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Abstract: Grain refinement is the most universal and effec-
tive method of strengthening metallic materials, which is
known as the “Hall-Petch” relationship. However, when
grain size is refined to sub-micro regime (Ultrafine Grain,
UFG) or even nano regime (Nano Grain, NG), the plasticity
of metallic materials becomes poor. Massive studies indi-
cate that the low strain hardening ability resulted from the
enhanced dynamic recovery and lack of dislocation accu-
mulation in fine grains is the main reason for low ductil-
ity in UFG/NG metals. To resolve this “strength-ductility”
conflict, different strategies have been taken, like bi-
modal/multimodal structure, nanotwins, gradient struc-
ture and intragranular nanodispersoids. Among them, the
introduction of nano dispersoids into the fine grains at-
tracted lots of attention due to its wide applicability and
great success in simultaneously increasing the strength
and ductility of the UFG/NG metal. In addition to the en-
hanced mechanical performance, the introduced second-
phase particle may also bring some extraordinary func-
tional properties into the metallic material. In this paper,
a brief view of the strategies to improve ductility of the
UFG/NG metals and the relevant toughening mechanisms
are revealed. Special attentions are paid to the utilization
of intragranular nano dispersoids in Aluminum alloys.
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1 Introduction
Grain refinement has been proved to be most efficient
method in strengthening metals for a long time. With the
development of fabrication facilities and processing tech-
nologies, grain size of the metallic materials has been
brought down to sub-micro regime (Ultrafine Grain, UFG,
100-1000 nm) or even nano regime (Nano Grain, NG,
<100 nm) and the strength were greatly enhanced [1–3].
However, the strength increase inevitably sacrifices duc-
tility [4]. In order to resolve this “strength-ductility” con-
flict, special efforts have been paid. In the early studies,
Koch [5] identified three major sources of limited ductil-
ity in UFG/NG metals: (1) artifacts from processing (e.g.,
pores); (2) force instability in tension; (3) crack nucleation
or propagation instability. The latter twoare closely related
to the unique dislocation motion in the fine grains. Differ-
ent theories and models have been proposed to reveal the
plastic deformation behavior of UFG/NG metals, like pile-
up breakdown [6], grain-boundary dislocation creation
and annihilation [7, 8], core andmantlemodels [9–11] and
strain gradient models [12–15]. The combined effects of all
thementioned theories ormodels lead to one serious prob-
lem, the low strain hardening ability in UFG/NG metals.

Compared with the active dislocation interaction and
high strain hardening rate in coarse grains, the dislocation
accumulations are greatly reduced in UFGs and NGs, ex-
hibiting a low strain hardening ability [16–18]. As is known
to all, strain hardening ability is key to the stress trans-
fer from the deformed to the undeformed grains, which
plays an important role in stress distribution homogeniza-
tion and early-stage defects prevention. Generally speak-
ing, due to the size effect, dynamic recovery is enhanced
in fine grains and the number of movable dislocations is
greatly decreased. In most cases, single dislocation can
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glide through the whole grain without tangling with oth-
ers [3] and the dislocation pile-up behavior [6] at grain
boundary (GB) is also weakened.

The strain hardening rate ϑ can be expressed as [19]:

ϑ = 1
σ

(︂
∂σ
∂ϵ

)︂
ϵ

(1)

Where σ, ϵ are the true stress and true strain respectively.
According to Considère criteria, a critical stress is given
when uniform elongation ends [20]:

σc =
(︂
∂σ
∂ϵ

)︂
ϵ

(2)

Thus, a simple conclusion can be made from the equa-
tion (1-2) thatmetallic materials with higher strain harden-
ing rate has larger uniform elongation and consequently
better ductility. However, the poor strain hardening of
UFG/NG metals always leads to local stress concentra-
tion and plastic instability. The early defects at the stress-
concentrated regions will cause catastrophic shear frac-
ture right after yielding with little uniform elongation [21].

In a word, the main reason for poor ductility in
UFG/NG metals is the lack of strain hardening, which is
originated from the insufficient accumulation of disloca-
tions in these fine grains. Some other factors including im-
purity concentration at GBs and reduced crack blunting ef-
fect of GBs in fine grains also deteriorate the ductility of
UFG/NG materials [4].

2 Strategies to improve the
ductility of UFG/NG material

First of all, due to the difficulty and complexity in produc-
ing consolidated UFG/NGmetals, elimination of defects is
always the primary goal for better overall mechanical per-
formance [3, 5]. Defect-free UFG/NGmetals with enhanced
ductility have been reported [22, 23].

