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Recovery plays distinct roles in nanostructured and coarse-grained metallic materials. While static and dynamic
recovery usually soften work-hardened, coarse-grained materials, static recovery has been shown to strengthen
nanostructured metals. This study extends this understanding by demonstrating that dynamic recovery can also
strengthen nanostructured metals under deformation. Tensile, creep, and plane strain compression tests on
nanostructured aluminum reveal a trend of increasing strain-hardening with decreasing strain rate and
increasing temperature. Molecular dynamics simulations further indicate that sudden strain rate reductions lead
to an initial drop in flow stress, followed by strain hardening. These findings suggest that dynamic recovery could

serve as an effective strengthening mechanism for nanostructured metals, offering improvements in uniform

elongation.

1. Introduction

There are many well-established strengthening mechanisms,
including grain refinement, solid solution, second-phase particles,
gradient structure, phase transformation, twinning, and strain hard-
ening. Alloy compositions and thermo-mechanical processing routes
have been developed to take full advantage of these mechanisms. While
these mechanisms may enhance strength, only a few do so during
deformation. This capability is crucial for maintaining stability during
plastic deformation. Once the stress reaches a threshold and initiates
plastic deformation, the volume undergoing deformation can maintain
its strength, soften, or harden. If strength remains unchanged, defor-
mation localization may develop, and this instability is exacerbated if
the material softens. In the absence of strengthening during deforma-
tion, structural components can fail quickly due to deformation locali-
zation. For instance, uniform tensile deformation is only sustained if the
material hardens during deformation, a process known as strain
hardening.

Some mechanisms offer strengthening during plastic deformation.
For example, deformation-induced twinning and phase transformation
can strengthen the material and increase its ductility. However, these
mechanisms are not easily accessible for most materials. Strain
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hardening through defect accumulation is a more common deformation-
induced strengthening mechanism. It is readily available for most
metallic materials and can significantly increase their strength. The
underlying phenomenology has been extensively investigated [1].
Structural changes are well understood, and there are models that
accurately predict material behavior. During plastic deformation, dis-
locations glide and may intersect other dislocations, creating immobile
junctions and leaving dislocation debris within the grains. These defects
act as barriers to other dislocations, increasing the stress required for
further gliding. The greater the plastic deformation, the more barriers
accumulate within the grains, forming dislocation substructures. Hard-
ening would be continuous if not for the phenomenon of recovery.
Dislocations can circumvent these barriers through cross-slip or climb
processes, and the barriers can be removed by sufficient stress levels
and/or thermal activation. This effect, known as recovery, can reduce
the hardening rate and soften strain-hardened materials.

However, nanostructured materials behave differently. The grain
size is too small to allow the buildup of a dislocation substructure.
Dislocations are emitted from a grain boundary and glide unimpeded
across the grain interior before being absorbed in the opposite boundary.
Consequently, dislocation interaction during gliding is prevented, and
these materials do not harden due to the accumulation of dislocation
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barriers. The significant strength achieved by grain refinement hard-
ening is thus coupled with the low ability of these materials to stretch in
tension, known as the strength-ductility paradox [2,3]. It is important to
note that nanostructured materials can display a different relationship
between dislocation density and strength [4]. Static recovery through
low-temperature annealing, which softens coarse-grained materials, can
strengthen nanostructured counterparts. Many studies have shown this
effect, although the explanations may vary. For instance, annealing
hardening in nanostructured materials has been attributed to a reduc-
tion of internal stresses [5,6], changes in grain boundary structure
[7-9], and/or a decrease in the density of crystal structure defects [8,10,
11]. This effect has been reviewed in the literature [9,12]. The reduction
of crystalline defects during unloaded annealing is considered static
recovery. Recovery may also take place during deformation and in this
case the stress and strain may contribute to the process in addition to the
thermal contribution. The latter is considered dynamic recovery.
Given that static recovery can enhance the strength of a nano-
structured material, we posit that dynamic recovery can strengthen it
during deformation and assist with its stabilization. To prove this hy-
pothesis, a nanostructured commercial purity aluminum (over 99%
purity) processed by high-pressure torsion was subjected to various
mechanical testing conditions to promote dynamic recovery.

