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Abstract

Herein we demonstrate the promise of hexagonal BN nanosheets (BNNSs) as fillers in metal
matrix composites (MMCs). Al-based MMCs with 1, 5 and 10 wt.% of BNNSs were obtained by
spark plasma sintering using BNNSs (approximately 300x600 nm? and 20-50 nm thick)
exfoliated under ball milling in ethylene glycol. Particular attention was paid to the optimisation
of ball milling process in various media to achieve a high yield of high-quality BNNSs. The
resulting AI-BNNSs composites consisted of Al grains separated by BN layers with a widely
varied width from 20 nm to 1-2 um. Within these layers, individual h-BNNSs, approximately 5-
10 nm thick and up to 200 nm long, were mostly oriented in parallel to the Al grain boundaries.
The maximum tensile strength of 152 MPa was obtained for a sample with 1 wt.% of BNNSs,
hereby demonstrating a 69% increase compared to pristine Al. Thorough structural investigation
showed that Al grains and BN layers had exhibited strong cohesion to each other and withstood
high applied loads. Using SEM and high-resolution TEM analysis of fractured surfaces direct
experimental evidence of BNNSs involvement into the deformation process through taking over

most of the load was obtained.
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1. Introduction

Metal matrix composites (MMCs) are attracting ever-growing interest in many fields due
to functional combination of a ductile metal matrix and a tough reinforcing phase [1-3]. As a
matrix material, aluminum (Al) is one of the most commonly used metals due to its lightweight,
excellent corrosion resistance, high specific strength, decent paramagnetic characteristics, and
good thermal properties [4-6]. Al-based MMCs are widely used in aerospace, automotive, and
sport industries [7-9]. However, pure Al is soft. The mechanical properties of pristine Al
(stiffness and ultimate tensile strength) are rather poor and further dramatically decrease when a
material is heated to only a few hundred degrees [10]. Over the past few years various kinds of
fillers; for example, carbon nanotubes (CNTS), graphene nanosheets, oxide, ceramic, metallic
and glassy particles have been utilized as the reinforcing phases in AI-MMCs [11-17]. Due to
attractive mechanical properties, BN nanostructures are superb reinforcing agents for lightweight
MMCs. High-strength Al-based MMCs reinforced with BN nanostructures have recently been
reviewed by Yamaguchi et al. [18]. Comparison of the mechanical properties of Al-based MMCs
reinforced with different additives (CNTs, Al,Os, SiC, ZrO,, metallic and glassy particles, BN
micro- and nanostructures) have been obtained through different methods. These studies have
indicated that the maximum tensile strength and the highest percentage of improvement (135%)
are achieved via utilization of BNMPs due to the formation of more homogeneous and uniform
morphologies within the ball-milled powder mixtures and, as a result, a good quality of the
resultant spark-plasma sintering products [19]. The undoubtful advantage of AI-MMCs
reinforced with BN structures is a particularly high strength (185% increase vs Al) at elevated
temperatures (~500 °C). Composite materials based on Al containing only 5 wt.% of BN
particles demonstrated the room-temperature tensile strength as high as 380 MPa, which is
already comparable with the strength of some structural steels, but the reinforced MMCs are

nearly three times lighter.



Using density functional theory (DFT) calculations it was demonstrated that active
chemical edges of the graphene-like BN nanosheets (BNNSs) create strong chemical bonding
between the fillers and a metal matrix, thereby ensuring critical shear stress in the GPa range
[20,21]. Thus the regarded nanosheet morphology of BN nanostructures is of particular interest
for strengthening of Al-based MMCs. The desired BNNSs can be obtained using different
techniques, for example by sonicating or ball milling [22-26].

Herein a reactive ball milling process was utilized to obtain BNNSs. The ball milling
experiments were carried out in different media (argon, isopropanol, ethylene glycol) by varying
the diameter of milling balls (5, 7, and 9 mm) and milling time (from 20 min to 4 h) to control
the milling process intensity. The successfully exfoliated BNNSs taken at the amount of 1, 5, and
10 wt.% were further utilized to produce Al-MMCs composites using Spark Plasma Sintering
(SPS) method. The obtained samples were tensile tested at room temperature. The significant
improvement in the tensile strength of MMCs (from 90 to 152 MPa) was achieved with only 1
wt.% of BNNSs additives.

