Advanced Composites and Hybrid Materials (2025) 8:155

https://doi.org/10.1007/s42114-024-01173-1

RESEARCH

=

Check for
updates

Boron nitride nanotubes induced strengthening in aluminum 7075
composite via cryomilling and spark plasma sintering

Sohail M. A. K. Mohammed' - Ambreen Nisar' - Denny John' - Abhijith K. Sukumaran’ - Yifei Fu? - Tanaji Paul’ -
Alexander F. Hernandez? - Sudipta Seal® - Arvind Agarwal’

Received: 8 June 2024 / Revised: 17 October 2024 / Accepted: 13 December 2024
© The Author(s) 2025

Abstract

Al7075 is among the strongest commercial aluminum alloys with low density, making it a standout choice for structural
metals. However, the never-ending quest for higher strength and low-density materials demands structural metals stronger
than A17075. In this study, high-strength and chemically inert one-dimensional boron nitride nanotubes (BNNTSs) are used
to reinforce Al17075 alloy, making ultra-high strength aluminum matrix composite. A17075-BNNT composite is fabricated
using a multi-step process involving ultrasonication, cryomilling, and spark plasma sintering (SPS). Ultra-fine grains were
efficiently achieved in 2 h of milling, resulting in an impressive ultimate strength of ~636.8 + 18.9 MPa and elongation up to
necking of 10.1 +0.5% in heat-treated A17075-BNNT composite. The obtained strength is 1.3 times higher than SPS Al7075
and 2.9 times higher than cast A17075 alloy. The cryomilling facilitated a homogeneous dispersion of BNNTs, fostering
effective interfacial bonding, albeit leading to variations in BNNT length ranging from 1-50 um. The interplay between
BNNT lengths and their impact on mechanical properties is explored, showcasing a synergistic improvement in strength and
elongation. The comprehensive understanding of the resulting strengthening mechanisms encompasses Hall-Petch, Orowan,
dislocation-induced strengthening, and dominant load transfer mechanisms. These findings offer valuable insights into fab-
ricating high-performance aluminum matrix composites surpassing conventional strength. The A17075-BNNT composite's
unprecedented mechanical strength could further extend the use of aluminum alloys to more demanding aerospace appli-
cations, such as spacecraft structures and next-generation vehicles, as well as racing and automotive parts where the need
for ultra-lightweight yet ultra-strong materials is paramount for fuel efficiency and performance under extreme conditions.
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1 Introduction

Al7075 alloy (Al-Zn-Mg—Cu) is a precipitation-strength-
ened alloy that is widely used in automobile, aerospace,
marine industries, and other transportation applications
that demand high strength, elevated temperature properties,
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and corrosion resistance [1]. Although AI7075 is considered
as lightweight and strongest aluminum alloy, its strength
proves insufficient for applications requiring exception-
ally high strength by maintaining their low density. Several
attempts have been made to further improve the strength of
Al7075 by micro and nano reinforcements like nanotubes,
carbides, nitrides, oxides, etc., that are much stronger and
stiffer than the matrix [2—4]. The addition of these high-
strength particles into a soft aluminum matrix results in a
metal matrix composite (MMC) that demonstrates mechani-
cal properties positioned between those of the matrix and the
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reinforcement. The reinforcement of nano-sized particles,
particularly nanotubes, is reported to be more beneficial
and influential in exhibiting high strengthening effects and
offering further superior mechanical properties and mul-
tifunctionality for structural applications [5, 6]. However,
reinforcement like carbon nanotubes (CNTs) and graphene
hinder the processing window as the reinforcements start
oxidizing beyond 400 °C [7]. The existing research on the
architectural design of CNT and graphene-reinforced com-
posite demonstrated some promise in industrial sectors,
yet the evolution of defects in CNTs at higher processing
temperatures is still a concern [8, 9]. Boron nitride nano-
tubes (BNNTSs), a structural analog of CNTs, are extraor-
dinary material with remarkable mechanical strength (> 30
GPa), high Young's modulus (~1 TPa), excellent ther-
mal conductivity (up to 2000 W/m-K), high aspect ratio
(~30000-70000) and excellent radiation shielding proper-
ties, besides high thermal and oxidation resistance [6, 7,
10, 11]. The interwall bonding forces and shear resistance
between boron (B) and nitrogen (N) are much stronger due
to covalent bonding than in Carbon, C — C bond in CNTs,
which exhibits higher fracture strength [12]. Owing to
higher oxidation resistance and chemical inertness up to a
temperature of 900 °C, BNNTs offer wider processing win-
dows as reinforcement material in MMCs [13]. As such,
high-strength MMCs with multi-functional properties can be
fabricated by retaining the structural and chemical integrity
of BNNTs at elevated temperatures.

To date, several studies have proved that BNNTS can sig-
nificantly improve the mechanical properties of aluminum
matrix composites [14-20]. However, most of the work
is reported on pure aluminum matrix, and the maximum
strength of the BNNT-reinforced aluminum composite
reported is roughly 400 MPa, which is lower than the con-
ventional A17075 alloy. The knowledge of the synergistic
effect of alloying elements and BNNTSs is thus unexplored.
Therefore, it is deemed imperative to study the mechanical
properties and the underlying strengthening mechanisms of
the A17075-BNNT composite. The dispersion of BNNTSs in
the matrix is critical for utilizing the full potential of their
strengthening effects. The high van der Waals forces within
the reinforcement tend to limit their uniform dispersion in
the metal matrix [21-23]. The most commonly used dis-
persion techniques include ball milling, ultrasonication and
nanoscale dispersion [24]. Ball milling, although effec-
tive, requires extended periods and generates significant
heat from friction and particle shearing. Huang et al. [21]
reported high shear strain produced by high-pressure torsion
(HPT) fragmented the agglomerated graphene nanoplates
(GNPs) in the aluminum matrix and distributed the parti-
cles homogeneously through the advent of turbulent flow.
However, the authors reported some agglomerates even after
a high number of HPT turns which remains the challenge
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of reinforcement dispersion in metal matrix. At high shear
strains and high temperatures of dispersion, the material
undergoes dynamic recrystallization which increases the
strength of the material but at the cost of severe ductility
loss. Xie et al. [23] reported consolidation of composites at
lower temperatures avoids nucleation of detrimental inter-
facial compounds. Thus, cryomilling, milling at cryogenic
temperatures using liquid nitrogen, offers a sustainable alter-
native, enabling quicker, more homogeneous dispersion and
reduced heat generation [25]. This method enhances inter-
facial bonding between BNNTSs and aluminum, leading to
better particle distribution and mechanical properties of the
composite. Additionally, Spark Plasma Sintering (SPS) is
employed for rapid, controlled densification of the cryo-
milled powder. SPS applies high electric fields and pressure
to achieve a dense, fine-grained structure while maintaining
the nanoscale features of BNNTSs. This process prevents the
formation of undesirable interfacial compounds, preserv-
ing the composite's ductility [26, 27]. Therefore, combin-
ing cryomilling and SPS ensures the fabrication of MMCs
with uniformly dispersed nanotubes, optimizing mechanical
properties [28, 29]. In addition, the high heating and cool-
ing rates involved in SPS prevent excessive grain growth,
favoring the densification of MMCs [30]. Earlier studies
have demonstrated excellent microstructural and mechani-
cal properties of CNT-reinforced aluminum composites via
powder metallurgy routes, which lay a solid foundation for
the present work [31, 32].

