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A B S T R A C T   

We report tensile properties and TEM observations of in situ consolidated bulk nanocrystalline Al with an 
average grain size of 29 nm. The nanocrystalline Al is synthesized using a combination of cryogenic and room 
temperature ball milling. This nanocrystalline Al exhibits extremely high tensile strength, strain hardening rate, 
and ductility when compared with the conventional coarse-grained commercially pure Al. The tensile strength of 
this bulk nc Al is at least ten times higher than that of the coarse-grained Al with a total elongation of 10%. These 
results demonstrate the dependence of the extraordinary tensile properties on the grain size, dislocation activities 
in the large nanograins, and the deformation twinning controlled by partial dislocations and stacking faults in the 
nanograins with relatively small grain size.   

1. Introduction 

Nanocrystalline (nc) metals –with grain sizes < 100 nm– often have 
unique properties, which are superior to those of their coarse-grained 
(CG) counterparts [1–4]. Aluminum (Al) is an extremely versatile 
metal and is considered to be an essential engineering material because 
of its high specific strength, lightweight, and corrosion resistance. To 
improve its mechanical properties, several researchers tried to produce 
Al with grain sizes in the nanoscale range. However, almost all of the 
reported mechanical properties are obtained for ultra-fine grained 
(UFG) Al – grain sizes from 100 nm to 1 μm [5–8]. Accordingly, there is 
a lack of information about the tensile properties of pure bulk nc Al. 
Additionally, reducing the grain size to the nanoscale range results in 
extremely high strength, which could trigger unique plastic deformation 
mechanisms that are not observed in CG materials [9–13]. In the case of 
nc Al, which has relatively high stacking fault energy, molecular dy-
namic simulations (MDS) predicted the formation of deformation 
twinning [14–16]. Twinning was experimentally confirmed in nc Al 
produced by ball milling [17,18] and nc Al films produced by physical 
vapor deposition that was exposed to plastic deformation by micro 
indentation [12]. These studies focused mainly on verifying the pres-
ence of twins in nc Al and describing the possible mechanisms of their 
formation [12,14–21]. However, no report, to the best of our knowl-
edge, described the influence of these deformation twins and other 

plastic deformation mechanisms on the tensile properties of nc Al. The 
present study is therefore motivated to synthesize and examine the 
nanostructure of an artifact-free bulk nanocrystalline Al produced by the 
in-situ consolidation during milling technique. In particular, this 
research focuses on the influence of grain size and different deformation 
mechanisms on the tensile properties of bulk nanocrystalline Al. 

2. Experimental procedure 

The ball milling of pure Al powder (Alfa Aesar®, 99.99% - 325 mesh) 
was conducted using a SPEX 8000 shaker mill. The Al powder with a 
ball-to-powder ratio of 10:1 was loaded into a stainless steel vial in a 
glovebox under ultra-high purity argon (oxygen level < 0.5 ppm). 
Synthesizing the artifact-free bulk nanocrystalline Al was then con-
ducted using ball milling at liquid nitrogen and room temperatures. 
During cryogenic milling, a specially designed Teflon vial was used to 
hold the stainless steel vial and liquid nitrogen was allowed to flow 
around the stainless steel vial to maintain its temperature at about 77 K. 
A PFA Teflon O-ring encapsulating a 302 stainless steel wound ribbon 
spring (NESAstra Seals®) was used to secure the sealing of the stainless 
steel vial at low temperatures and prevent nitrogen and oxygen 
contamination during cryogenic milling. No process control agent was 
used during ball milling. 

The nanostructure of the in situ consolidated spheres was 
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characterized using an FEI Tecnai G2 transmission electron microscope 
(TEM) operated at 200 kV. The TEM samples were prepared by using a 
twin jet electropolishing device (Fischione Model 110) in an electrolytic 
bath of 10% perchloric acid and 90% ethyl alcohol at ~ 233 K. The 
fracture surface of the tensile samples was investigated using an FEI 
Nova NanoSEM scanning electron microscope. 

