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a b s t r a c t 

Refining grains to nanoscale has been a challenge, especially for materials with low-melting points and 

poor ductility, such as Mg alloys. Here we report a novel mechanism of nanocrystallization assisted by 

solute segregation, by which a nanocrystalline Mg-Ag alloy was produced by moderate cold rolling ( ∼55% 

strain) followed by low-temperature annealing. Specifically, during cold rolling non-basal 〈 c + a 〉 disloca- 

tions were activated to form dislocation cells walls, which were pinned by Ag segregation, and trans- 

formed into boundaries of nanocrystalline grains during annealing. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Nanocrystallization is an effective strategy to improve strength-

o-weight ratios of metallic materials. Materials with high

trength-to-weight ratios are attractive for structural applications

n which weight is a major concern [1–3] . Plastic deformation has

een reported capable of producing nanostructured materials with

arge dimensions and no porosity [4–7] . However, the plastic strain

equired for nanocrystallization is much higher than typical ap-

lied strains of conventional industrial processing such as rolling,

orging and extrusion [8] . 

Magnesium (Mg) has the lowest density (1.74 g/cm 

3 ) among all

ommonly known structural metals, and Mg alloys are well known

or their high strength-to-weight ratios. However, Mg and its al-

oys have a hexagonal close-packed (HCP) crystal structure and

ow melting points. This makes it especially challenging to pro-

uce nanostructured materials via plastic deformation. In general,

he HCP structure renders a material low and anisotropic plasticity.

 Mg alloy with an HCP structure has only two independent easy
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basal (0 0 01) 〈 11 ̄2 0 〉 ) slip systems at room temperature. According

o the Von Mises criterion [9–11] , five independent slip systems are

equired for homogeneous deformation without cracking. There-

ore, deformation twinning is often activated to provide additional

lip systems in a Mg alloy [6] . However, deformation twins in HCP

tructures are asymmetric and can induce local stress concentra-

ion. Thus, it is difficult to deform Mg and its alloys to high plastic

trains, even with the activation of deformation twinning. Conse-

uently, plastic deformation of Mg alloys is usually conducted at

n elevated temperature to activate non-basal slip systems such as

rismatic and pyramidal slip [12–14] . However, melting points of

g alloys are usually low, and dynamic recovery and grain growth

re readily to occur at elevated temperatures. As a result, grain re-

nement induced by plastic deformation is limited in Mg alloys at

levated processing temperatures [15 , 16] . For example, grain sizes

f an AM60 Mg alloy produced by equal channel angular pressing

t 150, 250 and 350 °C are ∼ 1 μm, ∼2 μm and ∼10 μm, respectively

17] . Clearly, the challenge for producing bulk nanostructured Mg

lloys is still in front of us, so an alternative approach is urgently

eed to tackle it. 

A Mg-2.57 wt% Ag alloy was used as a model material in this

ork. Detailed information on the experimental procedure can be

ound in the Supplemental materials. 

https://doi.org/10.1016/j.scriptamat.2019.10.012
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Fig. 1. TEM images of Mg–Ag samples processed by (a) cold rolling, (b) and (c) cold rolling + annealing at 150 °C for 15 mins. The inset in (b) is the grain size histogram. (d) 

The selected area electron diffraction pattern taken from (b), in which the diffraction rings of Mg and Ag are marked by yellow and blue indexes, respectively. 
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Fig. 1 a reveals a high density of dislocations in the cold rolled

Mg–Ag alloy sample. The dislocations are entangled with each

other, forming nano-scaled dislocation walls and cells. Interest-

ingly, Fig. 1 b shows a nanocrystalline grain structure formed af-

ter cold rolling and annealing at 150 °C for 15 mins. Enlarged TEM

image in Fig. 1 c shows equiaxed nano-grains, whose interiors are

nearly defect free. As shown in the inset of Fig. 1 b, the grain sizes

are in the range of 30–170 nm with an average value of ∼ 100 nm.

The selected area diffraction pattern (SADP) in Fig. 1 d exhibits

typical polycrystalline diffraction rings of nanocrystalline materi-

als [18 , 19] . The rings of both HCP Mg and FCC Ag are observed,

indicating that pure Ag phase was precipitated out from the Mg

matrix. 

It is impossible to produce nanocrystalline structure in pure

Mg by cold rolling and annealing, according to literature [20 , 21] .