2. Experimental procedure

Commercial purity (CP) aluminum (>99.0% purity) was used in this
work. Discs of 8 mm diameter and 0.8 mm thickness were cut from
rolled sheets and processed by quasi-constrained high-pressure torsion
(HPT) at room temperature (~296 K) for 5 turns. The nominal pressure
of HPT was 6 GPa, and the lower anvil rotated at 1 rpm. Some samples
were annealed at 423 K for 15 min in order to evaluate any change in
grain structure upon heating to this temperature. The microstructures of
the as-processed and annealed samples were assessed by transmission
electron microscopy (TEM) JEOL JEM-2100F. Samples for TEM obser-
vation were prepared in a double-jet electropolishing machine with an
electrolyte of 25% vol. HNO3 and 75% vol. methanol. The grain size was
determined by the average of 150 individual grain sizes using dark-field
and bright-field images.

The indentation creep test was used to estimate the strain rate
sensitivity. The tests were conducted using an ultra-microhardness
equipment model Shimadzu DUH-211S equipped with a Berkovich
indenter. The loading rate was 70.1 mN/s, the maximum load was 300
mN, and the holding time was 600 s. The load, time, and depth were
converted into effective stress and strain rates [13,14].

Tensile tests were carried out using miniature samples with 1.6 mm
gauge length and 0.8 x 0.7 mm? cross-section. The samples were
extracted from the HPT processed discs using spark erosion, and care
was taken to avoid the area near the disc center. The tests were carried
out using a constant rate of cross-head displacement and nominal initial
strain rates in the range 107 °-10~2 s~L. Tests were carried out at room
temperature and at 373 K. An additional test was carried out at 423 K
with a strain rate of 10~* s ™. The strain rate was varied in an additional
test to evaluate the transient stress vs. strain curve. Tensile creep tests
were also performed using samples similar to the ones for tensile tests. A
constant load was applied using a lever system, and a high-precision
double LVDT (Linear Variable Differential Transformer) tracked the
sample elongation. Creep tests were carried out considering different
loads and at different temperatures. The elongation and time were
converted to strain and strain-rate data considering homogeneous
deformation of the sample. Plane Strain Compression (PSC) tests were
used to estimate the stress vs. strain relationship at larger strain in-
tervals. A special device for testing small HPT samples was used [15].
Tests were carried out considering constant and variable strain rates.

X-ray Diffraction (XRD) patterns were collected for the HPT pro-
cessed material and for a sample subjected to straining at 10 ® s using
plane strain compression. The XRD machine used was a PANalytical
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Fig. 1. Initial structure for molecular dynamics simulation of nanostructured
aluminum. (a) Atomic model used in the molecular dynamics simulations,
showing a 140 x 70 x 70 nm? box with 100 grains with random orientation. (b)
Grain size distribution within the model, with most grains ranging from 18 to
31 nm and an average grain size of ~23 nm.

C’Pert Pro diffractometer with a CuK, radiation and a graphite mono-
chromatic crystal with a wavelength of 1.5406 A. MAUD software was
used to estimate the crystallite size and microstrain through Rietveld
refinement of the XRD pattern.

Molecular dynamics simulations were carried out using LAMMPS
[16] package, considering EAM (Embedded Atom Model) potential for
aluminum [17]. The initial structure was built using Atomsk software
[18] and Voronoi tessellation method. An initial box with 140 x 70 x
70 nm> was built with 100 grains with random orientation and periodic
boundary conditions. The number of atoms in the system was ~41,000,
000. The grain sizes were mostly in the 18-31 nm range, and the average
grain diameter was ~23 nm. The initial system is shown in Fig. 1a and
the grain size distribution is shown in Fig. 1b. Overlapping atoms at
grain boundaries were deleted. The system was equilibrated at 300 K
and 0 GPa for 100 ps using Langevin thermostat and the iso-
enthalpic—isobaric (NPH) ensemble. After equilibration, the system was
subjected to compression deformation along the longest axis of the box
at a strain rate of 108 s71 for up to 25% strain. Additional simulations
were carried out starting from a deformation of 7.5% but considering
abrupt changes in strain rate to 10° s™! and 10”7 s1. These different
strain rates were imposed during 5% straining, and then the strain rate
was brought back to 10® s and deformation proceeded for additional
10%. The structure was observed and analyzed using OVITO software
[19].



A.P. Carvalho et al.