2. Materials and methods

2.1 Raw materials

Commercially available hexagonal boron nitride (h-BN) from “Reachem” (Russian
Federation) with an average particles size of 7-15 um was utilized as a raw material for ball
milling process. Aluminum powder of 99% purity with an average particles size of 12 um was

purchase from STREM Chemical Inc.

2.2 Fabrication of BNNSs

BNNSs were obtained via the reactive ball milling using a high energy ball mill mixer
“Activator 2S”. The ball milling was performed in a milling chamber (250 mm in diameter)
filled either with argon gas or in the presence of liquid medium (isopropanol, ethylene glycol) at
a constant rotation speed of 694 rpm and the BN powder/milling ball weight ratio of 0.025. The

volume ratio of milling balls to vial was set as 1:3 [26]. In contrast to the commonly used ball



milling mode, when the balls randomly move in space, in our case the processing was carried out
by such a way that the milling balls moved along the periphery of the chamber in contact with
the walls (Fig. 1). Under this regime, the BN particles were affected tangentially rather than
normally as in the case of chaotic bombardment. This allowed us to obtain the desired sheet-like
BN morphologies due to the occurrence of bursting stress between the layers of BN particles at

the moment of the tangential collision with balls.

Pulsed DC

Fig. 1. Schematic representations of BNNSs exfoliation during ball milling in liquid medium (a)

and AI-BNNSs composite fabrication via spark plasma sintering (b).

The ball milling regimes are summarized in Table 1. To establish the optimal ball milling
mode, the following parameters were controlled: milling time was gradually decreased from 240
to 20 min, processing was carried out in different media (Ar, isopropanol, ethylene glycol),
media to powder weight ratio was set to either 1:1 or 2:1, and ball milling was carried out using
either a mixture of balls with diametersr of 5, 7 and 9 mm in equal proportion [27] or balls of a
specific diameter (5, 7 or 9 mm). All experiments were performed sequentially: first, we set the
optimal processing time of 20 min (samples A series), then the optimal isopropanol/BN powder
weight ration (§=2:1) was established (samples B series), and, finally, the optimal ball diameter

was experimentally selected (samples C series) to achieve the uniform BNNS size distribution.

2.3 Fabrication of AI-BNNSs composites



Exfoliated BNNSs were first dried in a fume hood at 100 °C for 12 h, then mixed with
isopropanol and further sonicated for 10 min. The BNNSs suspension was left untouched for 10
min to avoid its overheating. Then the BNNSs were magnetically mixed with Al powder and
subjected to three consecutive sonications for 10 min at the rest intervals of 10 min. Finally, the
Al-BNNSs mixtures were dried at 80 °C for 2 h to let the isopropanol evaporate. The AI-BNNS
MMCs were fabricated by SPS using a LABOX 650 press (Sinter Land Inc., Japan). Vacuum
sintering was carried out in a graphite die with an inner diameter of 30 mm under the following
technological parameters: sintering temperature - 600 °C, sintering pressure - 35 kN, isothermal

holding at the sintering temperature — 1 h.

Table 1 Ball milling regimes

Series Milling parameters
Sample  Milling Medium Medium to BN Ball diameter, mm
time, min powder weight
ratio, &
A Al 240 Ar - Ball mixture*
A2 20 Ar - Ball mixture
Bl 20 Isopropanol 1:1 Ball mixture
B B2 20 Isopropanol 2:1 Ball mixture
B3 20 Ethylene glycol 2:1 Ball mixture
C1 20 Ethylene glycol 2:1 5
C C2 20 Ethylene glycol 2:1 7
C3 20 Ethylene glycol 2:1 9

* A mixture of balls with diameters of 5, 7 and 9 mm

2.4 Structural characterization

All as-fabricated materials (BNNSs, powder mixtures, and sintered samples) were studied
via scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD).

