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ABSTRACT

A new technique, an in-situ hot-extrusion-based synthesizing process, is proposed to develop
high-performance nanocrystalline aluminum (nc-Al) with an optimally tuned strength-to-ductility
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ratio suitable for various technologically relevant applications. Comprehensive investigations are

conducted by characterizing mechanical and microstructural properties to realize the influence of
various synthesizing variables on the properties of the bulk nc-Al. Furthermore, a continuum-scale
constitutive modeling approach is proposed based on dominant microstructural mechanisms of
plastic deformation and implemented into a finite element solver using a user-defined material
interface. It is shown that the proposed theory can provide a versatile platform to predict the

nanocrystalline aluminum mechanical response quite well.

1. Introduction

Nanostructured metals characterized by ultrafine crystalline
grains in the order of nanometers (i.e. <100nm) have
received much attention in recent years due to their out-
standing mechanical properties [1,2]. However, nanostruc-
tured materials’ practical excellence is vitally dependent on
reaching an optimal compromise between strength and duc-
tility [3]. This is because there is competition between the
intragrain mechanical responses versus the grain boundary
region mechanical response in nanocrystalline materials since
the volume occupied by the grain boundary region in nano-
crystalline materials is sizeable [4]. In addition, numerical
studies have shown that i) loading history also influences the
properties of nanocrystalline materials [5], and (ii) the inter-
action between nanotwins and dislocation pileups influences
the toughening mechanisms in nanomaterials [2], and these
effects further add to the complexity of fully-understanding
the nature of these materials.

Recently, aluminum-based nanostructured materials have
been widely used in many engineering fields, such as the
aerospace and automobile industries [6]. This is due to its
versatility, high specific strength, lightweightness and excellent
corrosion resistance. However, there are some challenges to
the frequent use of aluminum-based nanomaterials in compo-
nents and structures, namely that these materials are difficult
to produce due to the inherent tendency of the material to
exhibit a coarse grain structure during consolidation [7].
Therefore, there remains a need for a low-complexity and
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efficient method to produce and characterize aluminum-based
nanostructured materials, and the different types of synthesiz-
ing processes for these materials will be covered in detail in
the following section.

1.1. A brief overview of current synthesizing processes

In recent years, numerous studies have targeted the develop-
ment of nanostructured aluminum alloys, focusing on enhanc-
ing mechanical characteristics [7,8]. In a broad sense, available
methodologies used for the synthesis of nanostructured alumi-
num can be classified into two categories, those that employ
severe plastic deformation (SPD) processes such as high-pres-
sure torsion (HPT), equal channel angular pressing (ECAP)
and accumulation roll bonding (ARB), and those that include
powder metallurgy technology [6,8,9]. The concept of HPT
involves the concurrent application of extremely high pressure
and torsional shear strain to the samples, leading to severe
plastic deformation and, consequently, the formation of ultra-
fine-grained structures. Recently, Nurislamova et al. [10] have
demonstrated that although employing the HPT technique sig-
nificantly increases the mechanical strength and hardness of
the Al alloy, the ductility of the synthesized samples is still not
desirable for structural applications. In this regard, Orlov et al.
[11] have also reported an enhancement in the ductility of
nanostructured Al-Cu-Zr samples fabricated using the HPT
process, while the mechanical strength of the material remains
the same. According to an investigation by Oh et al. [12] the
HPT-processed Al 7075 alloy exhibits a significant
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improvement in its mechanical properties at elevated tempera-
tures. Moreover, the study has emphasized the correlation
between the dynamic precipitation and mechanical strength of
HPT-processed Al alloys. Despite these advantages, the HPT
usually delivers small synthesized material samples that are
mainly not useful for meaningful mechanical testing and prac-
tical usage. Furthermore, although the HPT process is widely
studied in the context of nanostructured and ultrafine sample
production and dramatically enhances the materials’ mechan-
ical properties, the intrinsic inhomogeneity in torsion-induced
deformation implies significant limitations to fabricating mac-
roscale samples suitable for structural applications. Other
severe plastic deformation processes, such as ECAP and ARB,
exhibit more potential for industrialization by attracting more
attention. In the ECAP process, a billet is pushed through a
die having two interconnecting pathways with an abrupt angle
[13]. As the sample passes through the intersection of two
channels, it undergoes severe plastic deformation. The process
can be repeated to achieve a desirable grain refinement, sig-
nificantly improving the material’s mechanical properties.
Recent studies by Khelfa et al. [14] and Tanski et al. [15] illus-
trate a substantial increase in the hardness of nanostructured
aluminum alloy fabricated using the ECAP technique, and it
can be attributed to the grain refinement induced by this
approach. Several further studies have examined the enhance-
ment of the mechanical properties of Al-based nanostructured
materials synthesized using the ECAP process [16-18].
However, the ECAP process, while improving samples’
strength, might not be completely successful in achieving
nanocrystalline structure with grain sizes less than 100 nm.
Furthermore, as highlighted by Alvand et al. [19], ECAP and
HPT processes yield poor quantitative productivity in terms of
the capability for sample productions.

Among different SPD techniques for producing bulk
nanostructured materials, ARB is the most promising one
with the potential to produce large bulk materials for prac-
tical applications [19]. The primary aim of the ARB is to
impose a high amount of plastic deformation on the mater-
ial, resulting in microstructural refinement and thereby
increasing the material’s strength without altering the mater-
ial dimensions [20]. The study by Morovvati and Dariani
[20] has comprehensively investigated the nanostructured Al
1100 processed via the ARB process from experimental, ana-
Iytical, and numerical perspectives. Here, significant mech-
anical strength and hardness enhancements have been
observed because of the microstructure refinement brought
out by the ARB process and the formation of the brittle
intermetallic compounds at the interfaces [20,21]. Yu et al.
[22] made similar observations about the mechanical prop-
erties of nanostructured Al 1050 sheets. The study has aug-
mented the material’s tensile properties threefold and
reported a marked increase in the hardness of the material,
while improvements are not significant in the preheated
state. As a less-noticed and cost-effective SPD technique for
producing ultrafine and nanoscale material, friction welding
is also notable, wherein a rotational shearing force is added
to the linear extrusion. Due to its intrinsic nature of produc-
ing a refined microstructure, it enhances the mechanical

properties significantly, see [3,23-25]. In general, the SPD
process involves the application of large strains to the
material to achieve a highly refined grain structure that
is mainly free of porosity and contamination [26]. However,
the SPD process does not efficiently yield specifically desired
material properties and uniform refined structures.
Moreover, requiring precise fabrication setup, built-in com-
plexity of the process, and high production cost strongly
limits the interest in these techniques [26]. Hence, to tackle
the issues raised, powder metallurgy technology provides a
suitable alternative for the production of various alloys and
tailor-made microstructures. As noticed by Salur et al. [27]
powder metallurgy techniques, while alleviating the undesir-
able internal interactions of the material, can favorably fabri-
cate samples with the end-use size and shape without
requiring any secondary machining process such as turning,
drilling, and milling.

