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Strength and ductility are two of the most important me-
chanical properties of structural materials. However, they are
often mutually exclusive, i.e., a material may be strong or duc-
tile, but rarely both at the same time.!!! This is also true for
bulk nanostructured materials,”! which usually have high
strength, but disappointingly low ductility.>*! Bulk nanostruc-
tured materials are usually synthesized by either a two-step
approach such as nanopowder consolidation,*”! or a one-step
approach such as severe plastic deformation.®”! The latter ap-
proach can synthesize flaw-free nanostructured materials with
higher ductility than those synthesized by nanopowder consol-
idation. However, even these nanostructured materials often
exhibit a very low uniform elongation (strain before necking).
Uniform elongation should be used as a measure of the ductil-
ity of nanostructured materials because it is much less af-
fected by the gauge length than the elongation to failure. The
latter gives a false impression of high ductility in samples with
very short gauge length (e.g., less than 5 mm, as used in many
studies) due to large post-necking strain.

A high work-hardening rate is essential for good uniform
elongation because it can help delay localized deformation
(necking) under tensile stress.®) Bulk nanostructured materi-
als often have a very low or no work-hardening rate because
of their low dislocation accumulation capability.” !l Indeed,
there has been considerable effort to address the pressing
need of increasing the ductility of nanostructured materials at
room temperature, but all the previous attempts to this end
have sacrificed some of their yield strengths gained from na-
nostructuring.*1>13

In this paper we report a strategy to simultaneously increase
the ductility and strength of bulk nanostructured materials.
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By engineering very small second-phase particles into a nano-
structured Al alloy matrix, we were able to more than double
its uniform elongation, while further gaining rather than sacri-
ficing its yield strength. The simultaneous enhancement of
ductility and strength is due to the increased dislocation accu-
mulation and resistance to dislocation-slip by second-phase
particles, respectively. Our strategy is applicable to many
nanostructured alloys and composites, and paves a way for
their large-scale industrial applications.

The material used in this model study is 7075 Al alloy. The
alloy was solution-treated to obtain a coarse-grained (CG)
solid solution. The CG sample was immediately cryogenically
rolled to produce nanostructures with an average grain size of
ca. 100 nm (designated as NS sample). The NS sample was
then aged at low temperature to introduce very small second-
phase particles (designated as NS+P sample).

The engineering stress—strain curves of these samples are
compared in Figure 1a. The 0.2 % yield strengths (marked by
circles) of the CG, NS, and NS+P samples are 145 MPa,
550 MPa, and 615 MPa, respectively. Therefore, the low-tem-
perature aging enhanced the yield strength of the NS sample
by 12 %. The uniform elongation (marked by the symbol ]
on the curves in Fig. 1a) was determined by the Consideére cri-
terion (Eq. 1) governing the onset of localized deformation!®

(33): o 1)

where ¢ is the true stress and ¢ is the true strain. As shown, the
uniform elongation of the NS sample is only 3.3 %. In contrast,
the uniform elongation of the NS+P sample is 7.4 %, which is
more than twice that of the NS sample and above the critical
ductility (5 %) required for many structural applications. The
enhanced ductility of the NS+P sample was caused by an im-
proved work-hardening rate, @, defined by Equation 2

o=:(3), @

As shown in Figure 1b, the NS+P sample has a higher @ than
the NS sample. The work hardening factors, n, defined by
Equation 3

g=Ke" (3)

where K is a constant, are 0.35, 0.11, and 0.15 for the CG, NS,
and NS+P samples, respectively.
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Figure 1. a) Tensile engineering stress—strain curves of the CG, NS, and
NS+P samples. The open circles and squares mark the 0.2% yield
strength and the uniform elongation, respectively. The inset shows di-
mension of the tensile sample with a thickness of 1 mm. R is the radius
of the arc indicated by the arrow. b) Normalized work hardening rates,
0, against the true strain. The inset shows curves of @ against true
stress.

The mechanical behavior is controlled by microstructures.
Figure 2a is a dark-field transmission electron microscopy
(TEM) image of the NS sample, which shows irregularly
shaped grains. Figure 2b shows the distribution of grain sizes
measured from dark-field TEM images, with an average grain
size of ca. 100 nm. Figure 2c is a selected-area diffraction pat-
tern taken from a 1 um diameter sample area. The clustered
diffraction spots suggest that the grain boundaries are mostly
low-angle type. The low-angle grain boundaries were caused
by the relatively small plastic strain of cryorolling.