The microstructures and chemical compositions were analyzed by a scanning electron
microscope JSM F7600 (JEOL Ltd., Japan) equipped with a silicon drift EDX detector X-Max
80 mm. XRD patterns were recorded in the range of 25-140° 20 on a DIFRAY-401
diffractometer (Scientific Instruments) equipped with a position sensitive detector (Elion) using
the Bragg—Brentano geometry and CrK,, radiation (k = 0.22897 nm). A linear X-ray source was

operated at 25 kV and 4 mA. A JEM-2100 transmission electron microscope (JEOL) equipped
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with an X-Max 80 EDX detector (Oxford Instruments) was employed for fine structural analysis.
The AI-BNNSs specimens for TEM investigations were prepared using PIPS 11 ion polishing
system (Gatan). For structural investigations, the ball milled BN powders
were ultrasonically deposited onto TEM grids in isopropanol.

2.5 Mechanical testing

The sintered samples were cut into strips, 230 mm®, using a Secotom 50 precision cutting
machine (Struers Inc., Taiwan) and further reshaped into special dumbbell-shaped specimens
form using a Chmer GX-320L electric discharge cutting machine (Taiwan). The reshaped
samples were subjected to tensile tests at a strain rate of 0.83x10™ m/s until complete sample
failure using a universal testing machine Shimadzu AG-X Series (Shimadzu Corp., Japan). The

tests were carried out at room temperature at a maximum load of 20 kN.
3. Results and discussion
3.1 Optimisation of ball milling process

3.1.1 Processing time

Morphology of BN nanoparticles in dependence to the varied ball milling parameters is
shown in Fig. 2. Additional SEM micrographs of the h-BN particles after ball milling are
collected in Fig. S1. At the first step, the processing time was adjusted to obtain nanosized
particles. After ball milling for 240 min the size of BN nanoparticles decreased from 7-15 um to
50 nm (Fig. S1a) and did not change further while reducing the milling time to 20 min (Fig 2a).
Since the minimum processing time is always desirable from a technological point of view, the

milling time of 20 min was used in all further experiments.

3.1.2. Processing medium
Subsequent experiments were aimed at obtaining the sheet-like BN nanoparticle
morphology. It is known that the density of processing medium can affect the shape of ball

milled particles. Thus the processing medium was changed from argon to isopropanol (Iso) that



has a density of ~0.79 g/m®. SEM image of the h-BN particles (B1 sample) after ball milling in
Iso (§=1:1) showed that the size of BN particles did not change compared to their processing in
the Ar atmosphere (Fig. S1b). Once & parameter was changed to 2:1 (B2 sample), the shape of
some fraction of BN particles changed from sphere-like to plate-like type (Fig. 2b). Note,
however, that the yield of BNNSs was still small. To solve this problem the I1so medium was
further replaced by ethylene glycol (EG), which has a higher density of 1.11 g/m®. This led to a
significant increase in BNNSs vyield, i.e. almost all BN particles exhibited the sheet-like
morphology, although the BNNSs size and thickness significantly differed (Fig. 2c). This was
attributed to the use of a mixture of balls of various diameters, since the collision of balls of

different sizes with BN particles led to the exfoliation of nanosheets of different sizes.

Fig. 2. SEM images of h-BN particles after ball milling for 20 min under the following conditions: Ar, ball mixture
(a); isopropanol (§=2:1), ball mixture (b); ethylene glycol (§=2:1), ball mixture (c); ethylene glycol (§=2:1), 7 mm
balls (d).



3.1.3. Ball size

In subsequent experiments we utilized milling balls of a specific diameter, namely 5, 7
and 9 mm (Table 1, samples C1, C2 and C3, respectively). However, when processing was done
with 5 and 9 mm balls, a weak degree of exfoliation and a larger size of final BNNSs were
observed (Figure S1c and d). In contrast, the ball milling with 7 mm balls led to the formation of
exfoliated BNNSs more uniform in size (Fig. 2d). This type of BNNSs was used for the
preparation of AI/BN mixtures and their further spark plasma sintering.

Successful formation of BNNSs during the ball milling process can be explained as
follows. Conventional ball milling in air does not lead to BNNSs flaking, whereas during
processing in the liquid medium (Iso), a thin liquid layer is formed between the BN powder and
milling balls. Since rotating balls mainly affect the medium rather than the BN particles
themselves, a part of the ball kinetic energy is passed to the liquid medium and the BNNSs
exfoliation occurs as a result of tangential forces applied to the BN particle surfaces. When using
a denser medium (EG), the exfoliation yield is significantly increased thereby further confirming
the proposed mechanism of BN nanosheet exfoliation.

