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A B S T R A C T   

An artifact-free bulk nanocrystalline (NC) aluminum (Al)-2% lithium (Li) alloy was synthesized in this study 
using in-situ consolidation via a combination of cryogenic and room temperature milling. The mechanical 
behavior of this alloy was investigated by tensile testing and microhardness measurements, and it was compared 
with coarse-grained (CG) Al alloys and a commercially pure NC Al synthesized using the same method. The 
transmission electron microscopy (TEM) analysis revealed that the grain size of the NC Al-2% Li alloy and NC 
pure Al are 18 nm and 29 nm, respectively. The NC Al-Li alloy showed extremely high yield and ultimate tensile 
strength values of 440 MPa and 556 MPa, respectively. In addition, a high tensile ductility of 14% was achieved 
in the NC Al-Li alloy along with a relatively high strain hardening exponent (0.11). The high-resolution TEM 
investigations indicate a dependency of these extraordinarily tensile properties on multiple deformation mech-
anisms such as dislocation slip and pile-up and deformation twinning.   

1. Introduction 

Increasing demands for superior fuel consumption and lower 
greenhouse gas emissions has driven the interests to design new high- 
performance and lightweight structural materials [1]. In this regard, 
aluminum (Al) alloys are known to possess promising high specific 
strengths, amongst other attractive properties, such as corrosion resis-
tance, the capability to be strengthened by precipitation or second 
phases, along with its versatility to be shaped and machined [2]. Thus, 
Al alloys are promising candidates for improving energy efficiency in 
fuel-consumption applications that require lightweight and 
high-strength materials [1,2]. Lithium (Li) is the lightest metal to exist, 
and it is one of only a few metals that possesses moderate solubility in Al 
[2,3]. Reportedly, alloying Al with 1% Li decreases its density by 3% and 
increases its elastic modulus by 6% [2,3]. Extensive research has been 
carried out worldwide on lithium-containing aluminum alloys in 
weight-critical and stiffness-critical structures for military, space and 
commercial applications because they offer the promise of low density, 
improved specific strength and high stiffness-to-weight ratio over the 
other commercial 2XXX and 7XXX series aluminum alloys and 
carbon-fiber composites [4–6]. However, these alloys were designed for 

the best performance in their coarse-grained state. It is long overdue to 
design aluminum-lithium based alloys for the best performance in their 
nanostructured state. 

There have been continuous research efforts to produce such alloys 
with grain sizes in the nanoscale range (< 100 nm) in order to further 
improve their mechanical properties. The strength and hardness of these 
nanocrystalline (NC) metals and alloys have been reported to be at least 
an order of magnitude higher than their coarse-grained (CG) counter-
parts. However, most of these materials showed a lack of strain hard-
ening and exhibited poor ductility due to plastic instability in tension 
[7–11]. This behavior had been reported for the majority of metals, 
including NC Al and Al alloys [12–14]. Liu et al. [12] reported a high 
yield strength of 260 MPa but with a low 3.1% total elongation for their 
nanosized Al powder (80 nm) that was consolidated by a spark plasma 
sintering technique (SPS). A significantly high 500 MPa tensile yield 
strength was reported by Choi et al. [13] for NC Al (48 nm); this was 
associated with early plastic failure and a total elongation of 2%. 
Similarly, high tensile yield strength of 641 MPa was reported by Witkin 
et al. [14] for NC Al-7.5% Mg (20 nm) but with a limited 5.4% ductility. 
This limited ductility is a significant concern for the applications of these 
novel materials. 
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Additionally, recent studies on the deformation behavior of NC Al 
reported the activation of unconventional plastic deformation by twin-
ning. It is well known that CG Al possesses a high stacking fault energy 
that restricts its deformation by twinning [15,16]. However, molecular 
dynamic simulations (MDS) predicted the formation of deformation 
twins in NC Al [17–19]. Experimentally, twinning has been observed in 
ball-milled NC Al [20,21] and in NC Al films produced by physical vapor 
deposition and deformed by micro indentation [22]. It is believed that 
the distinct structural features of the nanostructure, along with the 
associated extremely high strength, could trigger unique plastic defor-
mation mechanisms that otherwise cannot be observed in CG Al 
[22–26]. There is a lack of reports about the influence of these uncon-
ventional deformation mechanisms on the overall tensile properties of 
NC Al-Li alloys. Therefore, we report in this paper an investigation of the 
mechanical properties and the associated deformation behavior in 
designed, artifact-free bulk NC Al–2% Li alloys, which is synthesized 
through in-situ consolidation during mechanical alloying. The mechan-
ical behavior of the produced alloy is evaluated through tensile tests and 
microhardness. The nanostructure and deformation mechanisms are 
examined using TEM. 