Aluminum i
HPT:N=5

(a)

e

Aluminum
HPT:N=5
T.T.: 423 K (15 min)

60
© - Aluminum
50 HPT:N=5 d‘nml
== As-processed 280
= 40 = T.T,423 K 315
g .
5 30 -
= !
8
L 20
10 -

Grain size (nm)

Fig. 2. Grain structure of nanostructured aluminum processed by high-pressure
torsion (HPT). (a) Grain structure in the as-processed condition. (b) Grain
structure after thermal treatment at 423 K for 15 min. (¢) Grain size distribution
for both conditions, showing average grain sizes of 280 nm (as-processed) and
315 nm (thermally treated).
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Fig. 3. Engineering stress vs. engineering strain curves for tensile tests con-
ducted at various strain rates (102 to 107> s™!) and temperatures (298 K, 373
K, and 423 K).

3. Results
3.1. Experiments

The grain structure of the processed material is shown in Fig. 2a, and
that of the material heated to 423 K for 15 min is shown in Fig. 2b,
revealing only minor changes. Grain measurements from multiple im-
ages are presented in Fig. 2¢, indicating an average size of 280 nm in the
as-processed material and 315 nm for the thermally treated counterpart,
demonstrating that the structure remains stable up to 423 K.

Tensile tests were carried out at different strain rates and tempera-
tures, with the engineering stress, Geng, Vs. engineering strain, €eng,
curves depicted in Fig. 3. The yield stress decreases with lower strain
rates and higher temperatures, indicating significant thermal activation
of plastic deformation. Notably, the shape of the curves changes, and
elongation to failure improves substantially at low strain rates and
higher temperatures. At high strain rates at room temperature, a peak
stress is observed immediately upon yielding, followed by a continuous
decrease in stress. Conversely, at the lowest strain rate at room tem-
perature and at higher temperatures, yield is followed by a range of
deformation under increasing stress until reaching the peak. This range
of deformation under increasing stress is termed uniform elongation.
The curves demonstrate that uniform elongation increases at low strain
rates and higher temperatures, conditions that enhance dynamic re-
covery. After the peak stress, the slope of the softening portion of the
curves also decreases. Thus, both the uniform and the post-uniform
elongation increase with decreasing strain rate and increasing
temperature.

Tensile creep tests were also used to evaluate the deformation
behavior of the nanostructured aluminum. The evolution of the strain
rate (¢) as a function of the strain for three applied stresses is depicted in
Fig. 4a. The curve obtained at the highest stress (250 MPa) displays a
few percent plastic deformation until the minimum strain rate, followed
by failure with less than 10% strain. In contrast, the curves for tests at
lower stresses show decreasing strain rates with increasing deformation,
suggesting material strengthening. Slower strain rates at lower stresses
favor dynamic recovery, indicating that dynamic recovery strengthens
the nanostructured aluminum. This effect stabilizes tensile deformation,
preventing necking and allowing the samples to stretch before rupture.
A creep test under 150 MPa stress was interrupted after 25% strain, and
the stretched sample is shown in Fig. 4b. The gauge length does not
exhibit any sign of necking, confirming that the elongation was uniform.
This is a remarkable uniform elongation for nanostructured aluminum
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Fig. 4. Tensile creep behavior of nanostructured aluminum. (a) Strain rate vs.
strain curves obtained in tensile creep tests at room temperature under different
stresses. (b) Appearance of a creep sample before and after creep deformation to
25% elongation under 150 MPa.

deformed at room temperature.

The plane strain compression test was used to evaluate the rela-
tionship between effective stress, o, and effective strain, &, over a
broader range of deformation. This test is appropriate for thin samples,
such as those in the present study, and allows for stable plastic defor-
mation of materials with low hardening. Stress vs. strain curves for the
nanostructured aluminum tested at 10~> s~ and 107 5! are shown in
Fig. 5a, along with the corresponding strain hardening parameter (@ =
0o/0¢). The material tested at the higher strain rate displays a rapid
elastic to plastic transition, with plastic deformation occurring under
almost constant stress and negligible strain hardening (® ~ 0 MPa). The
sample tested at 107 s™! exhibits much lower yield strength, and the
plastic deformation occurs under increasing flow stress. The strain
hardening parameter decreases during deformation but remains higher
than observed at the faster strain rate.
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Fig. 5. Effective stress vs. effective strain and hardening vs. effective strain
curves obtained in plane strain compression (PSC) tests of (a) the material
processed by HPT and (b) the material annealed at 773 K for grain growth to
~10 pm.