3.2. Microstructure of exfoliated BNNSs

Microstructure of BNNSs obtained after ball milling and subsequently used as
reinforcing component in the AI-BNNSs composites produced via SPS is shown in Fig. 3. It can
be seen that during ball milling, the BN particles were laminated into individual nanosheets.
BNNSs have an average size of 300x600 nm and a thickness of approximately 20-50 nm.
HRTEM images revealed a characteristic interplanar spacing of 0.33 (side view) and 0.22 nm
(plane view) for (002) and (100) planes, respectively (PDF card No. 45-0896). The results of
EDS analysis presented in Fig. 3d indicate that the BNNSs are N-deficient. Note that in pure BN,
used as a reference in the EDS method, deviation from stoichiometry did not exceed + 0.5 at.%.
Some of the BNNSs were densely populated with small nanoparticles (NPs), 1-4 nm in size (Fig.
3c). EDS analysis performed in the region containing NPs also detected the presence of a small
amount of O, Cr, and Fe. Thus, these NPs appear to be metal oxide byproducts which formed

during ball milling using steel balls. The XRD patterns of BNNSs before and after annealing in
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vacuum at 100 °C for 12 h are depicted in Fig. 3e. The full width at half maximum values of the
BN peaks was rather small and did not change after the heat treatment. This result indicates that

in contrast to the conventional ball milling process, which leads to a high degree of material

deformation [28], the degree of BNNS imperfection is low.
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Fig. 3. TEM (a, c), high-resolution TEM (inset in (a) and (b)), SEM (d) micrographs and XRD patterns of BNNSs
exfoliated from BN particles during ball milling before and after annealing at 100 °C (e). Insets in (d) show Nitrogen

and Boron spatially-resolved EDS maps and elemental composition of BNNS in the area indicated by blue circle.

3.3. Microstructure of AI-BNNSs composites

The ball milled BNNSs were utilized as a reinforcement component in the AI/BN
composites with 1, 5 and 10 wt.% of BNNSs. Microstructures of the sintered samples are
presented in Fig. 4. AI/BN composites revealed BN layers along Al grain boundaries. For
samples with 1 and 5 wt.% of BN phase, the maximum thickness of BN layers was below 1 um

but reached 2 um for the composites with the highest BN content of 10 wt.%. Since the thickness

9



of individual BNNSs after ball milling was about 20-50 nm, it becomes clear that the BN layers

were formed by several agglomerated nanosheets.

Fig. 4. SEM images and spatially-resolved Nitrogen and Boron EDX maps (insets in (b)) of AI-BNNSs composites
with 1 (a), 5 (b) and 10 wt.% of BN phase (c).

Figure 5 shows the microstructures of an Al-1%BNNSs composite. It can be seen that the
material consists of Al grains separated by BN layers, approximately 20-100 nm thick (Fig. 5a).
Within these layers, individual h-BN nanosheets, about 5-10 nm thick and up to 200 nm long, are
mostly oriented parallel to the Al grain boundaries. This minimizes the resistance to shear stress.
Also, in some parts of the h-BN layers, the TEM image revealed numerous FeO, NPs
homogeneously distributed inside the BN phase (Fig. 5b). Thus, the Al grains were surrounded
by a reinforcing frame consisting of a mixture of BNNSs with or without FeOx NPs. Although
oxide NPs can make an additional contribution to the layer strength, the likelihood of this is
relatively low as these NPs were observed not within all BN layers. Note that the BN surface was
perfectly wetted by molten Al because no detachments or delaminations were observed between
the two phases. The composition maps revealed two features of Al grains: a significant amount
of oxygen at the Al sub-grain boundaries and rare Fe-based inclusions, 0.5-2 um in size, that
appeare inside the Al grains during ball milling (Fig. 5e). The oxygen signal was observed to
come from the oxide layers located at the Al sub-grains. No such oxygen signal was detected
when BN layers were formed between Al grains hereby indicating a certain chemical interaction
between neighboring phases. The XRD patterns of AI/BNNSs composites with different amounts
of the reinforcing BN phase are depicted in Fig. 5f (PDF2: 11176). According to the XRD and

10



TEM results, no additional phases, such as AIN or AIB, previously reported [29], formed in the
Al-BNNSs composites.