From the view of plastic deformation behavior, the pri-
mary task to improve the ductility of UFG/NG metals is to
enhance the strain hardening ability through intragranu-
lar dislocation storage and promoted dislocation accumu-
lation. Aimed on this, different strategies have been ap-
plied [24] and can be divided in to four categories. Firstly,
bimodal [25] (multimodal [26]) and gradient structure [27]
utilize the inhomogeneity of grain sizes, in which defor-
mation mechanisms in both UFG/NG and coarse grains
are simultaneously operative. Enhanced dislocation accu-
mulation and extra strain hardening are found to be orig-
inated from the complex strain paths and triaxial strain

componentswith very large strain gradient [25, 28, 29]. Sec-
ondly, nano twins (nano-sized internal interface) in fine
grains can act as obstacles to dislocationmotion and, thus,
inhibit dislocation annihilation at grain boundaries. The
complex reactions between dislocations and twin bound-
aries give rise to the intragranular dislocation storage [30–
32]. This strategy have been widely applied in nanostruc-
tured copper [30] and steel [33]. Pitifully, metals with high
stacking fault energy, e.g. aluminum, are intrinsically in-
compatible with this novel strategy. Thirdly, transforma-
tion induced plasticity (TRIP) [34–36] or twinning induced
plasticity (TWIP) [37, 38] can also be effective in UFG/NG
metals. The underlyingmechanisms remain the samewith
the traditional metallic material.

Apart from all the approaches mentioned above, the
utilization of intragranular nano dispersoids is another
effective and widely applied method. Dislocations are ex-
pected to be accumulated when confronting the nano dis-
persoids, which may lead to enhanced strain hardening
and higher tensile ductility. What’s more, due to the block-
ing effect of nano-dispersoids, the needed critical stress
for dislocation slip will be raised and themetallic material
is simultaneously strengthened. Therefore, introducing
nano-dispersoids into UFG/NG metals is an effective strat-
egy to simultaneously increase the ductility and strength.
And it is suitable for nearly all kinds of metallic materials.
Successful examples have already been reported in Al [39–
41], Mo [42] and steel [43–45], Mg [46], Cu [47], CoCrFeN-
iMn high entropy alloys [48], etc. The key to fully develop
this unique strategy relies on the methods to introducing
nano-dispersoids. In the following, the processing routes
for utilization the intragranular nano dispersoids and the
underlying mechanisms will be reviewed.

3 Utilization of intragranular nano
dispersoids

To homogeneously introduce the nano particles, both in-
situ and ex-situmethods have been tried. To be simple, alu-
minum alloy or aluminum matrix composites were set as
examples to elaborate the details of these methods.

3.1 In-situ methods to introduce nano
dispersoids

The in-situ methods include nano-scale precipitation
through thermo-mechanical treatment and introduction
of nano particles (intermetallics, ceramic) through in-situ
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reaction. Zhao’s group was the early one to use nano-
scale precipitation to stengthen NG 7075 aluminum al-
loy [39]. The material was solution-treated to obtain a
coarse-grained (CG) solid solution and was immediately
cryogenically rolled to reduce the grain size with the fi-
nal average of 100 nm (NS sample). The NS sample was
thenagedat low temperature to introduce veryfine second-
phase particles (NS+P sample). Due to the high disloca-
tion density introduced during cryo-rolling, the precipita-
tion behavior was prosperous and large amounts of nano-
dispersoids were formed, as shown in Figure 1(a). As indi-
cated by the stress-strain curves in Figure 1(b), the tensile
strength of NS sample is much higher than the CG sam-
ple, but its total elongation is very low. While the NS+P
sample exhibit both higher strength and ductility com-
pared with the NS sample. Higher-resolution electron mi-
croscopy (HREM) onNS+P samples in Figure 1(c-e) verified
that the intragranular nano-dispersoids indeed blocked
and accumulated dislocations. X-ray analysis on both NS
and NS+P samples verified that the dislocation accumu-
lation in NS+P sample were much greater than the NS
sample. The experimental results indicated the effective-
ness of introducing nano-dispersoids in simultaneously
improving the strength and ductility of UFG/NG metals.
Similar success has been reported before and after Zhao’s
research [44, 49]. But his study just used simple control ex-
periments and demonstrated convinced evidence. Further
work by Zhaousing aged-hardening 2024 alloy showedbet-
ter enhancement in ductility due to larger amounts of in-
tragranular nano-dispersoids [50]. The incomplete disso-
lution of primary second-phase particles during solution
treatment caused higher dislocation density after cryo-
rolling and promoted precipitation during aging.