The treatment of powder metallurgy processes within the
context of the development of nanostructured aluminum
alloys has been addressed in several contributions. Recently,
Kushwaha et al. [6] has employed a spark plasma-assisted
cryogenic milling process to synthesize nc-Al. Here,
although the effects of cryomilling on the microstructural
and mechanical behavior have been profoundly investigated,
the characterization of the mechanical properties has been
restricted to hardness tests. Liu et al. [28] have also shown
that nc-Al produced by spark plasma-assisted cryogenic
milling exhibits a significant improvement in mechanical
properties over its coarse-grained counterpart. The study
also highlighted the need to apply lower sintering tempera-
tures and higher holding pressure to restrain grain growth
and consequently enhance mechanical properties. In another
study, Christudasjustus et al. [29] utilized a plasma-assisted
ball milling process at room temperature to synthesize nano-
crystalline Al-xV alloys. Here, by exploring the influence of
SPS temperature on the elastic modulus and hardness, it is
concluded that the hardness and elastic modulus of Al-xV
alloys could be noticeably higher than commercial Al alloys
due to the better solubility of the V within Al. Vidyasagar,
and Karunakar [30] have further adopted similar processes
to fabricate an Al-based alloy composite for providing an
in-depth analysis of the material’s mechanical properties in
relation to its micro and nanostructures. The formation of
nano and ultrafine grain due to Joule’s heating and thermo-
mechanical fatigue, along with the formation of the precipi-
tates, explains the improved mechanical properties of the
material. However, a clear understanding of the kinematics
of the precipitates, which could have led to a profound
insight into the enhancement of the mechanical properties,
is missed. Please refer to [7,31,32] for more details on the
materials’ mechanical properties synthesized using the cryo-
genic milling process. In this regard, Tang et al. [33] have
also provided a thorough discussion on the mechanical
properties of the nanostructured Al alloy synthesized by
cryogenic milling followed by the hot extrusion process. For
convenience, we present a summary of the most commonly
used synthesizing processes in Table 1, but this list is not an
exhaustive list.
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Table 1. Summary of current synthesizing processes for nanostructured aluminum.

Synthesizing process

References

High pressure torsion

Equal channel angular pressing
Accumulative roll-bonding

Friction extrusion

Cryogenic milling + Spark plasma sintering
Ball milling + Spark plasma sintering
Cryogenic milling + Hot extrusion

Latynina et al. [34], Nurislamova et al. [10], Orlov et al. [11], Oh et al. [12]

Agarwal et al. [13], Khelfa et al. [14], Tanski et al. [15], May et al. [16], Su et al. [17], Sabirov et al. [18]
Alvand et al. [19], Morovvati, and Dariani [20], Bohner et al. [21], Yu et al. [22]

Whalen et al. [3], Su et al. [23], Ma et al. [24], Su et al. [25]

Kushwaha et al. [6], Liu et al. [28], Borse et al. [35], Kushwaha et al. [36]

Rana et al. [7], Christudasjustus et al. [29], Vidyasagar, and Karunakar [30], Cao et al. [37]

Han, and Lavernia [31], Hayes et al. [32], Tang et al. [33], Han et al. [38]

1.2. The proposed synthesizing process

The present synthesizing process effectively utilizes the pow-
der metallurgy technique to overcome shortcomings of the
current fabrication processes for developing high perform-
ance nanostructured aluminum. It is important to reiterate
that the powder metallurgy technique is ideal for making
near-net shape parts of complex geometries from various
materials, thus optimizing the material utilization and mini-
mizing the secondary machining operations. The proposed
synthesizing process to produce nanostructured aluminum
material comprises powder milling, compaction, and sinter-
ing, followed by hot extrusion. The high-energy ball milling
process is adopted to reduce the crystallite size of the pow-
der particles to obtain the desired microstructure. High
energy ball milling introduces severe plastic deformation
while milling the powder and thus produces a high density
of dislocations. This, in turn, along with the introduction of
high-strain energy, the recovery and recrystallization facili-
tates the reduction of the crystalline coherence zone and
reduces the size of the crystallite [39]. Another important
aspect during high energy ball milling is the milling time,
which has a direct relation with the powder morphology
and particle size. Thus, it plays a vital role in obtaining the
desired microstructure. Special emphasis should be given to
determining the milling time in the most accurate manner
possible. The effectiveness of the ball milling process on
crystallite size reduction has been well-recognized in several
earlier studies [37,40]. Next, the milled powder is then com-
pacted, which allows for achieving the maximum possible
density for the sample. Attaining the maximum possible
density ensures the minimal presence of pores and voids in
the sample. The compacted samples then undergo the sinter-
ing process with the intention of developing metallurgical
bonding between particles, which significantly reduces the
percentage of voids and pores [41]. Finally, the billet is con-
solidated via rapid hot extrusion to produce the final
extruded rod. In this regard, the work of Choi et al. [40] is
noteworthy, wherein the study has posited that the hot
extrusion of the milled powder enabled the production of
bulk nanostructured aluminum confirmed by the TEM
investigation. Despite enhancing the nanocrystalline Al's
mechanical strength, the study has reported a very low
degree of ductility. It is commonly believed that the low
ductility of the nanostructured material will lead to a
decrease in reliability and limit the material’s engineering
applications. Moreover, it is recommended that further
research be undertaken in the areas such as investigating the
rate deformation behavior concerning both compression and

tension to understand the effect of the microstructural
changes on the mechanical behavior of nanocrystalline alu-
minum. Recently, Hua et al. [42] fabricated a nanostructured
B,C/SiC/Al nanocomposite following the same synthesizing
procedure. Here, the aim is to synergistically strengthen the
mechanical properties of B,C/SiC/Al composites based on
the reinforcement particles. There is, however, a lack of
understanding regarding the correlation between mechanical
alloying parameters, the consolidation process, powder
behavior, and bulk mechanical characteristics. Researchers
can refer to the following studies concerning the synthesis
of bulk nanocrystalline materials using the proposed powder
metallurgy method and successive consolidation at high
temperatures and its correlation with mechanical properties
[43-45]. In general, as observed from prior studies, fabricat-
ing and improving the mechanical properties of ultrafine
and nanostructured materials has been one of the major
interesting research subjects due to its major applications in
the structural, automobile, energy, electronic, and aerospace
industry. Although there was much research about the tre-
mendous improvement of mechanical properties of these
ultrafine and nanostructured materials produced by SPD
and powder metallurgy techniques as mentioned in Section
1.1 and Section 1.2, there has been little discussion about
the optimum correlation between tensile strength and ductil-
ity. Moreover, to our knowledge, no research has been car-
ried out on fundamental mechanisms, powder morphologies
during milling, microstructure formation, structure-property,
and failure mechanisms to facilitate our understanding of
these aspects.

In parallel to experimental contributions, there is a great
tendency toward wusing theoretical and computational
approaches to describe the mechanical response of nano-
structured aluminum alloys. Several studies have attempted
to provide a theoretical framework for nanostructured
metallic materials [46-49]. In doing so, molecular dynamics
(MD) studies have been instrumental in understanding the
micro mechanisms governing the inelastic deformation pro-
cess of nanocrystalline materials [46,47]. In particular, the
work of Yamakov et al. [46] can be emphasized, wherein
they performed a molecular dynamics simulation for the
deformation behavior of nc-Al. The simulation was done by
considering mechanical twinning as the dominant mechan-
ism. Later, in contrast to Yamakov et al. [46], Kadau et al.
[48] performed a molecular dynamics simulation of nc-Al
where they considered the sliding mechanism between the
grains as the dominant mechanism when modeling the ten-
sile behavior of nc-Al. The molecular dynamics study can
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predict the material’s deformation behavior, as found in the
experiments. These MD methods provide valuable insights
into the mechanical response of materials at the atomic
level. However, they are insufficient for simulations of
deformation and failure under conditions similar to those in
which materials are tested physically. Another major limita-
tion of MD simulations is the simulated time, which is in
the order of nanoseconds for large systems. Therefore, to
design structural components, it would be helpful to form
continuum-scale constitutive models that, when imple-
mented in finite-element solution procedures, would be able
to simulate the inelastic deformation and failure response of
nanocrystalline materials in various length scales, see [49].
However, there have been few studies on developing con-
tinuum-scale constitutive modeling of bulk nanocrystalline
aluminum. In this regard, Khan and Zhang [50] developed a
continuum-based constitutive model to predict the mechan-
ical responses of the nanocrystalline copper and iron. Later,
Khan et al. [8] extended the KHL model to the nanocrystal-
line Al by employing a bilinear hall patch relation in the vis-
coplastic KHL constitutive model. However, the KHL
module is greatly affected whenever the stress value exceeds
the initial yield stress value. Zhan et al. [51] developed a
phenomenological constitutive model to model ultrafine Al’s
temperature sensitivity and post-yield behavior. However,
the study is not addressed the strain rate dependency and
hardness characterization of nc-Al. In the last few years,
Wei and Anand [52] have developed a seminal idea regard-
ing modeling nanostructured materials on the continuum
scale. Here, a phenomenological large-deformation, iso-
tropic, rate-dependent elastic-plastic model has been devel-
oped that pressure dependency is accounted for by
proposing a plastically dilatant and non-normal flow rule.
The model successfully predicts the nanostructured Mg and
Cu’s tensile, compression, and micro-indentation responses
using the physical deformation micro mechanisms. The ver-
satility of the theory developed by Wei and Anand [52] pro-
vides the primary motivation for the present study to
evaluate the application of the continuum-scale constitutive
theory for understanding the mechanical performance of
bulk nanocrystalline aluminum.

