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Abstract: A sophisticated stir casting route to fabricate large scale AA6061-31%B4C composite was developed. Key process
parameters were studied, microstructure and mechanical properties of the composite were investigated. The results indicated that
vacuum stirring/casting, B4C/Mg feeding and ingots cooling were essential to the successful fabrication of AA6061-31%B,C
composite. Chemical erosion examination verified the designed B,C content; X-ray fluorescence spectrometer (XFS) showed the
chemical composition of Mg and Si in the matrix conformed to industry standards; scanning electronic microscope (SEM) and X-ray
diffraction (XRD) revealed that B4C particles were evenly distributed in the composites with well dispersed Mg,Si precipitates.
Tensile testing results showed that the AA6061-31%B4C composite had a tensile strength of 340 MPa, improved by 112.5%
compared with AA1100—-31%B4C composite, which is attributed to the enhanced strength of the matrix alloy.

Key words: Al-B,C alloy; metal matrix composite; stir casting; microstructure; mechanical properties

1 Introduction

Al-B,4C metal matrix composites (MMCs) combine
the desirable attributes of aluminum and boron carbide.
Al matrix has low density, resists corrosion and provides
a wide range of strength levels by adding various alloy
elements with their subsequent aging hardening [1]. As
the reinforcing phase, B4C is a hard material (surpassed
only by diamond and cubic boron nitride) with excellent
thermal stability, high wear resistance and large neutron
absorption cross section [2,3]. Therefore, Al-B,C
composites are widely used in automotive, aerospace,
military industry, especially in nuclear industry for
storage and transportation of spent fuels [4—7], and the
application is expected to increase with the development
of low-cost processing methods.

Among the available manufacturing processes, stir
casting is appealing for its flexibility in selecting raw
materials and processing conditions, through which
composites with various matrixes and reinforcing phases
have been successfully fabricated [8—12]. It is also
attractive for being economical, allowing large scale
composites to be fabricated [13]. However, major
challenges lie in wetting and chemical reactions between

the ceramic particles and the matrix, homogeneous
distribution of reinforcement materials, fluidity of the
composites and porosity in the cast metal matrix
composites [14], and wide adoption of stir casting
method depends on a satisfactory resolution of these
technical difficulties.

In fabricating Al-B,C stir casting composites, Ti
was found to be an effective alloy element for promoting
the wetting between B,C and molten aluminum, as well
as limiting the degradation of B4,C particles [15,16].
Ti-rich layer was formed around B,C particle surfaces
and this layer was identified to be TiB, at a reaction
temperature of 750 °C [17]. Based on this, extensive
researches have been conducted on AlI-B4C [18], Al-Si—
B4C [19], AI-Mg-B,C [20], Al-Mg-Si—B,C [9,10]
composites concerning interface, particle distribution,
fluidity and mechanical strength of the composites.
However, B4,C content in these composites was low,
typically with mass fractions less than 15%. For both
functional and structural purposes, it is desirable to
fabricate AlI-B4C composite with high B,C content and
high strength matrix [6,21-23]. In this work, AA6061—
31%B,4C composite was fabricated. On the one hand, it is
an endeavor to develop competitive stir casting Al/B4C
composites where their powder metallurgy counterparts
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have been prevalent in nuclear industry for storage and
transportation of spent fuels [4,21]; on the other hand,
the successful processing of composites with high B,C
content and high strength matrix would indicate
sophisticated handle of stir casting method which would
further expand its applications. As anticipated,
difficulties associated are exacerbated. Major challenges
involve incorporation and dispersion of lots of B4,C
particles, fluidity deterioration during stirring and casting,
and chemical composition control of the matrix.

Based on these considerations, a sophisticated stir
casting technique was developed to fabricate large scale
(about 12 kg per batch) AA6061—-31%B,C (mass fraction)
composite. Key process parameters were studied, the
microstructure and mechanical properties of the
composite were investigated.

