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ARTICLE INFO ABSTRACT

Handling Editor: Dr Hao Wang Nowadays, the mechanical properties of aluminum alloys have been studied extensively, but the study of
aluminum matrix composites (AMCs) at extreme temperatures, particularly at cryogenic temperatures, is rare. In
this work, an AINj, reinforced AMCs with excellent room and cryogenic temperature mechanical properties was
manufactured by adding magnesium, and the corresponding microstructure evolution and strengthening
mechanisms were systematically investigated. There are two kinds of particles in AIN,/Al, the small AIN, and the
large AlBgp. With the Mg content increased, the AIN, became more dispersed and the AlBy, transformed into
AIMgBy,,. In addition, Mg atoms also dissolved in the matrix, which played a positive role in improving the
mechanical properties. The ultimate tensile strength of the composites at RT was increased to 317 MPa, 419 MPa,
and 485 MPa from 251 MPa after adding 1, 3, and 5 wt% Mg respectively. The cryogenic strength was further
increased to 519 MPa, 592 MPa, and 611 MPa from 469 MPa, while keeping a decent ductility of about 5.6%,
which was due to the more uniform microstructure avoiding crack generation.
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1. Introduction

For a long time, aluminum and its alloys have been widely used in
aerospace, automotive, etc. due to their high specific intensity, corrosion
resistance [1], etc. The wide service temperature range not only requires
a good property at room temperature (RT) but also places high demands
on the maintenance of properties at extreme temperatures. Up to now,
there have been many relatively comprehensive studies to explore the
application of Al alloys at extreme temperatures. Sun et al. [2] have
produced an excellent heat-resistant Al alloy and investigated the
strengthening mechanisms in detail. The simultaneous increase in
strength and ductility of Al alloys at cryogenic temperatures has also
been widely reported [3]. However, the high strength of Al alloys is
mainly achieved by adding alloying elements and subsequent heat
treatment. The complex interaction between alloying elements makes a
high demand on processing design. Compared to Al alloys, aluminum
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matrix composites (AMCs) typically have a higher specific modulus and
structural stability [4], and are increasingly being used in structural and
functional materials [5]. Current researches about AMCs mainly focus
on microstructural adjustment, RT and high temperature properties, but
rarely on the mechanical properties at cryogenic environments [6,7].
Actually, the properties of composites are determined by numerous
factors, and selecting various combinations of matrix and particles is a
widely used method to enhance the comprehensive mechanical prop-
erties [8,9]. In addition, the particle size and distribution also have a
significant effect on the properties, which are largely influenced by the
manufacturing process [10]. Yang et al. [11] have demonstrated that,
during the tensile deformation at RT, the presence of large particles and
particle aggregation zones may cause cracking or debonding with the
matrix, potentially becoming a source of cracks. It will lead to premature
failure of the AMCs, which is not the case for most of Al alloys that
experience a simultaneous increase in strength and ductility when
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subjected to cryogenic temperatures. Compared to particles generated
ex-situ, in-situ particles generated directly within the matrix possess a
smaller diameter, a more uniform distribution, and typically exhibit a
superior binding interface with the matrix [12]. These advantages are
beneficial in increasing the RT properties of the composites and main-
taining them in extreme temperature environments. Therefore, in-situ
particle reinforced AMCs are more likely to retain a sufficient ductility
at cryogenic temperatures. Many types of in-situ reinforcing particles
have been synthesized in AMCs, such as TiBy, Al3Ti, TiC, ZrBy [13] and
AIN [14]. Among them, AIN particles (AIN}) have a relatively smooth
shape with no obvious angles, which can avoid cracking caused by stress
concentration. In addition, AIN, has several well-matched lattice ori-
entations with Al matrix, allowing for a tight interfacial bonding [15,
16]. Therefore, it is a viable project to choose AIN,, as the reinforcing
particle, in order to obtain a good cryogenic properties.

Furthermore, the primary strengthening mechanisms of the rein-
forcing particles in AMCs are Orowan strengthening and load transfer
strengthening. The strengthening effect is limited at low particle con-
tents, but the dislocation storage capacity of matrix will be severely
reduced at high particle contents, resulting in a significant loss of
ductility. Significant strengthening has been achieved in Al alloys by
combining different alloying elements, while the reaction between
multiple alloying elements and the particles will be complex [17,18],
especially during the in-situ reaction process. Therefore, selecting a few
kinds or just one kind of alloying element combined with appropriate
particle content to strengthen AMCs is a reasonable solution. Magnesium
atoms have a high solubility and good solid solution strengthening effect
in the Al matrix, and previous studies have also shown that Al-Mg alloys
exhibit an excellent cryogenic strength and ductility [19]. However,
when the Mg content is above 5 wt%, the brittle f-AlsMgs phase will
form in the Al-Mg alloy, leading to the deterioration of the mechanical
properties [20]. To avoid the enrichment of excessive alloying elements
surrounding the particles and the generation of harmful phases, the Mg
content should be limited.