Therefore, the study’s first aim is to develop a high-
performance nanocrystalline aluminum possessing an
optimized strength-to-ductility ratio suitable for various
technologically relevant applications. In doing so, an in-situ
hot-extrusion-based synthesizing process is proposed to
fabricate bulk nc-Al samples by determining an efficient
correlation between the microstructural and morphological
evolution of the Al particles with the milling time.
Comprehensive characterizations are conducted on the
mechanical properties of nc-Al samples to identify the vari-
ous parameters affecting their properties. For instance, a
detailed analysis of the nc-Al samples’ hardness is presented
regarding its ball milling, sintering, and extrusion capability,
along with a comparison with its coarse-grained counterpart.
A thorough investigation is also conducted on the tensile
behavior and the fracture morphology of nc-Al samples at
various strain rates, which leads to a profound insight

into the dominant failure mechanism of nc-Al materials.
The second aim of our study is to propose a reliable model-
ing framework to capture the deformation behavior of bulk
nc-Al materials in macroscale engineering applications. In
this regard, a constitutive modeling approach is presented
using a recently developed continuum-scale isotropic rate-
dependent plasticity model. The proposed model is compu-
tationally implemented into Abaqus/Explicit finite element
solver using an explicit-based time integration method via a
user-defined material subroutine. The model’s predictive
capabilities are then examined by comparing different
numerical results with experimental data obtained from
compression/tensile and  Vickers micro indentation
experiments.

This paper is organized as follows: Section 2 outlines an
in-situ hot-extrusion based synthesizing process to develop a
high-performance bulk nc-Al. A comprehensive microstruc-
tural and mechanical properties characterization is made
along with the synthesized nc-Al samples. Section 3 is
devoted to presenting a continuum-scale constitutive model-
ing approach and its computational implementation to pre-
dict the mechanical response of nc-al material. An ad-hoc
calibration procedure for the newly introduced constitutive
material parameter is outlined. This section also explores the
predictive capabilities of the present model in the context of
tensile/compression and micro indentation simulations.
Overall conclusions regarding the present work are provided
in Section 4 together with an outlook.

2. Experimental methodology & material
characterization

This section describes the raw materials and a novel in-situ
hot-extrusion-based synthesizing process to fabricate bulk
nanocrystalline aluminum. Moreover, it outlines material
characterization methodologies employed to comprehen-
sively investigate synthesized nc-Al samples from a micro-
structural and mechanical behavior perspective, including
morphological & microstructural evolutions, density &
micro hardness measurements, tensile, compression testing,
and fracture behavior.

2.1. In-situ hot-extrusion-based synthesizing process

The present study proposes a novel in-situ hot-extrusion-
based synthesizing process to efficiently fabricate bulk nano-
crystalline aluminum, which is extensively employed in
technologically relevant applications (Figure 1). In doing so,
the raw material for the nanostructured aluminum synthesiz-
ing process was supplied by Sisco Research Laboratories Pvt.
Ltd., India, in the form of aluminum powders with a mesh
size of 325 and 99.5% purity. Figure 2 depicts the primary
characterization result for as-received aluminum powder
using the Supra 55 Zeiss Field Emission Scanning Electron
Microscope (FESEM) taken with a magnification of 5.50 KX
at 5.00kV. It is evident from the FESEM results that the as
received Al powders have predominantly elongated morph-
ology, with a small fraction having spherical morphologies



Compaction

Ball milling

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES e 5
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Figure 1. Schematic illustration of an in-situ hot-extrusion-based synthesizing process comprising ball milling, compaction, sintering, and extrusion.
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Figure 2. Primary characterization of as-received aluminum powder using Field
Emission Scanning Electron Microscope (FESEM) taken at a magnification of
5.50 KX at 5.00 kV. Powders exhibit predominantly elongated morphology, with
a small fraction having spherical morphologies.

and an average particle size of 11pm. Afterward, a high
energy ball milling process with a ball-to-powder ratio of 10:1
was carried out on the as received powders to reduce the
crystallite size of the powder significantly. The ball milling
process was conducted using balls with a diameter of 16 mm
at a rotational speed of 250rpm for various milling times
from 3 to 65h. This is to note that the 65h milling time is
taken from the work of Rijesh et al. [53], wherein they
reported that the minimum crystallite size was attained
between 60-65h. Furthermore, in accordance with the
research of Abdoli et al. [54], we used a time increment of
5h, post 15h of ball milling. In the initial phase of ball mill-
ing, between 0 15h, we used a small-time increment of 3h to
closely monitor the changes in the powder’s morphology and
size. It is also important to note that during the ball milling
process, 1.5% stearic acid was added as the process control
agent (PCA) to prevent cold welding of powder particles, as
proposed by Charistudasjustus et al. [29]. Before proceeding
to the next step, several powder samples were randomly col-
lected before and after the 65-h ball milling process as coarse
grained (CG) and nanocrystalline (nc) aluminum, respect-
ively, to ensure the milling process’s effectiveness in reducing
powder crystallite size. Next, samples achieved the maximum

possible density through a compaction process using a cylin-
drical die with a diameter of 36 mm and a height of 80 mm
under 50 Ton press. The compaction process delivered cylin-
drical billets with a diameter of 35 mm and height of 45 mm
that were sintered then in the tubular furnace at the tempera-
ture of 550 °C under the argon atmosphere in order to elim-
inate the pores and accelerate the diffusion process that leads
in forming bonds between the powder particles. Finally, sin-
tered billet samples were densified through a hot extrusion
process at a temperature of 450 °C with an extrusion ratio of
20.25:1 to approach the theoretical density. The final products
of the proposed synthesizing process are the cylindrical bars
with a length of around 650 mm and a diameter of 8 mm,
which are used to prepare samples for various characteriza-
tion purposes, as will be discussed shortly.