Aging the NS sample produced a high density of second-
phase particles with an average interparticle distance of
ca. 25 nm, but did not change the matrix grain size (Support-
ing Information, Fig. Sla—c). High-resolution @TEM
(HRTEM) and X-ray energy-dispersive spectrometry were
used to identify the second-phase particles."*'* They were:
coherent, spherical Guinier—Preston (G-P) zones with the
same crystal structure as the matrix and a Zn/Mg atomic ratio
of about 1:1; a semicoherent, plate-shaped, metastable hexag-
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Figure 2. a) A dark-field TEM image, b) statistical grain size distribution,
and c) a selected-area diffraction pattern from a 1 um diameter area of
an NS sample.

onal 1’ phase with its habit plane {0002} parallel to matrix
{111} and an atomic ratio of Zn/Mg=~1.5:1; and a non-coher-
ent, equiaxed, stable hexagonal n phase with an atomic ratio
of Zn/Mg=2:1. The average dimensions of these three types
of precipitates were 4 nm, 4 nmx 10 nm (thickness x dia-
meter), and 10 nm, respectively (Fig. 3a), and their densities
were about 1x10° m™2, 4x 10" m™>, and 1 x 10" m™2, respec-
tively. The X-ray diffraction (XRD) pattern (Fig. 3b) reveals
a small quantity of second-phase particles before aging (pat-
tern CG), which redissolved into the matrix during the cryo-
genic rolling (pattern NS). Aging produced a large quantity of
1" and n particles (pattern NS+P).

The dislocation densities in the matrices of the CG, NS, and
NS+P samples were estimated from XRD peak broadening
(Fig. S2a and b7 as 1.0x10? m?2, 4.0x10" m?, and
3.5x 10" m™, respectively. The lattice parameters of the ma-
trices were 4.0599 A (CG), 4.0599 A (NS), and 4.0569 A
(NS+P). Thus, low-temperature aging only caused a slight re-
covery of the matrix.

The high dislocation density and fine grain size of the NS
sample are primarily responsible for its improved strength
over the CG sample, while the high density of second-phase
particles in the NS+P sample is responsible for its improved
strength over the NS sample. The strengthening by the sec-
ond-phase particles would be higher than the measured
ca. 12 % increase in yield strength because the NS+P sample
has lower solute over-saturation and dislocation density, both
of which decrease the yield strength.

The enhanced uniform elongation in the NS+P sample is
due to improvement in the work-hardening rate, @, through
dislocation accumulation. Although high strain rate sensitivity
can also enhance uniform elongation, our measurements did
not show higher strain rate sensitivity in the NS+P sample.
XRD analysis (Fig. S3a—c) reveals that after the tensile testing
the dislocation density in the NS+P sample increased by 54 %
from 3.5x 10" m™ to 5.4 x 10" m™. In comparison, the dislo-
cation density in the NS sample increased by only 8 % from
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Figure 3. Precipitates in the CG, NS, and NS+P samples. a) HRTEM im-
age along a <011> matrix zone axis of a NS+P sample showing spherical
G-P zones, plate-shaped 1" phase, and equiaxed 1 phase. b) X-ray dif-
fraction patterns showing the 11" and 1 phases in the CG, NS and NS+P
samples.

4.0x 10" m™ to 4.3 x 10" m™. The tensile test did not cause
apparent changes in grain size. These data suggest that the im-
provement in @ of the NS+P sample is primarily caused by
the large amount of second-phase particles. However, the
slight recovery of the matrix should also have some minor
contribution to the high 6.

To find out how the second-phase particles help with dislo-
cation accumulation, we examined typical inverse Fourier
transformations of HRTEM images of a NS+P sample. As
shown in Figure 4a—c, after the tensile testing, a large number
of dislocations exist around second-phase particles. Disloca-
tions also exist inside the G-P zone. In contrast, before the
testing very few dislocations exist around second-phase parti-
cles (Fig. 4d-f), and no dislocation is found inside them. The
tensile testing did not affect the dislocation density at the
edges of " and n particles, indicating that these dislocations
were most likely generated by the lattice mismatch at the ma-
trix/particle interfaces. These observations indicate that dislo-
cations cut through the coherent G-P zones and accumulated
around n” and n particles. Therefore, the second-phase parti-
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Figure 4. Typical {111} matrix planes obtained by inverse Fourier trans-
formations of HRTEM images of an NS+P sample a—c) after and d—f) be-
fore tensile testing. a,d) The G-P zone and surrounding matrix. b,e) The
meta-stable 1" particle and surrounding matrix. ¢,f) The stable n particle
and surrounding matrix. The white dots mark the particle/matrix inter-
faces.

cles significantly hindered dynamic recovery and increased
the dislocation storage capability, which increased the @. The
second-phase particles also resisted dislocation slip, which in-
creased the strength.