This work aims to provide a viable strategy for optimizing the
microstructure and the mechanical properties of AMCs. In-situ AIN,
reinforced Al-xMg (x = 0, 1, 3, 5%) matrix composites were produced by
hot sintering and hot extrusion. The evolution of microstructure and the
mechanical properties were investigated. The reasons for the evolution
of the morphology and distribution of the reinforcing particles were
discussed. The combined strengthening mechanism of the reinforcing
particles and alloying elements was analyzed.

2. Materials and methods
2.1. Manufacturing process of AIN,/Al-xMg composites

The AIN,, reinforced aluminum matrix composite of this work was
manufactured by powder sintering and subsequent hot extrusion, as
shown in Fig. 1. The raw materials are commercial Al powders (99.7 wt
% purity, particle diameter ~15 pm), Al-50Mg alloy powders (particle
diameter ~50 pm) and boride nitrogen powders (98.5 wt% purity,
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particle diameter ~0.5-1 pm) supplied by Shandong Al&Mg Melt
Technology Co. Ltd. (Jinan, China). The morphologies of raw powders
are shown in Fig. 2a and b, and the composites with different percent-
ages of magnesium were achieved by adjusting the addition of Al-50Mg
powders. The raw material powders with different proportions were
combined by ball-milling for 4 h in an argon atmosphere (the mor-
phologies of ball-milled powders are shown in Fig. 2c and d), and then
the powder mixture was cold-pressed in a cold isostatic press machine.
Subsequently, the 8.2 wt% AIN}, reinforced Al-xMg (x = 0, 1, 3, 5 wt%)
composites were fabricated by liquid-solid reaction at 800 °C for 1 h,
under an argon atmosphere without extra pressure. Finally, the com-
posites were extruded at 500 °C with a 9:1 extrusion ratio to obtain the
composite rods with a diameter about 30 mm.

2.2. Characterization and mechanical property testing

The microstructures of AIN,/Al-xMg specimens were characterized
by a field emission scanning electron microscope (FESEM, Quanta 250F,
FEI, Hillsboro, OR, USA, work voltage 15 kV, work distant 10 mm)
equipped with an energy dispersive spectroscopy (EDS, Oxford In-
struments, Oxford, UK), electron back-scattered diffraction (EBSD, Zeiss,
Jena, Thuringia, DE, work voltage 15 kV, sample angle 70°) and a
transmission electron microscope (TEM, FEI, Hillsboro, USA, work
voltage 200 kV). The samples for microstructure observation were
etched with 0.5 vol% hydrofluoric acid after mechanical polishing. The
EBSD data was analyzed using the Channel 5 software.

The tensile properties were determined using Walter + bai LFM 20
kN universal testing machine for uniaxial tensile testing at RT and liquid
nitrogen temperature (LNT) with the strain rate of 10~3 s71. The gauge
size of the tensile test specimen was 10 mm in length and 2.5 mm in
width, and the loading direction was parallel to the extrusion direction
(ED) of the rod.

2.3. Calculation method

The first-principles calculations were performed using Vienna ab
initio simulation package (VASP) code with the project-augmented
wave method and the Perdew-Burke-Ernzerhof version of the ex-
change correlation functional [21,22]. During VASP calculations, a
Monkhorst-Pack k-point mesh of 9 x 9 x 9 was applied and the cutoff
energy of the plane wave basis was set as 500 eV for AlB; and MgB,. For
Al3MgBg, AlMgB,4, and AIMg3Bg the Monkhorst-Pack k-point mesh was
set9 x 9 x 4.

For the electronic relaxation processes and the ionic relaxation loop,
the convergence criterion is set to 10~* eV and 0.02 GPa, respectively.
Besides, The P6/mmm structure TMB,, a-metal, and a-B were used to
calculate the formation enthalpies. The enthalpy of formation (AHpm)
can calculated as follows [23]:
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Fig. 1. Schematic diagram of the preparation process of AIN,/Al-xMg composites.
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Fig. 2. The morphologies of (a) Al powders and (b) Al-50Mg alloy powders; ball-milled (c) AIN,/Al powders and (d) AIN,/Al-5Mg powders.

Where N is the amount of atoms in the cell; Egqq and Ebulk i represent

the total energy of the bulk compound and energy per atom in solid
states, respectively.