To confirm the tendency of increasing strain hardening with
decreasing strain rate, a test was conducted in which the strain rate was
varied from 1073 s} to 107 57! and back to 103 s71. As expected,
plastic deformation occurs with negligible hardening at 10~ s~%.
Decreasing the strain rate produces a sharp drop in flow stress, indi-
cating significant strain rate sensitivity. However, the flow stress in-
creases at 10~% s7! as deformation continues. The hardening at 1076571
becomes significantly higher than at 10~ s™!, which is contrary to ex-
pectations for coarse-grained materials. To clarify this difference, tests
were conducted on a sample annealed at 773 K to coarsen the grain size
to ~10 pm. The stress and hardening vs. strain curves of this sample are
shown in Fig. 5b. The coarse-grained sample displays strain hardening
behavior with a continuous decrease in the hardening parameter during
deformation at 1073 s™1. A similar strain rate variation test was con-
ducted on this sample. Reducing the strain rate from 1073 s™! to 107°
s ! produces a negligible change in the flow stress, indicating a lack of
strain rate sensitivity. However, there is a noticeable decrease in the
hardening coefficient at the lowest strain rate. This confirms that
deformation at low strain rates, which favors dynamic recovery, de-
creases the hardening rate of coarse-grained aluminum, which is the
opposite of what is observed in the nanostructured counterpart.

Another noteworthy observation during the plane strain compres-
sion test of the nanostructured aluminum (Fig. 5a) is that the hardening
achieved at the lowest strain rate affects the flow stress of the material
after the strain rate is increased. An increase in flow stress of over 10% is
observed at 1072 57! in the material previously strained at 107 s™1. This
suggests that the nanostructured material retains the hardening induced
by dynamic recovery. However, a significant drop in flow stress occurs
immediately after reaching the peak, and the flow stress gradually ap-

proaches the level observed during continuous testing at 1073 571,
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Fig. 6. Square root of the normalized intensity obtained by X-ray diffraction and Rietveld refinement of the as-processed material and the material strained at a low

strain rate.

Table 1

Summary of crystalline size, D, microstrain, u, and dislocation density, p, ob-
tained from XRD analysis using Rietveld refinement for the material processed
by HPT and the material strained at low strain rate.

D (nm) u p (m~3)
HPT processed 450 3.8x107* 1.0 x 103
HPT processed + 6% strain at 107 s 670 1.0 x 107* 1.9 x 10'2

X-ray diffraction pattern analysis was used to support the assumption
that dynamic recovery occurs in nanostructured material deformed at
very low strain rates. The diffraction patterns of the as-processed ma-
terial and the material deformed by plane strain compression at 10~ s~}
are shown in Fig. 6. There is a clear reduction of the full-width half-
maxima (FWHM) for all peaks in the latter. The crystallite size (D) and
microstrain (4) values obtained from the Rietveld refinement method
are shown in Table 1, and it is observed that low strain rate deformation
increases D and decreases p. This suggests that the sample deformed at
low strain rate experienced some grain growth. The dislocation density,
p, was estimated using the relationship [20] below and the values are
reported in Table 1.

N
P="Dp (@]

Where b is the Burgers vector. It is observed that the dislocation density
is one order of magnitude smaller in the material deformed at low strain
rate compared to the as-processed material.

It is now established that the strength of nanostructured materials
can be enhanced by static recovery through annealing. Various groups
have reported this phenomenon, with different explanations suggested
[9]. These include a reduction of internal stresses [5,6], changes in grain

boundary structure [7-9], grain boundary relaxation [21], and a
decrease in the density of crystal structure defects [8,10,11,21]. A recent
deformation mechanism for nanostructured materials, based on grain
boundary sliding through dislocation glide, has been proposed [22]. It
predicts that both a reduction in mobile dislocations and an increase in
stress for dislocation emission from grain boundaries can increase flow
stress. The former could reduce the dislocation pile-up length, and the
latter directly affects the stress required for deformation.

The indentation creep test was used to estimate the strain rate
sensitivity of the nanostructured aluminum. The effective stress is
plotted as a function of the effective strain rate in Fig. 7a, and the data
reveal a strain rate sensitivity of ~0.1. A creep test in which the tem-
perature varied during deformation was also carried out on the nano-
structured material. The data is shown in Fig. 7b, and the difference in
strain rate at the different temperatures reveals an apparent activation
energy of ~68 kJ/mol. Both the strain rate sensitivity and the activation
energy agree with the predictions from the model of grain boundary
sliding [22].