The in-situ consolidated spheres were compacted in a cylindrical 
tungsten carbide die (inner diameter ¼ 8 mm) and thin discs were sliced 
from the compacted cylinders using a diamond saw. Several dog-bone 
shaped tensile specimens were cut from the discs with a gauge length 
of 3 mm and a width of 1 mm. The surfaces of the specimens were 
polished to mirror finish and the final thicknesses of the tensile samples 
ranged from 250 to 370 μm. The tensile tests were performed at ambient 
temperature using a miniaturized tensile machine with a strain rate of 
10� 3 s� 1. Microhardness was measured across the cross-sectional area of 
the sliced in-situ consolidated spheres using a Future Tech Microhard-
ness Tester, FM-800, equipped with a fully automated hardness testing 
system (ARS9000). A 25 g load and a loading time of 10 s were utilized 
during the microhardness indentation process. The hardness results re-
ported in this study is the average of 8 indentations. 

3. Results and discussion 

In order to synthesize bulk nanocrystalline Al samples, a combina-
tion of ball milling at liquid nitrogen and room temperatures was used. 
The process started by carrying out liquid nitrogen milling for 2 h. 
Before the cryogenic milling, the sealed stainless steel vial with the 
loaded Al powder was immersed into liquid nitrogen for 5 min. Then it 
was placed into the Teflon vial and the liquid nitrogen was allowed to 
flow continuously around the stainless steel vial during the milling 
process. After ball milling at liquid nitrogen temperature, the Al pow-
ders were welded together to form small rounded agglomerations with 
about 2–3 mm diameter, see the left image in Fig. 1. In-situ consolidation 
of these rounded agglomerations occurred during the room temperature 
ball milling. Bulk Al spheres were produced after 6 h of combined 
milling with sphere diameters up to 6 mm, see the right image in Fig. 1. 
Chemical analysis was conducted on the in-situ consolidated spheres 
using a laser ablation inductive coupled plasma mass spectroscopy (LA- 
ICP-MS) technique. The analysis showed oxygen and iron contents of 
0.03 wt% and 0.01 wt%, respectively, with no nitrogen contamination. 
Three spheres were sliced around the center area and mechanically 
polished for microhardness measurements. No interior voids or pores 

were observed after slicing the spheres. Additionally, uniform micro-
hardness values were obtained across the polished surfaces of the 
spheres with an overall average hardness value of 1.1 GPa, see Fig. 1. 
These results indicate that the consolidated material has identical 
properties all through the cross-section, confirming the uniformity of the 
prepared samples, and applicability of the consolidation technique. 

Fig. 2A is a bright-field TEM image of the in situ consolidated 
nanocrystalline Al samples, which reveals that the sample exhibits grain 
sizes in the range of 10–55 nm. Statistical analysis of 250 grains shows a 
monotonic grain size distribution with an average grain size of 29 nm, 
see Fig. 2B. The TEM observation in Fig. 2A indicates that the nano-
grains are equiaxed and separated by high-angle grain boundaries with 
only FCC Al phase present, see the upper right inset of the corresponding 
selected area diffraction pattern in Fig. 2A. A closer investigation of the 
nanograins in Fig. 2A shows several planer defects with parallel 
boundaries that are identified as deformation twins, indicated by arrows 

Fig. 1. Vickers microhardness variation across the diameter of the in-situ 
consolidated nc Al spheres. Images of the agglomerated Al pieces after 2 h of 
cryogenic milling (CM) and the in situ consolidated final spheres after more 4 h 
of room temperature milling (RTM). 

Fig. 2. (A) A bright-field TEM image of consolidated Al after 6 h of combined 
milling showing nanocrystalline grains with sizes ranging from 10 to 55 nm. 
The inset, in the upper right corner, is the corresponding selected area 
diffraction pattern. (B) A statistical grain size distribution of all grains and the 
grains that contain twins. 
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in Fig. 2A. Deformation twins have not been observed in single crystal or 
polycrystalline coarse-grained pure Al subjected to plastic deformation 
processes with high strain rates such as shock loading even at low 
temperatures due to its relatively high stacking fault energy [22,23]. 
However, recent reports showed that a modified dynamic equal channel 
angular pressing (D-ECAP) technique can provide ultrahigh strain rates 
(~106 s� 1) and enormous shear strain (200%) to induce macro-
deformation twins in single-crystal Al [24]. In the case of nc Al, defor-
mation twins were experimentally observed using plastic deformation 
techniques with moderate to high strain levels. For instance, the twin-
ning formation was reported in nc Al thin films produced by physical 
vapor deposition after deformation using either micro indentation or 