3. Results

3.1. Morphology and distribution of the reinforcement particles in AIN,/
Al-xMg

The morphology of the sample before extrusion is shown in Fig. S1.
Because the extrusion temperature (500 °C) is lower than the reaction

temperature (580 °C) and the holding time before extrusion is short,
there is no change in the particle type before and after the extrusion.
Fig. 3 shows the microstructure of the extruded AIN,/Al-xMg samples.
Two kinds of reinforcing particles could be observed in AINp/Al
(Fig. 3a), the larger particle was AlBy, (black in color) and the smaller
was AIN,, (pale grey in color). Corresponding EDS elemental analyses are
shown in Fig. 4a. The AIN,, was distributed along the extrusion direction
in the winding band zone, and many particle-free zones could be
observed. After adding 1% Mg, the larger particle diameter was signif-
icantly reduced and the boundary of the AINj-rich zone and AIN,-free
zone became straighter. Further increase the Mg content, the particle-
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Fig. 3. The SEM morphologies and agglomerated AIN,, diameter statistics of (a-a2) AIN,/Al; (b-b2) AIN,/Al-1Mg; (c-c2) AIN,/Al-3Mg and (d-d2) AIN,/Al-5Mg.
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Fig. 4. The SEM morphologies and EDS analysis of (a-a2) AINp/Al; (b) AIN,/Al-1Mg.

free zone became continuous banded along the extrusion direction and
its width was decreased. Just a few narrow particle-free bands could be
observed when the Mg content increased to 5% (Fig. 3d). Moreover, the
amount of larger particles decreased significantly with increasing Mg
content.

The microscopic distribution of AIN, was further investigated by
SEM at high magnification (Fig. 3al-d1). Many large AIN,, agglomerated
zones were observed in AINp/Al, as indicated by the yellow circle in
Fig. 3al. However, the agglomeration was significantly reduced with the
addition of Mg. In addition, as indicated by the yellow arrow in Fig. 3c1,
a few rectangular particles were observed in AINp/Al-3Mg and their
number increased significantly when the Mg content up to 5%. The
longitudinal direction of the rectangular particles was parallel to the
extrusion direction with the length is about 0.5-1 pm and the aspect
ratio is about 5.

In order to investigate the possible reasons for the change of the
larger particles, EDS analysis was carried out for the micron sized par-
ticles in AINp/Al-1Mg (Fig. 4b), and an enrichment of Mg and B was
evidently observed. It is known that B will form AlB; and MgB, with Al
and Mg respectively, and both of these di-borides crystallize in hexag-
onal (P6/mmm) structure with alternating layers of metal atoms and B
atoms [24], as shown in Fig. 5a. However, the AlyMg(1.x)B2 compound
has a lower formation enthalpy (AHf,,) than the mixture of AlB; and
MgB,, as calculated by DFT (Fig. 5b and Table S1), and AIMgB4 has the

lowest AHfom. It is indicating that the compound is more stable than the
mixture.

Therefore, as the percentage of Mg increases, the Al atomic positions
in AlBy, have a tendency to be gradually substituted by Mg atoms and
eventually transformed into AIMgB,4. Furthermore, AlB; is a large par-
ticle while AIMgB4 is the dispersed small particle with a specific
morphology. Therefore, it is supposed that Al,Mg(;.x)B2 was formed
directly during the sintering process, instead of forming AlB; first and
then Mg atoms replacing the Al atom positions.

The rectangular particle in AIN,/Al-3Mg was further characterized
by TEM, and it shows that the particle has a hexagonal shape on the top
view (Fig. 6a) and a rectangular shape in the side view (Fig. 6b).
Therefore, the newly formed particles in AIN,/Al-3Mg could be inferred
to be hexagonal prism in shape, which is same to the morphology of
AlMgB, [25]. Corresponding selected area electron diffraction (SAED)
results showed that the [0001] zone axis in the cross section and the
[100] zone axis in the longitudinal section were parallel to the incident
electron beam, respectively. Combined with the AHp,;, calculated by
DFT, the newly particle in AINp/Al-3Mg could be preliminarily inferred
as AIMgB,.

The HRTEM (Fig. 6¢) was used to further confirm the crystal struc-
ture of the rectangular particle, and the characterized zone is shown by
the yellow square in Fig. 6b. The interface between the particle and the
matrix was clear with no reaction products were observed, indicating
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Fig. 5. (a) The crystal structure schematic diagram of AlyMg.x)B2 (b) DFT calculated results of Al,Mgg xBa.
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Fig. 6. The TEM images and corresponding SAED patterns of (a) the transverse section and (b) the longitudinal section of the rectangular particle; (c) the HRTEM
image of the zone c in (b); the (d) 2D lattice phase images of zone d in (c); (e) Schematic microstructure diagram of AIMgByj,.

that the particle and matrix were well bonded. The interplanar spacing
of (0002) was about 3.38 A and (0 1 10) was about 2.64 10\, measured
from the 2D lattice phase (Fig. 6d). This structure showed a good con-
sistency with the research of Serena Margadonna et al. [26] and PDF#
01-089-3178, so the rectangular particle was finally identified to be
AlMgB, phase.

