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ARTICLE INFO ABSTRACT

Keywords: Al-matrix composites with networked ceramic nanoparticles have been reported to possess high thermal stability,
Al matrix composites but their low ductility at high temperatures limits their wide applications. In this study, rotary swaging (RS) was
AN used to modify the network of AIN, nanoparticles for optimizing the high temperature tensile properties of Al

Tensile strength
Ductility
Heat resistance

matrix composites. The RS treatment was found to disperse the network structure of AIN,, particles to some extent
and to refine the grains of Al matrix, which resulted in high strain hardening and strain rate sensitivity. This not

only improved the thermal stability but also increased the uniform elongation from 0.99% to 2.1% at 350 °C. This
work provides a new pathway for tailoring the nanoparticle architecture to obtain a desirable strength-ductility
synergy for metal matrix composites.

1. Introduction

Al alloys have been increasingly used in automotive engines,
aerospace and defense industries for their low density, high specific
strength and elastic modulus, and good formability [1-5]. To meet
higher requirements on energy-saving and emission-reduction, enhanc-
ing the mechanical properties and thermo-stability of Al alloys at ele-
vated temperate is crucial and there have been strong demands for the
high strength heat-resistant Al alloys in several industries [6,7]. How-
ever, most of the age-hardening Al alloys can work only under 200 °C,
because precipitates rapidly coarsen and degrade at higher temperatures
[8]. In order to further improve the mechanical properties and meet the
requirements in some special fields, ceramic nano-particles (carbides,
borides and nitrides, etc.) are used to strengthen the Al matrix, namely
particle reinforced Al matrix composites, which show higher thermal
stability at temperatures even above 300 °C [9-12].

Many types of ceramic particles, such as AIN and SiC, have high
melting points, superior hardness and modulus, and good thermal and
oxidation resistance. They can pin the grain boundaries and significantly
improve both the room temperature and high temperature strength, but
unfortunately also lower the ductility, resulting in a strength-ductility
tradeoff [9,13,14]. For example, in our previous study, a network-
structured AIN,, reinforced Al composites exhibited the ultimate tensile
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strength of about 200 MPa at 350 °C, but that comes with a rapid soft-
ening behavior and the drastic loss of ductility (less than 3%) [9]. There
is however a relentless quest to reach a more superior combination of
strength and ductility for advanced applications. A major challenge is to
engineer the microstructures to retain ductility for these high-strength
metals to achieve a desirable strength-ductility synergy, especially at
high temperatures. However, there have been few strategies reported to
improve the high-temperature ductility of particle-reinforced Al com-
posites.

It has been reported that the mechanical properties of composites
are affected by the particle types, dimensions, volume fractions and the
interface structures between the matrix and second phases [15-21]. Ac-
cording to the Hansen-Shtrikman (H-S) bounds theory, adjusting the
spatial distribution of the reinforcement and constructing a continu-
ous nanoparticle network structure through the matrix can significantly
improve the mechanical properties of composites [22]. Due to the soft
matrix surrounded by the hard particles, the accommodating plastic de-
formation in the matrix grains cannot proceed continuously and will be
stopped at the interfaces between the matrix and brittle particle net-
work, leading to the very low work hardening rate. To release the stress
concentration at the interfaces, the spatial distribution of the reinforce-
ment particles must be modified and a discontinuous nanoparticle net-
work is proposed to be able to maintain high strength and good ductility
[23]. Particle network always forms in-situ during powder metallurgy,
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Fig. 1. Schematics showing the preparation processes of the AIN,/Al composites with different nano AIN,, architectures: (a) mixtures of composite powders; (b)
network-structured nano AIN,, reinforced of AIN,,/Al composites after the liquid-solid reaction and hot extrusion; (c) rotary swaging process of the extrudes sample;
(d) the dispersed microstructure of the composites; (e and f) SEM images shows the particle distributions in EXT and RS0.2 samples; (g-i) the appearances of the

three samples of EXT, RS0.2 and RSO0.6.

which was hardly affected by the following heat treatment and hot ex-
trusion processes with low strain deformation. Furthermore, there are
few studies about tailoring the architecture of the composites to regulate
the mechanical properties of Al-based composites.