This study delves into the fabrication, microstructural
features, and improvement of the mechanical strength of
A17075 by BNNT reinforcement, exploring the synergistic
effects of cryomilling and SPS in the composite manufac-
turing process. The combined influence of cryomilling and
SPS techniques not only refines the microstructure but also
imparts unprecedented mechanical properties of the com-
posite in sintered and heat-treated conditions. Additionally,
the strengthening mechanisms, including grain refinement,
load transfer and dislocation strengthening, are explored.
Thus, this work contributes to the evolving landscape of
advanced materials, providing valuable insights into the
fabrication of high-strength BNNT-reinforced MMCs for
superior performance and high-temperature applications.

2 Material and methods

2.1 Material processing

2.1.1 Powder processing

The starting powder utilized in this study is gas-atomized Al

7075 (Al-5.18 wt.% Zn-2.11 wt.% Mg-1.82 wt.% Cu) pow-
der obtained from Valimet, Inc. (Stockton, CA), featuring



Advanced Composites and Hybrid Materials (2025) 8:155

Page3of18 155

an average particle diameter of approximately ~22 + 17 um.
The powder corresponds to the Boeing Specification BMS
1067E, Type 10. Purified puffball BNNTs, produced by
the pressurized vapor condensation method, were provided
by BNNT, LLC (Newport News, Virginia). The reported
average diameter and length of BNNTSs are approxi-
mately ~5-10 nm and 100-200 um, respectively, in as-
received conditions [33]. These BNNTSs are extensively
entangled and agglomerated in bundled form. To disentangle
BNNTSs, a probe ultrasonic generator, Vibra-cell (VCX750,
Sonics & Materials), operating at a frequency of 20 kHz
with a maximum output power of 750 W, was employed.
About 53 mg of BNNTS (1vol.% in the matrix) were probe
sonicated in 40 mL isopropyl alcohol (IPA) at an amplitude
of 30% for 30 min in an ice bath. Subsequently, A17075
powder was added to the BNNT-IPA solution and subjected
to probe sonication for 15 additional minutes, followed by
drying in an ultrasonic bath at 80 °C for 4 h.

2.1.2 Nanostructured powders via cryo-milling

The feedstock powder was cryo-milled in liquid nitrogen
(LN,) for 12 h in a stainless-steel jar on CryoMill (Retsch,
Germany). Liquid nitrogen was constantly supplied to the
closed cryomill system in order to maintain the temperature
at roughly —196 °C. Twenty grams of powder and 200 g of
stainless-steel balls were used (powder-to-ball ratio: 1:10)
for mixing in a dry environment. The milling was performed
continuously at a frequency of 25 Hz for 2, 4 and 6 h. To
ensure a consistent supply of liquid nitrogen, a pre-cooling
step was performed for 5 min prior to milling. Subsequently,

the milled powders were warmed to room temperature and
collected in a sealed container in a controlled environment.

2.1.3 Spark plasma sintering

The cryo-milled powders were processed via spark plasma
sintering (SPS, Model 104; Thermal Technologies, Santa
Rosa, CA). The cryo-milled A17075-BNNT powders were
placed in a graphite die of 20 mm diameter, lined with a
1 mm thin graphite foil, to avoid adhesion between the sam-
ple and the die. The schematic of material fabrication is
demonstrated in Fig. 1. The powders were sintered under
vacuum at 500 °C with a heating rate of 100 °C/min. Uniax-
ial pressure was simultaneously increased to 60 MPa along
with temperature and held for 10 min. The temperature was
monitored using a thermocouple placed at the center of the
die. Eventually, a cylindrical bulk sample of A17075-1 vol.%
BNNT with a diameter of 20 mm and thickness of 15 mm
is obtained, as seen in Fig. 1. The Al7075 bulk sample was
fabricated similarly without BNNTSs for comparison. The
densities of sintered Al7075 and Al7075-BNNT samples
were measured using a pycnometer (Ultrapyc 5000, Anton
Paar, Austria).

2.1.4 Heat treatment of sintered samples

The stability of the samples at elevated temperatures is
investigated by performing heat treatment on the sintered
samples. The heat treatment of powder is conducted inside a
vacuum tube furnace (Lindberg/Blue M, USA) in two steps.
Firstly, solution treatment at 475 °C for 4 h was performed,
followed by rapid quenching in water to ambient temperature
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Fig. 1 Multi-step fabrication scheme of Al7075-BNNT composite by ultrasonication, cryomilling and SPS
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to arrest the solute atoms from reprecipitation. Then, arti-
ficial aging was performed at 130 °C for 24 h in an inert
environment, followed by natural cooling.