2.2. Morphological investigations & structural evolution

To track the microstructural changes in the powder and
whether there is any impurity involved during the milling
period, we have conducted an X-ray diffraction (XRD) ana-
lysis of ball-milled Al powder using a Rigaku SmartLab X-
ray diffractometer equipped with Cu-Ko radiation (4 =
0.154nm) using a scanning range of 20-90° and a step size
of 4°/min. From the XRD patterns of the milled powder
shown in Figure 3, it is evident that with the increase in the
milling time, there is a gradual broadening of peaks, which
confirms the crystallographic changes in the powder from
the crystalline structure to the polycrystalline form. The
peak broadening and reduction of peak intensity, in turn, is
a reliable index for grain size reduction in the material.
Furthermore, the Williamson Hall method can be employed
to approximate the crystallite size and lattice strain of the
milled powders using some peak-broadening measurements.
The Williamson-Hall equation can be written as [6]:

Brcosd = (4sin0)e + I% (1)

where fi, 0, and e denote total broadening, Bragg’s angle,
and lattice strain, respectively, the quantities 4, and D define
the Scherrer constant, X-ray wavelength, and crystallite size,
respectively; K is the Scherrer constant, which is 0.9 for Al
[28,55]. The crystallite sizes and lattice strains determined
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Figure 3. XRD analysis of the milled powder. The diffraction peaks are assigned
to their respective miller indices, denoted by (hkl). The apparent broadening
and significant reduction of the intensity of the peaks can be seen with the
increase in milling time.
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Figure 4. (a) Evolution of crystallite size and lattice microstrain of the milled Al
powder with milling time, and (b) XRD diffraction pattern showing peak broad-
ening at 20 = 38.6. The shift of the principal peak (111) can be seen, which is
due to the presence of stacking faults.

from the Williamson-Hall relation for different milling times
are plotted in Figure 4a. From Figure 4a, it can be readily
seen that increased milling time leads to a decrease in crys-
tallite size and an increase in lattice strain. The reduction of
crystallite size and the lattice strain accumulation can be
attributed to the repeated impact of the balls, acting as
grinding media. The powder particles deformed plastically
by the shear force-dominated process followed by work

hardening, which is further accompanied by cold welding
and fracture of the particles. Moreover, the decrease in crys-
tallite size can also be attributed to the formation of high
dislocation density regions in the grains, stacking faults, and
grain boundary pill-ups. Figure 4b demonstrates the XRD
peaks plotted at 20 = 38.6 for various milling times. Peak
broadening along with a shift of principal peaks toward the
right can be readily seen in Figure 4b that could be attrib-
uted to the stacking faults, which will be discussed shortly.
It is important to note that the peak broadening at 20 =
38.6 during the milling time corroborates the reduction of
crystallite size, which in this case, a significant drop of about
42.11% occurs in crystallite size at the early stages of milling.
Further continuation of the milling process results in a grad-
ual reduction in the crystallite size to the lowest value of
50.6 nm at 45h, and a non-appreciable crystallite size refine-
ment is observed by proceeding with the milling process
from 45h. However, a slight increase in crystal size can be
observed up to 65h, which might be attributed to the effect
of excessive heat generation on the crystal growth.

Figure 5 shows the evolution of particle size and powder
morphology with respect to milling time. Generally, three
dominant mechanisms are concerned in the mechanical
alloying of the powders, including a) flattening of the pow-
der particles, b) cold welding of powder particles, which
increases the particle size, and b) eventual fracturing of the
particles. In the initial phases of the milling process, the
powder particles flattened by forming flakes due to the high
energy imparted by balls; see Figure 5 for the details of the
particle flattening and formation of flakes that occurred at
milling time of 3h to 9h. The flattening of the particles is
followed by cold welding, which in turn results in the
agglomeration of particles. The cold welding of the particles
is evident from the milling time of 12h to 40h. Following
the cold welding of the particles, the fracturing mechanism
of the particles activates, as can be seen in Figure 5, at the
milling time of 45h to 65h. Particle welding, agglomeration,
and fracturing can be attributed to the overwhelming ductil-
ity of aluminum and its dynamic recovery process. For the
sake of clarity, Figure 6 illustrates the agglomeration and
fracturing of particles at higher magnification. In Figure 6,
particle fracture boundaries are specified using solid yellow
lines. According to Morsi, and Esawi [56], particle welding
could be extensive at higher milling times, which may pose
a strong challenge during compaction and sintering.
Moreover, excessive cold welding produces non-uniform
microstructures and properties, which is undesirable. The
study proposed adding a small percentage of process control
agents (PCA) to circumvent this difficulty. Therefore, fol-
lowing Morsi, and Esawi [56], 0.7% of zinc stearate as a
PCA was added to the milled powder at 40™ h in the argon
gas environment to prevent excessive cold welding of the Al
particles, which resulted in powder particles exhibiting flake-
like morphology at 45h of milling with a decrease in par-
ticle size. The particle size continued to decrease with the
increase in milling time beyond 45h, which can be seen in
Figure 5. Finally, at 65h of milling, the formation of equi-
axed particles can be observed, which can be attributed to
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Figure 7. Average particle size variation with milling time. Particle size first
increases due to the cold welding of particles, followed by fracturing, which
red#ces the particle size. The particle size attained the minimum value at the
45™ hour.

the fact that a steady state has reached between welding and
the fracturing of particles. The particle size measurements of
the powder were done with the help of FESEM imaging and
are shown in Figure 7.

Figure 8 shows the high-resolution transmission electron
microscopy (HRTEM) image and the associated selected area
diffraction pattern (SADP) of the Al powder ball milled for
65h. From Figure 8, the existence of nanostructuring and pol-
yerystallinity in the high-energy ball-milled powder can be
readily observed. According to the TEM data, the average
grain size of 65h milled Al powder is estimated to be about
48.23nm, see Figure 8a, which is marginally different from
the size determined about 51.41 nm using the Williamson-Hall
relation. It turns out that the average grain size obtained from
the Willam-Hall relation is consistent with the grain size given
by TEM and could serve as proof of the validity of William-
Hall’s grain size measurements. Figure 9a and b depicts a
detailed view of the microstructure of the grain, depicting lat-
tice fringes, stacking faults, and twin. The formation of the

stacking faults and twin morphologies can be attributed to the
large deformation induced by the high-energy ball milling.
Furthermore, a high resolution TEM image of a single Al
nanograin is shown in Figure 9b, which is identified as
~13nm in size, and its lattice spacing is 0.233 nm, suggesting
it to be Al (111) plane. To ensure any phase changes or con-
tamination in milled samples, an EDS study was conducted in
the TEM analysis as shown in Figure 10. The results identify
small counts of oxygen peak, possibly due to oxidation during
the long milling period. Please also note that the presence of
carbon and copper in the EDS spectra is mainly due to the
carbon coated copper grids used during the experiment.

2.3. Density measurement

A precise density measurement is carried out to experimen-
tally determine the densities of the fabricated samples, allow-
ing one to assess the presence of any porosity in samples by
comparing them with the densities determined theoretically.
Here, the bulk CG-Al, and nc-Al samples are weighed in air
and distilled water using a high-resolution electronic balance
with a resolution of +0.0001g, followed by Archimedes’s
principle to measure the experimental densities. The density
of the as-received pure Al was measured to be about
2.70 g/cc. Furthermore, the effect of the ball milling, sinter-
ing, and hot extrusion processes on the porosity content of
the samples is also explored. The density measurements of
non- and ball-milled samples are reported in Table 2. Please
note that the porosity content of samples is evaluated using
Archimedes’ relationship:

Porosity (%) = [ —&] x 100 ()
N

where p; represents the apparent density of the samples and

p, denotes the theoretical density of the samples. From

Table 2, it turns out that ball milling and hot extrusion

significantly decrease the porosity and consequently increase
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Figure 8. (a) A HRTEM micrograph of the Al powder milled for 65h. Yellow lines show two nanograins measuring 20.228 nm and 47.745nm, (b) corresponding
SADP pattern indicating polycrystalline texture; inset indexed radial averaged intensity distribution. Interplanar spacing can be determined by measuring the
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Figure 10. EDS elemental maps of the milled aluminum powders after 65 h of high-energy ball milling processing.
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Table 2. Density and porosity measurements of non- and ball-milled pure Al
samples undergone sintering and extrusion process.