Severe plastic deformation (SPD) techniques, including equal chan-
nel angular pressing [24] and high pressure torsion [12], can be em-
ployed to tailor the architecture of the reinforcement particles and break
the ceramic particle network to some extent to accommodate plastic de-
formation in the metal matrix grains. However, these SPD processes ei-
ther require high plasticity of the sample or are limited in work-piece
sizes, making it difficult to be widely applied in production of bulk com-
posites. A new strategy for processing large bulk work pieces is needed
to optimize the structure of bulk nanoparticle reinforced composites.
Rotary swaging (RS), as a relatively new SPD processing technique, can
be used to prepare bulk samples including rods, tubes and wires through
the repeated action of rotating split dies and then achieves microstruc-
tural and properties optimization [25,26]. Some of the advantages of
rotary swaging include short cycle times, good surface finishes and tight
size tolerances [27]. In this study, RS was employed to tailor the spatial
distribution of the nanoparticles in bulk networked AINj, reinforced Al
composites to improve the tensile ductility at elevated temperatures.

2. Experimental
2.1. Fabrication of AIN,,/Al composites

Fig. 1 schematically shows the fabrication process of the AIN,/Al
composites in the present study. Commercial pure Al powders (99.7%,
all compositions quoted in this work are nominal values in mass frac-
tions unless otherwise stated) with an average particle size of ~20 um
and nitride plastid powders (99%) with an average particle size of
~2pm were used, as reported in our previous work [9]. As shown in
Fig. 1a, mixtures of composite powders, containing the Al powders with
nitride plastid powders, were prepared first. Network-structured nano
AINj, reinforced of AIN,,/Al composites (Fig. 1b and e) were fabricated
by liquid-solid reaction and the following hot extrusion reported in the
prior study [28], which is named as EXT. The mass fraction of Ale
was 8.2wt.% and the volume fraction was estimated to 6.6 vol.% on
the basis of the atomic fraction of the major element in the base metal
and nanoparticles. After that, the samples were subjected to RS at room
temperature with equivalent strains of about 0.2 and 0.6 (named as

RS0.2, RS0.6), as shown by Fig. 1c, respectively. The equivalent von
Mises strain, Eeqs is calculated using the relationship [29,30]:
Dy
=2ln— 1
e g (1)

where D, and D are the diameters of the sample before and after RS,
respectively. The network structure of the nano AIN, is supposed to have
been deformed and damaged to a certain extent after RS to form a more
homogenous microstructure with dispersed AIN particles and particle
chains, as shown in Fig. 1d and f. Fig. 1g-i show the specific pictures
of the AIN, /Al composite rods by EXT and RS treatments with different
deformation strain of 0.2 and 0.6, respectively, and also indicate the
advantages of RS samples with smooth surfaces.

2.2. Microstructure characterization

The phase identification and microstructural characterizations of
the AIN,,/Al composites were performed using X-ray diffraction (XRD,
Rigaku D/max-rB), scanning electron microscope (FESEM, Quanta 250F,
worked at 15kV) equipped with Oxford energy dispersive X-ray spec-
trometer (EDS), electron backscattered diffraction (EBSD, Zeiss Auriga,
using a step size of 0.15 um) and transmission electron microscope (TEM
TECNAI 20). The samples for EBSD mapping were mechanically pol-
ished and then electro-chemically polished in a mixed solution of 10%
perchloric acid and 90% ethanol with a voltage of 20 V for 15s at —20 °C.
All EBSD data were analyzed using the Channel 5 software and Atex soft-
ware [31]. A TECNAI G2 200 transmission electron microscope (TEM)
with a spherical aberration corrector under the objective lens operated
at 300 kV was used to analyze the interface structure of the nanoparticles
and Al matrix. High-angle annular dark-field (HAADF) scanning trans-
mission electron microscopy (STEM) and selected area electron diffrac-
tion (SAED) were employed to characterize nano-sized structures. Thin
foils for TEM observations were prepared with mechanical polishing to
the thickness of 25 um. The specimens were finally polished by ion beam
using Gatan 691 precision ion polishing system (PIPS).

2.3. Tensile testing

The tensile properties of the above composites were conducted ac-
cording to the ASTM E0021-03A standards to evaluate the mechani-
cal properties at the elevated temperature of 350 °C. The specimens
were dogbone-shaped with 5mm in diameter and 40 mm in original
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Fig. 2. Tensile and compression properties of AIN, /Al composites at 350 °C before and after RS treatment: (a) engineering tensile stress-strain curves; (b) true tensile
stress-strain curves showing the enhanced ductility; (c) strain hardening rate (@=ds/de) curves indicating the better hardening rate retention in the RS treated
samples; (d) true compressive stress-strain curves at different strain rates (as marked) showing the higher strain rate sensitivity in the RS treated sample.

Table 1
Mechanical property of the EXT and RS treated AIN,,/Al composites at 350 °C.

