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The influence of nanoscale reinforcement on the mechanical behavior of ultrafine-grained composites was studied. Al 5083 (Al-
4.5 Mg-0.57Mn-0.25F¢) composites, with grain size of 115 nm and B4C reinforcement size of 38 nm, were fabricated via cryomilling
and consolidation. The result reveals that the presence of nanoparticles enhances strength by interacting with dislocations, while
simultaneously retarding grain growth. Furthermore, the nanoparticles-reinforced composite exhibits enhanced plasticity relative
to the same material reinforced with micrometric particles. The underlying mechanisms are discussed.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Ultrafine-grained (UFG) aluminum matrix com-
posites (grain size 100-500 nm) are of interest for
weight-critical applications, given their potential to im-
prove fuel efficiency and limit carbon dioxide emissions,
particularly in light of recent reports that suggest that it
may be possible to develop novel materials with ultra-
high strength (>1 GPa) [1,2]. The published results sug-
gest that the elevated strength in a UFG matrix is mostly
derived from the Hall-Petch strengthening mechanism;
however, it is typically achieved at the expense of tensile
ductility due to the limited work hardening that is asso-
ciated with the ultrafine grain sizes, which ultimately
causes early strain localization. Moreover, it is indicated
that the presence of micrometric ceramic particles nega-
tively affects the resistance of the UFG matrix to sustain
strain localization because the micrometric ceramic par-
ticles are prone to act as stress concentrators that pro-
mote early nucleation of cracks and voids [3]. One
approach that has been successfully implemented to en-
hance plasticity and contain strain localization with
minimal strength degradation involves the introduction
of a bimodal grain size distribution (referred to as a tri-
modal composite) [4,5]. However, even in these compos-
ites large plastic strains were only reported for samples
tested under compression, or at high strain rates
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(>10*s7"). In fact, for the samples tested in tensile tests,
the elongation was found to be less than 1% [4,6,7],
while monolithic UFG Al alloys can display a tensile
ductility of up to 10% [8,9]. These results invite the ques-
tion whether it is possible to further refine a bimodal
grain architecture by reducing stress/strain localization
in a trimodal composite and thereby retrieve the plastic-
ity of the bimodal grain matrix? To that effect, spherical
nanoparticles have been successfully incorporated into
coarse grained (grain size >1 pm) composites to augment
resistance to lattice dislocation glide via the Orowan
mechanism, as well as to diminish stress localization
from the particle size reduction, leading to a simulta-
neous increase in yield strength and ductility in coarse
grained Al/SizN, (~15nm) [10] and Al/Al,O3 (~90 nm)
[11].

Recent studies have revealed that nanostructured
metals may sustain tensile elongation if strain localiza-
tion is effectively hindered. Xiang et al. [12] demon-
strated that nanostructured Cu films that are bonded
well on a polymer substrate can sustain tensile strains
of up to 10% without any appreciable cracks and up
to 30% with discontinuous microcracks. By contrast,
poorly bonded Cu films form channel cracks at strains
of about 2%. More recently, Fang et al. [13] showed that
nanostructured Cu films confined by a coarse-grained
Cu substrate can sustain a tensile true strain exceeding
100% without cracking through suppressing strain local-
ization with a gradient grain size transition.
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In view of the above studies, the present work was
undertaken to provide insight into the viability to re-
trieve plasticity by increasing resistance to dislocation
glide and limiting stress/strain localization in a UFG ma-
trix, thereby decreasing the size of the reinforcement
phase to the nanometer scale and changing its morphol-
ogy. B4C particles were selected because this material is
the third hardest ceramic, ranked just after diamond
and cubic BN, and possesses a low density of 2.51 g cm >
(20-40% lighter than SiC, Al,O3, SizNy4, AIN, cubic BN
or diamond). These unique characteristics, along with
other attractive properties such as high impact and wear
resistance, and a high capacity for neutron absorption,
renders it a good reinforcement candidate material
[14,15]. In this study, UFG Al 5083 matrix composites
reinforced with B4C nanoparticles were fabricated
through a powder metallurgy process. We first demon-
strate that the high-strength UFG composite can under-
go large plastic strain under compression and then the
tensile deformation behavior is investigated.