Sintered at 550°C

Extruded at 550 °C

Materials p lg/cc] Porosity [%] p lg/cc] Porosity [%]
Pure Al (unmilled) 2.62+0.0010 2.96+0.006 2.65+0.006 1.85+0.004
Pure Al (milled) 2.64+0.0011 222+0.004 268+0.006 0.74+0.005

the density of the samples; however, sintering has a moder-
ate impact on them. The ball milling of powders breaks up
particle agglomerates, which, in turn, accelerates the diffu-
sion process in sintering, thereby enhancing the density of
the samples.

Furthermore, ball milling increases the density of bulk
sintered pure Al and bulk extruded pure Al from about 2.62
to 2.64g/cc and 2.65 to 2.68g/cc, respectively, and conse-
quently reduces the porosity from about 2.96 to 2.22% and
1.85 to 0.74%, respectively. However, the effect of hot extru-
sion is more pronounced in obtaining near dense samples.
This can be ascribed to applying high pressure at higher
temperatures during the extrusion process, which reduce the
bubble nucleation and consequently enhance the material
density. Extrusion leads to a significant enhancement in
density (from about 2.62 to 2.65g/cc and 2.64 to 2.68 g/cc)
and the corresponding reduction in porosity (from about
2.96 to 1.85% and 2.22 to 0.74%) in the extruded samples.
Further, it is important to iterate that powder metallurgy
products usually exhibit an inevitable amount of porosity
[29]. However, here, the porosity content in the synthesized
final product is less than 1%, which shows that the proposed
synthesizing process can successfully fabricate the samples
near to theoretical density.

2.4. Microhardness measurement

Here, the hardness of samples, as one of the most crucial
material’s properties, is evaluated using microhardness tests
which enable one to assess a material’s properties, such as
strength, ductility, and wear resistance, and also helps to deter-
mine the suitability of nc-Al for various applications. The test
was conducted on the polished samples under an indentation
load and dwell time of 5N and 30s, respectively, while retain-
ing a high loading rate of 1N/min during the test to avoid
creep in the samples. Figure 11 illustrates loading-unloading
results along with the corresponding hardness values for
extruded and sintered CG-Al and nc-Al samples obtained
from the micro-indentation experiment. From Figure 11a and
b, it can be readily seen that the response of the nc-Al sample
is steeper than that of CG-Al as an implication of the higher
hardness and the modulus value. It turns out that extruded
nc-Al exhibit a 160% increase in hardness values (from about
522 to 137.3kgf/mm’®) compared to extruded CG-AL
Therefore, high-energy ball milling significantly reduces the
crystal size at the nanoscale and, thus, improves the strength
of pure Al following the Hall-Petch relationship [57].
Increasing hardness is mainly due to heavy deformation and
grain size reduction by longer milling duration, resulting in
the strain hardening of the ductile aluminum alloy powders. It
can also be attributed to the accumulation of fine grains on or
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------ Coarse-grained (Extruded)
= = nC-Al (Sintered)

[ = nC-Al (Extruded)
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Figure 11. (a) Microindentation loading/unloading curves obtained from micro-
indentation test, and (b) Vickers hardness measurements for CG-Al and nc-Al
under different environments. The microhardness of extruded nc-Al was signifi-
cantly higher than that of CG-Al. The test was conducted at a loading rate of
5 N/min.

(sintered) (extruded)

at grain boundaries, which prevent crack propagation and dis-
location movement and thereby increase the microhardness of
the material [6]. Moreover, extrusion also plays a significant
role in grain refinement, enhancing the material’s hardness.
However, the effect of extrusion in improving the hardness is
more significant in nc-Al than CG-Al About a 100% increase
in hardness can be seen in the extruded nc-Al samples,
whereas a 16% rise can be seen in the case of CG-Al samples.
This is likely due to the elimination of pores and microvoids
in the sintered samples and the formation of a more refined
and compact microstructure during extrusion

The hardness measurement is further proceeded by study-
ing the rate sensitivity of nc-Al, an extensive set of micro-
indentation tests are conducted at different loading rates of
1.0345mN/s, 10.345 mN/s, and 103.45mN/s, respectively. The
samples were ground and polished before the indentation tests
to ensure they had a deformation-free surface. Here, the strain
rate sensitivity, m, is measured using the following expression:

OIn(H) _ Oln(H,/H;)
m= o ——
Oln(é) — dln(éy/é)
where, H and ¢ represent hardness and strain rate. Using
(3), the value of m is determined to be 0.035, representing an

©)



eight-fold increase compared to its coarse-grained counterpart.
This result is in line with the results of Figure 12a, where the
force-depth curve exhibited a considerable loading rate sensi-
tivity. From Figure 12b, it can be seen that the samples tested
at the loading rate of 103.45 mN/s exhibits a Vickers hardness
of about 179.7 kgf/mmz, while at the rate of 1.0345mN/s
shows a hardness of about 120.6 kgf/mm?* which is an implica-
tion for the inherent strain rate sensitivity of nc-Al. For the
sake of comparison, Table 3 outlines the strain rate sensitivity
index for the present samples along with various nanostruc-
tured Al materials reported in the literature.

2.5
= 103.45 mN/s
=+ 10.345 mN/s
=— 1.0345 mN/s

Force (N)
&

-

0.5

) 9
Depth (zm)
(@)
200

~ 160
~N

E

£

o)

<120

&

(0]

<

B

2 8o

44

[0

a8

]

= 40t

0
1.0345 mN/s 10.345 mN/s 103.45 mN/s
(b)

Figure 12. (a) Microindentation test result for nc-Al at different loading rates of
103.45 mN/s, 10.345 mN/s, 1.0345 mN/s, and (b) Vickers hardness data for vari-
ous loading rates. It can be seen that nc-Al displays a strain rate-dependent
behavior.

Table 3. Comparison of strain rate sensitivity measurement data for various
nanostructured Al and its alloys.

Strain rate sensitivity

Al alloy Treatment  Grain size (um) factor, m Reference
nc-Al* PM 0.051+0.004 0.035 Present study
nc-Al PM 0.042 +0.004 0.024 — 0.054 [58]
AA6082 ECAP 02-04 0.03 [18]
AA1050 ARB 0.35-0.50 0.042 — 0.069 [21]
UFG* Al cryoPM 0.1-0.2 0.03-0.06 [32]

UFG Al ECAP 0.27-0.43 0.014 [16]

*Note: nc = nanocrystalline; UFG = ultra fine grain.
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2.5. Tensile, compression testing, and fracture behavior

This section elaborates on the experimental methodology
employed to characterize the tensile, compression, and frac-
ture behavior of nc-Al. According to ASTM E8/E8M-13a, the
tensile test specimens were prepared using a dog-bone geom-
etry of 4mm gauge diameter and 20mm gauge length.
Tensile testing was performed using the Hounsfield 50 KN
tensile testing machine at three various cross-head speeds of
9.6mm/min, 0.96mm/min, and 0.096 mm/min, implying
various strain rates 0.01s™", 0.001s™" and 0.0001s™" respect-
ively. It is also interesting to identify the degree of tension-
compression asymmetry by conducting a compression test.
Furthermore, by having no propensity for necking and strain
localization, the compression test allows one to characterize
the stress-strain response of nc-Al materials at finite strains
and deformations. In doing so, following ASTM E9-89a,
simple compression tests areperfumed on initially-cylindrical
samples with initial diameter and height of 8 mm and 8 mm,
respectively at a cross-head speed of 0.096 mm/min, which
implies the strain rate of 0.0001s™'. It is also important to
note that the results of these uniaxial tests will later be used
in the forthcoming sections to calibrate the material parame-
ters introduced by the proposed constitutive theory.

