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Abstract

Metal matrix composites (MMC) samples consisting of aluminum and boron carbide were
prepared through the powder metallurgy route. In a first step, the sintering behavior of the so-
produced slab was investigated. Subsequently new samples were hot rolled in a 2-high rolling
mill to 1/6 of the initial diameter.

To evaluate microstructure and chemical composition of the emerging phases of the produced
composites, optical microscopy (OM), X-ray diffraction analysis (XRD) and scanning electron
microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX) were applied.
Mechanical properties of the specimens were investigated by tensile tests. To analyze the
neutron attenuation behavior JEN-3 test was applied. This tool is a neutron absorption testing
equipment that is used in the industry for non-destructive material inspection.

Significant shrinkage does not occur, however, sintering has functioned properly as can be seen
by the metallic sintered necks present after the heat treatment.

Furthermore, the density after rolling is 100%. Therefore, it can be stated that the combination
of temperature and mechanical deformation leads to a fully dense material. This is also
corroborated by the results of the tensile tests. The microstructure of the MMC material shows
the B4C particles properly distributed in the aluminum matrix. Although a diffusion zone can
be seen in the EDX analysis, no new phases appear in the material. This is also in accordance
with the XRD results. The mentioned diffusion zone is also an indicator for proper interfacial
bonding of the two types of powder in the material. In a case, the neutron attenuation behavior
is not influenced and is homogeneous within the sheet as well as sufficiently high.

1 Introduction

Metal matrix composites consisting of an aluminum matrix reinforced with B4C particles have
several advanced structural properties such as low density, high strength, especially related to
the low density (specific strength), stiffness, erosion and wear resistance [1-4]. One of the main
benefits of this material is the good mixture of properties for shielding applications in the
nuclear industry [5]. Due to the high natural abundance of *°B in boron element (~19.8 %) [6]
with its vast thermal neutron capture cross section (3837 barn) [7], B4C is suitable for capturing
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thermal neutrons. In combination with high ductility and superb thermal conductivity of the
matrix metal, this material is widely used in the nuclear industry. [5]

In the recent decades, simultaneously with the development of this metal matrix composite, a
number of manufacturing techniques, such as stir casting [8], squeeze casting, pressure and
pressure-less infiltration [9], spark plasma sintering [10], accumulative roll bonding [11] and
powder metallurgy [12] have been developed.

Two powder metallurgy production routes are dominant to manufacture highly reinforced (up
to ~35%) Al/B4C sheets and plates. Pressing, sintering, hot extrusion followed by rolling [13],
and hot isostatic pressing and rolling [14], respectively. An unusual manufacturing technique
is in use at voestalpine BOHLER Bleche in Austria to produce MMC sheets and plates. This
simplified route consists of axial pressing, sintering and rolling.

We have performed two series of experiments to find the perfect conditions for the production
of sheets. Firstly, the aim of this study is the investigation of the sintering behavior of Al-B4C
powder material. Therefore, pressed and sintered specimens were produced. In a second step a
thorough analysis of sheet material was performed. For this purpose larger samples were
prepared in a way that rolling was feasible. This study comprises tensile testing to evaluate the
mechanical properties as well as optical and SEM micrographs to assess the occurring
microstructure. Furthermore, X-ray diffraction analysis and energy dispersive X-ray
spectrometry to determine the chemical composition were conducted. In this study the neutron
attenuation behavior was also evaluated — mainly to prove the homogeneity of the so-produced
material.

2 Experiments

Boron carbide and 1070 Al alloy powders were used as starting material. The mean particle
sizes were 18,5 um and 25 um , respectively. In Table 1 the chemical composition of the B4sC
powder is given.

