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a b s t r a c t 

Being lightweight, energy-efficient and environmentally benign, magnesium alloys present great potential 

for various industrial applications. However, they possess relatively low mechanical properties and need 

to be strengthened. During the last decade, significant effort has been directed towards preparation of 

strong nanocrystalline (NC) Mg alloys, although because of the limited plasticity inherent to HCP metals, 

the grain size of Mg was rarely refined below 10 0 0 nm and the yield strength seldom exceeded 500 MPa. 

Here, by means of a conventional industrial method of rotary swaging, we prepared bulk NC Mg–Gd–Y–

Zr alloys with an average grain size of 80 nm and a dimension of ∅ 3 mm × 10 0 0 mm. The further-aged 

NC Mg alloy exhibits the yield strength of 650 MPa and the ultimate tensile strength of 710 MPa, the 

highest such values published for bulk Mg alloys. Fracture surface observation suggested a ductile inter- 

granular fracture in the NC Mg alloys. The high strength are attributed to nano-grain, intra-granular Gd 

rich clustering, inter-granular solutes segregation, β ′ precipitation, dislocation and solution strengthening 

contributions, among which the nano-grain strengthening is dominant. The nano-grain formation results 

from the large number of mechanical twins, deformation bands and stacking faults induced by the high 

strain rate of swaging. Our work advances the industrial-scale production of bulk NC Mg alloys by ex- 

ploring a simple and low-cost fabrication technique. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Magnesium alloys possess great potential to improve energy ef-

ficiency and system performance in automotive, electronics and

aerospace industries due to their low density (1.7 g �cm 

–3 ), excel-

lent damping capacity, machinability, abundance and recyclability

[ 1 , 2 ]. Nevertheless, there still exist critical issues, including rela-

tively low strength and fracture toughness [ 3–16 ], limited defor-

mation capability at room temperature [17] due to the hexago-

nal close-packed (HCP) structure and high susceptibility to corro-

sion, that hinder the application of Mg alloys as structural mate-

rials. Significant effort has therefore been directed during the last
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ecade towards the solution of these problems, with some recent

xamples of success to look to [ 3 , 4 , 18 –20 ]. 

Strategies for strengthening Mg alloys include either grain re-

nement via severe plastic deformation (SPD) [ 5 –16 ] or alloying

ith rare earth (RE) elements followed by solid solution treat-

ent and precipitation hardening [ 21 , 22 ]. The SPD processing has

o be performed at elevated temperatures (usually in a range of

23 to 623 K) and the minimum grain size achieved for Mg alloys

s approximately several micrometers (rarely below one microme-

er), due to the limited plasticity of HCP structure. Therefore, the

trengthening effect of grain refinement on bulk Mg alloys is rather

odest. The highest yield strength of SPD-processed bulk Mg al-

oys is reported to be 610 MPa [5] and the highest compressive

trengths of nanoparticle-dispersed Mg composite micro-pillars are

10 MPa (yield) [3] and 3.5 GPa (ultimate) [4] . Meanwhile, the

trengthening effects from adding RE elements are limited by their

olid solubility. Consequently, for coarse-grained (CG) Mg–Gd–Y–Zr

https://doi.org/10.1016/j.actamat.2020.09.024
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lloy, the yield strength seldom exceeds 480 MPa, and is usually of

he order of ~400 MPa [ 21 , 22 ]. Moreover, the SPD processing of

g alloys is usually expensive, complex and inefficient; the high-

st dimension of specimens produced is normally of the centime-

er or even millimeter scale, being difficult to scale further up. Cur-

ent nanocrystalline (NC) Mg alloys with < 100 nm grain sizes were

ormally obtained through high pressure torsion (HPT) or surface

echanical attrition treatment (SMAT) methods, which could only

roduce slices or sheets with < 1 mm thickness [ 4 , 12 , 23 ]. 

In the present study, we employed rotary swaging, a conven-

ional industrial method, to prepare bulk high-strength NC Mg–

Gd–3Y–0.4Zr (wt%) alloy rods with an average grain size of

0 nm. By further aging the NC Mg alloy, we obtained the yield

trength of 650 MPa and the ultimate tensile strength of 710 MPa. 