Figure 13a compares the true stress-strain results for the
nc-Al obtained from tensile and compression tests at the
strain rate of 0.0001s™". From Figure 13a, it can be seen that
the tensile and compressive elastic-plastic flow behavior
appears to be very similar, and their strength was estimated
at about 315MPa. Further, it can be observed that there
exists a slight asymmetry in tension and compression curves,
with the stresses corresponding to strains in the compres-
sion curve being slightly higher than the tensile one.
However, the differences are insignificant and can be
neglected for engineering design and analysis applications.
Moreover, both the tensile and compression curve in Figure
13a exhibits three distinct deformation regions; region 1 cor-
responds to elastic deformation followed by region 2, which
indicates strain hardening, but the hardening is restricted to
the initial phase (plastic strain < 2%). Region 2 is followed
by region 3, which shows softening and eventual fracturing
of the samples (for tension). Next, a comprehensive set of
tensile experiments were conducted to elucidate the effect of
strain rate sensitivity on the material strength and ductility
cf,, Figure 13b. It turns out that with the increase in the
strain rate, there exists a considerable increase in the flow
stress value and reduction in ductility, indicating that strain
rate strongly influences deformation behavior. Tensile
strength of about 371 MPa was observed at a strain rateof
0.01s™", which corresponds to a uniform ductility of about
16.5%; meanwhile, the ductility, measured by the strain to
failure, is enhanced to about 28.5% by compensating the
tensile strength to about 315MPa at a strain rate of
0.0001s". Therefore it can be concluded that the material
displays a greater elongation, however, at the cost of some
strength and vice versa. The tensile ductility in this work is
higher than that reported by Ahmed et al. [59] for nc-Al
samples (grain size *29 nm), which showed a total ductility
of about 11.5%, and also greater than that of nc Al produced
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Figure 13. (a) Tensile and compression true stress-strain curves for nc-Al at a
strain rate of 0.0001s™". Indexes 1, 2, and 3 represent three deformation
regions: elastic, strain hardening, softening & eventual fracturing. (b) The black
lines represent tensile true stress-strain curves for nc-Al at different strain rates

of 0.0001s™", 0.001s™", and 0.01s™". The blue line represents tensile true
stress-strain curves for CG-Al at strain rates of 0.01s~".

by friction extrusion, which failed at plastic deformation of
about 16.5% in tension [3] (For more information, see Table
4). The high tensile ductility ensured the integrity of the in-
situ consolidated nanostructure and didn’t exhibit any signs
of tensile instability or processing artifacts commonly found
in nanocrystalline materials. Dislocation slip processes and
activated twins have likely caused the high tensile ductility
during deformation. In addition, the nc Al developed dem-
onstrated an about 163% increase in tensile strength over its
coarse grained counterpart.

To broaden our understanding corresponding to the frac-
ture of the tensile samples performed at different strain
rates, a fractography analysis of the samples is conducted, as
shown in Figure 14. As shown in Figure 14, each fractured
surface is adorned with multiple micro-voids and dimples,
indicative of a ductile fracture. Here, the nc-Al sample sub-
jected to a strain rate of 0.0001s™' shows large and deep
dimples compared with the samples subjected to a higher
strain rate of 0.01s™". In fact, as an index for the material
ductility, these large and deep dimples in the fracture sur-
face for the specimen loaded at the rate of 0.0001s™" provide
compelling evidence of ductility that help samples to
undergo the large strain of about 28.5% for, as compared to

the sample loaded at the rate of 0.01s™" which experience at
most the strain of 16.75%.

3. Constitutive modeling

This section introduces a continuum-level constitutive model-
ing approach and its finite element implementation that can
be employed to design and analyze structural components
made of bulk nanocrystalline aluminum. Furthermore, an ad-
hoc curve fitting procedure is proposed to calibrate the newly-
introduced constitutive material parameters effectively. Finally,
the predictive capabilities of the theory are experimentally veri-
fied for tension, compression, and Vickers Microindentation
experiments at various loading rates.

3.1. Summary of the constitutive theory

Recently, Wei, and Anand [52] have proposed a constitutive
theory for designing and analyzing structures made of pow-
der-processed nanocrystalline metals. The theory has been
well-validated for Mg and Cu-based nanocrystalline metals
by comparing various numerical results with experimental
data. Following the work by Wei, and Anand [52], a con-
tinuum-scale constitutive modeling approach is proposed as
a mathematical framework to describe the nc-Al mechanical
response in arbitrary contexts. The core idea of the model-
ing is to exploit the similarities between the deformation
mechanisms of consolidated-powder metals and the cohesive
granular materials in the macroscopic scale to develop an
isotropic rate-dependent elastic-plastic theory for powder-
proceed metals [52]. In the present theory, the pressure
dependency of the powder-processed metals is accounted for
by a plastically dilatant and non-normal flow rule formu-
lated in a hyperelastic-based finite deformation setting.
Notations. The following standard notation of modern
continuum mechanics is used throughout the text':

W Free energy density, measured per
unit relaxed volume

F=0x/0X, J=detF >0 Deformation gradient

F = F°FF Multiplicative decomposition

FP, JP =detF” >0 Plastic distortion

n=In(P) Plastic volumetric strain

F¢, J¢ =detF® >0 Elastic distortion

F¢ = R°U¢ Polar decomposition of F¢

7y Eigenvalues and eigenvectors of U¢
ue = Z;:1 /‘ér? 1y, Spectral decomposition of U¢
E=>, (nr,er, Logarithmic elastic strain

TT=T Cauchy stress

T¢ = J°R®'TR® Stress conjugate to E°

"The notation A stands for a second-order tensor with A" as the transpose of
A. The quantities, trA, dev A=A — (1/3)(tr A)l and |A|= VA :A
denote the trace of tensor A, the deviatoric part of tensor A and the
magnitude of tensor A, respectively, such that A : A =tr(B'A) denote the
scalar product of two second-order tensors A and B. The vectors X and x
represent the reference position and current position, respectively.
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Figure 14. FESEM fractography showing the fracture surfaces of nc-Al subjected to

a strain rate of (a) 0.0001s~", (b) 0.001s™", and (c) 0.01s™". The dimple fracture

mechanism is the dominant fracture mode observed in all the cases. Insets represent higher-magnification images corresponding to the respective yellow rectangle region.

Table 4. Comparative data for the properties for various nanostructured Al and its alloys.
Material Grain size (um) 0.2% Offset YS (MPa) UTS (MPa) Fracture strain (%) Refere-nce
nc-Al* 0.051+0.004 328+4 3715 16.75+1.1 Present study
ns-Al 0.084 +0.007 255.1+10 300.2+14.4 8+13 [60]
ns-AA2124 - 88+10 350+12 115+1 [43]
ns-CNT/AI(HSBM) 0.217 384+7 408 +1 4403 [44]
ns-CNT/AI(SSBM) 0.308 326+ 21 376+3 124+£13 [44]
ns-Al 0.5 237+2 300+2 11.4+06 [45]
ns-Al2024 - 698 712 4.2 [61]
nc-Al 0.029 375 410 11.5 [59]
nc-Al - 125 147 18 [62]
*Note: ns: nanostructured; HSBM: high speed ball milling; SSBM: shift speed ball milling; YS: yield strength; UTS: ultimate tensile strength.
e Free energy density: We take the free energy density, \r as deformation gradient, FP is taken to be
R - p .
Y= l/J(Ee) _ G|devEe|2 + K(trEe)z (4) F' = DPF® with F*(X,0) =1 (6)
] ] . P e o
where G and K are the elastic shear and bulk moduli. where the plastic stretch rate, D is given by
DP = DP+ DP )

o Stress-strain relation: The stress-strain relation is given as
o/
OE°
e Dilation based non-normal flow rule: Assuming the plas-
WP =0, the evolution of the plastic

T = 2G(E]) + K(trE)I (5)

tic spin rate

and it is induced by two microstructure-based mechanisms,
namely the shear dominated micromechanism, D?, and the
cavitation-induced micromechanism, DP.