Thus, it is reasonable to hypothesize that in the Mg–Ag alloy the

Ag played a critical role in producing the nanocrystalline struc-

tures observed in this work. Due to the clear difference between

the atomic numbers of the constituent elements (Mg: 12, Ag: 47),

it is easy to detect the heavy Ag atoms by using HAADF-STEM

[22–25] . Fig. 2 a shows the atomic-resolution HAADF-STEM im-

age of as-received Mg–Ag specimen observed from the [11 ̄2 0]

zone axis. The image exhibits a typical solid solution morphol-

ogy without any solute clustering. After cold rolling, uniformly dis-

persed nano-scale domains with sizes of 2–3 nm were observed

(the bright nano-domains in Fig. 2 b), which indicates the forma-

tion of Ag-rich clusters. STEM-EDS was conducted on a cold rolled
ample in hope of identifying the Ag-rich regions. Unfortunately,

he nanoclusters with sizes of 2–3 nm are quickly damaged by

lectron radiation [26 , 27] . In order to improve the stability of the

lusters, a short time annealing at 150 °C for only 1 min was done

o the cold rolled sample to grow the clusters slightly. As shown

n Fig. S1, the Ag-rich clusters have grown up to ∼5 nm after an-

ealing. Clearly, the center spacing between clusters in both cold

olled sample (Fig. S1a) and annealed sample (Fig. S1b) are nearly

dentical, indicating that large clusters (Fig. S1b) grew from the

mall ones (Fig. S1a). As shown in Fig. S1c and d, strong signal

f Ag atoms was detected in the clusters, supporting that the clus-

ers with bright contrast shown in Fig. S1a and b are rich of Ag

toms. Enlarged image in Fig. 2 c shows a partial dislocation with

he Burgers vector of 1/6 〈 2 ̄2 03 〉 in the cold rolled sample. Bright

ontrast at the dislocation core indicates the concentration of Ag

toms. According to literature [28 , 29] , the observed partial dislo-

ation is a result of the dissociation of a 〈 c + a 〉 dislocation. Pro-

ided that the rolling process was performed at room temperature;

g clustering occurred due to the low solubility and high diffusion

peed of Ag atoms in Mg matrix. In addition, the strain fields as-

ociated with dislocations tend to attract Ag atoms, and thus pro-

ote segregation of Ag atoms [22 , 30 , 31] . 

A cold rolled Mg-Ag sample was annealed at 150 °C for 5 mins.

s shown in Fig. 2 d, Ag atoms have segregated along some linear

eatures. TEM analysis was performed at the same position of

ig. 2 d. The bright field TEM image and the corresponding selected

rea diffraction pattern are added as supplemental materials (see
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Fig. 2. HAADF-STEM images of Mg–Ag alloy: (a) as-received, (b) and (c) cold rolled, (d) 150 °C, 5 mins, (e) and (f) 150 °C, 15 mins. 
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ig. S2). As shown in Fig. S2b, the diffraction spots are sharp and

ircular, indicating that the linear features enclosed by the yellow

ircle in Fig. S2a are dislocations rather than low angle grain

oundaries. Dislocations in crystalline solids are linear defects,

hich attract solute segregation when diffusion is enabled [32] .

herefore, diffusion and segregation of Ag atoms towards dislo-

ations clearly have been promoted during the annealing process.

s mentioned earlier, partial dislocations and non-basal 〈 c + a 〉
islocations have been widely identified in the cold rolled Mg–Ag

ample ( Fig. 2 c). Cross slip of partial dislocations and non-basal

 c + a 〉 dislocations strongly assist the formation of dislocation

ells. Thus, it is anticipated that the dislocation free regions

 Fig. 2 d) subdivided by entangled dislocations are underdeveloped

islocation cells with an average size of ∼100 nm. 

Fig. 2 e shows the HAADF-STEM image of the Mg–Ag alloy sam-

le processed by cold rolling and subsequent annealing at 150 °C
or 15 mins. As revealed in Fig. 1 , homogeneous nanocrystalline

tructures have formed in this sample. Therefore, equiaxed regions

elineated by segregated boundaries are actually equiaxed nano-

rains. Fig. 2 f. is an EDS mapping image of the area enclosed by

 rectangle in Fig. 2 e, showing strong Ag segregation along the

oundaries. 