Samples YS/MPa UTS/MPa UE/% El/%
EXT 120 126 0.99 3.38
RS0.2 107 113 21 6.43
RS0.6 91 101 2.75 5.78

gauge length. Tensile tests were carried out by first holding at 350 °C
for 30 min, and then tension at a strain rate of 0.8 x 10~3s~1 with strain
measured by a standard video extensometer. For each sample, the aver-
age tensile strength at 350 °C was acquired from three specimens.

3. Results
3.1. Mechanical behavior of the AIN,,/Al composites at 350 °C

Fig. 2 shows the high temperature mechanical properties of the
AINp/Al composites at 350 “C before and after RS. Fig. 2a displays
the engineering tensile stress-strain curves with and without RS treat-
ments. Detailed tensile strength and ductility values are given in Table 1.
The engineering stress-strain curve for the sample EXT shows that the
yield strength is ~120MPa and the ultimate tensile strength (UTS)
is ~126 MPa, with a corresponding uniform strain of only ~0.99%.
That is, after reaching UTS, sample EXT becomes unstable (i.e. neck-
ing) immediately after yielding and shows significant strain softening.
The stress dropped rapidly and decreased linearly until fracture and the
elongation to failure is less than 3.4%. After RS treatment, the engineer-
ing stress-strain curve for sample RS0.2 exhibited a flat plateau until
reaching UTS of ~113 MPa, and the uniform strain reaches ~2.1% (red
square on the curve). The UTS is comparable with that of the sample
EXT and decreased by only 10%. However, the curvature in this re-

gion indicates a more uniform elongation, which increased by ~112%.
The elongation to failure of this sample is close to 6.5%, indicating
that its high-temperature ductility at 350 °C is enhanced significantly
after RS processing. UTS of sample RS0.6 is about 101 MPa and its uni-
form elongation is up to ~2.75%. Compared to the properties of sample
EXT, uniform elongation of sample RS0.6 increased by as high as 178%
and the UTS reduced by 20%, which is consistent with those of sample
RS0.2. Therefore, the ductility of the AIN, /Al composites at the elevated
temperature of 350 °C was significantly increased by RS processing, al-
though the strength has been scarified to some limited extents.

The high-temperature true tensile stress-strain curves of the three
samples at 350 °C are given in Fig. 2b, and the uniform elongation
of AIN,/Al composites after RS treatments was increased significantly,
agreeing with the aforementioned results. The onset of localized defor-
mation, e.g. necking instability, occurs due to the low work hardening
behavior of a materials, according to Hart criterion [32,33]

99 < (1 = myo @
de

where ¢ is the true stress, ¢ is the true strain and m is the strain rate sen-
sitivity (SRS). m is not sufficiently high for ultrafine grained structured
and nano-structured metals (m < 0.05) at room temperature [34-37],
but increases significantly at high temperature. Higher m helps with sus-
taining homogenous deformation.

Fig. 2c shows the strain hardening (©= do/de) curves of the three
samples, which decreased rapidly with increasing strain. Interestingly,
the RS0.2 and RS0.6 samples have a slower decrease in ® than the as-
extruded one with strain. As a result, when the strain is larger than a
critical value of ~0.75% (Fig. 2c, indicated by the arrows in Inset), ®
values of RS0.2 and RS0.6 samples surpass that of the as-extruded one,
which indicates a better ®-retention and an improved strain hardening
in the RS treated samples. More importantly, with further increase of
strain, the strain hardening rates of RS0.6 also become much higher
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than that of RS0.2, indicating that ®-retention is also improved with
increased RS deformation. It is also noted that the critical strain value
is lower for RS0.6 than RS0.2. Thus, the strain hardening rates of the
composites were enhanced by RS at a higher strain. To our knowledge,
the good ®-retention behavior at high temperature in the Al based alloys
realized by RS treatment is revealed for the first time and is inherent to
the regulated heterogenous microstructure in the materials [38,39].

In addition, to evaluate the SRS at high temperature and the contri-
bution of strain rate hardening on the enhanced uniform deformation,
high temperature (350 °C) compressive tests of the composites before
and after RS treatment were carried out at the strain rates of 10~3 and
1071, respectively. Fig. 3d shows the flow stress variation of the compos-
ites with the compressive strain, which is compared with tensile stress
variation of the samples before and after RS. The slight decrease of flow
stress is similar with the variation trend of the tensile strength at a quasi-
static strain rate. However, it is noted that the flow stress of the RS0.6
sample is increased significantly at a higher strain rate of 0.1 s~1, indi-
cating the distinct SRS. m can be calculated according to the following
equation [34]