3.2. Molecular dynamics simulation

Molecular dynamics (MD) simulations were conducted to investigate
the deformation behavior of nanocrystalline aluminum during changes
in strain rate. The simulations used a model with an average grain size of
approximately 23 nm, subjected to uniaxial compression at an initial
strain rate of 10® s™!. Additional simulations were performed with ten-
fold variations in strain rates, both faster and slower, which were then
returned to 10% s71 after 0.05 strain. While MD simulations have limi-
tations in sample size and strain rate compared to experimental condi-
tions, they enable tracking of structural changes during plastic
deformation. Specifically. MD simulations are typically limited to sam-
ple size on the order of tens to hundreds of nanometers and strain rates

758



A.P. Carvalho et al.

(a) 900 .
Aluminum

HPT:N=5

Indentation Creep: 300 mN

400

300 ¢

200 ¢

 (MPa)

m=20.1

100 L

104

102 ———
Aluminum
103 Creep: ¢ = 150 MPa

104 |

£ (")

105 |

10% |

107 |

108 | ' : :
0.0 0.1 0.2

0.4
€

Fig. 7. (a) Effective stress estimated by indentation creep test plotted as a
function of the strain rate and the estimated strain rate sensitivity. (b) The
strain rate observed in the tensile creep test was plotted as a function of the
strain. The temperature was changed in the test to estimate the apparent acti-
vation energy.

ranging from 10° to 10'° s7!, which are usually several orders of
magnitude higher than those in experimental conditions. These simu-
lations were specifically designed to capture the effects of strain rate
changes in nanocrystalline aluminum, using a grain size large enough to
avoid the inverse Hall-Petch regime but small enough to prevent the
buildup of dislocation substructures. It is important to note that the MD
simulations do not reproduce the present experimental conditions. The
MD simulations were carefully designed to balance computational
feasibility with the need to capture key physical mechanisms under
extreme conditions. Despite these differences, our simulations success-
fully reproduce trends consistent with experimental observations,
demonstrating the robustness of the conclusions. Their aim is to show
that dynamic recovery can indeed produce strengthening in nano-
crystalline aluminum for a wide range of grain size and strain rate, and
to provide insights regarding the structural changes taking place during
transients in strain rates.

Fig. 8a shows the stress-strain curves for the simulations. A decrease
in strain rate to 10’ s~* caused an immediate drop in flow stress due to a
significant strain rate sensitivity, followed by a strain-hardening stage at
the lowest strain rate. When the strain rate was returned to 108 s™1, the
flow stress increased to a level higher than that observed in the mono-
tonic test, followed by gradual softening. The opposite effect occurred
when the strain rate was increased. An increase in strain rate caused a
pronounced rise in flow stress due to strain rate sensitivity, followed by a
short-term softening at 10° s~. Returning the strain rate to 10% s7!
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resulted in a sharp decrease in flow stress to a level lower than that in the
monotonic test, followed by a hardening stage. These behaviors show
some similarity to the experimental results on nanostructured aluminum
discussed in the previous section, despite the smaller grain size and
much higher strain rates in the simulations.

Representative images of the structure at a strain level of 0.125 for
deformation at the fastest strain rate (10° s~ 1) and at the lowest (107 s~ 1)
are shown in Fig. 8b. A notable observation from these images is the
difference in grain boundary thickness. Atoms at grain boundaries, near
dislocation cores and defects are not considered as atoms in perfect
crystalline structure and are grouped as non-crystalline atoms. It is
observed that the volume of atoms with non-crystalline structure in-
creases with increasing strain rate.

Dislocations are identified using dislocation analysis (DXA) algo-
rithm [23,24] and they are separated into different dislocation types
including perfect dislocations, Shockley partials, stair-rod, Hirth and
Frank. The densities of Shockley partials 1/6<112> were quantified at
different deformation stages since this type of dislocation contributes
the most to plastic deformation in FCC metals. The evolution of the
non-crystalline volume (NCV) and the mobile Shockley partial
1/6<112> dislocation density is shown in Fig. 8c and d, respectively.
The starting material exhibits a relatively low defect density, and these
parameters increase during deformation. There is a significant increase
in the non-crystalline fraction and dislocation density during deforma-
tion at the fastest strain rate of 10° s~1. Conversely, there is a decrease
during deformation at 107 s~!, although the difference in mobile
dislocation density between the material strained at 10% s™! and at 107
s~ is minimal. When the strain rate is returned to 10% s7L, the defect
density gradually approaches the level observed in the monotonic test.
These observations confirm that some defects generated at faster strain
rates are recovered during deformation at lower strain rates in nano-
crystalline materials. It is important to note that the periods with a
decrease in defect density (NCV and mobile dislocations) correspond to
the periods with an increase in flow stress, confirming that dynamic
recovery strengthens the nanocrystalline material. The grain boundary
thickness appears to play a more important role than mobile dislocation
density. A previous study [25] on nanocrystalline Ni using molecular
dynamics showed that annealing brings the grain boundaries and triple
junctions to a more equilibrium state, increasing the strength of the
material, which aligns with the present analysis.