2 Experimental

2.1 Composites preparation and rolling

Figure 1 shows the schematic of the designed
equipment used in the experiment. A graphite crucible
was placed at the center of the furnace with induction
heating coil around. Two thermocouples were set outside
and inside of the crucible respectively for heating
control. At the bottom of crucible there was a hole with
tightly matched stopper, which was designed to pour the
composite slurry into the mold consecutively at the end
of the mechanical stirring. The mechanical stirrer system
was along the axis of the crucible which was able to
rotate and adjust its height consecutively. The feeding
tank was designed to add ceramic powders and alloy
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elements at proper time during the stir casting. The
vacuum valve provided the whole system with a vacuum
limit about 10 Pa, while argon gas was used to balance
the atmosphere pressure in cases that the mold separated
from the furnace to cool in air. The shape and size of the
impeller blade are also shown in Fig. 1. It is a simplified
version of a typical three-blade propeller. It has two
blades to gain better strength considering the paramount
resistance encountered during stir casting. The
edge-lengths of the cut parts (two parts are symmetric)
are 60, 30 and 30 mm, respectively.

Initially, calculated commercial pure Al (99.7%),
Al-20%Si master alloy, Al-10%Ti (mass fraction)
master alloy were melted in the graphite crucible and
maintained at 750 °C, and B4,C powders were preheated
at 400 °C for 2 h. Then, the furnace was open to remove
the slag of the melt. Meanwhile, calculated commercial
pure Mg (99.99%) and preheated B4C particles with an
average size of 23 um were placed in the feeding tank.
After the system approached its vacuum limits, B,C
powders were added into the melt approximately at the
speed of 1000 g/min. The melt was stirred after
incorporation of particles in the melt at gradually
increasing speed and hold at 550 r/min after all the B,C
powders were added. The stable vortex lasted for 15 min,
and Mg granules were added into the melt in the final
1 min. Finally, the stirrer was turned off, the stopper was
pulled down, and the composite slurry was poured in a
preheated rectangular  heat-resistant  steel mold
(450 °C) which was then separated from the furnace for
cooling. Table 1 lists key processes studied. With
optimized process, two experimental composites namely
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Fig. 1 Schematic of designed equipment
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Table 1 Key processes and composites fabricated in experiment

Process Composite fabricated
Vacuum/stirring AA1100-15%B,4C
Vacuum/casting AA1100-31%B,4C
B4,C/Mg feeding

) AA6061-31%B4C
Ingot cooling

AA1100-31%B,C and AA6061-31%B,C containing
3.5% Ti (mass fraction) were prepared for comparison.

Hot rolling of the composites was carried out at
400 °C to avoid Al matrix hardening. For every rolling
pass, rolling reduction was fixed at 1 mm and rolled
sheet was reheated at 400 °C for 15 min. Finally, ingots
were rolled into 3 mm sheets to evaluate their
microstructure and mechanical properties.

2.2 Heat treatment

Samples for mechanical properties evaluation were
subjected to modified T6 heat treatment. Solution
temperature was elevated to 570 °C considering that at
higher solution temperature, the greater degree of
supersaturation will cause more Mg,Si precipitates to
form in the matrix-rich zones of the composites [24].

Samples for chemical composition evaluation were
held at 570 °C for 30 min and then quenched in water to
ensure homogeneous distribution of alloy elements in the
matrix.

2.3 Characterization

B,C content was determined with chemical method.
Five samples representative with dimensions of 50 mm x
25 mm x 3 mm were first fully eroded in NaOH solution
(1 mol/L) for 24 h, respectively. After carefully filtering
the clean liquid, appropriate content HCl solution was
added to balance surfeit NaOH solvent. The solution was
stirred vigorously before another 24 h of standing.
Finally, B4C powders were filtered and dried for
weighing.