It should be noted that, the aging treatment needs
to be elaborately designed. Both the location and the
size of the precipitates should be well controlled to de-
velop their blocking effect on dislocation slip. Intergranu-
lar and excessively large precipitates only have weak inter-
action with the dislocations, leading to low toughening ef-
ficiency. To avoid the unwanted precipitation, Sun’s group
has taken advantage of a microalloying strategy [51]. With
trace Sc addition into the UFG Al-Cu alloys, a predomi-
nent intragranular precipitation was achieved, resulting
in about 275% increment in ductility and simultaneously
about 50% enhancement in yield strength by compared to
its Sc-free counterpart where intergranular precipitation
occurs even at room temperature. Theminor addition of Sc
is found to effectively stabilize themicrostructure, strongly
suppress the θ-Al2Cu phase precipitation at grain bound-
ary and remarkably promote the dispersion of θ′- Al2Cu
nanoparticles in the grain interior in artificial aging. A sim-

ilar microalloying strategy is expected to be equally effec-
tive for other UFG heat-treatable alloys such as Mg alloys
and steel. This microalloying approach is simple and may
be easily adapted to industrial processes.

Similar with the nano-scale precipitations, the in-situ
reaction formed nanoparticles also showed great effective-
ness. Generally, the in-situ nanoparticles can be formed
via exothermic reaction. The related processing routes in-
clude reactive hot pressing [52], melt reaction [53–55], etc.
Usually, secondary processing technique such as friction
stir processing (FSP) is used for achieving a uniform dis-
tribution of reinforcing particles in matrix of the compos-
ites [56]. In situ (Al2O3+Al3Zr)np/Al nanocomposites were
successfully prepared by Zhao throughmagneto-chemical
melt reaction from Al-Zr(CO3)2 system [54]. The matrix
grain size is about 400 nm. Themean particle size is about
80 nm, and the nanoparticles are well distributed in the Al
matrix, as shown in Figure 2(a) [54]. The overall mechan-
ical performance of the (Al2O3+Al3Zr)np/Al nanocompos-
ites are markedly higher than that of (Al2O3+Al3Zr)p/Al
composites with micron-sized particles. The ultimate ten-
sile strength increases from 80 MPa to 320 MPa and the
total elongation rises from ~10% to ~20% with 8 vol% re-
inforcements. This significant strengthening and toughen-
ing effect was attributed to the pinning effect of the intra-
granular nanoparticles on dislocation motion, which was
verified by the TEM image shown in Figure 2(b).

Similarly, Tian’s group fabricated 2024Al matrix com-
posites reinforced by the ZrB2 nano-particles from 2024Al–
K2ZrF6–KBF4 system through melt in situ reaction [55].
The nanocomposites exhibited superior strength and duc-
tility than the 2024 alloy matrix.

One thing needs to be mentioned is that the precipi-
tation behavior in alloy and in-situ reaction is closely re-
lated to thermal process. So the thermal stability of the
UFG/NG metals toughened by in-situ approaches is rela-
tively poor. The already formed nano-dispersoids are rela-
tively unstable and easy to grow into large sizes during the
thermo-mechanical process, which may worsen the me-
chanical performance. Thus, the processing routes of in-
situ approaches should be elaboratelymodified to fully de-
velop their toughening effect. New strategies like microal-
loying which can stabilize the fine microstructure at room
temperature are well needed.

3.2 Ex-situ methods to introduce nano
dispersoids

Apart from the in-situ nano-dispersoids formed through
precipitation and reaction, nano ceramic or intermetallic
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Figure 1: (a) prosperous precipitations in NS+P 7075 sample (b) Engineering stress-strain curves of the samples (c-e) 111 matrix planes
obtained by inverse Fourier transformations of HRTEM images of an NS+P sample. White dots mark particle/matrix interface [39].

Figure 2: (a) the uniformly distributed Al2O3+Al3Zr nanodispersoids inside the grain (b) the pinned dislocations by the nanoparticles [54].
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particles, such as alumina (Al2O3) [19, 57], silicon carbide
(SiC) [58–60] and boron carbide (B4C) [61, 62], have also
been directly introduced into metal matrix as obstacles
to dislocation slip, forming metal matrix nanocomposites
(MMNCs). Previous studies indicate that the nanoparticles
possess better mechanical performance and lower frac-
ture sensitivity,making them ideal reinforcements [63–66].
What’s more, the introduction of the reinforcing nanopar-
ticles not only enhances the mechanical performance, but
also brings in some exceptional functional property [67–
69], producing materials with integrated mechanical and
functional performance. The main trouble in ex-situ ap-
proach is to break the agglomeration of nanoparticles and
uniformly disperse them in the metal matrix. To solve this
problem, various methods have been tried, like ultrasoni-
cation casting [70], squeeze casting [71] and powder met-
allurgy [72]. Generally speaking, due to the variation of
density between metal melt and nanoparticles, it is diffi-
cult to uniformly disperse the tangled nanoparticles dur-
ing liquid metallurgy process. Extra force like ultrasonica-
tion or squeeze is always needed to break the particle ag-
glomeration. Compared to liquid processing, solid process-
ing or powder metallurgy is well recognized as a potential
method for achieving better dispersion of the nanoparti-
cles in metal matrix. The impaction from milling ball and
matrix plastic flow during consolidation process can well
disperse the nanoparticles into metal matrix. And due to
relatively lower fabrication temperature, the grain size is
usually much smaller.