2.2 Characterization
2.2.1 Microstructure

The samples for the metallographic analysis were sectioned
from the sintered and heat-treated sample using a high-speed
diamond saw. The specimens were mechanically polished
using #400 to #4000 grit SiC papers, followed by cloth pol-
ishing using alumina (1 pm) and colloidal silica (0.05 pm).
No etching was performed on the samples. Energy dispersive
X-ray spectroscopy (EDS) was performed to evaluate the
elemental composition of the material. Samples for elec-
tron backscattered diffraction (EBSD) analysis were further
polished on VibroMet (Versamet 3, Buehler) for 6 h. EBSD
scans were conducted on a field-emission scanning electron
microscope (SEM, JEOL F100) equipped with an EBSD
detector (Symmetry S2, Oxford Instruments). The scans
were performed at a step size of 15 nm and an accelerat-
ing voltage of 20 kV. The data were processed and ana-
lyzed using Aztec Crystal (Oxford Instruments). The Philips
Tecnai F30 transmission electron microscope (TEM) was
employed for cross-sectional imaging of the thin film Al-
BNNT sample. The sample was extracted and thinned using
an FEI 200 focused ion beam (FIB) system and mounted
on PELCO FIB Lift-out Cu TEM grids. The identification
of phases was accomplished via X-ray diffraction (XRD)
using monochromatic Cu-Ka radiation on a Rigaku Smart-
lab Studio2 instrument. The measurements were conducted
at an accelerating voltage of 40 kV, covering a diffraction
angle range from 10° to 90°, and employing a scan rate of
0.2°/min.

2.2.2 Multiscale mechanical response

Localized mechanical properties of the fabricated speci-
mens were measured using a nanoindenter (HIT 300, Anton
Paar). The indents were performed on the polished samples
employing Berkovich tip under load control with a peak
load of 200 mN and a dwell time of 10 s. At least 5 indents
were performed on each sample, and load—displacement data
was evaluated using the Oliver and Pharr principle [34]. The
hardness of the specimen is determined by dividing the peak
load by the contact area. Tensile properties were assessed
using profilometry-based indentation plastometry (PIP), an
innovative technique offering an alternative to conventional
testing. PIP is particularly advantageous for determining ten-
sile properties of small-volume samples with high through-
put, extracting information from a single indentation [35,
36]. The PIP testing procedure involves the estimation of
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true stress—strain curves through indentation, employing the
iterative finite element method (FEM). Plastometrex (v.1.0)
was utilized for PIP to evaluate the tensile properties of both
Al and Al7075-BNNT composites, unraveling the strength
enhancement in Al due to BNNT addition. Spherical inden-
tations were made using a hard silicon nitride (SizN,)
indenter with a 2 mm diameter. The residual indent profile
was systematically tracked along two orthogonal directions
at the central point of the indentation using a stylus pro-
filometer (Taylor Hobson, Talysurf) featuring a resolution
of 0.4 pm. The indentation widths were contingent upon
the material's load—displacement response. A linear variable
displacement transducer (LVDT) with a resolution of 0.3 pm
was utilized to regulate both the depth of the indenter and
the positioning of the profilometer with respect to the sample
[37]. For each sample, at least 4 indents were performed to
calculate the average mechanical properties of the material.
Analysis of variance (ANOVA) is performed to compare the
significant difference between BNNT-reinforced compos-
ite and its counterpart A17075 alloy. Single factor one-way
ANOVA results with a confidence interval of 95% (a=0.05)
are reported in supplementary Table S1 and S2.

3 Results
3.1 Powder modification

Al7075 powder and BNNTSs are mixed in multiple steps
to prepare a precursor. The average particle size of the
as-received Al7075 powders was 22 + 17 um. The SEM
images of as-received Al7075 powders are presented
in Fig. 2(a;)-(a3). The BNNTs, after dispersion in IPA
are mixed with A17075 powders and ultrasonicated for
15 min. The detailed ultrasonic treatment on BNNTs
and aluminum powder can be found elsewhere [24]. The
resulting images of A17075-BNNT powders after ultra-
sonication are presented in Fig. 2(b,)-(b;). Homogeneous
dispersion on BNNTSs is marked with yellow arrows. The
EDS analysis of BNNTs on the A17075 powder is pre-
sented in Supplementary Figure S1. Since ball milling
generates heat due to cyclic severe plastic deformation,
cooling the powders is an effective approach to acceler-
ate the fracture processes and rapidly attain steady-state
conditions. Hence, cryomilling is employed in this study.
Cryomilling advantages include minimizing powder
agglomeration, preventing oxidation, reducing milling
time compared to room temperature processes, preserv-
ing dislocations, and allowing for potential higher dislo-
cation density accumulation. It is important to highlight
that while mechanically milling a mixture of A17075 and
BNNT, the ductile matrix remains susceptible to deforma-
tion, flattening, and cold welding, much like in the case
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Fig.2 SEM images of (a) As-received Al7075 powders, (b) Dispersion of BNNTs in Al17075 powders by UST, and (c) Bonding of BNNTSs and

Al7075 powder by cryomilling

of a monolithic metal. The presence of BNNTSs does not
hinder the grain refinement process in the matrix [38].
The initial morphology of powders from spherical with
a diameter of ~22 + 17 um changed drastically irregu-
lar, flaky shape with severe interfacial defects and severe
plastic deformation, as presented in Fig. 2(c;)-(c5). The
size of the particles increased to~ 152 + 62 um after 6 h
of cryomilling. SEM images demonstrate the refinement
of Al7075-BNNT powders as a function of milling time
in supplementary Figure S2. Further, the broadening of
XRD peaks and dislocation activity with respect to milling
time is explained in supplementary Figure S3. The typical
range of dislocation density in cold-rolled Al-Mg alloys is
reported to be ~ 10'3 m~2 [39]. The dislocation density of
cryo-milled A17075 powders is 4.2x 10'° to 43x 10'® m~2,
whereas for A17075-BNNT powders, it increased up to
67 x 10'® m~2. The variation of dislocation density and

crystallite size with the milling time is presented in the
supplementary Figure S4 (Section S3).

However, the refinement of grains during the milling pro-
cess involves the formation of shear bands through local-
ized deformation, followed by the propagation of these shear
bands across the entire sample [40]. Insufficient milling time
is often indicated by the presence of a few elongated grains
in the milled powders. Thus, it is not surprising to observe
microstructural features reflecting varying degrees of defor-
mation rather than regular lognormal distributions of ran-
domly oriented equiaxed grains. The initiation of fine grains
is predominantly attributed to subdivisions and repeated
fractures induced by milling at cryogenic temperatures,
along with grain rotation and grain boundary sliding [41].
As milling time increased, the crystallite size in cryo-milled
Al17075 and Al7075-BNNT gradually decreased, eventu-
ally reaching a saturated value of 26 nm and 21 nm, respec-
tively, after 6 h of milling, as depicted in the supplementary
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Figure S4. The cryomilling process, characterized by a cryo-
genic milling temperature, effectively suppresses recovery
and recrystallization mechanisms, resulting in accelerated
and rapid grain refinement.