The chemical composition of matrix was
determined by X-ray fluorescence spectrometer (XFS,
ARL Perform’X 4200). X-ray diffraction (XRD)
measurements were conducted with a Rigaku D/max
2500 VB2+/PC, operated at 40 kV and 100 mA to
produce Cu K, radiation (4=1.54 A). A scanning
electronic microscope (SEM, TESCAN MIRA 3 LMH),
equipped with an energy dispersive spectrometer (EDS)
was used to examine the particle distribution and
interfaces of the composites. Samples for Al/B,C
interface observations were prepared by mechanical and
ion beam (IB—09020CP, JEOL) polishing methods,
successively.

Tensile test samples were machined into rectangular
specimens, conforming to ASTM E8M standards for

subsize specimens, with a gauge length of 25 mm. The
mechanical response was measured on a MTS
servohydraulic universal testing machine with a strain
rate of 1x107 s™', and each average value was obtained
from four tensile tests.

3 Results and discussion

3.1 Key process parameters
3.1.1 Vacuum stirring/casting

In the stir casting technique, vortex is the major
drive force to create and maintain a good distribution of
the reinforcement material in the matrix alloy. However,
a vigorously stirred melt will entrap air bubbles which
are proved to be extremely difficult to be removed as the
viscosity of the slurry increases. The entrapped gas
weakens the wettability between B4C particles and
molten aluminum by forming gas layer surrounding
particles and results in high porosity and inclusions in the
cast product [14].

Vacuum stir casting is effective to eliminate the
entrapment of external gas onto melt and oxidation of
aluminum during stirring synthesis [25]. Figure 2 shows
the microstructures of AA1100—15%B4C composites
fabricated under atmospheric pressure and 10 Pa,
respectively. Dark region around B4C particles indicates
porosity or clusters in the microstructure. In comparison,

Fig. 2 Microstructures of AA1100-15%B,C composite
fabricated under atmospheric pressure (a) and 10 Pa (b)
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composites fabricated under vacuum stirring show more
uniform particle distribution and neat microstructure. In
addition, due to detrimental effect of entrapped gas,
AA6061-31%B,C composite was unable to be
fabricated under atmospheric pressure. Typically, the
B4C particles floated on the surface, indicating poor
wettability between B,C particles and Al matrix.
Therefore, to fabricate AA6061-31%B,C composites,
vacuum stirring is essential considering the amount of
B4C particles which need to be incorporated and
dispersed.

Vacuum condition also matters in the casting period
since fluidity is crucial for mold filling. For composite
with B4C content as high as 31% (mass fraction), fluidity
deteriorated rapidly when the crucible was exposed in air
due to temperature drops and contact with air. Figure 3
shows composites cast in air. Even the mold was
preheated and vibrated during casting to promote fluidity
of the composite slurry, surface defects like wrinkles and
bulges were apparent, which indicated limited fluidity
during mold filling. In comparison, composites cast
consecutively with the designed stopper showed neat
surface resulting from excellent fluidity (Fig. 4(b)).

Fig. 3 Typical surface defects of composites cast in air

3.1.2 B4,C/Mg feeding

The feeding tank was designed to add large quantity
of B,4C particles. By adding B,C particles progressively,
the stirrer got the particles dispersed in the melt step by
step to ensure homogeneous distribution. Since the melt
was alloyed with Ti, the added B,C particles were stable
in the melt and were not different from subsequently
added B4C particles in morphology. In practice, another
method was tried. B4C particles were packed together
with aluminum foil and added into the melt all at once.
Results showed that graphite impeller broke frequently at
the initial stage of stirring and B,C powder ring formed
on the crucible wall during the stirring due to massive
B4C powders.

Fig. 4 Ingot surface morphologies of AA6061-31%B,C
composites cooled under different conditions: (a) In furnace;
(b) In air; (¢) In furnace, 5 mm under surface; (d) In air, 5 mm
under surface

Unlike the report in other articles, desired aluminum
alloys were directly melted at the first stage [9,10],
which causes chemical composition deviation of the
matrix material. In our experiments, calculated
Al-20%Si master alloy was firstly melt with the pure
aluminum, and then pure Mg was added into the melt in
the final 1 min of the stirring. Reasons behind are two,
on one hand, Mg is highly volatile and easily loses
during the stir casting, this adjustment prevents Mg from
long time exposure to high temperature; on the other
hand, before Mg was added, TiB, layer had already
formed on B4C particle surfaces. Therefore, detrimental
effect of Mg on AIl-B4C interfacial reactions was
inhibited [19].