TKD analysis was carried out to characterize the microstruc-

ures of the Mg–Ag alloy processed by cold rolling and subsequent

nnealing at 150 °C for 15 mins, and to help determine the nature

f the segregated boundaries shown in Fig. 2 e. The TKD results

rovided in Fig. 3 a again support that homogeneous nanocrys-

alline structures have been achieved in the Mg–Ag alloy. Accord-

ng to the statistical result of the grain size distribution provided

n Fig. 3 b, the Mg–Ag alloy sample has a grain size distribution of

0–190 nm and an average size of ∼103 nm. Clearly, the grain sizes

easured by the TKD method is nearly identical to those measured

y TEM ( Fig. 1 b). In addition, information about misorientations at

oundaries can be extracted from the TKD results [33] . As shown

n Fig. 3 a, the microstructure of the Mg–Ag alloy sample consists of

arge domains delineated by high-angle grain/domain boundaries
HAGBs) and nano-grains delineated by low-angle grain boundaries

LAGBs). Five typical domains can be identified in Fig. 3 a, and the

omain boundaries are traced by blue lines. The boundaries in Do-

ains I, II and III are numbered and analyzed in detail. Interest-

ngly, boundaries at the interior of the domains are all LAGBs with

ngles of misorientation less than 15 °, and the domain boundaries

re all HAGBs with angles of misorientation greater than 15 °. For

xample, as shown in Fig. 3 c, the grain boundaries inside the Do-

ain I, numbered from 1 to 14, are all LAGBs ( < 15 °); In contrast,

he boundaries surrounding the domain, numbered from 15 to 35,

re all HAGBs ( > 15 °). The same results are obtained for Domain II

nd III, as shown in Fig. 3 d and e. 

Based on abovementioned experimental results, a solute seg-

egation assisted grain refinement mechanism is proposed and

chematically illustrated in Fig. 4 . At the beginning, the Mg–Ag

lloy was a coarse-grained solid solution containing a low density

f crystalline defects ( Fig. 4 a). The sample was firstly processed

y rolling. Due to the low solubility of Ag in the Mg–Ag alloy at

ow temperatures (Fig. S3), and under the effect of rolling strain, a

igh density of Ag-rich clusters (2–3 nm) nucleated at the interior

f the coarse grains. Ag-rich clusters (represented by the red spots

n Fig. 4 b) can effectively impede dislocation slip and increase

he dislocation storage capability [6] . Therefore, a high density of

islocations (as represented by the blue lines in Fig. 4 b) including

arge amounts of partial and non-basal dislocations was generated

nd entangled to accommodate the plastic strain. The cold rolled

ample was then annealed at a certain temperature. As illustrated

n Fig. 4 c, net-like dislocation structures, which formed due to the

luster pinning effect and dislocation entanglement, subdivided

he coarse grains into nanostructures. Once the annealing process

egan, Ag atoms quickly segregated along the dislocation lines of

he entangled dislocations, as evidenced by the dislocation net

ith bright-contrast in Fig. 2 d. With sufficient annealing time,

ignificant amounts of Ag atoms segregated to the dislocation

oundaries. Dislocation boundaries are non-equilibrium bound- 

ries with excess amounts of dislocations. As Ag atoms segregate
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Fig. 3. TKD analysis of the Mg–Ag alloy sample processed by cold rolling and sub- 

sequent annealing at 150 °C for 15 mins: (a) a TKD mapping image, (b) the corre- 

sponding band contrast image of (a), and (c)–(e) histograms of boundary misori- 

entations in Domains I, II and III. (HAGBs are traced by blue lines and LAGBs are 

traced by gray lines.). 
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to the dislocation boundaries, the dislocation boundaries are grad-

ually restructured and the misorientations of the boundaries are

gradually increased. Eventually, the dislocation boundaries were

transformed into LAGBs that subdivided the coarse grains into

equiaxed nano-grains as illustrated in Figs. 1 , 3 and 4 d. Similar to

most of nanocrystalline metals, the nano-grain Mg–Ag alloy is also
 n  

Fig. 4. The schematic diagram of the grain
n a metastable intermediate state, and its long-term stability is

orthy to be studied further. 

Ag solute and its segregation were found to play a critical role

n assisting the grain nanocrystallization process. Firstly, in the

olid solution of Mg–Ag, non-basal 〈 c 〉 and 〈 c + a 〉 dislocation sys-

ems are activated during cold rolling. However, under the same

old rolling condition, the majority of the dislocations are confined

n basal planes ( 〈 a 〉 slip systems) as shown in Fig. S4. Clearly, the

ddition of Ag solute strongly promotes non-basal slip systems in

he Mg alloy. The activation of multiple slip systems satisfies the

on Mises criterion for homogeneous plastic deformation, and fa-

ilitates the formation of dislocation cells. Hence, dislocation cells

ith an average size of ∼100 nm can be achieved in the Mg–Ag

lloy as shown in Fig. 1 a. 