2. Experimental procedure 

A sample with a bulk composition of Al-2% Li (weight %) was pre-
pared from pure Al powder (99.99%, -325 mesh, from Alfa Aesar) and 
pure Li granules (99%, from Alfa Aesar). The ball milling of the Al-2% Li 
sample was conducted using an SPEX 8000 shaker mill. The Al powder 
and the Li granules were loaded into a stainless steel vial along with 
stainless steel balls using a ball-to-powder ratio of 10:1. The total weight 
of the powder for each run was 3 g. The loading and sealing of the 
sample were done in a glovebox under ultra-high purity argon (oxygen 
level < 0.5 ppm) to eliminate the oxidation during milling. The synthesis 
of the artifact-free bulk NC Al-2% Li alloy was then conducted in two 
stages. During the first stage of milling, a specially-designed Teflon vial 
was used to hold the stainless steel vial. Liquid nitrogen (LN) was 
allowed to flow around the stainless steel vial to maintain the temper-
ature at about 77 K. To prevent nitrogen and oxygen contamination and 
to secure the sealing of the stainless steel vial at low temperatures during 
cryogenic milling, a custom-designed PFA Teflon O-ring encapsulating a 
302 stainless steel wound ribbon spring (NESAstra Seals) was used. The 
second stage of milling was conducted at room temperature without 
using the Teflon vial. No process control agents were used during both 
stages of the ball milling. For comparison, a pure NC Al sample was 
prepared using the same method. 

The uniformity of the in-situ consolidation of the bulk spheres was 
investigated. The bulk spheres were sliced using a diamond saw, and the 
microhardness was measured across the cross-sectional area of the sliced 
spheres. A Future Tech Microhardness Tester, FM-800, equipped with a 
fully automated hardness testing system (ARS9000), was used for 
hardness measurements. The microhardness indentation parameters 
included a 25 g load and a dwelling time of 10 s with at least eight in-
dentations per sample. The density of the in-situ consolidated samples 
was measured using the Sartorius density determination kit (Sartorius 
YDK03, Germany). The density determination kit was set up using 
distilled water, and the water’s temperature was monitored during the 
measurement. Five density measurements were carried out for each 
sample. 

To investigate the nanostructure of the in-situ consolidated bulk 
alloy, an FEI Tecnai G2 transmission electron microscope (TEM) oper-
ated at 200 kV was used. The TEM samples were prepared using a twin 
jet electropolishing device (Fischione Model 110) along with an elec-
trolytic bath of 10 % perchloric acid and 90 % ethyl alcohol at ~ 233 K. 
For tensile testing, the in-situ consolidated spheres were compacted in an 
8 mm diameter tungsten carbide die. Several thin disks were cut from 
the compacted cylinders using a diamond saw, which were later cut into 
dog-bone shaped tensile specimens with a gauge length of 3 mm and a 

width of 1 mm. The final thicknesses of the tensile samples ranged be-
tween 250 and 370 μm after polishing the surfaces of the samples to a 
mirror finish. The tensile tests were performed using a miniaturized 
tensile machine (eXpert 4200 series, from ADMET Inc.) with a strain rate 
of 10− 3 s-1 at room temperature. The strain during tensile tests was 
measured using a 3-mm gauge length extensometer (from Epsilon 
Technology Corp.), and the tensile machine was calibrated for the 
compliance errors. The fracture surface of the tensile samples was 
studied using an FEI Nova NanoSEM—scanning electron microscope 
(SEM). 