The distribution of AIN;, was further investigated by TEM. As shown
in Fig. 7a, the grain of AIN,/Al was elongated along the extrusion di-
rection, while the AIN, was distributed within the grain and at the grain
boundary (as indicated by the yellow arrow). It was also clearly
observed that the dislocation accumulated near the in-grain AN, (as

indicated by the red arrow in the inset of Fig. 7a), and further formed the
dislocation cell and sub-grain boundary, which indicated that the AIN,
can effectively pin dislocations and limit their slip in the grain.

The individual AIN,, were very small as observed at higher magni-
fication (Fig. 7b), and the diameter is smaller than 50 nm. However,
most AN, exists as multiple gathered particles and there is almost no Al
between the gathered particles (as indicted by the red circle in Fig. 7b).
Moreover, it was observed by HRTEM that the interface of AIN,-Al was
clean and no interfacial compounds. The FFT images and 2D lattice
phase images for both sides of the interface are obtained from HRTEM
image. The FFT images were consistent with diffraction patterns in the

Fig. 7. The TEM images of (a) and (b) AIN,/Al; the HRTEM image of (c) the AIN particle; the FFT and 2D lattice phase images of (d and d1) zone d and (e and el)

zone e in (c¢).
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[01 1 1] zone axis of AIN}, and the [110] zone axis of Al, respectively,
and the (1 101) crystal plane of AIN;, was parallel to the (1 T 1) crystal
plane of Al. Therefore, the crystal orientation relationship between the
AIN,, and Al matrix can be expressed as: (1 10Dan//(1 T 1, [01 T
1] AIN// [110]as. Tohe (1 101y and (1 1 1), interplanar spacing were
2.33 A and 2.29 A, respectively.

3.2. Evolution of the matrix grains in AIN,/Al-xMg

The morphology and distribution of the particle were significantly
changed with different Mg contents, and Mg as an alloying element
could be solid solution into the Al matrix. With the effect of these two
factors, the morphology of the matrix grain may be altered. The grain
morphology on the longitudinal section of AIN,/Al-xMg was charac-
terized by EBSD, as shown in Fig. 8. It is observed that the matrix was
mainly elongated grains along the extrusion direction and the average
grain diameter increased slightly after adding 1% Mg, and then
decreased with the Mg content. The evolution of the grain morphology
was also influenced by the particles, except for the fact that the Mg could
lead to a grain refinement. Specifically, the strength of the particle-rich
zone and particle-poor zone in AIN,/Al was different, resulting in an
inhomogeneous deformation during the extrusion process. The unstable
plastic flow would make the particles cut through the matrix more often,
which may lead to more cleavage of the grains and their refinement.
Moreover, this unstable plastic flow was manifested by the curved
interface between the particle-rich and particle-free bands in extruded
samples, as shown in Fig. 3a. However, the deformation gradually
became more uniform with the Mg content increased, which will be
discussed in section 4.1, and the shearing effect of the particles on the
matrix caused by the unstable plastic flow was also reduced. Subse-
quently, the particle distribution became more dispersed and could
inhibit more dislocation movement than the agglomerated particles,
which would have a contribution in grain refinement.
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3.3. Mechanical properties of the AIN,/Al-xMg composites

Fig. 9a shows the engineering stress-strain curves of AIN,/Al-xMg
tested at RT, and the details are given in Table 1. As the percentage of Mg
increased, the yield strength (YS) and ultimate tensile strength (UTS) of
the composite were significantly increased. Compared to AIN,/Al, the
UTS of the composites were increased by ~26.3%, ~66.9% and ~93.2%
after adding 1%, 3% and 5% Mg, respectively. The ductility of the
composites decreased relatively significantly after adding 1% Mg.
However, there was only a slightly loss in ductility when Mg was further
added, especially the strength of AIN,/Al-5Mg was significantly higher
than AIN,/Al-3Mg, but the elongation (EL) was almost equal. Fig. 9¢
shows the comparison of the tensile properties for this work with other
particle-reinforced aluminum matrix composites and Al-Mg alloys [19,
27-36]. As the Mg content increased, the properties of AIN,/Al-xMg
gradually broke through the “strength-toughness inversion” area,
achieving an excellent synergistic strengthening of the reinforced par-
ticles and alloying elements.

To investigate the cryogenic properties of AINp/Al-xMg, uniaxial
tensile tests were carried out at liquid nitrogen temperature (LNT), as
shown in Fig. 9b. Compared with the RT tensile properties, all com-
posites in this work showed a significant increase in strength at LNT, and
these were accompanied by a decrease in elongation. However, the loss
of ductility gradually decreased when more Mg was added as shown in
Fig. 9d. In addition, the LNT tensile curve has almost no necking stage.