_ dlogo

"= dloge ®
where ¢ is the steady state true flow stress at a given strain rate ¢. The
value of m is not constant and varies with the microstructure features
such as grain size and second phase distribution. For face-centered cu-
bic metals, m increases significantly with decreasing grain size [40],
due to the enhanced dislocation-grain boundary (GB) interactions [41].
Moreover, it is known that GB sliding plays an important role in the high-
temperature deformation [42], which may further increase the SRS. The
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Fig. 3. Microstructures of different AIN,/Al
composites along the longitudinal direction:
(a) the heterogenous distribution of Ale in
EXT sample; (b) the network structure of
AlNp seen at a higher magnification; (c, d)
the distribution of AIN,, in RS0.2 sample at
lower and higher magnification; (e) the dis-
persive distribution of AIN,, in RS0.6 sample.
and (f) the dispersed Ale in the matrix.

value of m for the composite is estimated based on Fig. 3d and it is in-
creased from 0.027 to 0.079 at 350 °C (a high homologous temperature
T/T,, ~0.67), both of which are much higher than that of Al compos-
ite at room temperature (m~ 0.001-0.02) [43]. This indicates (i) the
enhanced GB sliding behavior at 350 °C, (ii) reduced grain size of Al
matrix (as revealed below) and/or further enhanced GB sliding after RS
treatment.

Corresponding to the enhanced strain rate dependence, there is also
a pronounced temperature dependence, arising from the thermal acti-
vated deformation mechanisms controlling the plastic flow. The signif-
icant strain rate dependence of strength on strain rate and temperature
always shows a reduced activation volume, which also benefits to the
ductility of the materials. Thus, the activation volume v is calculated
using the following equation

o= \/ngdlne (4)
do

Where k is the Boltzmann constant, T the absolute temperature, ¢ the
uniaxial flow stress and ¢ the strain rate [40]. The calculated activation
volume has been decreased significantly from 191.5b® for EXT sample
to 57.3b° for RS0.6 at 350 °C, which indicates the AIN,, /Al composite
has a stronger dependence on the strain rate and have a lower activation
volume after RS treatment. It is reported that the ultrafine grained met-
als possess higher GB diffusion than their coarse-grained counterparts
[43,44]. Especially, GB sliding at high temperature leads to higher strain
rate sensitivity, which benefits the ductility. Therefore, both higher
strain hardening and higher strain rate sensitivity contributed to the
enhanced ductility after RS treatment.
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Fig. 4. EBSD analysis of the AIN,/Al composites at the longitudinal section: (a, b) inverse pole figure (IPF) map of a-Al grains of sample EXT and the grain size
distribution; (c, d) IPF map of a-Al grains of RS0.2 sample and the grain size distribution; (e, f) IPF map of a-Al grains of RS0.6 sample and the grain size distribution.

3.2. Microstructural characterization of the AIN, /Al composites

To find the reason for the enhanced strain hardening and strain rats
hardening of the composites at 350 °C, the microstructures of the EXT
and RS treated composites including the AIN,, distributions were inves-
tigated. Fig. 3 shows the morphology and distribution of AIN,,. From
Fig. 3a, it can be seen that a heterogenous microstructure was formed
along the longitudinal direction in the EXT sample during the extru-
sion process, which consists of reinforcement particle rich layer with
a size of about 1.5~7.5um and lamellar Al grain strips with sizes of
about 2~3.5 um. The interfaces between particle rich zone and parti-
cle lean zone are also marked by the yellows lines in Fig. 3a. Higher
magnification image (Fig. 3b) indicates that most of the AIN particles
are inter-connected, forming a network structure observed in our pre-
vious work [9]. After RS treatment for an equivalent strain of 0.2, the
original lamellar distribution of AIN,, was changed (Fig. 3c), and a more
homogenous structure was attained. Besides, the particle-deficient area
was reduced significantly in sample RS0.2 compared with that in EXT
sample and the particle interspace increased correspondingly at a higher
magnification (Fig. 3d), indicating that the original network structure
was broken to some extent during RS deformation. However, most of
particles still connect with each other and form AIN, chains at a small
scale of about several hundred nanometers in the matrix. With further
increase of the deformation strain, most of the AIN particles were dis-
persed much more homogenously in the Al matrix, as shown in Figs. 3e
and f.