The shear-dominated contribution,
the form of

DP is proposed in
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1
DP = dev DP + i DPI (8)

such that
dev DP? = d’NP and tr D? = fid’. 9)

Note that the first term on the right-hand side of (8) repre-
sents the purely isochoric portion of DP, and the second
term on the right-hand side of (8) represents the purely volu-
metric (that is, the shear-induced dilatancy) portion of DP.

The quantities df = \/i‘dev Df‘ > 0 and NP =
(1/2) devI®/T stand for the equivalent plastic shear strain
rate, and the direction of deviatoric plastic flow, respectively.
Using a power-law constitutive function, the equivalent plas-
tic shear strain rate df is defined as

P do[ (10)

I 1/m
c+ uﬁ}

with T = 1/1/2 |devT®| representing the equivalent shear
stress. The quantities p =—(1/3)tr T, ¢>0 and u >0
denote the mean-normal pressure, internal cohesion variable,
and friction internal variable, respectively. Further, dy > 0 and
m > 0 are the reference plastic shear strain rate and the strain-
rate sensitivity parameter, respectively. Note that the quantity up
controls the pressure sensitivity of plastic flow.

The shear-induced plastic dilatancy parameter, f§ can be
related to the plastic volumetric strain through # = In(J?)
and it can be defined by

B:go[l—%]

where gy > 0 and #* > 0 are the experimentally-determined
material parameters. It is important to remark that the pre-
sent formulation uses a non-associated flow rule due to pu #
p for avoiding excessive plastic volumetric dilation leading
to spurious results.

The cavitation mechanism, D is determined by the fol-
lowing constitutive relation,

(11)

3 N
D =>"" d&®e) (12)
with
SO B VI
40 — dy [T"‘} if ;> onm (13)
0 otherwise

where the quantity ¢, = ¢; + ¢;p 1is linearly correlated to
(—p) through the material parameters ¢; and c,. The eigen-
values of the stress tensor, ¢; can be determined by recasting
the stress tensor T° into its spectral representation form as
follows:

T = 23 lai(éi ® &;) such that o; > 7, > 03

. (14)
Please note that the parameters dy and m used in (13)
are taken to be the same as that in (10), for the sake of

simplicity.

e Kinetic rate-formed equations of internal variables: Due
to the scarcity of available physics-based experimental

evidence for the evolution of the internal friction p in
cohesive powder-consolidated nanocrystalline materials,
it is therefore assumed to be

u = Constant > 0 (15)

Using (7), (8) and (12) into #n =In(J?) and taking the
time derivative results in

7 =tDP = g, {1 - ﬂ b + Z; d" with n(0) =0 (16)

The evolution equation for the cohesion parameter, ¢ can
be written using a phenomenological expression as follows

C C 3 )
¢ = |ho|l = =" sign[1—=—) |d” — h, d 17
¢ |:o| c*| mgn( c*)] Zi:l N (17)
with

Fak
=t {—} +b(n*—n) and ¢(0) = ¢ (18)

do
In summary, the present constitutive equations can be fully
calibrated by identifying the following constitutive parame-
ters set

{Ga Ka dO) h0> n, c1, o, M, a4, b) €2, ht:a s Cos ’7*) E,go} (19)

Finally, the proposed model 1is integrated into
Abaqus/Explicit package via a user defined material sub-
routine using an explicit-based numerical time integration
scheme. Careful considerations are therefore given for
selecting the suitable size of time steps in finite element
simulations to avoid possible inaccuracies raised by solu-
tion instability. Algorithm 1 presents the details of the
explicit-based time integration scheme used to implement
the present constitutive equation into the Abaqus/Explicit
package. Please note that subscripts ¢ and 7 denote the
corresponding notation at the current time ¢ and t + At,
respectively, where At > 0 refers to a small increment in
time. Furthermore, it is noteworthy that the Newton-
Raphson method is employed to update the internal varia-
bles by solving the set of non-linear scalar equations.

3.2. Material parameters calibration procedure

At this point, an ad-hoc curve fitting material calibration pro-
cedure proposed by Wei, and Anand [52] is outlined. The fitting
process was performed through the C3D8R, 8-node linear brick,
reduced integration Abaqus/Explicit element.

The parameters {G, K} can be determined from the
bulk CG-Al with a good estimation. The elastic shear modu-
lus, G=26.0GPa and the elastic bulk modulus, K =
76.1GPa, are obtained from Ledbetter, and Reed [63] at
room temperature. The referential strain rate, dp, is set to
the lowest in the simple tensile experiment. The parameters
{co and ¢} controlling the initial strength and the stabi-
lized flow stress under shearing (i.e. n* = n) can be
identified by reproducing the tensile response curve
obtained from a simple tensile experiment. The parameters
{b, 0> #* } can be calibrated by fitting the model to the
strain-softening portion of the curve caused by shear-



induced dilatancy. As discussed in [52], the quantity b(n —
1) is responsible for the difference of the peak stress with
the fully-developed flow stress on the stress strain curve,
and the parameter g, characterizes the initial rate of strain
softening.

Algorithm 1 Explicit-based numerical time integration algorithm

Data: F;, T, R¢, F7, F;, ¢, 1, (saved as internal variables);
Result: T, E?, ¢;, 7,

Initialization;

Stress pull-back transformation: T¢ « (det F$)R¢T T,R¢;

Volumetric-deviatoric decomposition: dev T¢ « T¢ + (é) rTHL

Equivalent shear stress and mean normal pressure: T, « \E |dev T¢| and p, «
o)
— (}) tr T

o o b Qe
Direction of deviatoric plastic flow: Nf « =

Equivalent plastic shear strain rate using (10):

Plastic stretch rate & plastic distortion: DY « DY + DY and ¥ « [1— Ath]ilFf;
Elastic distortion & new elastic Hencky strain: F¢ « F,F”~" and E¢ « log(U?);
New corotated Kirchhoff stress using (5);

1

Stress push-forward transformation: T, « ————=
det(FE)RETERS

while i < i}, do

L (crme) < ¢p — ¢ — Ac(cg,m7); /* Loop for Newton-Raphson method*/
tg(cene) < ne —ne — Anler,m0);
{ "“c,} - { "cr} _ [i(af/ dcr) i(of/ arm]’l { if(cr.nf)}
By in.) li(dg/dc) i(dg/an.) {g(cee)
€& < | e = leg/| Flefs
e = | e = Inel/| T inel;
ife, < 8&e, < § then
Break;
end

end

*Note: i and ipq, denote the iteration counter and maximum allowable iteration number, respectively: €.and e,

denote the error corresponding to ¢ and 7 respectively: § = 1e~®is convergence tolerance.

By comparing the flow strength between tension and compres-
sion experiment test data and the referential strain rate, the
friction coefficient u can be approximated. The parameters m
and n controlling the rate-sensitivity features of the model can
be identified from stress-strain curves at different strain rates.
Due to the lack of available experimental reports for estimation
of oy and h., these parameters are set to zero for the sake of
simplicity. Furthermore, the ideal identification method for the
cavitation related parameters {c;, ¢,} is to fit the model with
experimental setups such as the notched bar tension test where
cavitation effects are significant. However, as a first-cut
assumption, we estimate the parameters using the values
reported for an Mg-based nanocrystalline [52]. The constitu-
tive parameters identified for the present powder processed
Al-based nanocrystalline metal are summarized in Table 5. To
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ascertain the accuracy and validity of the presented constitutive
theory, the following sections are dedicated to comparative
studies between the numerical predictions obtained from finite
element simulations with the experimental data determined
from the testing apparatus established in Section 2.