Tensile fracture surfaces are shown in Fig. 10. After fractured at RT,
there are many small and shallow dimples (as indicated by the blue
arrow) with some tearing edges on their top could be observed. The
diameters of the dimples were decreased from about 2 pm to 0.5 pm after
adding 5% Mg, indicating a decline in ductility and consistent with the
tensile results. In addition, some large particles were observed at the
bottom of the large dimples in AIN,/Al and AIN,/Al-1Mg (as indicated
by the yellow arrow), which were AlBy;, and AlyMg;.xBo), respectively.
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Fig. 8. The EBSD inverse pole figure maps and the corresponding distribution of grain size and orientation angles of adjacent grain boundaries in the longitudinal
section of the (a) AIN,/Al, (b) AIN,/Al-1Mg, (c) AIN,/Al-3Mg, (d) AIN,/Al-5Mg.
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reinforced AMCs and Al-Mg alloys; (d) statistics of tensile properties for AIN,/Al-xMg at RT and LNT.

Table 1

Tensile properties of AIN,/Al-xMg at RT and LNT.
Samples YS/MPa UTS/MPa EL/%
Ale/Al-RT 179 £ 2 251 + 4 13.6 + 0.4
AIN,/Al-1Mg-RT 236 + 2 317+ 6 9.7 +£ 0.3
AIN,/Al-3Mg-RT 292 +1 419+ 5 7.7 +£0.3
AIN,/Al-5Mg-RT 315+ 5 485 + 7 7.6 +£0.2
AIN,/AI-LNT 289 + 3 469 + 5 7.1 +0.3
AIN,/Al-1Mg-LNT 359 +2 519 + 4 5.6 +£ 0.2
Ale/Al—BMg-LNT 388 +4 592 + 4 5.6 +£ 0.2
AIN,/Al-5Mg-LNT 420 + 3 611 +6 5.7 +£ 0.2

The surface of the particle was smooth, indicating that they were
debonded from the matrix during the tensile process. In addition, part of
the large particles cracked (as indicated by the yellow circle) which was

RT fracture surfaces

due to the fact that they were large so the load could be transferred from
the matrix to the particle during the tensile process, and eventually

exceeded their strength limit.

After fractured at LNT, the proportion of the cracked particles was
increased, which was because the matrix being strengthened at LNT,
allowing a higher load could be transferred to the particle. In addition,
traces of rapid tearing at the matrix and particle interface were
observed, as shown in the inset of Fig. 10b1. This confirmed that once
part of the particles had debonded from the matrix or cracked, the
remaining areas could not resist the current load and caused a rapid
fracture.

LNT fracture surfaces

Fig. 10. The (al-a4) RT and (b1-b4) LNT tensile fracture surfaces of (al and d1) AIN,/Al, (a2 and b2) AIN,/Al-1Mg, (a3 and b3) AIN,/Al-3Mg, (a4 and b4)

AINp/Al-5Mg.
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4. Discussion
4.1. Evolution mechanism of particles

As reported in our previous work, there were AIN, rich and lean
domains in the sintered AIN,/Al composites [37]. This is because the
AIN,, was generated from nitrogen plasmid and Al by a solid-solid re-
action, as shown in Fig. 11a-c. The nitrogen plasmid adheres uniformly
to the surface of the Al powders after ball-milling. When the temperature
reaches 580 °C, the nitrogen plasmid and Al react to form AIN,, and
release B atoms accordingly [38]. Moreover, due to the low solubility
and the slow diffusion rate of N atoms in solid Al, the AIN,, forms mainly
near the nitrogen plasmid powders. Then, as the temperature continues
to rise, the AIN;, grow and cling to each other. Therefore, in the sintered
composites, AIN, is mainly distributed on the surface area of original Al
powders, with the particle lean domain at the central area. Subse-
quently, during the extrusion process, the matrix exerts a shear stress on
the AINp, causing the AINj, to be distributed banded along the extrusion
direction. Meanwhile, the flow of AIN, can infill some particle lean
domains, but cannot occupy the large particle-free domain. Therefore, if
multiple pure Al powders were bonded together during the ball-milling
process, no AIN, can be formed internally, which ultimately results in
the particle-free band after extrusion.

In contrast, as shown in Fig. 2d and e, the sharp edges of the AlI-50Mg
powder can hinder the polymerization of Al powders. This enables the
BN plasmids to mix more uniformly with Al powders and react to form
AINp, as shown in Fig. 11e and f, reducing the AIN, lean domain, and
subsequently resulted in a narrower particle-free band in the extruded
sample. Meanwhile, with the addition of Al-50Mg powders, the sintered
structure became more homogeneous, leading to the flow of the matrix
became more stable during the extrusion process, which made the AIN),
band straighter.