Table 1. Chemical Composition of B4C (wt./%)

B C (@) N Cl F Ca Fe Si
79.20 20.14 0.10 0.06 <0.0005 <0.0005 0.01 0.09 0.13

2.1 Pressing and Sintering

A tumbling mixer with steel balls was used to blend the 1070 Al alloy and B4C powders for
10 min at weight ratios 9:1, 8:2 and 7:3, respectively. Ball-to-powder ratio of 1:2 was applied.
Firstly, samples of 55 x 10 x 5.5 mm?® were die-pressed to investigate the consolidation behavior
of this material. The sintering process of the so-produced samples took place in a nitrogen
atmosphere at elevated temperatures below the melting point of Al.

The sintering behavior of the blended and pressed powder was analyzed using scanning electron
microscopy by taking secondary electron images of the fracture surfaces. The metallographic
sections were evaluated by optical microscopy.

2.2 Pressing, Encapsulating, Sintering and Rolling

Larger samples are needed to evaluate the mechanical properties of plates of this material.
Therefore, the as-mixed powders were compacted in an aluminum capsule (alloy 6061). Four
samples of MMC10 (total weight ratio: 9:1) and two samples of MMC30 (total weight ratio:
7:3) sized 120x160x30 mm?3 were produced. Blending was executed in a screw cone type mixer
for 30 min at room temperature. The pressed and sintered samples were reheated to forming
temperature and rolled to a thickness of 5 mm. Three different rolling schedules were used. A




rough one (sample 15 & 21), a medium one (sample 14 & 20) and a soft one (sample 12 & 18),
respectively. Subsequently, annealing was performed.

The microstructure and chemical composition was evaluated by OM and SEM/EDX,
respectively. To validate the EDX measurements, XRD study was conducted as well. Standard
tensile testing was used to evaluate the mechanical properties of the so-produced material.
Additionally, a neutron attenuation behavior test was performed on the MMC30 sample. The
so-called JEN-3 method is comprised of a Cf-252 neutron source and a scintillation detector.
This neutron absorption equipment is illustrated in Figure 1. For the measurement the sample
is placed on a neutron reflective polyethylene desk. The fast neutrons from the source pass
through the sheet, are slowed down to thermal neutrons in the reflector and travel back through
the sample. The detector measures the reflected thermalized neutrons [5, 15]. Every 50 mm 50
measurements were taken to both study the attenuation behavior in general and to prove the
homogeneity of the sheet.

Cl-source
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— fost neutrons detector
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Figure 1. Layout and principle of the JEN-3 neutron attenuation tool [15]

3 Results of the pressed and sintered MMCs

3.1 Sintering behavior

Figure 2 (a) shows an optical micrograph of the pressed and sintered MMC10 material whereas
(b) shows a SEM micrograph of the fracture surface thereof. Although some pores can be seen
in the OM, sintering has functioned properly as visible from the microstructure. It can be seen
that no distinct aluminum particle is visible in the material after the sintering process. Also, the
boron carbide particles are distributed uniformly in the metal matrix. In the SEM micrograph
boron carbides within a distinctly connected matrix is shown. This also supports the assumption
that sintering has functioned properly.
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4 Results of the pressed, capsuled, sintered and rolled MMCs

4.1 Microstructure

The microstructure of the final sheets is presented in Figure 3. It can be seen that the B4C
particles are homogeneously distributed in the aluminum matrix. Obviously, the higher the
carbide content the more B4C can be found in the optical micrograph. Although different rolling
schedules were applied, the distribution of the particles is not affected thereof. The
microstructure also appears to be fully dense.

4.2 Phase Evolution and Chemical Composition

In Figure 4 an elemental mapping of sample 15 (MMC10) is shown. In the electron
backscattered micrograph two distinct phases can be seen. Although an aluminum gradient is
present in the interface layer between boron carbide and aluminum, which can be seen in the
elemental profile plot in Figure 5, no new phase can be detected in this area. The interfacial
elemental gradient also indicates well embedded B4C particles in the metal matrix. Therefore,
it can be stated that reinforcement has functioned properly. However, little can be said about
the behavior of boron and carbon because of the limited possibilities to measure these light
elements with EDX. Nevertheless, Figure 4 shows that elements boron and carbon can only be
found in the boron carbide areas. Therefore, it can be concluded that no other phase is formed
during the production of the sheet. This is also in accordance with the XRD measurement. In
Figure 6 the result of this study is represented. It can be seen that no other phase than the two
mentioned are present. Calcite is also listed but does not need to be considered because of its
presence in the embedding resin.