4. Discussion

The experimental results show distinct transients in stress-strain
behavior. It is worth noting that the mechanical tests (tensile, creep
and plane strain compression) in the present investigation were carried
out in aluminum that had been pre-processed by severe plastic defor-
mation. The high strain applied during high-pressure torsion likely
exceeded the threshold needed for structural saturation in aluminum,
suggesting that defect generation from straining was balanced by defect
restoration [26]. Therefore, strain hardening from defect accumulation
was largely exhausted. In fact, negligible strain-hardening was observed
during tensile, creep or plane strain compression tests at strain rates of
approximately 102 s~ and faster at room temperature. Such strain rate
is comparable to the strain rate during previous HPT processing (~107!
s! at midradius in the present experiments). However,
strain-hardening was observed in conditions favoring dynamic recovery,
specifically at much lower strain rates and higher temperatures. These
observations support the hypothesis that dynamic recovery could
strengthen nanostructured materials.

The mechanism of dynamic recovery is not fully understood. The
XRD analysis show an increase in crystallite size and a decrease in
microstrain during low strain rate deformation of the nanostructured
material. Thus, both effects suggest a decrease in the amount of crys-
talline defects and the assumption that dynamic recovery takes place
during low strain rate deformation. MD simulations show that the
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Fig. 8. Simulation of the deformation behavior of nanocrystalline aluminum under varying strain rates. (a) Stress vs. strain curves obtained during uniaxial
compression tests. (b) Representative images of the structure at a strain of 12.5% during deformation at 10° s~ and 107 s~*. (c) Evolution of non-crystalline volume
(NCV). (d) Evolution of mobile Shockley partial 1/6<112> dislocation density. Atoms in (b) are colored according to their crystalline structure: FCC (green), stacking

faults (purple), coherent twins (blue), and non-crystalline (white).

amount of non-crystalline volume in nanocrystalline material depends
on the strain rate. Thus, the lower the strain rate the lower the amount of
non-crystalline volume. This is in line with the experimental observa-
tions despite the significant differences in grain size and strain rate be-
tween the experiments and the MD simulation. It also shows that
changes in strain rate during deformation produces transients in flow
stress response. In practice, if the nanocrystalline material has been
previously deformed at a faster strain rate, the amount of non-crystalline
volume is larger and the flow stress decreases. As the amount of non-
crystalline volume reduces, the flow stress increases producing “strain-
hardening”. This suggests that the thickness of the grain boundary af-
fects the stress required for grain boundary sliding, which plays a major
role during plastic deformation of nanostructured materials. It is worth
noting that MD simulation revealed that a significant portion of defor-
mation is concentrated along grain boundaries.

Dynamic recovery hardening can be used to produce stronger ma-
terials, as confirmed in Fig. 9a, which shows experimental tensile stress
vs. strain curves for tests at 107> s~} and 1072 s™! in nanostructured
aluminum in the as-processed condition and after being subjected to
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~8% strain at a low strain rate of 10> s™!. The low strain rate defor-
mation favors dynamic recovery, and the nanostructured material be-
comes stronger upon reloading at a faster strain rate. However, softening
occurs in the recovered material once the density of defects rises again
during deformation at a faster rate, potentially compromising
elongation.

The ultimate tensile strength and overall elongations observed in
tensile tests at various strain rates and temperatures are plotted in
Fig. 9b. The data for tests carried out at room temperature are depicted
using dark red circles while the data for tests at 373 K are depicted using
bright red circles. The results are compared to data from the literature
[10,27-44] for tests at room temperature, showing that the nano-
structured material displays increased strength when tested at room
temperature and increased elongation when tested at 373 K. The high
strength is attributed to grain refinement, with further strengthening
achieved through dynamic recovery via pre-straining. The large elon-
gations are attributed to high strain rate sensitivity values and strain
hardening by dynamic recovery.