In AINp/Al, the B atom released by nitrogen plasmids reacted with Al
to form AlBy, [38]. In AIN,/Al-xMg (x#0), the reaction product is
AlMgBy, instead of AlBy, and MgB, when Al, Mg and B co-exist at a
certain temperature, which is because the AIMgB4 has a more stable
structure calculated by DFT. Therefore, it can be reasonably inferred
that AlB,, gradually transforms into AIMgB4, as the Mg content in-
creases, and this is consistent with the experimental results. Regarding
the fact that AIMgBy, is smaller than AlB,p, the matrix can provide
adequate Al atoms during the growth of the AlBy;, after nucleation. In
contrast, the growth of AIMgBy, requires Mg atoms to diffuse to the
nucleus, but atoms that are further away from the nucleation are unable
to diffuse to the nucleation for the growth of AIMgB4,. This allows a
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L 7
o Q

9
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greater number, but smaller size of AIMgBy,. In addition, in order to
minimize the surface energy during growth, the growth rate of the
AlMgB,4 nuclei in the [0001] orientation is faster than that in the [100]
orientation [25]. Therefore, the generated AIMgB,,, is hexagonal prism,
and then the severe plastic deformation of the matrix during extrusion
causes its long axis to be parallel to the extrusion direction.

4.2. Effect of particles and Mg element on the fracture mechanism

The size and distribution of particles were changed significantly with
the addition of Mg, which would also make an important effect on the
deformation of the matrix during the tensile process. As shown in
Fig. 12, the side morphology of AIN,/Al-xMg samples after tensile
fracture was characterized by SEM. In AIN,,/Al, large surface reliefs were
observed and the step pattern was divided into two types, at 45° to the
tensile direction (as indicated by the yellow dotted line) and parallel to
the fracture surface (as indicated by the blue dotted line), respectively.
The step at 45° to the tensile direction was mainly concentrated at the
boundary between the particle-rich zone and particle-free zone. This
was due to the inhomogeneous distribution of particles resulted in an
unequal distribution of stresses during the tensile process. The concen-
tration of stresses caused the different local deformations and thus
allowed for the surface relief. As the particle-free band narrowed and the
boundary became straighter, the stress concentration was mitigated and
then the steps gradually disappeared. The step parallel to the fracture
surface was mainly found near to the fracture surface and there was also
the necking area of the sample. The large deformation of the matrix and
the reduction in the cross-section of the sample during the necking
process resulted in the step parallel to the fracture surface.

In addition, by the side morphology of the fractured sample, it can be
directly observed that the large particle debonded from the matrix or
cracked after tensile deformation. Severe stress concentrations would be
developed at the edges of the hole. As the deformation increased, the
hole would expand which probably lead to the premature failure of the
sample. These holes were also harmful to maintaining the ductility at
cryogenic temperature, as an important reason that AIN,/Al ductility
decreased more at LNT.

4.3. RT strengthening mechanisms for AIN,/Al-xMg composites

From the above research, it is known that the grain morphology and
the size and distribution of the particle in AIN,/Al-xMg were signifi-
cantly altered by the addition of Mg. The strengthening mechanism of
the AIN,/Al-xMg is investigated in this section. This composites is

@ AB,

~ AlMgB,

(8

Sintering Hot extruding

Fig. 11. Schematic representation of the particle generation process in (a-d) AINy/Al and (e-g) AINy/Al-xMg.



X. Sun et al.

AINp/Al-3Mg

Composites Part B 268 (2024) 111056

AINp/Al-1Mg

Fig. 12. The side morphology of (al and a2) AIN,/Al, (bl and b2) AIN,/Al-1Mg, (c1 and c2) AIN,/Al-3Mg and (d1 and d2) AIN,/Al-5Mg samples after fracture

at RT.

strengthened by both alloying elements and particles, so there are
multiple strengthening mechanisms that can affect the yield strength
(60.2), as indicated by follows [39]:

602 =00 + Al + Adgs + Ay + AGorowan + ACL T ()]

where oy (=10 MPa) is the yield strength of Al single crystals [40]; Ao
is solid solution strengthening; Aogp is grain boundary strengthening;
Aoy is dislocation strengthening; Acorowan is the Orowan strengthening
and Aoyt is load transmitting strengthening.

The Portevin-Le Chatelier (PLC) in AIN,/Al-5Mg stress-strain curve
indicates that Mg not only reacts with Al and B to form Al,Mg1.xB2p, but
also solid solution into Al matrix. The solid solution of Mg atoms cause
lattice distortion and inhibit the dislocation movement, which can be
expressed as follows [41]:

Ao =HC" 3

where C is the concentration of solid solution Mg in Al, which was ob-
tained by the averaging of various EDS point analyses in particle-free
band (as shown in Figs. S2-S4 and Tables S2-S4); H and n are con-
stants, H = 13.8MPa/(wt.% Mg) and n = 1 for Al-Mg alloys. In addition,
the grain size of the matrix varied with the Mg content as shown in
Fig. 8. Smaller grains mean more grains per unit volume and more grain
boundaries to inhibit the dislocation movement during the deformation
process. The contribution of grain boundaries to 6¢ 5 can be described by
the Hall-Petch formula [41]:

AGGB = kH,pd71/2 (4)

where ky_p (=0.11 MPa/m/?) is the Hall-Petch coefficient; d is the
grain size of the composites. After extrusion, the dislocation in the ma-
trix can impede the movement of new formed dislocations, resulting in
dislocation piling, which increases the strength of the composites.
Therefore, dislocation strengthening plays an important role in the
strength of the composites. The relationship between strength and
dislocation density can be expressed by the Bailey-Hirsch formula [42]:

Acy =MaGbplle, %)

where M (=3.06) is the Taylor factor of Al; a (~0.24) is a constant; G
(=25.4 GPa) is the shear modulus of Al; b (=0.286 nm) is the Burgers
vector and pgnp is the geometrically necessary dislocations (GNDs)

density. The density of GNDs can be calculated by the kernel average
misorientation (KAM) that retrieved directly from the EBSD data (as
shown in Fig. 13), and the exact formula is as follows [43]:

20k am
Panp =7 (6)

Where x is unit length, which is equal to twice the step size used in EBSD
acquisition and Oxap is the KAM. And KAM larger than 2° are excluded
from the calculation, because it is assumed that they contribute to grain
boundary strengthening.

Two particle strengthening mechanisms for composites are consid-
ered, which are the Orowan strengthening and load transmitting
strengthening, respectively.

For AN}, its diameter is smaller than 50 nm (Fig. 7b), but in low
magnification TEM images AIN, was commonly observed in multiple
tight clusters. Therefore, it could be inferred that the AIN phase observed
in the SEM was multiple AIN,, tightly aggregated together, and the AIN,,
approximate a spherical, so it was difficult to strengthen the matrix by
load transfer during the tensile process. In addition, AINj, is a ceramic
particle that cannot be cut by dislocations and it can be inferred that the
Orowan strengthening mechanism is the main one, expressed as follows
[44]:

0.84MGb 27
AGorowan = ————7-In— @
© an(1—v)/n b
12
x:f.( 2n ) (8)
3P

where ) is the interspacing of particles; v (=0.345) is the Poisson ratio of
Al; 7 is the average effective radius and gy is the volume fraction of
small particles (AIN}), respectively. There is almost no Al between the
tightly gathered AIN), so the average diameter counted by SEM is used
as the effective diameter in calculation. In comparison, the AlBy;, has a
larger volume and it was observed to crack in the fractured sample.
AlMgB,4 has a high aspect ratio and the long axis is along the RD di-
rection, i.e. the tensile direction. So it strengthens the composites mainly
by sharing the load transferred from the matrix, and the strengthening
effect can be expressed by the modified shear lag model:
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Fig. 13. The KAM map of the (a) AINp/Al, (b) AIN,/Al-1Mg, (c) AIN,/Al-3Mg and (d) AIN,/Al-5Mg and corresponding (e) statistical histograms.

©)]

1
Ao, = iamatrix (WA[BzSAlBZ + (ﬂAtMgB4SAlMgB4)

Omatrix = Oo + AGSS + AGGB (10)
Where 6marix is the YS of the matrix, g2 and @amgp4 are the volume
fraction of AlB, and AIMgBy4, Sa2 (~1) and Samgs (=5) are corre-
sponding effective aspect ratio.

As shown in Fig. 14, except for AIN,/Al, the experimental and
theoretical YS values of AIN,/Al-xMg have a good match, and the
detailed calculation process is shown in the Supplementary Materials.
Deviations between experimental and theoretical YS values for AINp/Al
probably resulted from the early debonding between AlBy;, and matrix,
or the premature yielding of the wider particle-free band. In addition, of
all strengthening mechanisms, Aogg and Aoy make the largest
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Fig. 14. Comparison between the experimental and theoretical yield strength

of AIN,/Al-xMg.
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contribution to YS, but the increase in yield strength of the composites
with Mg content is mainly attributed to the increase of Acss and the
particle strengthening (46orowan and Aop.p). This indicated that the
addition of Mg to AINp/Al successfully further enhanced the composites
and had a good theoretical basis, a synergistic strengthening by rein-
forcing particles and alloying elements was achieved.

4.4. LNT strengthening mechanisms for AIN,/Al-xMg composites

Fig. 15 illustrates the strain hardening rate (®) curves of the com-
posites, which were derived from the true stress-strain curves (Fig. S5).
As a function of true stress (o7) and true strain (e7), © represents the
deformation resistance of the material to some extent.