Initensity &.u.
—
e —

0 a0 &0 0 g 10
26 (degree)

Fig. 5. TEM micrographs (a-d), SEM image and corresponding Fe EDS map (e) and XRD patterns of AI-BNNPs
composites with 1, 5, and 10 wt.% of BN phase (f). Inset in (f) shows a close-up of the marked region of the XRD

spectra.

3.4 Mechanical properties
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Figure 6 shows the typical stress-strain curves for AI-BNNSs composites and the
relationship between the room temperature tensile strength and BNNSs content. The maximum
tensile strength of 152 MPa was obtained for a sample with 1 wt.% of BNNSs. A substantial
increase in strength (69% increase compared with a 90 MPa value for pristine Al) can be
attributed to the reinforcing role of BNNSs. Importantly, the Al-1%BNNSs sample demonstrated
a high ductility, as evidenced by the shape of stress-strain curve. Note for comparison, that
adding 1wt.% of BN nanotubes (BNNTSs) into Al-based composites did not lead to a noticeable
improvement in mechanical properties as compared to pristine Al [30, 31]. Thus our results are
in contradiction with earlier conclusion drawn in relation to BNNTs that low BN contents (e.g.,
1wt.%) are not fully able to significantly modify the composite performance in tension [30]. It is
also worth noting that only 50% of improvement was previously reported for Al-based
composites reinforced with BN nanoparticles although at much higher BN content (4.5 wt.%)
[19]. Further increase in BNNSs content to 5 wt.% led to a dramatic decrease of tensile strength
values down to 100 MPa. The AI-BNNSs with 10 wt.% of BN phase demonstrated extremely
poor mechanical properties, even worse than those of pristine Al. This can be explained by too
thick of BNNS layers located along the Al grain boundaries. These became stress concentrators.

a 160 b
— 160 -
1 — ]
401 140 -
— 1% BN ]
120 - ]
= ——5% BN T
o ] , —— 10% BN S 400 ]

100 o
= 7/ T
w i i 2y — B0
o 80+ @]
n 1 2 En-4
60 ]
| 401
20 T - . . ' . ; 0

o 1 2 3 4 5 & T 8 Pure 1% BN 5% BN 10% BN
Def (%)

Fig. 6. Representative stress-strain curves (a) and tensile strength histogram of pure Al and AI/BNNSs composites

with a different amount of the reinforcing BN phase (b).
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The superior mechanical properties of AI/BNNSs composites with only 1 wt.% of
reinforcing phase can be attributed to a strong AI/BN interface and the relatively thin BN layers
composed of BNNSs oriented in-parallel to the Al grain boundaries. Theoretical calculations
predicted that the critical shear stress, which is one of the most important mechanical
characteristics of composite, depends on the presence of defects [21] and the width of reinforcing
nanoribbons [20]. The presence of vacancies give rise to an increase in critical shear strength.
The decrease in the nanoribbon width leads to not only the increase of binding energy, but also to
the increase of critical shear stress. In addition, the presence of chemically active edges
significantly increases the critical shear stress values. Note, however, that even in the best
sample with the highest strength (1 wt.% of BN), BNNSs were observed to form agglomerates
(Fig. S2). This can lead to the partial deterioration of mechanical strength. This assumption is
further confirmed by the observed significant decrease in composite strength of AI-BNNSs
samples with high BN content. As it follows from the SEM and TEM data, the BNNSs frame
thickness in the Al-1%BNNSs sample varies widely from 20 nm to 1 um. It is clear that large
thickness of BNNSs interlayer weakens the interface strength. Thus further fine tuning of the

composite structure is required to achieve even better mechanical properties.