Table 2 shows Mg and Si contents of
AA6061-31%B4C composites fabricated through two
methods. Considering that Si is stable, the mass ratio of
Mg/Si should be an effective indicator showing the
variation of Mg content during different procedures. In
the conventional procedure, the ratio is 0.591, while the
raw material has a ratio of 2 as shown in the parentheses.
In the modified procedure, the ratio is 1.434 compared
with the designed ratio of 1.25. This proves that the
modified procedure inhibited Mg loss during the stir
casting which is responsible for fabricating Al-B,C
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composites with precise matrix chemical composition.
Also, the Mg and Si contents in the matrix confirm to
AAG6061 industry standards. More importantly, this
procedure enables us to adjust Mg and Si contents
flexibly and consequently provides wide range of
strength levels.

Table 2 Mg and Si contents of composites fabricated under

different procedures
Procedure  w(Mg)/% w(Si)/% Mass ratio of Mg to Si
Conventional ~ 0.467 0.79 0.591 (2)
Modified 0.826 0.576 1.434 (1.25)

3.1.3 Ingots cooling

Since Mg is highly volatile, different cooling
conditions result in distinctive ingot surface
morphologies. Figure 4(a) shows ingot surface
morphology cooling in furnace. Bulges and dimples are
scattered around the surface. Figure 4(c) reveals fresh
surface 5 mm under position where concaves are more
apparent. At the initial stage of the solidification,
temperature was still high, magnesium steam formed
bubbles in the matrix and floated near the surface.
Because the melt was viscous and the surface solidified
quickly, the bubbles were trapped in the matrix near the
surface and formed the final surface morphology. In
comparison, ingot cooling in air shows neat surface and
compact microstructure.

3.2 Characterization
3.2.1 Chemical composition

The contents of B4C determined with chemical
method are shown in Fig. 5. By taking samples from
representative positions illustrated in Fig. 5, the results
are informative in two aspects. On one hand, B4C content
fluctuating around 31% reveals that the designed B,C
content was incorporated within acceptable error range;
on the other hand, it shows that the B,C particles were
evenly distributed on a relatively macro level.

33
32r
31t
30r

291
gl P =] =] = | :J

ar g 100 mm g

Mass fraction of B,C/%

261
25

1 2 3 4 5

Sample No.
Fig. 5 B,C contents of different samples from representative
positions

Table 2 shows Mg and Si contents of
AA6061-31%B,4C composites fabricated by starting with
AA6061 aluminum alloy and by adding Mg and Si
respectively. As analyzed previously in Section 3.1.2, it
proves that the modified procedure inhibits Mg loss
during the stir casting which is responsible for
fabricating Al/B,C composites with precise chemical
composition.

3.2.2 Microstructure analysis

Figure 6 shows particle distribution of AA6061—
31%B4C composites in as-cast and as-rolled conditions,
respectively. Previous study on Al-7%Si—10%B,C die
casting composite [26] characterized solidification and
fluid flow processes as two major factors contributed to
particle distribution. On one hand, particles were pushed
by the growing primary a(Al) grains. Particle network
was highlighted in Fig. 6(a) where light particle inside
was Al;Ti which came from excessive Al-Ti master alloy.
Since ALTi intermetallic particles were effective
nucleants during solidification [27], they were at the core
of growing a(Al) grains and with B,C particles pushed
away. On the other hand, the particles in the dispersion

| 100 um|
Fig. 6 Particle distribution of AA6061-31%B4C composites:
(a) As-cast; (b) As-rolled
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system moved towards the center where shearing is at a
minimum [28]. However, a segregation band where the
amount of B,C particles is less in the regions near the
mold walls than that in the center was not observed due
to high preheating temperature of the mold [26]. Cluster
of B4C was also highlighted in Fig. 6(a) which is evitable
during stir casting. As a consequence, rolling process

was employed to get uniform particle distribution.
Figure 6(b) shows particle distribution of composites
after rolling. Cluster and particle network were
significantly reduced, which is beneficial to the
mechanical properties of the composites.