3. Results and discussion 

3.1. Evolution of the nanostructure 

The in-situ consolidated NC Al-2% Li spheres were synthesized in this 
work using a combination of liquid nitrogen and room temperature ball 
milling. For comparison, the same technique and conditions were used 
to synthesize pure NC Al. The final in-situ consolidated bulk spheres of 
NC Al-2% Li and NC Al are shown in Fig. 1, and they exhibit diameters 
up to 10 mm and 6 mm, respectively. Utilizing the cryogenic and the 
subsequent room temperature ball milling techniques allowed for 
tailoring the samples from fine powders into bulk spheres. Initially, 
milling at cryogenic temperatures for 2 h suppressed the dynamic re-
covery of dislocations and allowed for higher dislocation densities, 
which resulted in grain refinement. It is crucial for a successful in-situ 
consolidation process to keep the vial completely immersed in LN by 
applying a continuous high liquid nitrogen flow. If the flow rate of LN is 
relatively low or interrupted during cryogenic milling, flake-shaped 
pieces are typically formed (see Fig. 1A), and further room tempera-
ture milling would produce hollow spheres. However, keeping the 
temperature of the powder and milling media as low as possible by 
increasing the flow rate of LN facilitates the formation of small spherical 
agglomerates (see Fig. 1A). The heat generated during the room tem-
perature ball milling for 4 h favors the consolidation of the spherical 
agglomerates into artifact-free bulk spheres (see Fig. 1B and C). 

To investigate the integrity of the consolidated structure and the 
uniformity of the microstructure, the NC Al-2% Li and NC Al spheres 
were sliced across their diameters. The spheres appear to be fully 
densified with no observed porosities or voids (see Fig. 1C). The sliced 
spheres were then mechanically polished, and their microhardness 
values were evaluated using Vickers microhardness across the diameter 
(see Fig. 2). Uniform microhardness values were obtained across the 
diameters of the polished surfaces for both NC Al-2% Li and NC Al 
samples, with their average hardness values being 1.44 GPa and 1.1 
GPa, respectively. The uniform microhardness values across the spheres 
indicate the homogeneity of the microstructure and thus the applica-
bility of the in-situ consolidation technique. The microhardness value of 
the Al-2% Li alloys is higher than that of the Al-2Li alloys produced by 
accumulative roll bonding and aging treatment (~60 HV) [27] and the 
Al-2.3 % Li alloys processed using solution treatment and rolling with 
the cyclic movement of rolls technique (1.2 HV) [28]. 

Fig. 3A and B are typical bright-field TEM (BF-TEM) images of the in- 
situ consolidated NC Al-2% Li and NC Al spheres after combined milling 
of 6 h. The grains in both samples appear to be equiaxed with random 
orientations, and they are separated by high-angle grain boundaries 
[29]. Fig. 4A and B present the grain size distribution of NC Al-2% Li and 
NC Al, respectively. The statistical analysis was performed on 250 grains 
for each sample and showed a monotonic grain size distribution with an 
average grain size of 18 nm and 29 nm for NC Al-2% Li and Al, 
respectively. The selected area diffraction patterns for the NC Al-2% Li 
and Al are shown in the inset images in Fig. 3A and B, respectively, and 
they illustrate the presence of only the face-centered cubic (FCC) Al 
phase. The absence of any Li body-centered cubic (BCC) rings in the 
Al-2% Li diffraction pattern is an indication of complete solubility of Li 
in Al and the formation of an FCC supersaturated solid solution. The 
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formation of solid solutions during mechanical milling has been re-
ported for various systems [8,30]. The severe plastic deformation during 
milling increases the solid solubility limit of miscible systems and even 
produces alloys from immiscible elements, which otherwise do not 
attain an equilibrium room temperature solubility. This is attributed to 
the large grain boundary density and, thus, the large number of segre-
gation sites produced during mechanical milling as a result of the severe 
plastic deformation [31]. For instance, Youssef et al. [8] reported the 
formation of a supersaturated Al-4.5% Mg alloy using in-situ consoli-
dation mechanical milling, thus increasing the maximum solid solubility 

of Mg in Al from 1%. In the case of immiscible systems, Botcharova et al. 
[30] reported the alloying of 10 % Nb in Cu using mechanical milling. 