It is now well established that nanostructured materials display
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Fig. 9. Dynamic recovery enhanced strength and uniform elongation in nanostructured aluminum. (a) Engineering stress vs. engineering strain curves for tensile
tests at high strain rates of nanostructured aluminum with and without pre-straining at a low strain rate. (b) Ultimate tensile strength vs. elongation data from the
present study and the literature [10,27-44]. (c) True effective stress and hardening rate vs. effective strain curves for tests at different strain rates and temperatures.
(d) Uniform elongation as a function of grain size, including data from the present study and the literature [44,49,50].

enhanced strain rate sensitivity [45], which can stabilize tensile defor-
mation and increase elongation. However, the stabilizing effect from
strain rate sensitivity is only observed in the post-uniform range of
tensile tests, specifically, during necking. This prevents a severe defor-
mation localization in the necking area, spreading deformation and
increasing elongation. The contribution of dynamic recovery is
different. It provides hardening during deformation, -causing
strain-hardening. This effect increases uniform elongation (before
necking). The uniform elongation can be estimated at maximum stress in
engineering stress vs. strain curves or using the Considere’s criterion by
the interception of true effective stress vs. strain curves with the hard-
ening curve. This procedure is illustrated in Fig. 9c for three different
tests. It is shown that lowering the strain rate decreases the flow stress
(as predicted by the grain boundary sliding model) and increases the
hardening level. Therefore, the intersection between the curves shifts to
larger strain levels. This effect is even more pronounced at a higher
temperature. Higher temperatures enhance thermal activation, which
reduces the effective stress required for dislocation motion and facili-
tates dynamic recovery. This effect is comparable to that observed at
lower strain rates. Both conditions promote defect annihilation and
grain boundary relaxation, which contribute to strain hardening and
stabilize plastic deformation, thereby increasing uniform elongation.
However, the precise microstructural mechanisms responsible for the
observed elongation remain unclear and warrant further investigation.
Additional studies focusing on in-situ characterization techniques and
advanced modeling are needed to provide direct evidence of these
mechanisms.

Strain hardening due to dynamic recovery provides the means to
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achieve significant levels of uniform elongation in nanostructured
aluminum. This is demonstrated in Fig. 9d, which plots the uniform
elongation vs. the grain size for aluminum. Data from the literature
indicate that negligible uniform elongation is expected for aluminum
with grain sizes smaller than ~1 pm. However, the present study shows
that dynamic recovery triggered by deformation at low strain rates and
higher temperatures can significantly increase the uniform elongation in
these materials. This contradicts expectations for coarse-grained mate-
rials, where dynamic recovery typically compromises uniform elonga-
tion [46]. The present results also show that the flow stress, total
elongation and uniform elongation vary significantly with strain rate
and temperature in nanostructured materials. Therefore these cannot be
considered inherent properties in these materials.

It is important to note the effect of sample size on elongation. Some
tests in the literature, and the present study, use miniature samples due
to limitations in the dimensions of the processed material. These samples
can exhibit large values of post-uniform elongation because the local-
ized deformation (necking) occupy a large fraction of the gauge length.
Therefore miniature samples can display larger values of total elonga-
tion compared to large counterparts with large gauge length to cross-
section ratio. However, the sample size effect is expected to be
reduced in the uniform elongation range. In fact experiments on tensile
samples with different thicknesses [47,48] reveal that the sample ge-
ometry affects the total elongation but there is only minor changes in
uniform elongation. This does not compromise the general conclusion of
the present study, which is to provide evidence of dynamic recovery as a
strengthening mechanism. Although the absolute values of elongation
can vary, the fact that deformation-induced hardening occurs at low
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strain rates and high temperatures remains valid.
5. Conclusion

In conclusion, the present study demonstrates strain-hardening
behavior in nanostructured aluminum during deformation at low
strain rates and higher temperatures, conditions that favor dynamic
recovery. The microstrain decreases during deformation at a low strain
rate, confirming the occurrence of recovery. Strain hardening due to
dynamic recovery provides the conditions for achieving uniform elon-
gation in nanostructured aluminum, and this finding is likely extendable
to other nanostructured materials. Dynamic recovery strengthening can
thus be used to extend the strength-ductility range for nanostructured
materials. The concept of “strain-hardening” requires clarification, as it
results from defect accumulation in coarse-grained materials but from
recovery in nanostructured materials.
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