Furthermore, the influence of RS processing on the grain structure of
Al matrix was investigated by EBSD analysis. Figs. 4a—f show the inverse
pole figure (IPF) maps and grain size statistic distributions of «-Al grains
in the composites before and after RS treatment. As shown in Fig. 4a,
most of the a-Al grains in the as-extruded sample have long elongated
structure with a large width range of submicron to over 4 pm, due to the
heterogeneity of network-structured AIN,, and is consist with the SEM
images shown in Fig. 3a. Besides, a small amount of recrystallized grains
with equiaxed morphologies can be found. It can be seen that the dark
areas have not been indexed, which are occupied with AIN particles in
the matrix. The grain size distribution of a-Al matrix is shown in Fig. 4b
and has an average grain size of ~1.52 um. Fig. 4c gives the grain struc-

tures of sample RS0.2, which shows that the elongated grain width range
decreased, indicating refinement of the large elongated grains during
the RS. The corresponding grain size distribution of RS0.2 is shown in
Fig. 4d, and most of the coarse elongated grains were refined to submi-
cron scale and has a much smaller mean size of ~0.8 um than that of
EXT. With increasing RS strain up to 0.6, the average grain size further
decreased to ~0.76 um (Figs. 4e and f). According to the above results,
it can be concluded that the coarse elongated a-Al grains were refined
significantly along with homogenous dispersion of AIN;, during the RS
process.

Fig. 5 shows the distribution and fraction of recrystallized grains in
the three composites. Compared with the EXT sample (Fig. 5a), it can
be seen that the fraction of recrystallized grains was slightly increased
from 14.2% to 14.7% in the RS0.6 sample (Fig. 5c¢). However, for the
RS0.2 sample the fraction of the recrystallized grains decreased to 7.5%
and the fraction of deformed grains increased from 69.8% to 84.4%
(Fig. 5b). Thus, the fully recrystallized grains in the EXT sample were
further deformed after RS treatment for a low strain of 0.2. Besides, it is
noticed that the fraction of the LAGBs (misorientation angle of 2-15°,)
is decreased from 62% to 57% and 38%(Figs. 5d, e and f), indicating
the evolution of LAGBs to HAGBs (misorientation angle exceeding 15°)
has been occurred during the RS deformation process. Therefore, most
of the equiaxed grains are formed by the evolution of LAGBs during the
plastic deformation for a low strain of ~0.2 and the fraction of deformed
grains increased in the RS0.2 sample. With the further increase of the
deformation strain to 0.6, dynamic recrystallization started, and then
the fraction of recrystallized grains increased in the RS0.6 sample.

TEM was used to analyze the microstructure of AIN,/Al composites
at higher resolution than EBSD. Fig. 6a shows the TEM micrographs
of sample EXT, in which elongated coarse a-Al grains and the particle-
rich strips consisting of nano-scale AIN particle clusters, evidenced by
the corresponding diffraction pattern shown in the inset of Fig. 6a. At
a higher magnification (Fig. 6b), it can be seen that either the iso-
lated AIN particles or the network-structured AIN particles are located
both at the GBs and in the interior of a-Al grains. Due to the effective
pinning effects on the dislocations by nano AIN particles, the matrix a-Al
grains in the particle rich zone are also refined significantly to submi-
cron scale during the hot extrusion process. After RS treatment for dif-
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Fig. 5. Recrystallized fraction illustrations (fully recrystallized grains are shown in blue, substructured grains in yellows, and severely deformed grains in red) of
the three different Ale/Al composites and the corresponding misorientation angle distribution: (a, d) EXT sample; (b, €) RS0.2 sample; (c, f) RS0.6 sample. (For
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Fig. 6. Typical TEM images of different AIN,/Al composites: (a) showing the heterogenous distribution of AIN particles and the lamellar a-Al grains in EXT sample;
(b) the isolated AIN particles or the network-structured AIN particles located both at the GBs and in the interior of a-Al grains in EXT sample; (c) the more dispersed
distribution of AIN, and refined a-Al grains in RS0.2 sample; (d) the dispersive distribution of AIN, and refined equiaxed a-Al grains in RS0.6 sample.

ferent strain of 0.2 and 0.6, the severe AIN particle agglomerates were
dispersed to a lager extent during the plastic deformation and a much
more homogenous structure was obtained, as shown in Figs. 6¢ and d.
It also suggested that the original submicron-sized network-structure of
AIN particles was broken to some extent. Meanwhile, most of the elon-
gated a-Al grains were refined and an ultrafine-grained structure was
formed in the matrix.

Fig. 7 shows the HRTEM images of the AIN},/Al composites of sam-
ple RS0.2. Nano scale AIN particle clusters are distributed in the matrix
(Fig. 7a), which indicates that some submicron sized AIN networks in
the matrix were broken and dispersed during RS treatment. While some
nano-scale network structure was reserved as shown by the HADDF-
STEM image (Fig. 7b) and the AIN particles connect with each other to
form three-dimensional particle chains throughout the matrix. Accord-
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ing to the clear lattice fringe image of AIN and Al grains as displayed in
Fig. 7c, AIN particles embed in the Al matrix and they share an orienta-
tions relationship of (10-11);y //(111),;, indicating the coherent inter-
face exists between AIN,, and Al matrix. Fig. 7d shows the lattice fringe
images of three connected AIN particles in the Al matrix and the inter-
faces are clean and well bonded without any other compounds. It can be
concluded that the good atomic bonding between the AIN,, and the ma-
trix plays the crucial role in the enhancement of the high-temperature
strength.