Secondly, segregation of Ag atoms toward dislocation bound-

ries changed the energy states, structures and misorientations

f dislocation boundaries. HAADF-STEM analysis ( Fig. 2 d) shows

hat Ag atoms segregate towards the dislocation cell walls dur-

ng low temperature annealing. Similar segregation behaviors are

ommon in alloy systems with low solubility, such as some of the

e–Mn and Al alloys [32 , 34] . Alloying atoms tend to segregate to

egions with strong elastic distortions, such as dislocations, dislo-

ation boundaries and GBs. In this work, under the driving force of

hermal energy input, segregation of Ag atoms to the dislocation

oundaries gradually reduced the local elastic distortions and thus

owered the excess free energy. Sufficient segregation of Ag atoms

ed to the formation of complexions, which are ordered structural

tates confined in linear and/or planar regions [32 , 35 , 36] . 

As a part of the restructuring process (formation of complex-

ons), dislocation multiplication and thermally induced dislocation

ecovery occurred at the dislocation boundaries. Similar to the ef-

ect of dislocation interactions under plastic deformation, dislo-

ation multiplication and recovery in the annealed Mg-Ag alloy

radually increased the misorientations of dislocation boundaries

nd eventually transformed the dislocation boundaries into LAGBs

6 , 16] , as evidenced by the comparable cell sizes and grain sizes

shown in Figs. 1 , 2 d and 3 ). 

Solute segregation to dislocation boundaries and GBs signif-

cantly lowers the migration kinetics of the boundaries, thus

an help with stabilizing the microstructures of the materials

34 , 37–39] . This idea has been adopted to designing stable

anocrystalline alloys [40–42] . It was found that the enthalpy of

egregation relative to the enthalpy of mixing in a binary system

etermines the propensity for segregation stabilization. In this

ork, Ag segregation occurred during the GB restructuring pro-

ess. Once the planar complexions are formed along the GBs, the

ano-grains became thermally stable. This observation indicates
 refinement process in Mg–Ag alloy. 
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hat the segregation enthalpy of Ag in Mg solvent satisfies the

elationship: 

�H 

seg 
0 

(�H 

mix ) 
a > c (1) 

here �H 

seg 
0 

is the enthalpy of boundary segregation and �H 

mix 

s the enthalpy of mixing; a and c are temperature dependent

onstants. To date, only a few experimental measurements or

tomistic modeling predictions of segregation enthalpies are

vailable. Our work will be an important reference for modeling

rediction of the segregation enthalpy in Mg–Ag binary system. 

The nanocrystallization process presented in this work has a

trict processing sequence as described in Fig. 4 . Firstly, a large

lastic strain may induce cracks to Mg–Ag alloys [43] . Therefore,

he strain input has to be moderate in the cold rolling process. Sec-

ndly, Mg–Ag alloys have low melting points and strong propensi-

ies for recrystallization at elevated temperatures [44 , 45] . There-

ore, annealing process has to be conducted after a high density

f dislocation boundaries were created by cold rolling, for the pur-

ose of boundary transformation and stabilization [46–48] . We did

 test on hot rolling of the Mg-Ag sample at 150 °C, whereas the

rain sizes were only refined to ∼1 μm, as shown in Fig. S5. 

In summary, a homogeneously nanocrystalline Mg–Ag alloy

s successfully processed by cold rolling and subsequent anneal-

ng. During cold rolling, high densities of non-basal dislocations

ere generated and tangled to form dislocation boundaries/walls.

uring subsequent annealing, Ag atoms segregated to disloca-

ion boundaries. Multiple reactions including Ag segregation,

islocation multiplication and recovery occurred cooperatively to

ransform dislocation boundaries into LAGBs. As a result, a unique

anocrystalline structure featured with coarse domains containing

ano-grains, have been made in the Mg–Ag alloy. The most salient

dvantage of the materials processing strategy presented in this

ork is that only a moderate rolling strain and low annealing

emperature are needed; therefore, the strategy has a potential for

ndustrial applications at a low cost. 
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