Figure 7(a) shows high magnification SEM
backscattered electron image of the composite. Light

60 70

30 40 50

3 o 26/(°)
Fig. 7 Microstructures of AA 6061-31%B,C composite: (a) High magnification SEM backscattered electron image; (b) EDS pattern;
(c) Low magnification SEM backscattered electron image; (d) Low magnification electron image; (e—h) Al, B, C and Ti elemental

mappings, respectively; (i) SEM image of local zone in (a); (j, k) Mg and Si elemental mappings, respectively; (1) XRD pattern

showing the presence of TiB, and Mg,Si in composite
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particles were found to be Al;Ti with traceable C and Si
elements. It corresponds to the bright zone in Fig. 7(c),
which came from the Al-Ti master alloy. Figure 7(c)
shows low magnification SEM backscattered electron
image of AA6061-31%B4,C composite. Dark B,C
particles are evenly distributed in the matrix. Figures
7(d) and (e—h) show elements distribution of Al, B, C
and Ti. The results are according with former research as
Ti-rich layer formed around B,C particle surfaces. This
Ti-rich layer was identified as TiB, in previous
studies [17] since under the experimental temperature,
the following reaction happened:

6AI+3Ti+2B,C=2A1;BC+3TiB, 1)

The formation of TiB, layer has been shown to limit
the decomposition of B4C particles and promote their
wettability in liquid aluminum which is a breakthrough
facilitating the fabrication of Al-B4C composites with
stir casting technique. Also, the bonding between Al and
B,4C is quite stable during deformation.

Figure 7(i) shows SEM image of local zone in
Fig. 7(a) which shows presence of fine light particles.
Figures 7(j) and (k) are elemental mapping results. Mg
and Si elements show no segregation accordingly
because the particles are too small compared with the
spot size of energy dispersive spectrometer (EDS). X-ray
diffraction (XRD) pattern in Fig. 7(1) shows the presence
of Mg,Si. Combining the X-ray fluorescence spectrometer
(XFS), SEM and X-ray diffraction (XRD) results, it is
safe to conclude that those fine light particles are Mg,Si.
Also, it should be noted that the X-ray is insensitive to
B,4C as reported in other studies [29], therefore, despite
the high B,4C content, its corresponding peak is weak.
3.2.3 Tensile strength

As shown in Fig. 8, the ultimate tensile strength
(UTS) of Al-B4C composite improved significantly after
alloying Mg and Si elements. The average UTS of
AA6061-31%B4C composite is 340 MPa, improved by
112.5% comparing with 160 MPa of AA1100-31%B,C
composite. The elevation in tensile strength could be
easily interpreted in terms of rule of mixtures. The
tensile strengths of commercial pure aluminum AA1100
(O) and aluminum alloy AA6061 (T6) are approximately
80 and 280 MPa [30], respectively. Then, it can be
calculated that the B4C reinforcement -contributed
80 MPa to the total tensile strength. So, the elevation in
tensile strength after alloying Mg and Si elements is
attributed to the intrinsic strength of the matrix alloy
which is in accordance with previous study on SiC
particulate-reinforced Al-Zn—Mg—Cu composites where
SiC has similar size of approximately 30 pm [31]. It
should be noted that 31% B4C only contributed about
80 MPa while 1% Mg and 0.8% Si together contributed
about 180 MPa to the total strength. Since B,C particles

are at micrometric level, the strengthening mechanisms
are load transfer and interaction between dislocations and
“dislocation punched zones” formed in the vicinity of
reinforcement/matrix  interface [27]. For AA6061
aluminum alloy, precipitated nanoscale Mg,Si phase due
to T6 heat treatment provides the enhanced strength in a
more effective way of Orowan mechanism [32].