3.3. Compression and tension experiments

This section employs the constitutive theory suitably cali-
brated for nc-Al to predict the uniaxial stress-strain
response obtained from uniaxial tension and compression
tests. Tensile tests were conducted on dog-bone shape
samples with a 4mm gauge diameter and 20 mm gauge
length prepared according to ASTM E8/E8M-13a using
the Hounsfield 50 KN tensile testing machine. The experi-
mental stress-strain data were obtained for three different
strain rates of 0.0001s™', 0.001s™', and 0.01s™" at room
temperature. Following ASTM E9-89a, simple compres-
sion tests were performed on initially-cylindrical samples
with initial diameter and height of 8 mm and 8mm,
respectively, at a cross-head speed of 0.096 mm/min,
which implies the strain rate of 0.0001s™'. The geomet-
rical information of the tensile and compression test
specimens are illustrated in Figure 15a and b, respectively.
It is important to note that the compression cylindrical
specimens were very well polished at both ends to ensure
the samples’ ends’ flatness. In addition, Teflon sheets were
considered between the sample and the test platens to sig-
nificantly alleviate the side effects of friction at interfaces,
which can lead to finite homogeneous deformation. The
finite element simulations were conducted using a single
Abaqus reduced-integration continuum three-dimensional
brick (C3D8R) element, see Figure 16. The C3D8R elem-
ent with three displacement degrees of freedom at corner
nodes is a general-purpose element extensively used for
structural analysis. The square faces AA’D’D, AA’B’B and
ABCD are restricted from motion along axis-1, 2, and 3,
respectively. The remaining lateral faces, whose normals
coincide with axis-1 and 2, are free to reflect traction-free
conditions. The face A’B’C’D’ is subjected to positive or
negative displacement along its normal to simulate tensile
or compression tests, respectively.

Figure 17a compares the true stress-strain prediction
obtained from finite element simulation with the experi-
mental stress-strain data obtained from the tensile test
carried out at different strain rates of 0.0001s™', 0.001s™"
and 0.01s™'. From Figure 17, it turns out that the pro-
posed model and its computational implementations can
rigorously address the rate-sensitivity features of the
material such that the flow stress increases with increasing
strain rate. Furthermore, it can be readily seen that the

Table 5. Summary of constitutive parameters calibrated for the present powder-processed Al-based nanocrystalline metal.

G 26.0 [GPa] K 76.1 [GPa]
n 0.04 (<] 2.5 [GPa]
a 1.11 b 19 [GPa]
u 0.03 G 140 [MPa]

9o 0.006 [GPa]

do 0.0001 [s~"] ho 24.5 [GPa]
Gt 0.0 [GPa] m 0.035

[ 1 h. 0.0 [GPa]
i7" 0.002 [GPa] c 120 [MPa]
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Figure 15. An Abaqus reduced-integration continuum three-dimensional brick (C3D8R) element used for compression and tension test simulations.
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Figure 16. Result of experimental and finite element analysis. (a) True stress-
strain curve for nc-Al in tension at strain rates of 0.0001s s~', 0.001s~", and
0.01s™". (b) True stress-strain curve for nc-Al in tension and compression at the
strain rate of 0.0001s™". The constitutive model successfully reproduces the ten-
sion and compression data in good accord.

finite element simulation results are in good agreement
with the test data obtained from the experimental appar-
atus proposed in Section 2. For further verification of the
present constitutive model, Figure 17b compares numer-
ical results with the simple compression test data con-
ducted on the nc-Al samples under a strain rate of
0.0001s™". As seen from Figure 17b, the finite element
simulation results are consistent with physical experimen-
tal data. Therefore, it turns out that the proposed model
and its computational implementation can reasonably pre-
dict the simple compression test.

3.4. Vickers microindentation experiment

In this section, we further validate the present constitutive
modeling approach and its computation implementations
with respect to independent Vickers microindentation experi-
ments. Independent validation with respect to such boundary
value problems is useful for showing the capability of the
model for predicting deformation behavior under multi-axial
conditions and localized deformations [64-68]. The Vickers
microindentation experiment conducted on nc-Al material
can be numerically simulated using the numerical test setup
shown in Figure 18a. The symmetrical features of the test
setup with respect to the xz and yz planes imply a geometric
simplification  allowing a  significant reduction in

computational burdens. The geometrical measurement used
in this setup is specified in View A, shown in Figure 18a. In
doing so, one-quarter of the geometry is modeled by impos-
ing appropriate symmetric boundary conditions on xz and yz
symmetry planes. The nc-Al sample has been spatially discre-
tized using a general purpose linear brick element with
reduced integration (C3D8R element). The initially
undeformed mesh assigned to the nc-Al sample at the micro-
indenter tip region is shown in ‘Detail B’ in Figure 18a. It is
worth noting that a comprehensive mesh convergence study
was carried out to find the solution that required the least
amount of computing while providing the highest accuracy.

400
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True stress (MPa)
N
o
o
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= Simulation 0.0001/s
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= Simulation 0.001/s
== Experiment 0.01/s
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0 ! | .
0 10 20 30 40
True strain (%)
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360
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...............
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.........
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o
o

©
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Figure 17. Geometries of the (a) tensile specimen and (b) compression speci-
men used in tensile and compression tests.
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Figure 18. (a) Numerical model used for finite element simulation of Vickers microindentation test, and (b) comparison of finite element simulation results with
experimentally-obtained data for nc-Al at loading rates of 1.01325 mN/s, 10.1325 mN/s, and 101.325 mN/s.

Figure 18b demonstrates the numerical predictions
obtained from the finite element simulations using the afore-
mentioned numerical model. The simulations were conducted
for three representative loading rates of 1.01325mN/s,
10.1325mN/s, and 101.325mN/s. The numerical results are
compared with the physical experimental data from the
experimental setup established in Section 2.4. From Figure
18b, we can see that the proposed model and its computa-
tional implementation can capture the actual applied force-
depth response obtained from the Vickers microindentation
test for the nc-Al to good accord, and the present theory and
its FEM implementation can also rigorously model the rate
dependence feature of the nc-Al metal observed from the
microindentation test.

4, Conclusions

This work has presented a new synthesizing process for fab-
ricating high-performance nanocrystalline aluminum with
an optimal strength-to-ductility ratio using an in-situ hot
extrusion-based technique. Various comprehensive mechan-
ical and microstructural investigations on synthesized nano-
crystalline aluminum samples indicate a substantial increase
in ultimate tensile strength and hardness compared to the
conventional coarse grained commercial pure aluminum due
to the marked grain refinement to the nanoscale induced by
mechanical milling. To our knowledge, achieving such a
compromise between mechanical characteristics and ductility
has not previously been possible by established synthesizing
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processes. This new technique demonstrated potential for
general applicability to fabricate bulk nanostructured metals.
Furthermore, a constitutive modeling approach has been
proposed using a continuum-scale isotropic rate-dependent
plasticity model. The constitutive equations have been com-
putationally implemented into Abaqus/Explicit package via a
user defined material subroutine. The constitutive material
parameters have been efficiently calibrated using a curve-fit-
ting-based procedure. For validation purposes, a diverse set
of numerical results for simple compression/tension and the
Vickers microidentation test have been compared with the
experimental data obtained for the synthesized nanocrystal-
line aluminum. It has been demonstrated that the present
approach can successfully reflect the mechanical response of
the nc-Al materials, which constitute a foundation for com-
putational design and analysis of macroscale components
made of nc-Al materials. As future work, the fatigue behav-
ior of nc-Al materials can be investigated experimentally
and theoretically using a microplasticity-based constitutive
model [69-71], and the fracture of these materials can also
be modeled in a finite-element setting using the element
failure/deletion method as a first-cut approach [72].
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