Gas-atomized Al 5083 (Al-4.5 Mg-0.57Mn-0.25Fe,
in wt.%) powder with a particle size of <45 um (<325
mesh) was V-blended with 5 vol.% B4C nanoparticles.
The B4C nanoparticles (designated n-B4C hereafter)
were fabricated and supplied by ARDEC (Armament
Research, Development and Engineering Center, Picat-
inny, NJ), and had an average three-dimensional parti-
cle size of ~38nm (or an average cross-sectional
particle size of 31 nm with a standard deviation of
11 nm), as shown in Figure 1. The powder blend was
cryomilled in liquid nitrogen for 12 h. Cryomilling was
conducted in a modified Svegvari attritor at a speed of
180 rpm with a ball-to-powder ratio of 32:1. After cryo-
milling, the average grain size of the composite powder
was determined to be 30 nm by X-ray diffraction line
profile analysis. The cryomilled, nanostructured
Al15083/5 vol.% n-B4C composite powder was hot vac-
uum degassed at 400 °C for ~16 h (designated as sample
5-nB4C hereafter). For the trimodal composite samples
(with coarse grain addition), 30 vol.% unmilled Al
5083 powder (with a grain size on the order of 1 um)
was V-blended with the cryomilled composite powder
prior to degassing, to give a final composition of
3.5 vol.% n-B4C, 66.5 vol.% UFG grains and 30 vol.%
coarse grains (designated as sample 3.5-nB,C-30CG
hereafter). The degassed powder was then consolidated
by hot isostatic pressing (HIP) at 400 °C, followed by
extrusion at the same temperature with an extrusion ra-
tio of 10:1. The microstructures of the samples were
characterized using a Phillips CM-12 operating at
100 kV for grain size statistical analysis. High-angle
angular dark-field imaging was conducted to examine

Figure 1. TEM bright-field images of B4C nanoparticles.

the B4C nanoparticle dispersion using a JEOL JEM-
2500SE microscope operating at 200 kV. The transmis-
sion electron microscopy (TEM) specimens were
mechanically thinned to a thickness of 20 um and then
perforated using a Gatan PIPS 691 ion-milling machine.
Cross-sections of the composites and fracture surfaces of
tensile tested samples were examined using scanning
electron microscopy (SEM). The tensile tests were car-
ried out along the extrusion direction with an Instron
8801 universal testing machine using dog-bone-shaped
specimens with a gauge length of 12 mm and a diameter
of 3 mm. The compression tests were conducted using
cylindrical specimens 8§ mm in height and 5 mm in diam-
eter. All the mechanical testing was performed at a
strain rate of 107> s~ and the strain was measured using
a video extensometer with a resolution of 5 pm.

A SEM micrograph of the cross-section of the 5-nB,C
sample in the extrusion direction is shown in Figure 2(a).
The image clearly indicates that the B4C nanoparticles
(dark particles, centered around 31 nm) are homoge-
neously dispersed in the Al 5083 matrix. The light
particles are determined to be Alg(Mn, Fe) that exists
as a non-heat-treatable intermetallic phase in the Al
5083 alloy [16]. There are occasional voids left over from
consolidation (marked with a circle in Fig. 2(a)). Such
residual microscale voids, although seen only rarely in
our studies, may promote the initiation of shear localiza-
tion and the onset of fracture, as is further addressed be-
low. It can also be seen that a small fraction of B,C
particles in the range of 100-200 nm is present. A
high-angle angular dark-field image, revealing the finer
B4C particles as well as matrix grains, is displayed in
Figure 2(b). Agglomeration of reinforcing nanoparticles
on grain boundaries, which was reported in micromet-
ric-grained Al composites exceeding 4 vol.% nanoparti-
cles [11], was not observed in our studies. Moreover,
we did not observe regions denuded of reinforcing par-
ticles [7,17], which have been reported to evolve as a
consequence of matrix diffusion into interparticle re-
gions during consolidation of nanocomposite powders.
Figure 2(c) is a bright-field TEM image of the Al 5083
matrix (along the extrusion direction), with the inset
showing the histogram of the grain size distribution
for 375 grains. The grains are mostly equiaxed, with
an average size of 115 nm. The geometric mean grain

Figure 2. Microstructure of Al5083/5vol.% n-B4C composite: (a)
SEM cross-section; (b) high-angle angular dark-field image; (c) TEM
bright-field image. The n-B4C particles at grain boundaries and within
grains in (b) are marked with circles and arrows, respectively.
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size of the monolithic cryomilled 5083 Al alloy consoli-
dated through HIP followed by hot extrusion at a simi-
lar extrusion ratio is 257 nm (308/215nm in the
extrusion and transverse directions, respectively). The
refined grain size in the sample is attributed to the influ-
ence of nanoparticle pinning on grain boundaries, which
effectively limits grain growth [11]. For the 3.5-nB,C—
30CG sample, the average grain size of the CG constit-
uent was determined to be 800 nm [6].