3.2 Transition of cryo-milled powders to bulk
sample

Efficient consolidation methods are essential for the wide-
spread use of nanostructured powders, ensuring the pro-
duction of desired bulk shapes in required sizes with near
100% theoretical density. Hence, SPS is employed in the

Fig.3 SEM images showing the
distribution of precipitates and
increase in porosity with heat
treatment of (a) Al7075, (b)
Al7075-BNNT, (¢) Al7075-HT
and (d) Al7075-BNNT-HT,

(e) XRD spectrum of A17075-
BNNT in the sintered and heat-
treated condition

D Micro, por’oslty

present study. The microstructure of A17075 and Al7075-
BNNT samples after SPS and heat treatment are presented
in Fig. 3a-d. The specimens were, in general, free from
any visible porosity. However, due to the heat treatment,
microporosity increased marginally. Consequently, a drop
in density is recorded from 2.919 to 2.827 g/cm® in the
Al7075 sample after heat treatment. Similarly, the density
of the A17075-BNNT sample decreased from 2.882 g/cm?
in SPS condition to 2.780 g/cm® after heat treatment. The
microstructure majorly consists of precipitates. Figure 3a
and b depict homogeneously distributed irregularly shaped
precipitates rich in Mg and Zn. However, few locations are
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free from precipitates, often referred to as precipitate-free
zones (PFZs). PFZs are formed due to insufficient diffusion
of atoms during sintering but do not deteriorate the proper-
ties significantly. The addition of BNNTs resulted in slight
coarsening of precipitates, especially post-heat treatment,
as seen in Fig. 3d.

The XRD pattern of SPS processed bulk A17075-BNNT
composite in sintered and heat-treated conditions is pre-
sented in Fig. 3e. The pattern reveals the presence of a sec-
ondary phase (Al,CuMg) and #-precipitate (MgZn,) after
SPS. It is well known that the primary elements of A17075
alloy are Al, Cu, Mg and Zn. However, the room temperature
solubility of Cu, Mg and Zn in Al is low, with the highest

5-10°
— >10°

001

solubility exhibited by Mg (< 1.8 wt.%) [42]. In addition,
the solubility of Cu in Al at eutectic temperature is ~2.5
at.%, but during SPS, due to the simultaneous application of
temperature of 500 °C and high pressure of 60 MPa, solubil-
ity limit of Cu, Mg and Zn in Al increases and supersatu-
rated solid solution can be formed. Hence, the presence of
reported precipitates is expected. Following heat treatment,
the secondary phase particles were dissolved in the matrix,
and only MgZn, was present. The intensity of the XRD spec-
trum of bulk samples decreased compared to the powders,
which indicates the evolution of grain growth or release of
microstrain during the SPS process.

101

Fig.4 EBSD orientation maps of (a) Al7075, (b) Al7075-BNNT, (¢) A17075-HT and (d) A17075-BNNT-HT. The crystallographic orientation is

represented with reference to the inverse pole figure of aluminum
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«Fig.5 TEM images of A17075-BNNT in heat treated condition show-
ing (a) homogeneous dispersion of successfully retained BNNTSs in
the matrix, (b) aluminum matrix and formation of secondary precipi-
tates, (c,) lath like n-precipitate (d,)hexagonal GP zone; (c,) and (d,)
HRTEM images of interface between the precipitate and Al matrix

EBSD was carried out to study the grain morphology and
crystal orientation of bulk samples. The orientation maps
presented in Fig. 4a-d reveal that grains are nearly equiaxed
and are randomly oriented without any specific crystallo-
graphic orientation. The composite is characterized by finer
grains compared to Al7075 in sintered conditions. After
heat treatment, the grain growth is evident, resulting from
the dissolving of alloying elements and migration of solute
atoms at a higher solution temperature of 475 °C. The aver-
age grain sizes evaluated from Aztec Crystal (assuming the
grains to be circular) were found to be ~290 nm, ~ 240 nm,
650 nm, and 610 nm for A17075, A17075-BNNT, Al7075-
HT and Al17075-BNNT-HT, respectively. However, a few
coarse/large grains with a size of up to 2 um in sintered and
up to 6 um in heat-treated conditions were also observed.
Spark discharge is the primary factor for larger grains, which
accelerates the grain growth during the sintering process
[42]. The low angle (LAGB) and high angle grain bounda-
ries (HAGB) are identified as 5 — 10° and > 10° and indi-
cated by red and black lines, respectively, in the orientation
maps. The fraction of LAGB increased with the reinforce-
ment of BNNTS due to the pileup of dislocations at the inter-
face of BNNTSs and the matrix. LAGBs act as dislocation
cells and allow the pileup of dislocations at the sites, eventu-
ally improving the material's mechanical strength. Similar
observations were made by Sadeghi et al. [43], who reported
an increase in strength with the fraction of LAGBs in CNT-
reinforced Al matrix composites.

3.3 Evolution of secondary phases

TEM images in Fig. 5 represent the dispersion of BNNTSs
and precipitates in the matrix. The BNNTSs are homogene-
ously dispersed, and no clusters of BNNTSs are evident in
the composite in heat-treated conditions, as demonstrated
in Fig. 5a. The dispersed BNNTSs are marked in red arrows,
whereas precipitates are demarcated in yellow dotted lines.
The homogeneous dispersion results from a mutual effect of
ultrasonic treatment as well as efficient cryomilling followed
by solid-state fusion. Moreover, the structural integrity of
BNNTs is retained without any visible defects on the walls
or inner surface. It must be noted that the composite was free
from undesirable interfacial compounds like AIN and AlB,
which are commonly reported in BNNT-reinforced alu-
minum matrix composites [26, 27]. This is because SPS was
performed under vacuum at a relatively lower temperature

of 500 °C and a lower duration of 10 min compared to the
literature values.

