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Gradient structured metals have been reported to exhibit high strength and high ductility. Here we report that
the strength of gradient structured aluminum rod ismuch higher than the value calculated using the rule ofmix-
tures. The mechanical incompatibility in the gradient structured round sample produced 3D stress states, ex-
traordinary strengthening and good ductility. An out of plane {111} wire texture was developed during the
testing, which contributes to the evolution of the stress state and mechanical behavior.
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Metals exhibiting gradient microstructures have recently become
the focus of research for their remarkable ability to produce a superior
combination of strength and ductility in metallic systems [1–3]. Gradi-
ent structures can be defined as microstructures with macroscopic gra-
dients in one or a combination of the several types of microstructural
features including, but not limited to, grain size [1–5,7–9], texture [4],
dislocation density, twin density [6], precipitates, etc. The most com-
mon and well studied gradient structure is grain size gradient structure
[1–5], which often consist of nanocrystalline or ultrafine grains at the
surface of a tensile sample, which gradually transition to coarse grains
in the interior over distances of ~50 μm or longer. Although the means
by which gradient microstructures can be created include Surface Me-
chanical Grinding Treatment, Surface Mechanical Attrition Treatment
(SMAT), Ultrasonic Shot Peening [11], Wire Brushing [12], and Air
Blast Shot Peening [13], most of the seminal work was undertaken
with SMAT [1,10,12,14–16]. Much like conventional shot peening,
SMAT uses round balls to repeatedly impact the surface of a material.
However, the number of impacts and the energy of impacts is often
much greater, leading to surface grain refinement to the nanocrystalline
regime.

Gradient structures synthesized by SMAT or other approaches are
relatively well characterized, but their general effect on global mechan-
ical response is poorly understood. For example, SMAT of IF Steel im-
proved the yield strength by a factor of ~2.5 while the ductility was
only reduced by ~15% [2]. However, SMAT of pure iron led to similar
strength improvements, though ductility was reduced by N50% [15]. In
general, yield strength is universally improved in gradient structures,
though it seems ductility can either decrease [15], remain more or less
unchanged [3], or increase [1]. The discrepancy, in part, must be ex-
plained by themechanism ormechanisms bywhich gradient structures
deform and has been attributed to grain growth, dynamic hardening,
strain partitioning, and dislocation accumulation at grain boundaries,
to name a few [1,2,16–18]. Onemechanism that has been experimental-
ly verified is the evolution of a multi-axial stress state during tensile
testing of the gradient structure [3]. The stress state evolution necessar-
ily rises due to mechanical incompatibility of the hard surface layer and
ductile core, and has been observed in flat gradient structures [2,3]. The
net result of this interaction is that the applied 1D tensile stress is con-
verted into a 2D stress state in flat gradient structures during uniaxial
tensile deformation. However, in round samples, the ductile core is
fully confined by the hard shell and unable to contract in the early ten-
sion stage like flat samples due to the lack of freestanding directions.
This should lead to a more complex stress state upon loading and
could have a greater strengthening effect compared to flat samples [19].

Here we report that gradient structured aluminum rods processed
with SMAT have strength that is twice as high as what is predicted by
the rule of mixtures, which is dramatically higher than the synergetic
strengthening observed in gradient-structured flat samples [3]. To
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probe the mechanisms behind this surprising observation, the gradient
structures of round samples are characterized and the texture evolution
was studied with EBSD to explore the stress state evolution during ten-
sile testing.

1350 Al wire was used for this study and was machined into tensile
specimenswith a gauge diameter of 5mmand a gauge length of 20mm.
The samples were annealed (O tempered) at 370 °C for 21 h under vac-
uum to produce homogenized, coarse grains. This annealing also pro-
duced a recrystallized cube texture, which was confirmed with
Electron Back Scattered Diffraction (EBSD). The SMAT treatment was
conducted using a modified SPEX Mill for 5 min using 7 stainless steel
balls 6 mm in diameter. By nature of the randomized impacts, the ten-
sile samplewas free to rotate in the vial and exhibited uniformdeforma-
tion across the gauged section. The resulting “as-SMAT” sample was
cross sectioned and prepared for imaging by conventional polishing
techniques and ion milling for 45 min. EBSD data was acquired with
an Oxford EBSD detector installed in the dual Beam FEI Quanta 3D
FEG. Microhardness testing was conducted on the ion polished surface
using a Mitutoyo Model HM-11 with a Vickers diamond indenter at a
load of 0.001 N. An average of 10 indentations was used for the micro-
hardness profile and Kikuchi patterns from EBSD revealed the prepared
samplewas free frompolishing damage. Fig. 1 shows the gradient struc-
ture produced by the SMAT surface, the tensile test results, and the
resulting hardness profile from surface to interior

As can be seen in Fig. 1, the O tempered aluminum exhibited a yield
strength of 27 MPa which is dramatically increased to 59 MPa after
SMAT treatment. Examining the cross section of the as-SMAT sample,
it is clear that a deformation gradient, characterized by dislocation accu-
mulation and subgrain boundaries, extends to a depth of ~250 μm from
the surface. However, the microhardness results show that the hard-
ened layer extends to a depth of 600 μm from the surface, and the hard-
ness of the surface layer is only improved by ~50%. In order to surmise
the effect of the hardened surface layer, rule of mixtures estimations
were calculated using hardness data and the volume fraction of each
hardened layer, shown to scale in Fig. 1E. This rule of mixtures analysis
has been successfully used in other gradient samples to further reveal
the hardening effect of the surface layer [1,16].