30t AA6061-31%B,C (T6)

280
2401
200
160 [
120 |

80
40

Stress/MPa

AA1100-31%B,C (Annealed)

0.04 006 008 010 0.12
Strain

Fig. 8 Stress—strain curves of AA6061-31%B,C and
AA1100—-31%B,4C composites

0 0.02

Tensile strength was increased at the expense of
plasticity. The average elongation values of
AA1100-31%B4,C and AA6061-31%B,C composites
are 7.52% and 1.61%, respectively. Figure 9 shows
tensile fracture surfaces of the two composites. B,C
particles in both composites act as void initiation sites. In
Fig. 9(a), dimples are larger and deeper, indicating better
plasticity, because the matrix is pure aluminum. In
contrast, dimples around B4C particles in Fig. 9(b) are
less obvious since the matrix is AA6061 aluminum alloy
which has less plasticity. Also, fine dimples in the matrix
are corresponding to fine Mg,Si precipitates. It should
also be noted that cracked B4C particles and their intact
Al/B,4C interfaces manifest that the reinforcement/matrix
interface is stable enough under applied load.

4 Conclusions

1) AlI-B,4C composites were fabricated by modified
stir casting technique with high B4C content (up to 31%,
mass fraction) and precise chemical composition
(AA6061). Key process parameters were studied,
microstructure and mechanical properties of the
composites were investigated.

2) Vacuum stirring and adding B4C powder
progressively are essential to incorporate high content
B4C; adding Mg and Si respectively are necessary to
get precise matrix chemical composition; vacuum casting
and cooling ingots in air are responsible for excellent
mold filling and Mg maintenance.
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p

Fig. 9 Tensile fracture surfaces of AA1100—-31%B,C (a) and
AA6061-31%B,4C (b) composites

3) Chemical erosion examination showed that the
designed B4C content incorporated; X-ray
fluorescence spectrometer (XFS) showed that the
chemical composition of the matrix conformed to
AA6061 industry standards; scanning electronic
microscope (SEM) and X-ray diffraction (XRD) revealed
that B,C particles were evenly distributed in the matrix
with well dispersed fine Mg,Si precipitates.

4) AA6061-31%B4C composite had a UTS of
340 MPa, improved by 112.5% compared with
AA1100-31%B,4C composite, which is attributed to the
significantly enhanced strength of the matrix after
alloying Mg and Si elements. It covers a board range of
B4C content and mechanical strength levels, making it
the best candidate for AlI-B4C composites applications.
Furthermore, the illustrated stir casting technique is
promising in increasing the number of applications of
Al-B4C composites.
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AA6061-31%B,C E S+ #IRYH| & 5 RAE

2 FY Fask!, 24V 2 4% kAR

1. IEHERE WIIFRAR, WY 518055;
2. IFHEKE MERES TR, Jbal 100084;
3. EHERE ERIBEA SR =, I 518055

1 E. PR FESOIGESH RS T 2414 AAG061-31%B,C B4 HEL. IREZIENRESH, HHE &K
KSR 12 R AT R AL . SRR, ESHP/5 . B,C/Mg ks sSURBEEEA H1 2 AA6061-31%B,C
SR & GBS SR I 45 FAE L E SRR S TS =1 ByCs X 25 ERINR B,
HEMEFA T Mg FI Si & 875 E Tolkbril; BRI X SHRATH 4 R, B,.C Bk e ik, B
fi 2 18] I R Y Mg,Si M RS RE I, AAG061-31%B,C E &M B HLIHE N 340 MPa, Ltk
AA1100-31%B,C EAMEIHIPRRERS T 112.5%, XIARTRAES &HE K KIERE.
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