In Hu’s work [19], the mixed aluminum powders with
15 wt% 30 nm alumina were cold compacted into a bil-
let. Then FSP was employed to prepare the billets, which
densify the compact and homogeneously distribute the
nano alumina particles inside the grains, as shown in
Figure 3(a). The as-produced Al2O3/UFG Al composites
(A1-A3) exhibited enhanced mechanical performance and
muchhigher strain hardening rate comparedwith theUFG
pure aluminum reported by Yu (P1-P3), as shown in Fig-
ure 3(c-d). The strengtheningand tougheningmechanisms
are exactly the same as the in-situ precipitates, as verified
by the TEM images presented in Figure 3(b).

A modified powder metallurgy technique called flake
powder metallurgy (Flake PM) was employed to fabricate
B4C/UFG Al(Al2O3) hierarchical nanocomposite [73], in
which the native alumina on Al flake powder surface was
broken and dispersed into UFG grain interior during pro-
cessing. The microstructure of the nanocomposites is re-
vealed in Figure 4(a-b) and the detailed processing route is
shown in Figure 4(c). The as-produced B4C/UFG Al(Al2O3)
possessed better mechanical performance (elongation of
~8.9% and strength of 364 MPa) and higher strain hard-

ening rate compared with the similar samples prepared
by high energy ball milling (HEBM) and accumulative roll
bonding (ARB).

In a related study by Jiang [74], the large specific
area of the aluminum nanoflakes was believed to be con-
ducive to the uniform dispersion of nano-sized reinforce-
ments, such as carbon nanotubes. Compared with tradi-
tional high energy ball milling, Flake PM can achieve bet-
ter dispersion and do less damage to reinforcements. The
flexibility of Flake PM allow more elaborate control of ma-
terialmicrostructure [75],whichmay lead to extra toughen-
ing effect. This newly developed technique can be widely
applied to MMNCs with various kinds of reinforcements.

Different from the nano precipitates or reaction
formed nano particles, the introduced ceramic or inter-
metallic nano dispersoids by ex-situ approach are rela-
tively thermal stable. The size of the nano dispersoids
can be well maintained during material fabrication and
mechanical processing. Besides, the potential functional
properties brought by the nanoparticles are very attractive
in industry and national defense, such as structure stabi-
lization of Al2O3 for high temperature alloy, irradiation ab-
sorption of B4C for nuclear application and heat conduc-
tion of SiC for thermal management.

Despite of the great advantage of MMNCs, efforts are
still needed to fully release the potential of MMNCs. First,
more works should be done for the homogeneous disper-
sion of the nanoparticles, which is the key to achieve good
performance. Second, detailed research is needed in figur-
ing out the effect of interfacial property (composition, ori-
entation relationship, strength, etc) and interfacial behav-
ior (interactions between dislocation and interface, evolu-
tion during processing) on overall mechanical and func-
tional performance, which can guide the property design
of the MMNCs. Jiang’s research on B4C reinforced nanos-
trucutred aluminumsets an good example for the interface
study [62]. Third, other than interface property, the effect
of other microstructure features like particle size, particle
inter-distance on the strain hardening rate and overall per-
formance should be systematically studied. Design criteria
should be drawn for the preparation of novel nano disper-
soids reinforced MMNCs in the future.

4 Conclusion and vista
The key to improve the ductility of UFG/NG metals is en-
hancing its strain hardening ability through dislocation
accumulation. Different strategies like bimodal/gradient
structure, intragranular nano twins and nano dispersoids
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Figure 3: (a) the uniformly distributed alumina particles in aluminummatrix (b) the intensive interaction between alumina nanoparticles
and dislocations (c-d) engineering stress-strain curves and normalized hardening rate of the as-produced Al2O3/Al composites and the
samples in other refs [19].

Figure 4: (a) SEM images of the B4C/UFG Al(Al2O3) nanocomposite showing the uniformly distributed micron-sized B4C particles, (b) TEM
images of the B4C/UFG Al(Al2O3) nanocomposite. The white arrows indicate the embedded Al2O3 nanoplatelets, (c) detailed processing
route of the Flake PM [73].
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all showed great effectiveness in toughening UFG/NG
metals. Among them, the intragranular nano dispersoids
strategy possesses relatively simple processing route and
wider application. The main concern is how to homoge-
neously distribute the nanoparticles into grain interiors,
more methods with high efficiency and homogeneity are
required to be developed in future. The most attractive
part in MMNCs is the outstanding functional properties
brought by the nano dispersoids, which makes it possi-
ble to prepare UFG/NGmetals with integrated mechanical
and functional performance. Further studies should focus
on exploringdesign criteria andoptimizing themicrostruc-
ture for these novel toughening strategies.
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