The BF-TEM image of the in-situ consolidated NC Al revealed the 
presence of deformation twins (see red arrows in Fig. 3B). A closer 
investigation using high-resolution TEM (HR-TEM) confirmed the 
presence of deformation twins distributed in both the NC Al-2% Li and 
Al samples. These twins are identified as planer defects with parallel 
boundaries and can be recognized by the mirror symmetry between the 
twin and the parent lattice (see Fig. 5A and B). They seemed to mostly 
form in relatively small nanograins and emitted from the grain bound-
aries on {111} slip planes, along with stacking faults, which could 
facilitate the creation of these deformation twins. A statistical analysis 
relating the number and size of grains containing deformation twins in 
both NC Al-2% Li and Al samples was performed on 40 NC Al-2% Li 
grains and NC Al grains (see Fig. 3A and B), respectively. It was observed 
that the majority of deformation twins in both samples resided in rela-
tively small grains with grain size values ranging between 10 and 25 nm. 
It is well known that the high stacking fault energy in CG Al has long 
prevented its deformation by twinning [15,16]. Recently, Zhao et al. 
[32] were able to induce macro-deformation twins in single-crystal Al by 
providing ultrahigh strain rates (~106 s− 1) and high shear strain (200%) 
using a dynamic equal channel angular pressing technique. Recent 
studies have shown that deformation by twinning is made possible in NC 
Al [20–22]. The high resolution TEM investigations by Chen et al. [22] 
on the NC Al films, which were deformed by microindentations and 
manual grinding, revealed the presence of deformation twins in rela-
tively smaller grains, consistent with our observations. They calculated 
the shear stresses required to activate a partial and a full lattice dislo-
cation in Al as a function of grain size using the classical dislocation 
theory [22]. It was also found that as the grain size decreases gradually 
below about 10 nm, the shear stress needed to form a partial dislocation 
becomes smaller than the stress needed to form a full dislocation. Thus, 
the emission of a partial dislocation in Al becomes easier than that of the 
lattice dislocation, which facilitates the formation of twins in the small 

Fig. 2. Vickers microhardness variation across the diameter of the in-situ 
consolidated NC Al and Al-2% Li spheres. 

Fig. 1. (A) The effect of the liquid nitrogen flow on the shape of the Al agglomeration after 2 h of cryogenic milling, (B) and (C) are the in-situ consolidated final 
spheres of the NC Al and Al-2% Li, respectively, after 6 h of combined cryogenic and room temperature milling. 
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nanoscale grains. Liao et al. [21] studied the formation mechanisms of 
deformation twins as they reported two types of twins via TEM obser-
vations in their NC Al synthesized by ball milling while immersing the Al 
powder in liquid nitrogen. They were able to verify different twinning 
formation mechanisms and confirm the twinning mechanisms predicted 
by the molecular dynamic simulation (MDS) [18], including the het-
erogeneous nucleation and growth of twins from grain boundaries and 
the twin lamella formation by the dissociation and migration of grain 
boundaries. These reports and our observations are in agreement with 
the MDS by Yamakov et al. [17,18] and the analytical model by Zhu 
et al. [33], which relates the grain size of NC FCC Al to its deformation 
by twinning. These findings suggest that twinning, although a 

non-favorable deformation mechanism in conventional grain-size Al 
because of the high stacking fault energy, is a preferred mechanism of 
deformation in the NC Al and Al-2% Li alloy. In addition, Muzyk et al. 
[34] used a density function theory to calculate the generalized stacking 
fault energy of Al alloys. Lithium was found to be one of the alloying 
elements that reduced the stacking fault energy of Al and promoted the 
emission of partial dislocations, which in turn facilitate the formation of 
twins. In FCC metals, different twinning formation mechanisms have 
been reported [20,21,32,33,35–37]. In our in-situ consolidated NC 
Al-2% Li, it appears that the emission of partial dislocations from the 
grain boundaries on {111} slip planes could be the main reason for the 
formation of the observed twins, see Fig. 5A. 