The secondary phases of A17075 alloy post-heat treat-
ment have been reported extensively [44]. The microstruc-
ture consists of an aluminum matrix and a second phase
n-MgZn, which are confirmed by XRD investigations
(Figs. 3e and 5b). However, the effect of BNNTSs on the
precipitation phenomena is unexplored. TEM evaluated a
detailed insight into the phase composition and precipi-
tates for the AI-BNNT sample in cross-section f. For phase
identification, a digital micrograph was used to measure the
d-spacing of the precipitate at two different locations indi-
cated in Fig. 5b. Precipitates are evident with a relatively
large size of rough 1 pm with varying morphology, with no
signs of Al,CuMg precipitates. Two such precipitates — lath-
shaped (Fig. 5(c,)) and hexagonal-shaped (Fig. 5(d,)) are
further scrutinized using HRTEM analysis. The lath shaped
precipitates are relatively large and are identified to be Mg
and Zn rich n-precipitate. These large second-phase parti-
cles are located predominantly at grain boundaries or along
triple points. The corresponding d-spacing of MgZn, was
calculated from HRTEM images in Fig. 5(c,) as 0.206 nm.
The mismatch between the lattice planes of MgZn, and Al
matrix suggests incoherency between these phases, result-
ing from the solution treatment of the AI-BNNT composite.
Similarly, the hexagonal shape precipitates were identified
to be rich in Mg and Zn as well. The d-spacing value of
this phase was found to be 0.374 nm (Fig. 5(d,)), which is
in close agreement with the GP zones [45]. These findings
further validate the presence of Mg-Zn precipitates and dis-
solution of Al-Cu precipitates confirmed by XRD results
discussed earlier in Fig. 3e.

3.4 Mechanical properties and strain-hardening
behavior

The tensile properties provide a comprehensive under-
standing of the material's response at a bulk scale, as per
ASTM standards. However, the specimen dimensions in our
study are confined to a diameter of 20 mm and thickness
of ~ 15 mm, which falls short of meeting the requirements
for conducting tensile tests following ASTM standards.
Hence, we employed PIP in this study to assess mechanical
properties. Despite being an indentation-based technique,
PIP entails the deformation of a sufficiently large volume
(> 1 mm diameter) to be representative of the bulk material,
as it is widely accepted [46—48]. The estimation of tensile
characteristics in PIP involves iterative FEM modeling, char-
acterized by the Voce equation [47],

oc=0,— (o-s - Gy> exp(;—og) (1
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where o, o, o, are the (von Mises) applied stress, satura-
tion, and yield stress (YS), respectively; € and g, are the
plastic (von Mises) and characteristic strain. Throughout the
iterations, the FEM model optimizes Voce parameters to
attain convergence. Subsequently, the plasticity parameters
obtained through the best-fit process are utilized to estimate
the mechanical properties of the specimens.

The PIP-derived tensile stress—strain curves of Al7075
and A17075-BNNT in sintered and heat-treated conditions
are presented in Fig. 6a and b. The average YS and ultimate
tensile strength (UTS) of A17075 alloy is~377.8 +24.5 and
473 £20.5 MPa against 539.1 £ 9.9 and 542.5 + 6.4 MPa
for A17075-BNNT composite. In comparison, the elonga-
tion up to necking (%El) of A17075-BNNT decreased to
3.7+1.9% compared to 14.1+3.1% in Al7075 alloy. In this
work, we have focused on elongation up to necking, a widely
accepted measure of deformation before instability sets in
[11, 24, 26]. While elongation to fracture was not captured,
we believe elongation up to necking provides meaningful
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insights for a qualitative comparison of the effect of BNNT
addition on plastic deformability. The obvious increase
in the YS by ~25.2% and with considerable elongation in
the A17075-BNNT composite is due to the reinforcement
of high-strength BNNTSs and the precipitates presented in
Fig. 5. The YS and UTS of Al7075 fabricated by SPS in the
present study are in close agreement with the strength of
conventional Al7075 alloy and much higher than the stir-
cast A17075 [49]. The presence of BNNTSs offers more grain
boundaries, which eventually leads to a superior strength
based on the Hall-Petch relationship. This also suggests
a robust interfacial bonding and load-transfer efficiency
between the matrix and BNNTs. However, a trade-off in duc-
tility is observed with the increase in strength. Nevertheless,
a high strengthening efficiency (r,) of ~ 1470% was achieved
as calculated from,
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Fig.6 PIP derived stress—strain curves of Al7075 and Al7075-BNNT composite in (a) Sintered and (b) heat-treated condition; profilometry of

PIP indention in (c) Sintered and (d) heat-treated condition
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Table1 Mechanical and Material YS UTS %EL p@miem®)  HVq s
physical properties of A17075 i
and AI7075-BNNT composite Al7075 37784245  473+205 14.05+3.1  2919+0.04  164.8+24.0
in sintered and heat-treated AI7075-BNNT 539.1+£9.9 5425464 3.65+19  2882+005  2158+838
Al7075-HT 299.5+52.3 541.3+37.5 16.7+1.9 2.827+0.01 150.3+13.0
Al7075-BNNT-HT 395.0+45.1 636.8+18.9 10.1+0.5 2.780+0.02 204.8£23.7
no= O = Oy (2) = 700
S VanTOm %; 600 - «— Present
where o, and o, is the UTS of the composite and matrix, % 500 | | )
. . . c h (— Unreinforced
respectively, and Vg 1S the volume fraction of BNNTSs. S 400 b ! v R .
. . . = 1
Such a remarkable strengthening efficiency is due to the ﬁ : 1 N :
mutual effect of homogeneous dispersion of BNNTs load E 300 r '. R Cast Al 7075
transfer ability of high aspect ratio BNNTSs used in this study. 2200 VYT eR T T T s )
. 1
The PIP indents of both A17075 and A17075-BNNT are pre- .g 100 E Lo : °
o \
sented as inset in the stress—strain plot to corroborate the g 8, ° $
indentation pile-up with mechanical properties. The indents 5 0 - ' ' ' ' '

are very symmetrical, indicating the bulk sample has iso-
tropic mechanical properties. In addition, the diameter of the
PIP indent on A17075 is~971.8 um compared to 881.6 um
in the Al7075-BNNT composite, revealing the high resist-
ance to plastic deformation in the composite offered by the
presence of high-strength BNNTSs. Similarly, the diameter of
PIP indents in heat-treated conditions is 998 and 938.7 um
for A17075 and Al7075-BNNT composite, respectively. The
larger diameter of the indents in heat-treated conditions
reflects the lower yield strength of the material. The pile-up
of indentations of sintered and heat-treated samples are com-
pared in Fig. 6¢ and d, where a higher pile-up is observed
in Al7075 compared to Al7075-BNNT. The normalized
height of the pile-up zone is 0.0172 and 0.0098 in A17075
and Al17075-BNNT, respectively. Similarly, in heat-treated
conditions, it is 0.0099 and 0.0096 in A17075 and A17075-
BNNT, respectively. The height of the pile-up zone has an
inverse relationship with the YS of the material [50], which
confirms the lower YS value of Al7075 compared to its com-
posite in both sintered and heat-treated conditions (Table 1).