4.3 Mechanical Properties

Three tensile tests per sheet were conducted to ascertain the mechanical properties. The results
of the said tests is illustrated in Figure 7. It can be seen that for the higher B4C content, in this
case MMC30, both the yield strength and the ultimate tensile strength, are slightly higher.
However, compared with the MMC10 samples the total elongation is remarkably lower. Both
findings are in accordance with the results from commercially available products [16, 17]. Also,
the quantitative results are within the range of the well-known industrial products [16-20].
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Figure 3. Optical micrographs of rolled B4C/1070 Al composites with various B4C
contents and various rolling schedules



Figure 4. SEM-EDX elemental mapping of sample 15: Backscattered electron
microscopy + distribution maps of Al, B and C (Brightness and contrast of B and C
mapping had to be adjusted)
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Figure 5. SEM-EDX element profile plot of sample 15
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Figure 6. XRD pattern of sample 15
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Figure 7. Tensile test results

4.4  Neutron attenuation behavior

Neutron absorption measurements of sample 18 using the JEN-3 tool were conducted as
described in chapter 2. Sample 18 consists of 30 wt.% B4C (MMC30) and is illustrated in Figure
9 together with a schematic map of the measurement positions of the JEN-3 tool. As can be
seen in this figure the sheet is too small for measurements. Therefore, two commercially
available MMC30 sheets of 5 mm thickness were placed next to the sample. The neutron
attenuation measurements of these sheets revealed an average count rate of 35723 and a
standard deviation of 143 digits, respectively. Since the absorption in the commercially
available sheets is in the range of the tested ones, the results should not be much influenced by
the chosen measurement setup. Fifty measurements at every measurement position were taken.
In Figure 8, the mean values with the corresponding standard deviations depending on the
position on the sheet are illustrated. The neutron attenuation is sufficiently high compared with
the commercially available MMC30 sheet. Furthermore, there is no significant variation of the
neutron attenuation behavior in sample 18. Since the neutron absorption is directly related to
the presence of 1B, this result indicates that B4C is homogeneously distributed in the material.
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Figure 8. Results of neutron attenuation measurements using JEN-3
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Figure 9. Sample 18 with a schematic map of each measurement position of the JEN-3
neutron attenuation tool

5 Conclusions

5.1 Pressed and sintered MMCs

Appropriate conditions to sinter metal matrix composites consisting of Al and B4C were found.
Furthermore, the microstructure shows a homogeneous distribution. Nevertheless, pores are
present in the not-rolled material.

5.2 Pressed, capsuled, sintered and rolled MMCs

Subsequently, MMC sheets were produced. The microstructure reveals a homogeneous
distribution of ceramic particles in an aluminum matrix. Neither voids nor pores could be found
in the investigated material. Moreover, the mechanical properties of these sheets are within the
range of commercially fabricated PM Al-B4C products. Therefore, it can be concluded that the
described production process is sufficient to manufacture fully dense MMC sheets with both
usual mechanical properties and uniformly distributed reinforcement. The latter is also
confirmed by the neutron attenuation test results. Also the shielding properties are comparable
with commercially available products in this sector. In addition, the phase evolution during the
mentioned production method was analyzed. The results of the XRD testing are in accordance
with the results of the EDX investigation. Although an Al diffusion zone was detected around
the B4C particles, no new distinctive phase could be found in this area. In addition, the XRD
measurement indicates only the two mixed phases, Al and boron carbide, respectively. The
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bottom line of this survey is, although bonding of the ceramic particles with the metal matrix
has functioned properly, no new phases occurred applying the powder metallurgy production

route.
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