3.2. Mechanical properties 

The tensile tests were conducted to investigate the mechanical 
behavior of the in-situ consolidated NC Al-2% Li sample. For comparison 
purposes, similar tensile tests were conducted on the NC Al sample and a 
commercially pure CG Al sheet (from Alfa Aesar, 99% purity). Fig. 6A 
shows the tensile stress-strain curves obtained for the NC Al-2% Li, NC 
Al, and CG commercially pure Al samples. The resulting tensile prop-
erties of the three samples are summarized in Table 1. In comparison to 
the CG commercially pure Al, both the in-situ consolidated NC Al and Al- 
2% Li showed lower elongation to failure levels but significantly higher 
yield strengths (σy at 0.2% offset) and ultimate tensile strengths (σu). The 

Fig. 3. BF-TEM micrographs after combined milling showing nanocrystalline 
grains of (A) NC Al-2% Li, and (B) NC Al. Inset images in (A) and (B) show the 
indexed selected area electron diffraction patterns of the NC Al-2% Li and NC Al 
samples, respectively. Red arrows in (B) point to the deformation twins 
distributed in the NC Al sample. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Statistical grain size distribution of all grains and the twins-containing 
grains of (A) NC Al-2% Li, and (B) NC Al. 
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NC Al sample achieved σy and σu of 375 MPa and 410 MPa, respectively. 
Grain refinement, as evidenced by the nanometric grain size of the NC Al 
sample (29 nm), is the main contribution behind at least ten times higher 
strength values obtained compared to the CG Al. On the other hand, NC 
Al-2% Li achieved even higher σy and σu of 440 MPa and 556 MPa, 
respectively, than NC Al, which is consistent with the higher average 
hardness values for the NC Al-2% Li compared to the NC Al discussed 
earlier (see Fig. 2). This extremely high strength could be attributed to 
the small grain size (18 nm), as shown in Figs. 3A and 4 A. In addition, 
solid solution strengthening due to the presence of Li could contribute to 
the strengthening of the NC metal through dislocation pinning [38]. 
Furthermore, the deformation twins observed in the small nanograins of 
both NC Al-2% Li and NC Al could play a role in the obtained high 
strength values in both samples. It is well-known that twin boundaries 
are barriers to dislocation motion, causing an increase in the tensile 

strength of the metal. A significant improvement of tensile strength due 
to twinning was reported in Cu [39,40] and Ni [25]. On the other hand, 
Liu et al. [41] reported a comparable high ultimate tensile strength 
(466.7 MPa) for a spark plasma sintered and extruded ultra-fine grained 
(UFG) Al (188 nm). Hayes et al. [42] used ball milling in liquid N2 fol-
lowed by extrusion to synthesize UFG Al (116 nm) that exhibited a 404 
MPa ultimate tensile strength. With significantly larger average grain 
sizes, the presence of deformation twins was not observed or reported in 
these UFG Al samples [41,42]. In addition, the presence of high-density 
second phases and dispersoids, such as nanoscale Al2O3 and AlN parti-
cles, was detected and was considered responsible for the majority of the 
strengthening in these samples rather than the inherent nanometric 
nature of the metal: the case in our NC Al-2% Li and NC Al in-situ 

Fig. 5. High-resolution TEM images showing deformation twins identified by 
the mirror symmetry and parallel boundaries in (A) NC Al-2% Li and (B) NC Al. 
The inset in panel B is an FFT from the image. 

Fig. 6. (A) Tensile stress-strain curves for the NC Al-2% Li, NC Al, and the CG 
Al alloy. (B) The variation of the strain hardening rate as a function of the true 
plastic strain of the three samples. 

Table 1 
Tensile properties of the CG commercially pure Al and the as-milled in-situ 
consolidated NC Al-2% Li and NC Al samples.  