Since the material with poor ductility cannot find sig-
nificant usage for structural applications, heat treatment is
performed to improve the ductility. After heat treatment
(solution treatment + artificial aging), a decrease in YS but
a dramatic increase in UTS and elongation up to necking
in both AI7075 and Al7075-BNNT composite is achieved,
as presented in Fig. 7. The decrease in YS stems from the
dissolution of secondary phase Al,CuMg due to prolonged
solution treatment of 4 h. Nevertheless, the material exhib-
ited strain hardening capacity and resulted in improved UTS
from 473 +20.5 to 541.3+37.5 MPa in Al17075, whereas
542.5+6.4t0 636.8+18.9 MPa in Al7075-BNNT attributed
to heat treatment. The increase is about 14.4% and 17.0% in
Al7075 and Al7075-BNNT composite compared to sintered

0 1 2 3 4 5 6
Content of BNNTs (wt.%)

o Roll bonding [14] e Sintering [15] o Sintering+HT [15]

A BM+Rolling [16] = SPS+Rrolling [17] A HPT[18]

a HPT+HT [18] o Melt spinning [19] ¢ SPS+HPT [20]
--- Cast Al7075 [49] X Present X Present+HT

Fig.7 Ultimate tensile strength of BNNT-reinforced Al composites
with varying BNNT contents compared with the present materials
[14-20, 49]

Table 2 Strain hardening coefficients of A17075 and Al7075-BNNT

Material n K

Al7075 0.1357 702.6
Al7075-BNNT 0.0303 615.9
Al7075-HT 0.2275 1031.1

Al7075-BNNT-HT 0.2137 1077.3

conditions. The improvement in elongation is observed in
both materials but is more pronounced in the A17075-BNNT
composite. The strain hardening coefficient/strengthening
coefficient and exponent are studied in detail and evaluated
using the Hollomon equation [51]:

o = Ke" 3)

o, €, K, and n are true stress, true strain, strength coef-
ficient, and strain hardening exponent, respectively. The
evaluated n and K values of AlI7075 and Al7075-BNNT
in sintered and heat-treated conditions are presented in
Table 2. The strain hardening parameters of both A17075
and Al7075-BNNT increased with heat treatment.

A summary of the tensile properties of BNNT-reinforced
Al7075 alloys in comparison with the present alloy and
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existing A17075-BNNT composites is summarized in Fig. 7
[14-20, 49]. It is seen that the present material possesses
significantly higher strength and significant elongation.
The UTS of the current composite is compared with simi-
lar BNNT-reinforced aluminum composites produced using
various fabrication techniques, along with their respective
base alloys as a function of volume fraction. The UTS of
the present materials is positioned above that of conven-
tional Al7075 alloy. Such superior strengths of the present
Al7075 and Al7075-BNNT are extraordinary compared to
even high-strength aluminum alloys. By increasing the vol-
ume fraction of BNNTSs and controlling the heat treatment
process, the strength of AI7075 can be further increased
and achieve ultra-high strength nanocomposites to answer
the never-ending quest for higher strength and low-density
materials.

3.5 Localized hardness and elastic modulus
response

The localized elastic modulus and nanohardness of the mate-
rials are investigated by the nanoindentation technique. The
typical load—displacement curve of the A17075-BNNT com-
posite is compared with its pure Al7075 base material in
Fig. 8a, showing the distinct loading, holding, and unloading
regions. The curves are smooth and free from any abnormal-
ities or pop-in effects. For an identical peak load of 200 mN,
the indentation depth of A17075 is~2054 nm as opposed
to~1751 nm in the Al7075-BNNT composite. This shows
that the addition of hard BNNTSs offers increased resist-
ance to plastic deformation. The observed behavior can be
attributed to the increased resistance to dislocation activities
due to the hard and impenetrable BNNTs in the matrix. The
strengthening effect of BNNTSs in the composite is evident
as the load—displacement curve shifted towards the left and
exhibited lower displacement. Hence, the Young's modulus
of AI-BNNT is higher compared to A17075. It is obvious
that the reinforcement of BNNTs results in enhanced modu-
lus as well as hardness of the composite. The reduced modu-
lus of the sample based on Young's modulus of indenter and
sample is obtained as,

=)+ (——) “

where v is the Poisson ratio, and E is the Young's modulus.
The subscripts "s" and "i" represent sample and Berkovich
indenter, respectively. The Young's modulus of the indenter
is 1140 GPa, and the Poisson's ratio is 0.07. The summary
of estimated average hardness as well as average modulus
values are presented in Fig. 8b. The average hardness value
increased from 1.6 +0.2 GPa in Al7075 to 2.2+0.4 GPa
with the reinforcement of BNNTs. Similarly, improvement
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Fig.8 a Characteristic load—displacement curves, and (b) Hardness
and Modulus of A17075 and A17075-BNNT composite

in modulus is observed from 70.9 +0.4 GPa in A17075 to
79.1+5.4 GPa in the A17075-BNNT composite. Using the
rule of mixtures (ROM), for 1 vol.% of BNNTs, the elas-
tic modulus is estimated to be 78.5 GPa, which is in close
agreement with the experimental value; such improvement
in hardness and modulus stems from the load transfer mech-
anism from the matrix to BNNTSs which will be discussed
in the later section. The higher stiffness in A17075-BNNT
composite with a low standard deviation is driven by homo-
geneous dispersion of BNNTS resulting from ultrasonication
and cryomilling of powders.