Figure 3(a) shows the compressive true stress—strain
curves of samples 5-nB4C and 3.5-nB4C-30CG. The
compressive true stress—strain curves of coarse-grained
Al5083 alloys are also shown in Figure 3(a) for compar-
ison. The yield strength of the 5-nB4C sample (755 MPa)
is 2-3 times that of conventional Al 5083 alloy strength-
ened by work hardening. The strength level is also much
higher than that found in a monolithic Al 5083 alloy
processed under similar conditions (453 MPa, where
d =257 nm [18]). Sample 5-nB4C showed strain soften-
ing immediately after yielding (strain hardening is lim-
ited to <0.5% plastic strain). The strain softening is
consistent with the characteristic microstructure, which
is attributed to limited lattice dislocation accumulation
in UFG Al [9]. By contrast, sample 3.5-nB4C-30CG
shows a moderate work hardening rate after yielding.

The strengthening mechanisms that are operative in
the UFG metal matrix can be principally attributed to
two factors: (i) Hall-Petch strengthening (Aoy_p) as a
result of grain size refinement; and (ii) dislocation
strengthening in the matrix (Aoggjs), which is derived
from the nucleation of additional dislocations or resis-
tance to dislocation glide in the matrix due to the intro-
duction of the reinforcement particles. These two factors
act simultaneously, hence it is possible to estimate the
yield strength of the matrix by assuming a linear super-
imposition of both mechanisms [19]: oy, = 09 + Aoy_p +
Aagis, where og = 130 MPa is the yield strength of coarse
grained 5083 Al. The increase in yield strength contrib-
uted from dislocation strengthening is expressed via a
quadratic relationship [20]:

Acgis = \/(AG})R)Z

where g is the contribution of the Orowan strengthen-
ing from the presence of n-B4C particles. With an aver-
age cross-sectional particle diameter 31 nm and particle
volume fraction 0.05, Acl is calculated to be 180 MPa
using the Orowan-Ashby equation in Ref. [21]. The
second Orowan strengthening term Acp, takes into
account the effect from cryomilling-induced dispersoids
such as oxides and nitrides and it is evaluated to be
123 MPa [21]. Acg), accounts for the stress contribu-
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Figure 3. (a) Compressive true stress—strain curves and (b) tensile
engineering stress—strain curves of UFG Al 5083/n-B4C composites.

tion due to strain gradient effect associated with geomet-
rically necessary dislocations caused by elastic modulus
mismatch and it can be calculated to be 81 MPa [22].
A&l is the stress contribution due to geometry neces-
sary dislocations caused by the thermal expansion mis-
match between the matrix and reinforcement. For
nanoparticles (<100 nm) [23], the critical misfit strain
for dislocation nucleation usually cannot be reached
through the thermal expansion mismatch, hence the
contribution of Ac&l, is neglected here. The yield
strength increase from dislocation strengthening is then
calculated to be Acgs =232 MPa. The Hall-Petch
strengthening is  calculated with the relation
AaH p=k /\/_ where ky is a material constant and d
is the mean grain size. Usmg ky=0.15 MPa m'’? for
the Al-5 Mg alloy [24], Aoy p—405 MPa. The load-
bearing effect from the reinforcement (Ao _7) is evalu-
ated using the modified shear lag model [25]:

Aot = 0.50ynf -5 =19 MPa

where s is the aspect ratio of reinforcing particles and ta-
ken to be 1. Thus the yield strength of the 5-nB4C compos-
ite is estimated to be oy, = oym + o1 = 797 MPa. The
slight overestimation relative to the experimental value
(755 MPa) is likely attributed to the presence of a small
number of B4C particles that are larger than 100 nm such
that the Orowan strengthening effect becomes invalid.