Sample Yield 
strength 
(MPa) 

Ultimate 
strength 
(MPa) 

Elastic 
modulus 
(GPa) 

Uniform 
elongation 
(%) 

Total 
elongation 
(%) 

NC Al- 
Li 

440 ± 11 556 ± 13 75.4 ± 1 3 ± 0.2 14 ± 1 

NC Al 375 ± 13 410 ± 9 69.5 ± 1 4.5 ± 0.5 10 ± 1 
CG Al 35 ± 5 80 ± 6 69.8 ± 2 23 ± 2 26 ± 3  
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consolidated samples. Wang et al. [27] processed Al-2% Li alloys using 
accumulative roll bonding and aging treatment, and they were able to 
enhance the ultimate strength of this alloy to 353 MPa. They attributed 
the strength enhancement to strain hardening, grain refinement, and 
precipitation hardening due to the formation of Al3Li. 

Besides the extremely high strength of NC Al-2% Li and NC Al, both 
samples exhibit high tensile ductility, as observed from the tensile 
behavior in Fig. 6A. This behavior is rarely reported for NC metals and 
alloys with comparable grain sizes, as there exists a trade-off between 
strength and ductility. The high tensile yield strength of 500 MPa that 
was achieved in NC Al (48 nm) prepared by ball milling and hot 
extrusion was associated with an early plastic instability in tension, 

leading to failure just after yielding with total elongation of 2%, as re-
ported by Choi et al. [13]. However, the in-situ consolidated NC Al-2% Li 
and NC Al showed significant elongation to failure: 14% and 10%, 
respectively. These tensile ductility values are higher than those re-
ported for nanostructured Al samples, such as the 7.7% total elongation 
reported by Sun et al. [43] for a cold deformed nanostructured Al (53 
nm), the 8% total elongation reported by Zakeri et al. [44] for nano-
structure Al produced by ball milling followed by extrusion, and the 
3.1% total elongation reported by Liu et al. [12] for nanosized Al powder 
pressed by SPS. Even though the different ductility behavior in these 
samples may have been attributed to the different deformation mecha-
nisms specific to each sample, it has been suggested in all these reports 
that the limited ductility behavior originated from sample imperfec-
tions, such as pores, impurities, and cracks, which significantly affected 
the tensile behavior of NC samples leading to plastic failure and fracture 
[12,43,44]. 

The high tensile ductility values of NC Al-2% Li and Al in this study 
could reflect the integrity of their in-situ consolidated fully densified 
artifact-free nanostructures. This allowed the plastic deformation to take 
place without being influenced by the tensile instability or processing 
artifacts such as porosities or cracks that usually initiate failure in 
nanostructured materials [45–47]. On the other hand, good ductility has 
been reported for UFG Al rather than NC Al, where the enhancement in 
ductility is associated with larger grain sizes and thus lower strengths. 
Eizadjou et al. [48] used accumulative roll bonding to produce UFG Al 
sheets (360 nm) with a tensile yield strength of 230 MPa and good 
ductility of 10% elongation to failure. Khajouei-Nezhada et al. [49] re-
ported a larger ductility of 22% elongation to failure with a 195 MPa 
tensile yield strength for UFG Al (410 nm) powder consolidated by 
high-pressure torsion. The total tensile elongation vs. yield strength are 
plotted in Fig. 7 to illustrate the trade off between strength and ductility 
for different NC and UFG Al samples fabricated using various techniques 
[12,13,41,43,44,48–50]. As seen in Fig. 7, most reports confirm the 
strength-ductility trade off as they fall in the shaded region. When 
comparing the results of yield strength and ductility of all the Al samples 

Fig. 7. The total elongation vs. the tensile yield strength of different NC and 
UFG Al obtained from several studies [12,13,41,43,44,48–50], and compared 
with the NC Al-2% Li and NC Al spheres produced in this study. 