Other reported strategies for increasing the ductility of the
nanostructured materials, such as bimodal grain sizes, sacrifice
their strength or restrict their service conditions to low tem-
peratures and high strain rates.”'*2% There have also been re-
ports of nanostructured metals that have high strength and
good ductility in the as-synthesized state.?' 2l However, these
are only exceptions to the general observation that most
nanostructured materials have very limited uniform ductility.
Recent attempts to improve ductility of ultrafine-grained Al
alloys via precipitation either decreased the yield strength or
only increased the yield strength without improving ductili-
gy, 1213261

In summary, we present a strategy to simultaneously in-
crease the ductility and strength of bulk nanostructured mate-
rials. This strategy can be applied to many commercial alloy
systems that use second-phase precipitation as a strengthening
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mechanism (an example showing another case is presented in
Fig. S4). It can also be used to design new alloys or nanocom-
posites by incorporating second-phase particles into the nano-
structures. The cryogenic rolling employed in this study may
be easily adapted to current industrial processes and hence
has the potential for large-scale industrial applications of
nanostructured materials. Finally, if the processing parameters
are optimized, the ductility can be improved to rather high
levels while simultaneously enhancing the strength (Fig. S4).

Experimental

A commercial 7075 Al alloy rod with a diameter of 15 mm was pur-
chased in T6-treated state (i.e., aged at 120 °C for 48 h after solution
treatment). It contained alloy elements of 5.60 wt% Zn, 2.50 wt %
Mg, 1.60 wt% Cu, 0.50 wt% Fe, 0.40 wt% Si, 0.30 wt% Mn,
0.23 wt% Cr, and 0.20 wt % Ti. The alloy rod was machined into
6 mm x 10 mm x 10 mm bars and solution-treated at 500°C for 5 h
then quenched into liquid nitrogen (LN) to form a CG-solid solution
sample. The CG sample was then immediately cryogenically rolled to
form nanostructures with a grain size of ca. 100 nm. Before rolling,
the rollers were partially immersed into LN and rotated for 10 min
(Fig. S5), and the samples were pre-cooled in LN for 2 min. The total
thickness reduction was 80 % after multiple rolling passes, with about
10 % thickness reduction per pass. After each rolling pass, the work-
piece was dropped into LN automatically and kept for 2 min before
the next rolling pass. To introduce second-phase particles, the cryo-
genically rolled NS sample was immediately aged, first at 50 °C for
5 h and then at 80 °C for 9 h in an argon atmosphere.

For tensile testing, all of the samples were cut and polished into
dog-bone-shaped specimens with a gauge length of 10 mm and a cross
section of 2 mmx1 mm. Uniaxial tensile tests were performed at
room temperature using a Shimazu Universal Tester at an initial qua-
si-static strain rate of 1.7 x 10 s™'. Five specimens were used to obtain
consistent stress—strain curves. The tensile tests on the CG and NS
samples were finished within 1 h after quenching.

XRD measurements were carried out on a Scintag X-ray diffrac-
tometer operated at 1.8 kW and equipped with a Cu target. The XRD
measurements (26 from 15° to 50°) on the second-phase particles in
the CG and NS samples were finished within 2 h after quenching. The
gauge sections of tensile specimens were examined using XRD before
and after tensile tests to study the change in dislocation density (see
Fig. S6). The dislocation density was calculated from the grain size
and microstrain obtained from XRD peak broadening [17, 27]. The
error of the XRD-measured dislocation density value was less than
10%. TEM and HREM were performed on a Phillips CM30 micro-
scope operated at 300 kV and a JEOL 3000F microscope operated at
300 kV, respectively. The composition of the second-phase particles
was determined by X-ray electron dispersive spectrometry under a
Tecnai F30 scanning transmission electron microscope operated at
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300 kV. The specimens for electron microscopy were prepared by me-
chanically grinding the samples to about 10 pm thickness. Further
thinning to a thickness of electron transparency was carried out using
a Gatan Dual Ion Milling System with an Ar" accelerating voltage of
4 kV and liquid nitrogen to cool the specimen.
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