder metallurgy technique. The
relative density of the FGM was more than 93%. The relative density of the three stage FGM (500Mpa) was more
than 95%. Microstructure analysis showed that a good graded composition of FGM had been obtained. The B,C
particles were well embedded into the matrix by solid state sintering. The present work provides a effective ap-
proach to fabricating ceramic-metal FGM by powder metallurgy technical for different applications.

1. AI-B,C functionally graded material (FGM) has been successfully developed by the powder metallurgical proc-
ess

2. Green and sintered density values increases with increasing pressure.

3. Green and sintered density values decreases with increasing B,C content.

4. Hardness of FGMs increases with the increasing B,C content.
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