The enhancement observed in the nanohardness and elas-
tic modulus values of the A17075-BNNT composite, in con-
trast to the unreinforced A17075, can be attributed to the fact
that during nanoindentation, the active source of dislocation
at the pointed end of the indenter induces a significant surge
in atomic activities, leading to the accumulation of strain.
This phenomenon, combined with the presence of BNNTSs
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within the composites, impedes dislocation movement, caus-
ing the buildup of dislocations at grain boundaries. Addi-
tionally, the microhardness of the alloy and composite in
sintered and heat-treated conditions is presented in Table 1.
The average microhardness of Al17075 and Al7075-BNNT
in the sintered condition is 164.8 +24.0 and 215.8 + 8.8
HV, respectively. Similarly, the average microhardness
in heat-treated conditions is found to be 150.3 +13.0 and
204.8 +23.7 HV, respectively. In general, the presence of
coherent and finely dispersed MgZn, phases formed during
sintering hinders the dislocation motion and thus improves
the hardness [52]. However, the decrease in the hardness
after heat treatment is attributed to the dissolution of second-
ary phases during solution treatment at 475 °C, as confirmed
by XRD peaks in Fig. 3e and TEM observations in Fig. 5.

4 Discussion

Due to extensive dispersion from ultrasonication and cry-
omilling, the length of the BNNTs appeared to be smaller,
ranging from~1 to 50 um compared to the as-received
100-200 um. The average length of the BNNTSs was still
found to be larger than the critical length (L,= ~394 to 789
nm) required for effective load transfer in the A17075 matrix.
Thus, the use of high aspect ratio BNNTSs in the present
study provides crack-bridging and effective strengthening
in the composite. Since a variation in the length of BNNTSs
exists, the interplay of strengthening mechanisms is poten-
tially possible. The predominant strengthening mechanisms
contributed by BNNTSs in composites include Hall-Petch
strengthening (Aoy,p), Orowan strengthening (Ac,), dislo-
cation strengthening (Aoj,;,) and load-transfer effect (Ao, ;)
[53, 54]. Then, the YS of the composite could be predicted
as [54],

0y = Oy (1 +fup) (1 +for) (1 +fop) (1 +fi7), )
where o,,, is the YS of alloy matrix, fp, fi1 fog, and fpp

are the enhancement factors related to Hall-Petch, Orowan,
dislocation and load-transfer strengthening, respectively,
defined as the consequent strength improvement divided by
Oym [54]. In other words, Eq. (5) can be re-written as,

o, = aym<1 + AG’”’) <1 + A60R> (1 + AGDD) (1 + AG”),
Oym Oy Oy Oym

Q)

The compounding method of estimation is used in the

present study, which demonstrated a high level of accuracy

in nanotube-reinforced MMCs compared to the arithmetic or
quadratic method [55]. The grain refinement strengthening

is often predicted by the Hall-Petch mechanism, which is
given by:

-1/2 12
fup= e ) ()
Uym
where & is the Hall-Petch constant (=0.13 MPa-m'? for Al
alloy [56]), which is considered to be a quantity of the grain
boundary's resistance to slip transfer. Utilizing the average
grain sizes obtained from EBSD analysis, i.e., d,,=290
nm for Al7075 and d,.=240 nm for Al7075-BNNT, the
Hall-Petch strengthening is estimated at~23.9 MPa.
Additionally, the movement of dislocations can be hin-
dered by hard and impenetrable BNNTs due to the strong
B-N bonds and the high strength of BNNTS, leading to the
formation of dislocation loops. As dislocations within the
Al matrix glide over the slip plane, they generate Orowan
loops because of interaction with and bypassing the BNNTs.
A higher stress level is required to facilitate more disloca-
tions bypassing BNNTSs, resulting in an increased presence
of Orowan loops around BNNTs and, consequently, an
enhancement in material strength. The improvement factor
attributed to Orowan looping strengthening is quantified by
the Orowan-Ashby equation [57],

P 0.84MG, b . nd,,
or = )” 8 ) ®

3r T
o, 7d 1-v —_—=
ymeTeq ( )< 2Vgnnr 4

where M is the Taylor factor (3.06 for FCC [58]), G,, is the
shear modulus (G,,=E, /[2X (1 +v)]), b is Burgers vector of
aluminum (0.286 nm), v is the Poisson's ratio of aluminum
alloy (0.33). The equivalent diameter d,,, of BNNTSs is deter-
mined by a spherical model as [59],

doy = \ ELBNNTd%?NNT’ ©
where Lgyyris the average length, and dgyy; is the average
diameter of BNNTS (~7.5 nm). The Orowan increment Ay
is evaluated to be ~21.2 MPa, suggesting that it is not the
dominant strengthening mechanism due to the high aspect
ratio of the BNNTSs in the present study. Although short-
ening of BNNTSs by cryomilling is observed, the length of
the BNNTs was much higher than the critical length. The
lower contribution by Orowan can be further explained
by dislocation sink on the interaction of dislocation with
BNNTSs, something that is common in long and high aspect
ratio BNNTSs, as shown in schematic Fig. 9. It is difficult
for the dislocations to bypass or shear the hard and long
BNNTs when the length is higher than the critical length,
as discussed earlier. Eventually, the dislocations sink at the
walls of the BNNTSs in the present study. In contrast, if the
shearing of BNNTS is severe, which is common during ball
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Fig.9 Dislocation movement on interaction with (a) long and high
aspect ratio BNNTs and (b) short BNNTs resulting from severe
shearing

milling compared to cryomilling, the length of the BNNTs is
reduced greatly. In such a case, the dislocations bow around
BNNTs, leaving an Orowan loop in their wake over the slip
plane (see Fig. 9b). In addition to microscale investigation,
the validation of the length-dependent strengthening-mode
transition can be related to elongation. Besides strength,
elongation can be dependent on the interaction of disloca-
tions and BNNTSs. In long BNNTs, as represented in Fig. 9a,
the pinned dislocations result in increased plastic strains and
potential crack initiation sites at the interface following the
Kelly-Tyson model [60]. Thus, at macro/mesoscale, the elon-
gation will be reduced with an increase in strength attributed
to BNNT reinforcement, which is obvious in the mechanical
properties presented in Fig. 6a and Table 1.