manual grinding [12] and also in nc Al powder that was ball milled in 
liquid nitrogen with 0.2 wt% stearic acid [17,18]. The deformation 
twins in the in situ consolidated nc Al (Fig. 2A) seem to form mostly in 
relatively small nanograins. Forty grains containing twins in the in situ 
consolidated nc Al were examined and their fraction histogram as a 
function of the grain size is shown in Fig. 2B. It can be seen from Fig. 2B 
that the fraction distribution of grains containing twins occurred in 
small grains (grain size values from 10 to 25 nm). This result confirms 
the dependency of twinning formation on the grain size in Al that was 
predicted using molecular dynamics simulations (MDS) by Yamakov 
et al. [14,15] and also experimentally reported by Chen et al. [12]. An 
example of these deformation twins is shown in the high-resolution TEM 

Fig. 3. (A) A high-resolution TEM image of the in situ consolidated nc Al showing a deformation twin with parallel boundaries. (B) A fast Fourier transform pattern 
of the twinned area in (A). (C) A Fourier-filtered image from the yellow box in (A) showing several deformation twins and stacking faults. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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image in Fig. 3A with the corresponding fast Fourier transform (FFT) 
pattern (Fig. 3B). Multiple narrow twin bands residing in a nanograin 
can be recognized by the mirror symmetry between the twin and the 
parent lattice. Analysis of these deformation twin boundaries indicates 
that they are the {111} type. A Fourier-filtered image from the selected 
area (yellow boxed region in Fig. 3A) shows multiple twins, see Fig. 3C. 
Several stacking faults and partial dislocations are also observed in the 
sample. 

Several mechanisms of twinning in FCC metals have been proposed 
and reported [19–21,24–28]. Partial dislocations, which appear to be 
emitted from the grain boundaries on {111} slip planes, and stacking 
faults (see Fig. 3C) could facilitate the creation of the deformation twins 
in our nc Al samples. Chen et al. [12] used the classical dislocation 
theory in order to evaluate the shear stress needed to activate a full 
lattice dislocation (τL) and a partial dislocation (τP) in the nc Al film that 
was exposed to micro indentation deformation. These shear stresses 
were described as: 

τL¼
2ηGbL

d
(1)  

and 

τP¼
2ηGbP

d
þ

γ
bP
; (2)  

where η is a dislocation characteristic parameter (η ¼ 0.5 for an edge 
dislocation and 1.5 for a screw dislocation), G is the shear modulus (35 
GPa for Al), γ is the stacking fault energy (160 mJ/m2 for Al [29]), and bL 
and bP are the Burgers vector magnitudes of full (or lattice) and partial 
dislocation, respectively. Fig. 4A shows the variation of the critical shear 
stresses in equations (1) and (2) as a function of the Al grain size, d. It can 
be seen from Fig. 4A that with decreasing the grain size, τP increases 
with a slower rate than that of τL. When the grain size decreases to a 
critical value (~7 nm in Fig. 4A), τP begins to be smaller than τL and the 
activation of partial dislocations becomes easier than that of the lattice 
dislocation. This finding indicates that twinning could be a preferred 
deformation mechanism in the small nanograins of the processed Al, 
which is in agreement with the TEM observations in Figs. 2 and 3. Based 
on deformation physics and the emission of dislocations from grain 
boundaries, Zhu et al. [30,31] suggested another analytical model in 
order to investigate the effect of grain size on the twinning formation of 
nc FCC metals. In this model, the authors reported a reduction of the 
twinning shear stress with decreasing the grain size. In the case of nc Al, 
a minimum critical twinning stress was observed at an average grain size 
of 6 nm, which is considered by the authors to be an optimum grain size 
for twinning [30,31]. The statistical analysis of the grains containing 
twins in the in-situ consolidated Al shows that twinning formation 
occurred in relatively small grains in the range of ~10–25 nm (Fig. 2B). 
The formation of twins in grains larger than that expected from these 
analytical models (6–7 nm) could be attributed to the localized stress 
concentration, the high-stress levels accompanying ball milling, and the 
influence of elastic anisotropy [20], which were not accounted for in the 
above models. It is worth mentioning that no twins were observed in 
grains with size values less than 10 nm. However, the formation of twins 
in the nanoscale grains on the lower side of the grain size distribution 
(from 10 to 25 nm, see Fig. 2) is consistent with the experimental ob-
servations [30–32] and the results obtained from these models that 
indicate enabling the deformation by twining as the grain size decreases 
[12,31]. 