Fig. 8. The Ashby chart of yield strength (MPa) vs. density (kg/m3). The NC Al-2% Li sample of this work is marked on the chart by the purple star. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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presented in Fig. 7, the NC Al-2% Li and NC Al samples reported in this 
work stand out as having achieved a good combination of high strength 
and good ductility. All the samples to the left of our NC Al-Li sample are 
reported to have comparable ductility but much lower strength than our 
samples. All the samples that have comparable strength to our NC Al-Li 
sample are reported to have much lower ductility. Thus, the NC Al-Li 
samples prepared in this work have the best combination of strength 
and ductility (440 MPa and 14%, respectively) amongst other NC and 
UFG Al samples. 

As mentioned earlier, the interest in Al-Li alloys stems from the low 
weight advantage and the expected high specific strength they offer. Al 
is generally regarded as a low weight metal with a density of 2.7 g/cm3. 
In addition, Li itself is the lightest metal with a density of 0.534 g/cm3. It 
was reported that the addition of 1% Li to Al reduces the density of Al by 
3% [2,3]. Thus, in our case, adding 2% Li to Al was expected to reduce 
the density of Al by 6%. The average density of the Al-2% Li alloy was 
measured and was found to be 2.54 g/cm3, which is consistent with the 
6% reduction of the Al density. Accordingly, the specific strength of the 
NC Al-2% Li is 0.219 MPa kg− 1 m-3. Comparing this value of specific 
strength to that of mild steel (0.051 MPa kg− 1 m-3) [51], this NC Al-2% 
Li offers a significant increase in specific strength of at least 300% over 
that of steel. The Ashby chart of yield strength versus density [52] is 
shown in Fig. 8. This chart guides the selection of materials for the best 
combination of lightweight and high-strength. The best 
strength-to-weight ratio is offered by materials located towards the 
upper left corner of the chart. The NC Al-2% Li sample of this work is 
marked on the chart by a purple star (see Fig. 8). This NC Al-2% Li 
sample achieved a comparable strength to steels and Ti alloys, yet at a 
much lower density. Furthermore, the elastic modulus of the NC Al-2% 
Li was calculated from the tensile data (Fig. 6a) and compared with that 

of the NC Al and CG Al. The average elastic modulus of the NC Al-2% Li 
alloy was found to be 75.4 GPa while the average elastic moduli of the 
NC Al and the CG Al were 69.5 GPa and 69.8 GPa, respectively. It has 
been reported that the addition of 1% Li to Al increases the stiffness of Al 
by 6% [2,3]. Thus, the increased stiffness of the NC Al-2% Li alloy can be 
attributed to the presence of Li. 

3.3. Deformation mechanisms 

The strain hardening rate is another tensile property that provides 
insight into the deformation mechanisms in NC materials. Fig. 6B shows 
the strain hardening rate, θ = dσ/dε, for the NC Al-2% Li, NC Al, and the 
commercially pure CG Al as a function of the true plastic strain. As seen 
in Fig. 6B, NC Al-2% Li and NC Al exhibited significantly higher θ than 
that of the CG Al alloy. The strain-hardening exponent values, n, of the 
NC Al-2% Li and NC Al were found to be 0.11 and 0.13, respectively. It 
has been reported that NC bulk metals with high angle grain boundaries 
and with grain size values less than 30 nm cannot sustain strain hard-
ening upon loading, which leads to failure just after yielding and results 
in low ductility [53–56]. It was argued that as grain size decreases, small 
nanograins could not accommodate the repulsive interaction of strain 
fields of dislocations due to decreased spacing. Thus, dislocation slip-
ping and pile-up as the dominant deformation mechanism in CG metals 
is essentially hindered by the grain size reduction. Nonetheless, the high 
θ and n of the in-situ consolidated NC Al-2% Li and NC Al indicate the 
presence of a significant dislocation activity during the tensile defor-
mation. This observation is confirmed by a closer investigation into the 
nanostructure of the in-situ consolidated NC Al after tensile deformation, 
as seen in the BF-TEM image in Fig. 9A. The TEM image reveals the 
presence of high dislocation density distributed within the relatively 