There is some debate in the community regarding the relationship
between microhardness, yield strength, and ultimate tensile strength.
Fig. 1. (a) EBSD map of the O tempered aluminum and (b) after SMAT processing. (c) Microha
samples with arrow indicating the rule of mixtures prediction of yield strength. (e) Color code
The initial construction by Tabor predicted yield strength in the absence
of strain hardening, and found the commonly used empirical relation-
ship, 3σy = Hv [20]. When including the effects of strain hardening
for soft aluminum alloys, various models have been proposed, but the
raw data deviates very little from a linear relationship when plotted
manually [21,22]. In addition, there is also strong experimental evi-
dence corroborating the linear relationship between microhardness
and yield strength in 1000 series aluminum [22–27]. Some data show
a deviation in the linear relationship between σy and Hv in the softened
state, but assume a y-intercept of zero, which is not necessarily consis-
tent with experimental results, where y-intercepts of N100 have been
reported [28,29]. Therefore, it can generally be assumed that yield
strength and microhardness measurements are proportional such that

σy ¼ KHv;

where K is a constant, whichmay deviate from 3. Therefore, rule ofmix-
tures predictions can be written as follows:

σgs

σ cg
¼ K

X
V f Hgs

KHcg
¼

X
V f Hgs

Hcg

where σgs is the yield strength of the gradient structured rod, σcg is the
yield strength of the coarse grained O tempered rod, Hgs is the hardness
of each layer in the gradient and its respective volume fraction, Vf, and
Hcg is the hardness of the coarse grained O tempered rod. Examining
the data, we see that

σgs

σ cg
¼ 2:2;

X
V f Hgs

Hcg
¼ 1:1

Therefore, there is significant strengthening that is not accounted for
by rule of mixtures predictions.

To examine possible strengtheningmechanisms at hand, the SMAT-
produced microstructure gradient was characterized in cross section
using EBSD. Fig. 2 shows various maps of the aluminum sample and
the inverse pole figures of local areas. Typical deformation structures
in aluminum can be seen at various depths, including subgrain bound-
aries, slip bands, and dislocation cells. Although the grain size has not
rdness profile at various depths and (d) Tensile test results of the SMAT and as-annealed
d hardness map showing depth of the gradient to scale.



Fig. 2. (a) Convention used for axis of the round SMAT sample along the surface normal (R), tensile direction (Z), and radial direction (θ). (b) Grain size gradient. (c and d) EBSDmap of the
SMAT sample projected along Z and grain boundarymap, respectively. For the grain boundarymaps, red lines indicate misorientation of N10° and the black lines indicatemisorientations
N2°. (e and f) High resolution EBSD map of the very top surface layer showing numerous subgrain boundaries when projected along Z and its grain boundary map, respectively.
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been reduced to the nanocrystalline regime, magnification of the sur-
face in Fig. 1 (e-f) shows the subgrain boundary size approaches
~3 μm. These subgrain boundaries are typical of the early stages of
SMAT processing, and have been observed in samples subjected to
small revolutions of High Pressure Torsion (HPT) [10,30]. However,
the degree of grain refinement is quite mild at the surface of the SMAT
sample which correlates well to the mild improvement in hardness at
the surface, as seen in Fig. 1.

Beyond the microstructure, there could be other mechanisms that
improve the strength of the SMAT sample. It is well known that SMAT
samples exhibit high compressive residual stresses, and can develop
multiaxial stress states in tension [31,32]. In fact, strengthening from
both the initial stress state and the stress state evolution would not be
accounted for in the rule of mixture predictions since this model ne-
glects transverse stresses and interaction between layerswithin the gra-
dient. It is well known that the compressive residual stresses in SMAT
structures can exceed the yield strength of the coarse grained core by
a factor of 3 and extend to depths of nearly 1 mm [31,33]. In shot
peening, similar compressive stresses were shown to increase the
yield strength of samples by ~2× and therefore some of the hardening
beyond rule of mixtures can be accounted for by this phenomenon [5].
In some cases, 40% of the strengthening of gradient structures has
been attributed to this residual stress [34]. In addition to this effect,
the multiaxial stress evolution, which arises from the mechanical in-
compatibility between early-plastic and stable elastic regions, should
also contribute to strengthening [2]. At low strains, the stress applied
will exceed the yield strength of the coarse grained region, inducing
plastic deformation while the surface is still deforming elastically. As
the inner region attempts to contract, the surface must develop a com-
pressive stress to remain coherent with the shrinking interior, and this
phenomenon has been observed experimentally in flat samples [2,3].
In round samples, however, the gradient confines the interior layer, cre-
ating 3D internal stresses. Direct observation of the strain accumulation
within the gradient is not possible with round samples aswith flat sam-
ples. Using EBSD, it is possible to get clues about the deformationmech-
anism of the gradient structure by examining the post-mortem
microstructure of the SMAT sample.