3.5 Microstructure of AI-BNNSs fracture surface

To shed the light on the mechanism of deformation and fracture, samples after tensile
tests were characterized by SEM. The typical SEM micrographs of the fracture surfaces of the
Al-BNNSs composites with 1 and 5 wt.% of BN are depicted in Fig. 7. Notably, the Al grains
and BN layers have a strong cohesion to each other. BNNSs are seen to be firmly adjacent to the
metal matrix. In addition, Al grains with no signs of local plastic deformation, which is usually
characterized by a peculiar dimpling structure [29], were observed. This suggests that the
BNNSs were indeed involved in the deformation process and took over most part of the load.
Note that the orientation of BNNSs relative to the applied load is critical in terms of their
contribution to hardening. In the case when the BNNSs are oriented roughly perpendicular to the
applied load (see Fig. 7a and b), they can make a significant contribution to the tensile strength.
The brittle fracture of the BNNSs supports this conclusion (see double arrows in Fig. 7a and b).

When a load is applied parallel to the AI/BN interface, a grain boundary sliding between BNNSs

13



can be expected. Since both types of interfaces are randomly distributed in the AI-BNNSs
composites relative to an applied load, it is reasonable to expect that both the strength and

ductility may be improved.

O
5
(]
—
i)

Fig. 7. SEM images illustrating fracture surface of AI-BNNSs composite with 1 (a) and 5 wt.% of BN phase (b) and

corresponding spatially-resolved Nitrogen and Boron EDS maps.

In order to better understand the contribution of BNNSs to the material strength, a sample
with 1wt.% of BN phase was thoroughly analyzed by high-resolution TEM. Figure 8 illustrates
the structure of the SPS-produced AI-BNNSs composite near its fractured area after the tensile
test at room temperature. The distinguished feature of the sample is the structural evidence of
BNNSs in carrying the tensile load. The image in Fig. 8a displays BNNSs which turned out to be
severely deformed. One of the nanoribbons (shown by the double arrow) was bent, but its basic
planes did not break. Other BN nanoplate is seen to be bent and partially broken in two places

(shown by single arrows) due to multidirectional local loading. These results indicate that the
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material structure was indeed severely loaded during a tensile test and the BN nanoribbons took
over most portion of the load. An interesting observation is that the AI/BN interface was strong
enough to withstand the applied load because no detachment or delamination was observed (Fig.
8b). Thus, BNNSs located between the Al grains cemented the whole structure, just in

accordance with the experimentally observed drastic increase in AI-BNNSs strength.

Fig. 8. TEM images of an Al-1%BNNPs composite after the tensile test.

4. Conclusions

BN nanosheets (BNNSs) exfoliated by ball milling in liquid from commercially available
h-BN particles, 7-15 um in size, were utilized to fabricate AI-BNNSs composites with 1, 5 and

10 wt.% of BN phase using spark plasma sintering. To establish the optimal ball milling mode
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(i.e. to achieve high yield of high-quality BNNSs with minimal processing time) the following
parameters were adjusted: milling time (20 - 240 min), processing media (Ar, isopropanol,
ethylene glycol), media to BN powder weight ratio (1:1 and 2:1), as well as size and ratio of balls
(a mixture of balls with a diameter of 5, 7 and 9 mm in equal proportion or balls of a specific
diameter (5, 7 or 9 mm) were used). The results indicated that the ball milling process was highly
efficient, took only 20 min and allowed one to obtain high yield of uniform and not deformed
BNNSs with an average size of 300x600 nm? and a thickness of approximately 20-50 nm. Some
BNNSs contained FeOy nanoparticles as a by-product of ball milling process. The BNNSs
formed layers (whose thickness varied from 20 nm to 1-2 um depending on the BNNSs content)
between Al grains in which they were mostly oriented parallel to the Al grain boundaries. The
maximum tensile strength of 152 MPa was obtained for a sample with 1 wt.% of BNNSs
indicating 69% increment compared to pristine Al. Detailed structural investigation of the
fractured surfaces confirmed that (i) the BNNSs were severely deformed and therefore were
heavily involved in the deformation process, (ii) took over most part of the tensile load, and (iii)
Al/BN interface was strong enough to withstand the applied load. The present and previously
obtained theoretical results clearly demonstrate that BNNSs are one of the most promising fillers
for the improvement of Al mechanical properties. However, additional efforts are needed to

achieve a more homogeneous distribution of BNNSs along the Al grain boundaries.
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