The tensile engineering stress—strain curves of sam-
ples 5-nB4C and 3.5-nB4C-30CG are shown in Fig-
ure 3(b). To demonstrate the effect of nanometric
reinforcement, the tensile stress—strain curve of a micro-
metric B4C-reinforced Al 5083 composite (10 vol.%
B4C-60 vol.% UFG-30 vol.% CG) [26] that was pro-
cessed under the same thermomechanical conditions as
sample 3.5-nB4C-30CG is also plotted in Figure 3(b).
Sample 5-nB4C exhibited a plastic strain at failure of
0.3%, with pop-ins being observed prior to the cata-
strophic failure.

Figure 4(a) is a close-up view of sample 5-nB4C after
tensile testing. The inset is an enlarged view near the
crack nucleation site, as marked by a white square,
showing shear localization/bands that incline inward to-
ward the sample center. The shear offset on the sample
surface is obvious; signs of local melting are noticeable
in the shear zone. This is consistent with the fracture
surface morphology viewed from the tensile direction.

Figure 4. Fracture surface of (a and b) sample 5-nB,C and (c) sample

3.5-nB4C-30CG. (d) Schematic of crack initiation and propagation.
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A series of shear ledges left over on the fracture surface
are observed, as shown in the inset in Figure 4(b). Fig-
ure 4(b) displays an enlarged view of the shear ledge,
clearly showing a bead-like signature. Signs of necking
are barely visible. However, careful measurement of the
sample in Figure 4(a) reveals that the diameter decreased
from 2.642 to 2.581 mm from the far end to near the frac-
ture plane; accordingly, the sample underwent a true fail-
ure strain of 4.7%. Shear lips close to 45° to the tensile
direction that are ubiquitous to ductile fracture are visible.
For sample 3.5-nB4C-30CG in Figure 3(b), pop-ins devel-
oped at much lower stress, as indicated by thin arrows.
This appears to be caused by the coarse grains, which yield
first, noting that the pop-in stressis between the yield stress
of annealed and work hardened CG A15083 alloy. A strain
jump associated with microcrack development, as shown
by a thick arrow, is recorded during plastic deformation
after global yielding. It is worth noting that the nucleation
of the microcrack does not lead to immediate catastrophic
failure and the sample was able to survive the tensile insta-
bility until failure at a strain of 3%, suggesting that crack
propagation is indeed delayed by the coarse grains.

Evidence of the influence of the coarse grains on
crack propagation is shown by the fracture surface in
Figure 4(c). By contrast, it took 10 vol.% micrometric
B4C to reach a similar yield stress, but the composite
failed early at a strain of 1% and a strain jump associ-
ated with microcrack arresting was not observed.

On the basis of microstructural and mechanical char-
acteristics observed in the present study, the toughening
mechanism in the sample 3.5-nB4C-30CG is illustrated
in Figure 4(d). Shear bands are nucleated first in the nano-
structured regions and develop into microcracks; the
microcracks then propagate until they reach the coarse
grain regions, the coarse grains impede further crack
propagation by blunting the crack or by delamination
of the interfaces between the coarse- and fine-grained re-
gions. As tensile strain accumulates during deformation,
cavitation and necking within the coarse-grained bands
will develop. In the final stage, dimples will evolve in the
coarse-grained regions, ultimately leading to fracture.
The delamination at the interfaces and the necking defor-
mation in ductile coarse-grained regions will cause signif-
icant energy loss, resulting in enhanced tensile ductility.
Shear banding has been widely reported in UFG body-
centered cubic alloys [27,28]. In UFG fcc alloys, shear
banding is documented in UFG Al-Mg [29] and nano-
structured Cu [30]. It is worth noting that these materials
are all consolidated from powders; it is possible that shear
localization is more easily triggered in such materials due
to the presence of residual porosity and/or prior particle
boundaries. It is thus anticipated that complete elimina-
tion of processing artifacts, such as prior particle bound-
aries, will further enhance ductility.

In summary, the present results suggest that it is pos-
sible to limit stress/strain localization and thereby re-
trieve plasticity by decreasing the size of the
reinforcement phase to the nanometer scale. Our results
show that nanoparticles enhance strength by interacting
with dislocations, while simultaneously retarding grain
growth. Finally, the nanoparticles-reinforced composite
exhibits enhanced plasticity relative to the same material
reinforced with micrometric particles.

This research was funded by U.S. Army under
Cooperative Agreement W911NF-08-2-0028 and con-
tract ARMY W05 QKN-09-C-118.
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