Fig. 9. (A) A bright-field TEM image of the NC Al after tensile testing showing a high density of dislocations and pile-ups in the large nanograins and deformations 
twins in the smaller nanograins. (B) and (C) SEM fracture surface micrographs of the NC Al and NC Al-2% Li, respectively, showing typical dimpled features that are 
associated with ductile plastic deformation behavior. 
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large grains. The large strain hardening rates of NC Al suggest that these 
dislocations are plastically induced during tensile testing. In addition, 
the fracture surface morphology presented in Fig. 9B of the NC Al sample 
and Fig. 9C of the NC Al-2% Li revealed the typical dimpled features 
associated with ductile plastic deformation behavior and dislocation 
activity in the nanosized grains. Furthermore, TEM investigation 
revealed the presence of nano twins present in the relatively smaller 
grains (~20 nm) (see red arrows in Fig. 9A). In light of these observa-
tions, a picture of the deformation mechanisms emerges and confirms 
the role and the grain size dependency of dislocations and twinning in 
the overall strengthening and ductility behavior of the NC Al. 

Even though the NC Al-2% Li sample possesses higher elongation to 
failure value than that of the NC Al, the uniform elongation region where 
strain hardening takes place is larger in NC Al (4.5%) than in NC Al-2% 
Li (3%) (see Fig. 6A and Table 1). Upon applying stress above σy, dis-
locations are generated inside the grains and piled up at the grain 
boundaries. The smaller the grains, the faster they are saturated with 
dislocations, and the higher the strain hardening rate is. Thus, the 
increased dislocation density in the relatively larger grains of NC Al (see 
Fig. 9A) led to its higher uniform elongation. Accordingly, the smaller 
average grain size values of NC Al-2% Li (18 nm) over that of NC Al (29 
nm) could plausibly explain its higher strain hardening rate and lower 
uniform elongation. As seen in Fig. 3, the majority of the nanograins in 
the NC Al-2% Li sample lie in a range similar to the preferred grain size 
range where twins are formed (~10− 25 nm) [17,18]. This could give 
rise to more activated deformation twins in NC Al-2% Li than that of NC 
Al. As seen in Fig. 5B, several nano twins are formed into individual 
nanograins in the NC Al-2% Li. These results could affirm the de-
pendency of the high strength and good ductility of the NC Al-2% Li on 
twinning. The higher strength and hardness of NC Al-2% Li compared to 
NC Al, on the other hand, are attributed to its smaller grain size, solid 
solution strengthening, strain hardening, and twinning. 

4. Conclusion 

In the present work, a combination of cryogenic and room temper-
ature milling techniques was used to synthesize in-situ consolidated 
artifact-free bulk NC Al-2% Li alloys. This NC alloy exhibited an average 
grain size of 18 nm and a hardness of 1.44 GPa. The average yield and 
ultimate tensile strengths of the NC Al-2% Li samples was found to be as 
high as 440 MPa and 556 MPa, respectively. These values are higher 
than those of NC Al and at least 12 times higher than those of the con-
ventional CG commercially pure Al. This extraordinarily high strength 
was attributed to the grain size refinement, solid solution strengthening 
due to the presence of Li, and the formation of deformation twins. The 
average uniform and total elongations of the NC Al-2% Li samples were 
found to be 3% and 14%, respectively. The NC Al-2% Li showed an 
equivalent θ to that of NC Al and higher than that of the CG Al with a 
strain-hardening exponent equals to 0.11. The observed strain hard-
ening was attributed to the accumulation of dislocations during plastic 
deformation. The NC Al-2% Li samples achieved a comparable strength 
to steels and Ti alloys along with a much lower density. The TEM in-
vestigations revealed the presence of deformation twins distributed in 
the relatively smaller grains (10− 25 nm) and emitted from the grain 
boundaries on {111} slip planes. The deformation twins, along with the 
dislocation slip and pile-ups in the relatively large grain, could be the 
main deformation mechanisms in the NC Al-2% and the major cause for 
the high θ and n values that led to good ductility. We expect that these 
combinations of high strength, low density, good ductility, and high 
strain hardening rate will have implications in the development of 
lightweight and tough NC Al alloys in various applications. 
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