Tensile testing measurements were conducted at ambient tempera-
ture and a strain rate of 10� 3 s� 1. For comparison, similar tensile testing 
measurements were carried out on annealed commercially pure Al 
samples. Fig. 4B shows the tensile stress-strain curves of nc Al sample 
compared to that of the CG Al. The in-situ consolidated nc Al exhibits 
high yield (σy at 0.2% offset) and ultimate (σu) tensile strengths. The 
average σy of nc Al is found to be as high as 375 MPa and the average σu 

value is 410 MPa. These values are at least ten times higher than those of 
the conventional coarse-grained Al (see Fig. 4B). The contribution to the 
strengthening of the in-situ consolidated nc Al could result from the grain 
size refinement. The deformation twins formed in the small nanograin 
may also affect the obtained high strength. It is well known that twins in 
coarse-grained or nanostructured materials can affect their mechanical 
behavior. The twin boundaries act as strong barriers to dislocation 
motion, which resulted in higher tensile strength. A significant 
improvement of tensile strength due to twinning was reported in Cu [33, 
34], Ni [11], and austenitic stainless steel thin films [35]. Possible 
contribution from contamination to enhance the strength of the in situ 
consolidated nc Al is neglected since there is no evidence of dispersoids 
in the results. The yield and ultimate tensile strength values are also 
higher than those reported for nc Al (53 nm) prepared by active H2 
plasma evaporation technique followed by compaction at high temper-
atures, σy ¼ 257 MPa and σu ¼ 262 MPa, [38]. Comparable values of σy 
and σu were obtained for ultra-fine grained (UFG) Al (commercial purity, 
99.9%) with a bimodal distribution of grain sizes that was prepared 
using ball milling in a liquid nitrogen medium and subsequent extrusion 
[7]. Even though the grain size of these extruded samples is much larger 
(> 100 nm) than that of our samples, their high strength was attributed 
to the presence of different impurities and dispersoids such as Al2O3 and 

Fig. 4. (A) Critical shear stresses of the lattice and partial dislocations in Al as a 
function of the grain size calculated from equations (1) and (2). (B) Tensile 
stress-strain curves for the nc Al and the CG Al. The inset in (B) shows the 
variation of the strain hardening rate as a function of the true plastic strain for 
two samples. 
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AlN. 
Combined with the strengthening from the reduced grain size and 

twining, nc Al exhibits good ductility as well. As illustrated in Fig. 4B, 
the average uniform and total elongations of the nc Al samples were 
4.5% and 10%, respectively. This tensile ductility is higher than that 
reported by Sun et al. [38] for nanostructured bulk Al samples, which 
showed a total ductility of 5% and also much higher than that of the nc 
Al films (22-nm-thick) produced by a sputtering technique that failed 
with little plastic deformation in tension [39]. This high tensile ductility 
confirms the integrity of the in-situ consolidated nanostructure and the 
absence of tensile instability and processing artifacts (e.g., pores) that 
are typically observed in nanocrystalline and UFG materials processed 
by other techniques [19]. The high tensile ductility observed in Fig. 4B 
could be attributed to dislocation slip processes during deformation and 
the activated twins. Several studies reported that deformation twins 
produced by plastic deformation can significantly enhance the ductility 
of nanostructured materials [33,36,37]. 