4. Discussion

4.1. Effect of particle’s spatial distribution on high-temperature strength of
the composites

Based on the above results, tailoring the AIN,, network structure by
RS has improved the ductility of the composites along with slight sac-
rifice of the tensile strength at high temperatures. In this section, the
mechanism of this observation will be discussed.

It is known that the Hashin-Shtrikman (H-S) bounds theory can be
used to analyze the effect of AIN network structure on the variation
of strength for the composites. The totally continuous network bound-
ary can be considered the same as the one with H-S upper boundary as
shown in Fig. 8 [22,23], meanwhile, a homogenous microstructure is
similar with the one with H-S lower boundary. For the elastic modulus
(E) of an isotropic two-phase composite, it can be expressed as [23]:

E _ Er(ErVi""Em(z_Vr)) (5)
HS-Upper — EmVr + E,(2 _ Vr)
Ep(E,(1=V)+ E,(1+V,))

Eys—Lower = 6
HS—Lowe E,(I—V,.)+Em(1+V,)

where Eyg ypper and Epg power are the values of upper and lower bounds,
respectively; E,, and E, are the E values of Al and AIN, respectively. V,
is the volume fraction of AIN.

For the EXT sample, the existence of AIN, network provides great
reinforcing effects as shown in Fig. 2, which is close to the H-S upper
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Fig. 7. HRTEM analysis of Ale/Al composites of sample RS0.2: (a)
the dispersive AIN clusters with size ~100nm; (b) HADDF-STEM im-
age showing the nano-scale AIN network-structure; (c) lattice fringe
images showing the good atomic bonding between AIN and Al matrix;
(d) lattice fringe image showing the good atomic connection in AIN,

chains.
@ ——— H-S upper bound AIN
S — H-S lower bound
=]
= ,
T All\
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0.0 072 04 076 08 1.0
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Fig. 8. The Hashin-Shtrikman (H-S) bounds for the elastic modulus of compos-
ites [23].

boundary. The high strength arises from the synergistic strengthening
effects of the in-situ nano AIN,, and the 3D network structure of AIN,,.
The good interfacial bonding in AIN,,/Al composite helps with effective
stress transfer. Such kind of architectures show good resistance to dislo-
cation slip, and the stress required for the dislocations to pass through
the particles barriers is high. The composite yields only when the stress
is sufficiently high for the network barriers. Considering another ideal
case of the homogenous microstructure, it is supposed that AIN parti-
cles are distributed in the matrix homogenously, and the corresponding
strength reaches to H-S lower boundary. In the present experiment, with
the proceeding of plastic deformation, the AIN, network evolves to be-
come discontinuous. Meanwhile, the corresponding strengthening effect
dominated by AIN,, network structure decreases to a certain extent.

It is also shown that the matrix grains are refined significantly during
the RS treatment. And the fraction of deformed grains and the recrys-
tallized ones increased as shown in Figs. 5e and f, indicating the par-
tial recrystallization occurred during the RS treatment. It is known that
atomic diffusion at grain boundaries are easily occurred at high tem-



J. Nie, F. Lu and Z. Huang et al.

a -~

- -

2 5" ‘Disldblatti_ons tangle

3

Materialia 9 (2020) 100523

Fig. 9. Typical TEM observation of the microstructure of the composites after tensile at 350 °C: (a, b) showing amounts of accumulated dislocations in EXT sample
induced by the AIN,, net-work; (c, d) the dislocations pinned by the isolated AIN, in sample RS0.2, the yellow arrows indicate the dislocation tangles in the a-Al
grains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

perature leading to the reduced strength of grain boundary. Therefore,
it can be concluded that the partial recrystallization also contribute to
the reduction of high temperature tensile strength. It is considered that
the thermal stability and strength of AIN particle are much higher than
those of Al matrix at 350 °C, the strengthening effect of AIN particles
and chains is much higher than that of matrix, which can still behave
a relatively high strength at the present temperature. Thus, the tensile
strength of the composites was reduced slightly.