The RT strain hardening rate curves show that the AIN,/Al-5Mg has
the highest ®, and the slight wave on the AINp/Al-5Mg curve can
attributed to the PLC instability of plastic flow. The dissolved Mg atoms,
on the one hand, interact with the dislocations and inhibit their move-
ment. On the other hand, it can reduce the SFE of the Al matrix [45],
making the dislocation cross-slip become more difficult. This eventually
leads to the increase of ®. At LNT, the ® was further increased compared
with those at RT. When the temperature decreased to LNT, the Al matrix
could store more dislocation and the dislocations become more difficult
to slip, resulting in a higher density of defects during deformation (as
shown in Fig. S6). Therefore, the strain hardening rate at LNT was
increased, which contributed to the increase of UTS.

For the Al matrix, the yield strength (c),,) can be divided into
thermal contributions (o) related to thermal activation of dislocation
motion and temperature-independent non-thermal contributions (o),
which expressed as follow [46]:

an

The o4 can also be divided into two parts. One part is that the
reduced atomic spacing leads to a stronger interatomic acting force,
resulting in an increase in oy and the grain boundary strength. The
increased grain boundary strength contributes to the increased storage
capacity of the dislocation. Another is that at cryogenic temperatures,
the energy barrier for dislocation motion will be higher, so the enhanced

Oym = O + O
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Fig. 15. The (a) RT and (b) LNT strain hardening rate curves for AINp/Al-xMg.

difficulty for dislocation slip will lead to an increase in strength.

For the reinforced particles, firstly, the difference in coefficient of
thermal expansion (CTE) between the particles and the matrix will lead
to an increase in dislocation density around the particles during cooling
to LNT, which will increase the strength of the matrix and can be
expressed as follow [47]:

6AT x ACET X (i

~ 12
pCTE bd ( - (ppanicle) ( )
Accer = MBGbpf (13)

where the pcgr is the increased dislocation density during the cooling
process; AT is the change of the temperature; ACET is the difference in
CET between the matrix and the particles; d and @pgricle is the mean
diameter and the volume fraction of the particles, respectively; Aocgr is
the increase of strength caused by this mechanism; § is a constant.

Secondly, changes of shear modulus and Burgers vector have an ef-
fect on Orowan strengthening mechanism. The shear modulus will in-
crease about 3.1-4.6 GPa when the temperature is lowered to 77K [48,
49]. The CET of Al is about 2.4 x 10~° K, so the change in lattice con-
stant at LNT compared to RT will be less than 0.5%. Therefore, the
change in the Burgers vector will not be taken into account and the in-
crease in Orowan strengthening (Acorowan-LNT) @S the temperature de-
creases to LNT can be expressed as follow:

G+ AG

G 14)

AGorowan—LNT = AGorowan

where the AG is the increase of shear modulus. In addition, the increased
strength of the matrix also allows more load transfer from matrix to
particle, corresponding to the increase in load transmitting strength-
ening. Therefore, the total increase of the strength from RT to LNT (4og-
1) can be expressed as follows:

Acg_L = A6y + AGcET + AGorowan—inT+

(Ao + Aocer) ((PAlesAlBZ + (pAlMgB4SAlMgB4) (15)

N —

where the Aoy, is the increase of oy, from RT to LNT.

For the EL at LNT, when the applied stress reaches a specific stress,
debonding may arise at the particle and matrix interface, forming holes
and as the source of cracks. Meanwhile, the remaining areas could not
resist the stress in this case, and the cracks expanded rapidly and coa-
lesced with other cracks. This ultimately resulted in the immediate
failure of the composites at maximum stress at LNT. Thus, the loss of
ductility decreased with the increased Mg content, was probably related
to the particle size became smaller and more uniform, which could
reduce severe stress concentrations to some extent.

11

5. Conclusions

In summary, Mg elements introduced into AIN,/Al resulted in a
significant alteration of the microstructure and an improvement in the
room and cryogenic temperature properties of the composites. The
synergistic strengthening of reinforcing particles and alloying elements
was achieved and the strengthening mechanism was analyzed in detail.
The main conclusions are as follows:

(1) With the addition of Mg elements, small sized AIMgB4;, formed
instead of the large AlByj. The effective particle diameter of AIN,
decreased and its distribution in the matrix became more
dispersed.

(2) The average grain diameter increased slightly and then decreased
with Mg content, and the proportion of equiaxed crystals
increased. This was not only related to the Mg content but also
influenced by the unstable plastic flow during the extrusion
process caused by the uneven particle distribution.

(3) The strength of AINp/Al-xMg increased significantly with Mg
content at both room and cryogenic temperatures, and the loss of
ductility at cryogenic temperatures gradually decreased, which
was due to the more uniform microstructure avoiding crack
generation.

(4) The lower formation enthalpy of AIMgB4, dominated the trans-
formation of particle kinds, and the addition of AIMg powder
allowed for a more uniform in-situ particle generation.

(5) Grain boundary strengthening and dislocation strengthening
contributed mainly to the YS of the composites, but the increase
in YS was mainly due to the increase of solid solution strength-
ening and particle strengthening. In addition, the combined
strengthening mechanisms also contributed to the increase of the
strength at LNT.
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