In the composite, the presence of BNNTS can induce pris-
matic punching of dislocations at the interface, contributing
to an augmentation in the material's work hardening discussed
earlier. This phenomenon is attributed to the variation in coef-
ficients of thermal expansion between BNNTs and the alu-
minum matrix. Hence, the enhancement factor in dislocation
strengthening, arising from the increased dislocation density,
can be mathematically expressed as,

16,h\/E

Gym

DD (10)

where k is a constant (~ 1.25 [54]) and Ap is the increased
dislocation density stemming from the BNNT and aluminum
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thermal mismatch-induced additional dislocations in the
composite relative to A17075. The dislocation density is
evaluated from the XRD patterns, which could be estimated
as [61],

ﬁZ
= 4352

p )
where f (=f,,, — Bisp) rEPresents the full width at half maxi-
mum (FWHM) of Al peaks with §,,. and ,,,, denoting the
observed and instrumental peak broadening, respectively.
The computation of dislocation density is conducted on the
most closely packed plane (111) identified through XRD
analysis. The XRD analysis reveals a calculated increment in
dislocation density for the current nanocomposite relative to
its base alloy is evaluated to be 1.8 x 10'3 m~2. Subsequently,
the Aoy, is estimated to be 40.4 MPa. This substantial incre-
ment can be attributed to the bending of high aspect ratio
BNNTs (Fig. 9a), leading to increased back stress and strain
hardening [62]. Sadeghi et al. [63] reported an increase in
dislocation density by CNTs due to an effective increase in
high back stress via accumulation and hindering of disloca-
tion annihilation at the interfaces, and grain boundaries. It
is noteworthy that the increased dislocations, as evidenced
by residual stresses in composites, fundamentally arise from
the differences in coefficients of thermal expansion between
the matrix and reinforcement. Then, load transfer would be
a pivotal strengthening mechanism, particularly in compos-
ites featuring aligned BNNTS, especially with high aspect
ratios. Given that the average length of BNNTSs surpasses
the critical length, load transfer is likely to be the dominant
strengthening mechanism. The load transfer increment factor
can thus be measured as [53],

Jir = Ao = fup —for — fop> (12)

where Ao is the difference in the YS of composite and alloy.
With the combination of the above strengthening effects,
the predicted load transfer strengthening is evaluated to be
76.4 MPa, which is the dominant strengthening mechanism
in the present composite. However, the effective load trans-
fer is subjected to a clean interface between BNNTSs and
the matrix. The interfacial features between BNNTs and the
aluminum matrix are detailed in our earlier studies [27].
The crack bridging phenomena are well-captured during
nanoindentation, as presented in Fig. 10. The image shows
the retained BNNT after the nanoindentation in the A17075-
BNNT composite. The indentation was performed with a
peak load of 200 mN, which is sufficient to deform the
matrix; however, no deformation of BNNT was observed,
which demonstrates the high strength of the BNNTs. The
length of the BNNT is~ 17 um, which is greater than the
critical length required for effective load transfer. In addition,
the formation of a tribofilm-like layer is also observed at one
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Fig. 10 a —(c) Stress-bridging mechanism by BNNTs during nanoindentation at a load of 200 mN; (d) Contribution of strengthening mechanism

in the composite

end of the nanotube in Fig. 10c. Since BNNTs have excellent
lubricating properties, they offer wear resistance and reduce
friction between the indenter and the aluminum matrix due
to compressive load, resulting in the shearing of B-N layers,
leading to the formation of a thin film. The formation of a
tribofilm-like layer further demonstrates a strong adhesion
between the BNNTSs and matrix. Thus, BNNT can enhance
the application of composites with multi-functional proper-
ties. This further confirms that BNNTs played a significant
role in load transfer strengthening in the present composite
compared to other strengthening mechanisms. The sum-
mary of strength improvement by the major strengthening
mechanisms is presented in Fig. 10d, with load transfer as
the dominant strengthening mechanism with a contribution
of 76.4 MPa.

Finally, the overall high strength of the present nano-
composite is a result of the coupled effects of these com-
posite-specific strengthening mechanisms along with the
presence of varying lengths of BNNTSs resulting from

ultrasonic treatment and cryomilling. The controlled
consolidation by vacuum sintering and heat treatment
enhanced the mechanical properties. Thus, BNNT-rein-
forced composites are promising candidates for achiev-
ing superior mechanical performance with balanced
high strength and elongation along with multi-functional
properties.

However, the current limitation of scalability of manu-
facturing and size of the specimen in this study needs to
be addressed for their extended use in high-strength appli-
cations. The use of sequential steps, such as ultrasonica-
tion and cryomilling, requires precise control over process
parameters (e.g., milling time, temperature, and ultrasonic
energy). This makes it difficult to maintain consistent qual-
ity when transitioning to larger production volumes. While
SPS is effective for achieving high-density and fine micro-
structures in small samples, scaling it up to process larger
components for large aerospace or automotive structures is
not straightforward. Limitations in SPS chamber size and
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non-uniform heating across larger samples could lead to
residual stresses, defects, or microstructural inconsistencies.
To address these limitations, future research could focus on
developing alternative fabrication routes that simplify the
process, such as exploring different powder consolidation
techniques or utilizing scalable hybrid processing methods
that maintain the unprecedented mechanical properties of
the present study while reducing energy and equipment
costs.

5 Conclusions

The integration of boron nitride nanotubes (BNNTSs) into
Al7075 through ultrasonication, cryomilling and spark
plasma sintering has demonstrated its remarkable poten-
tial to result in a metal matrix composite that surpasses the
mechanical strength of the high-strength aluminum alloy
Al7075. The cryomilling for a shorter duration of 6 h effec-
tively dispersed BNNTs and improved adhesion between
BNNTSs and aluminum, while spark plasma sintering dem-
onstrated excellent consolidation of the composite. Micro-
structural analysis revealed the evolution of precipitates,
GP zones and the unique interplay between BNNTSs and the
aluminum matrix. The multiscale mechanical properties
derived by indentation-based techniques, including elas-
tic modulus, YS, UTS and elongation up to necking, were
significantly enhanced with the reinforcement of BNNTs.
A remarkable UTS of ~636.8 + 18.9 MPa is achieved in
Al7075-BNNT composite in heat treated condition, which
is 1.3 times higher compared to its unreinforced AI17075
and ~2.9 times higher compared to reported stir-cast A17075
alloy. The dense bulk BNNT composite fabricated with a
short 10 min holding time prevented the formation of unde-
sirable interfacial compounds and thus retained elongation.
The varying lengths of BNNTSs contributed to synergistic
improvement in strength and elongation. The strengthening
mechanisms, such as grain refinement, dislocation strength-
ening and load-transfer mechanisms were investigated, and
the load-transfer mechanism was found to be dominant.
This study provides valuable insights into optimizing fab-
rication processes for high-performance composites, guid-
ing future research in metal matrix composites to achieve
superior mechanical properties. Additionally, enhancement
in the strength of Al7075 extends its applications to next-
generation vehicles and their parts.
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