Both samples before and after RS treatment had a high tensile
strength at 350 °C, which is much higher than the recrystallization tem-
perature of Al In order to reveal the strengthening mechanism, distri-
butions of accumulated dislocations in the samples were observed by
TEM after tensile test at 350 °C (Fig. 9). It can be seen that dislocations
tangles indicated by the yellow arrows accumulated in a-Al grains due
to the pinning effect of the AIN particles (Fig. 9a), whereas in the AIN,
free zones, the dislocation density is much lower (Fig. 9b). Although the
integrated network-structure of AIN, was changed to some extent dur-
ing RS deformation, a large number of dislocations still can be found in
the matrix grains after tension at 350 °C (Figs. 9¢ and d), which is sup-
posed to be induced by the isolated AIN particles and the small sized AIN
chains as evidenced in Fig. 7b. These results indicate that the AIN, /Al
composites can achieve excellent high-temperature strength by hinder-
ing the movement of dislocations and their accumulation, which arises
from the hierarchical spatial distribution of AIN,, throughout the Al ma-
trix.

4.2. Effect of microstrucre variation on the high-temperature ductility

Generally, the common strengthening strategies for structural mate-
rials are accompanied by a sacrifice in ductility, known as the strength-
ductility trade off dilemma [45]. While the lack of strain hardening and
the strain rate sensitivity leads to the rapid softening mechanism. In
aluminum alloys, nanoscale particles have been shown to play a crucial
role in breaking this barrier [46,47]. In the present work, it has been
shown that the uniform elongation of composite after RS improved re-
markably in spite of a slight reduction of strength (Fig. 2). To better

understand the improvement of ductility at high temperatures, the a-
Al grain structures and the average grain sizes of the composite sample
near the fracture after tensile tests were further characterized by EBSD
(Fig. 10). As shown in Fig. 10a, most of the refined elongated grains can
be still seen in sample EXT owing to the excellent impediment of AIN},
and the average grain size increased slightly from 1.36 um to 1.42 um.
It is also noted that some a-Al grains grow abnormally to ~8 pm dur-
ing the high-temperature tensile test as shown by the black arrows in
Fig. 10a, indicating the non-uniform deformation during the tensile test.
However, when the architecture of network-structured AlNp was tuned
by RS treatment, the grain growth in the matrix was more uniform and
the abnormal large grains were not observed as shown in Figs. 10c and e.
Meanwhile, the average grain sizes of sample RS0.2 and RS0.6 increased
slightly from 0.77 to 0.80 um, from 0.72 to 0.76 pm, which indicates the
good thermal stability of the a-Al grains induced by nano AIN particles
and its architecture.

Besides, the recrystallized grains in the EXT, RS0.2 and RS0.6 sam-
ples were analyzed as shown in Figs. 11a, b and c, respectively. Com-
pared with the recrystallized grain distributions in the composites before
tensile tests in Fig. 5, it can be seen that the fraction of recrystallized
grains in the RS0.2 and RS0.6 samples were increased significantly as
shown in histogram of Fig. 11d. Therefore, it can be concluded that re-
crystallization has been occurred during the high temperature tensile
tests. While, it is noticed that the fraction of recrystallized grains in the
EXT sample is decreased, but the fraction of substructured grains is in-
creased significantly from 15.9% to 46.4%, indicating that recovery is
dominated in the EXT sample during the high temperature tensile tests.

It is known that the strain localization promotes the final failure dur-
ing tensile test. In order to observe the strain distribution and strain lo-
calization directly in the three samples after tensile test, Kernel average
misorientation (KAM) maps of the three samples were obtained (Fig. 12)
based on the EBSD data in Fig. 10, which indicated the local misorienta-
tions of neighboring grains. Generally speaking, the larger strain defor-
mation the local region is subjected to, the higher the misorientation an-
gle appears. As shown in Fig. 12, the red correspond to the highest stress
values, whereas the blue is associated with the lowest stress values. As
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Fig. 10. EBSD analysis of a-Al grains in the composites near the fracture surface after tensile test at 350 °C: (a, c, €) IPF maps of a-Al grains at longitudinal section
of EXT, RS0.2 and RSO0.6, respectively, the arrow indicates the abnormal grain growth of a-Al during the high temperature tensile test; (b, d, f) the corresponding
grain size distribution.

Fig. 11. Recrystallized fraction illustrations (fully re-
crystallized grains are shown in blue, substructured
grains in yellows, and severely deformed grains in red)
of the three different AIN,/Al composites after 350 °C
tensile tests: (a) EXT sample; (b) RS0.2 sample; (c)
RS0.6 sample; (d) histogram for the fraction change
of the three grains before and after tensile tests. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article).
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Fig. 12. Kernel average misorientation (KAM) maps of a-Al grains after tensile test at 350 °C: (a) EXT sample; (b) RS0.2 sample; (c) RS0.6 sample, the arrow in (a)
indicates the strain localization occurred at the interfaces between the large grains and the small ones.