Another tensile property that also confirms the integrity of the Al 
nanostructure is the significant strain hardening observed in the stress- 
strain curve, see Fig. 4B. The strain hardening rate, θ ¼ dσ= dε, was 
calculated for the nc Al and the CG Al and plotted as a function of the 
true plastic strain, see inset in Fig. 4B. It should be noted that nc Al 
exhibits much higher θ after yielding than CG Al. The strain-hardening 
exponent, n, of the nc Al was found to be 0.132. Generally, nc bulk 
materials cannot sustain uniform tensile elongation and show no strain 
hardening, which causes localized deformation leading to low ductility 
[39–42]. In the case of UFG Cu and Ni, for example, the nearly zero work 
hardening rate obtained was attributed to a high pre-existing dislocation 
density [43]. However, the high θ and n of the in-situ consolidated nc Al 
indicate a significant dislocation activity during the tensile deformation. 
In order to further investigate the causes of the observed high θ and the 
related ductility, a TEM specimen was cut from the surface of the nc Al 
sample after tensile testing using a focused ion beam (FIB) left-out 
technique. This TEM specimen was prepared from the middle of the 
gauge length in the vicinity of the fracture surface. Fig. 5A shows a 
bright-field TEM image of this sample. It can be seen from Fig. 5A that 
high dislocation density is observed in the relatively large nanograins. It 
is worth mentioning that during the room temperature milling to pre-
pare the in-situ consolidated nc Al, the temperature of the milling media 
was detected to be > 65 �C (using a standard Infrared Thermometer 
Laser Gun). This relatively high temperature could facilitate the dy-
namic recovery and annihilation of dislocations creating dislocation-free 
nanograins in these consolidated nc Al. Accordingly, it can be argued 
that the observed high dislocation density and pile up (Fig. 5A) are 
generated from the plastic deformation during tensile testing and could 
be the main reason for the high θ and ductility of the nc Al. SEM image of 
the fracture surface of the nc Al sample (Fig. 5B) shows a dimpled 
rupture confirming the dependency of the plastic deformation process 
on the dislocation activity in the relatively large nanograins. On the 
other hand, deformation twins are also observed in the nanostructure 
after tensile testing. The arrows in Fig. 5A point to deformation twins in 
relatively small nanograins (~20 nm). Even though we cannot confirm 
whether these twins were formed during the milling process or the 
tensile plastic deformation, their presence could play a role in the 
overall strengthening and ductility of the nc Al. 

4. Conclusion 

In this study, bulk nc Al (29 nm) was synthesized using in-situ 
consolidation during ball milling at liquid nitrogen and room tempera-
tures. The tensile behavior of the nc Al was investigated and correlated 
with the nanostructure features. Ultra-high yield and ultimate tensile 
strengths were achieved along with good ductility and strain hardening. 
The average σy of the nc Al samples was found to be as high as 375 MPa 
and the average σu value is 410 MPa. These values are at least ten times 
higher than those of the conventional CG commercially pure Al. The 

average uniform and total elongations of the nc Al samples were found 
to be 4.5% and 10%, respectively. The nc Al exhibited much higher θ 
after yielding than that of the CG Al with a strain-hardening exponent 
equals to 0.132. HR-TEM observations showed deformation twins in the 
nc Al, which became a preferred deformation mechanism in the rela-
tively small nanograins (~10–25 nm). The TEM analysis also showed 
that partial dislocations, which are emitted from the grain boundaries on 
{111} slip planes, along with stacking faults could facilitate the creation 
of these deformation twins. The extremely high strength of the nc Al was 
attributed to the small grain size and the deformation twinning. TEM 
observations revealed a high density of dislocations in the large nano-
grains formed during tensile testing along with deformation twins in the 
small nanograins, which could be the main reason for high θ and n 
values that led to good ductility. 
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Fig. 5. (A) A bright-field TEM image of the nc Al after tensile testing showing a 
high density of dislocation and pile-up in the large nanograins and de-
formations twins in the small nanograins (indicated by red arrows). (B) An SEM 
image of the nc Al fracture surface. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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