In order to investigate the stress state evolution of the gradient
layer, samples were taken from the post-mortem “as-annealed”
and SMAT samples from the uniformly elongated region to compare
the microstructure using EBSD. Because the texture symmetry de-
pends on the deformation symmetry, the texture evolution gives in-
sight to the stresses evolved during yielding. If out of plane stresses
are operating on the gradient, then the symmetry of these stresses
should be evident in the pole figures. After tensile testing, as seen
in Fig. 3, the post-mortem EBSD maps clearly differed, and the Z
and θ {111} and {110} axis projection pole figures of the top layer
of both samples showed a similar symmetry but the SMAT sample
showed out of plane texture symmetry.

In the as-annealed sample, the Z projection pole figure shows some
{111} character, and some symmetric “smearing” of the {110} about the
tensile (Z) axis, all of which is the common texture seen in uniaxial
drawing of aluminum [35–37]. Interestingly, the pole figures from the
SMAT sample show a similar symmetry, but not around the tensile
axis as seen in Fig. 3F. It is clear from the pole figures that the θ direction
develops a similarwire texture to Z direction of the as-annealed sample.
This out of plane texture is evidence that a multiaxial stress state
evolves during tensile testing that is not present in samples lacking gra-
dient structures. The mechanical mismatch between the hard surface
and ductile core causes thesemultiaxial stresses to develop as the gradi-
ent is deforming, causing non-uniform deformation and enhanced
strengthening while maintaining good ductility.



Fig. 3. a) Z projection EBSDmap of the uniformly elongated “as-annealed” sample after tensile testing and corresponding pole figures showing b) Symmetric smearing of {110} about the
tensile (Z) axis and c) θ axis projection. d) Z projection EBSDmap of the uniformly elongated SMAT sample after tensile testing and corresponding polefigures projected along e) the Z axis
and f) the θ axis. There is a clear symmetry that develops along the θ axis in the post-mortem SMAT sample not present conventional samples.
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Despite the evidence of out of multiaxial stress state evolution, it is
very difficult to discern the primary strengthening mechanism of this
gradient structured aluminum alloy. It was not possible to quantify
the residual compression,which has been shown in some cases to great-
ly affect mechanical performance [5,34]. In addition, the effect of resid-
ual stresses on the microhardness testing could skew the hardness due
to the compression at the surface and tension in the core. Another factor
that could increase the yield strength is the high back stress developed
at the plastic-elastic interface of the gradient structure [18]. Also, al-
though the linear relationship between hardness and yield strength
was used to predict rule of mixtures calculations in this study, the
high rate of strain hardening in aluminum could introduce error into
this prediction especially in the measurements of the ductile core and
this analysis was used only as an approximation for the gradient struc-
ture yield strength. Further studies should explore these confounding
effects inmore detail to elucidate the strengtheningmechanisms in gra-
dient structured aluminum rod. Further, deviations in strength predic-
tions from the rule of mixtures model should be investigated, since
this model neglects multiaxial stresses which have been reported here
and elsewhere to be non-trivial role in strengthening [3].

Our data demonstrate that aluminum treated by SMAT exhibits a
yield strength far beyondwhat is predicted by rule ofmixtures. The gra-
dient structure produced by SMAT-produced some improvement in
hardness and EBSDmaps showed the hardening is accompanied by dis-
location accumulation, subgrain boundaries, and very little grain refine-
ment. EBSD of the post-mortem samples showed that the gradient
structured aluminum developed an out of plane texture that indicates
a complex, multiaxial stress evolution during tensile testing that is not
present in its coarse grained counterpart.

Unlike previous reports of gradient structures where increased
strength and ductilitywere attributed to grain growth, dislocation accu-
mulation at grain boundaries, and other mechanisms, this report pro-
vides evidence that strengthening in round SMAT samples is due to
both the complex initial stress state of the material as well as the dy-
namic strain hardening that occurs within the mismatched layers,
which produced 3D complex stress states. These effects lead to syner-
getic strengthening far beyond of what is predicted by the rule of mix-
tures in gradient structured rod. Further investigation of the residual
stress effect and stress state evolution in gradient structures should
shed light on the magnitude of contributions by these strengthening
mechanisms.
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