Fig. 13. The tensile fracture surfaces at high temperature at low and high magnifications for the AIN,/Al composites: (a, d) showing the cracks and dimples on
the fracture surfaces of EXT sample; (b, e) showing the dimples on the fracture surface of RS0.2 sample; (c, f) showing the dimples on the fracture surface of RS0.6

sample.

displayed in Fig. 12a, the strain distribution in the matrix is not uniform
and strain localization occurs at the interfaces between the large grains
and the small ones indicated by the dark arrow, which indicates dislo-
cation pileups in the local area in large quantities. After RS treatment,
the strain distribution is more uniform and the strain localization caused
by local dislocation pileups becomes more dispersed shown in Figs. 12b
and ¢, which prove that both RS0.2 and RS0.6 samples have been sub-
jected to higher strains during high-temperature loading as compared
with its counterpart. Therefore, larger uniform elongation deformation
was obtained in the composites after RS along with the variation of the
net-work structure of AINp.

4.3. Fracture behavior of the composites

It is generally considered that particle clusters in the Al matrix com-
posites result in decreased elongation due to void nucleation and coales-
cence at interfaces [48], but reduction of the particle size can improve
the elongation significantly [49,50]. Besides, the more homogeneous
the void distribution in the matrix is, the higher the elongation of the
materials will be [51,52]. In a previous work, it is proved that voids are
initiated at the interfaces between AIN,, and Al matrix with increasing
tensile strain after uniform plastic deformation [9]. Thus, the larger to-
tal elongation in the RS treated samples can be attributed to the more
dispersive distribution of the AIN,. Therefore, tailoring the network-

structure of AIN;, under a low strain RS deformation is proved beneficial
to the improvement of ductility and toughness of the composites. Fur-
thermore, fractography observations were conducted to understand the
fracture mechanisms of the composites. Fig. 13 shows fracture surfaces
of the three samples after tensile testing at 350 °C. Amounts of dimples
in different sizes and characteristics can be observed in tensile fracture
surfaces, which indicate ductile fracture mode. As shown in Figs. 13a
and d, the dimples on the surfaces of EXT are not uniform, which were
caused by the lamellar distribution of particles. Some cracks with sizes
of about 2-3 um can be observed at the interfaces of agglomerated par-
ticles as indicated by the yellow arrows, which also suggested severe
stress concentration in the sample EXT. After RS treatment, the dimples
on the surfaces of RS0.2 and RS0.6 became more uniform and the cracks
cannot be observed obviously (Figs. 13b and c). At a higher magnifica-
tion (Fig. 13d), it is noted the tear ridges are blunt and there are lots
of particles exposed on the surfaces as shown by the red arrows, which
also reveal that rapid softening of the matrix occurred in the sample EXT.
Compared with Fig. 13d, the tear ridges in Figs. 13e and f were much
shaper and the average dimple size decreased, indicating that larger
plastic strain occurred and the rapid softening was retarded in the RS
treated samples. After RS treatment, the matrix grains were refined and
the particles in the matrix were dispersed much more uniformly, which
hindered the dynamic softening and resulted in the enhancement in the
ductility and fracture toughness.
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5. Conclusions

In this work, a network-structured AIN,, reinforced Al composite was
processed by RS treatment to retard the rapid softening and to improve
the strength-ductility synergy at high temperature. It has shown that
room temperature RS treatment after the hot extrusion may provide
a unique method for fabrication of nanostructured Al based compos-
ites exhibiting improved strength-ductility relationships. Specifically,
the following conclusions can be drawn:

1. The heterogenous lamellar structure consisting of particle rich zones
and elongated a-Al grains of AIN,/Al matrix composites have been
manipulated and the particle distribution becomes much more uni-
form.

2. The rapid softening of the composites at high temperatures can be
retarded after RS treatment. The uniform elongation of the com-
posites increased by 112%, from 0.99% to 2.1%, while the UTS at
high temperature is comparable with the unprocessed one and only
a slight decrease occurred from 126 MPa to 113 MPa, achieving a
good strength and ductility matching.

3. A unique strain hardening retention was achieved, indicating a re-
stored strain hardening after the regulation of the microstructure.
Meanwhile, the strain rate sensitivity of the composites was also in-
creased and m value of RS0.6 sample is nearly three times higher for
than that of the EXT sample.

4. The restored strain hardening, the higher strain rate sensitivity as
well as the restrained strain localization at high temperatures ac-
count for the significant improvement of the composites’ ductility at
350 °C. While, the pinning effects and load bearing efficiency of the
AIN architecture decreased to some extent, leading to the slight loss
of tensile strength.
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