. Experiments 

.1. Sample preparation and aging process 

A Mg–8Gd–3Y–0.4Zr (wt%) alloy ingot with a dimension of

 130 mm × 10 0 0 mm was prepared by melting high-purity mag-

esium, 30% Mg–Gd, 30% Mg–Y and 30% Mg–Zr (wt%) alloys in a

ild steel crucible and casting in an upright semi-continuous cast

achine. The ingot was first homogenized at 813 K for 15 h, and

hen extruded at 723 K into bar billets of 18 mm in diameter for

ubsequent swaging. One up to four passes of rotary swaging was

nally carried out at room temperature to get diameters of 17.5,

6.5, 15.5 and 14.5 mm (corresponding area reductions of 6, 16, 26

nd 35%), respectively. The subsequent aging processes were per-

ormed at 338 K for 72 h in a furnace with Ar gas as protecting

tmosphere. 

.2. Mechanical tests 

Vickers micro-hardness test was performed using a HMV-G

1DT (Shimazdu, Japan) tester with a load of 4.9 N and a dwell

ime of 15 s. An Instron 3369 machine was employed to perform

ensile tests at room temperature in direction parallel to the bar

xis, at a strain rate of 1 × 10 −3 s −1 . The dog bone-shaped cylinder

pecimens for tensile testing were turning machined from the four-

ass swaged sample. We machined two types of tensile specimens.

ne has gauge dimensions of ∅ 8 mm × 40 mm which includes NC

nd ultrafine grained (UFG) Mg alloys (regions I + II) by turning ma-

hining away the outer part (with the thickness of 3.7 mm in di-

meter) of the swaged sample. Another has gauge dimensions of

 3 mm × 15 mm which only includes NC Mg alloys (region I) in

he center part of the swaged sample by machining off the outer

art with the thickness of 8.7 mm in diameter. The detailed defi-

ation of region I, II and III can be referred to Fig. 2 c in result sec-

ion. The strain was measured by using a standard non-contacting

ideo extensometer. Three tensile specimens were tested to obtain

eliable results. 

.3. Microstructural and compositional characterizations 

Transmission electron microscopy (TEM) and high resolution

EM (HRTEM) observations were carried out using a Tecnai G 

2 

20 microscope, with samples being thinned by twin-jet pol-

shing to an electron-transparent thickness in an aqueous elec-

rolyte containing 1 vol% nitric acid, 2 vol% perchloric acid and

7 vol% ethanol. Scanning electron microscopy (SEM) observations

f freshly fractured surfaces were performed using a Sirion 200 mi-

roscope immediately after the tensile tests to avoid oxidation. 

The atom probe tomography (APT) specimens were prepared by

 conventional electro-polishing method. The APT measurements

ere performed with a local electrode atom probe (LEAP 40 0 0X
i) under UV laser pulsing at laser energy of 40 pJ, a pulse rep-

tition rate of 200 kHz and a target evaporation rate of 0.5% per

ulse at 25 K. The reconstruction and quantitative analysis of APT

ata were performed using a CAMECA visualization and analysis

oftware (IVAS 3.6.8). 

. Results and discussions 

.1. Microstructures of extruded and swaged Mg alloys 

An initially used CG Mg–Gd–Y–Zr rod with a diameter of

8 mm was first prepared via semi-continuous casting with sub-

equent homogenization and thermal extrusion. Fig. 1 shows op-

ical micrographs of the extruded rod viewed from top ( Fig. 1 A)

nd side ( Fig. 1 B) planes. One can see the extruded Mg alloys have

omogeneous microstructures in top plane ( Fig. 1 A) with dynamic

ecrystallized (DRX) equi-axed grains of α-Mg solid solution and an

verage grain size of 8 μm. In the side plane as shown in Fig. 1 B,

arger recrystallized equi-axed α-Mg grains with an average size

f 12 μm can be discerned, and at the same time a small num-

er of deformation traces with small recrystallized grains can be

een, as pointed out by white arrows. The X-Ray diffraction pat-

ern in Fig. 1 C revealed the main α-Mg phase with HCP structure

nd small amount of RE-rich phase. 

The extruded rods were then rotary swaged at room temper-

ture for four passes to a final rod with 14.5 mm in diameter (a

ross-area reduction of 35%) and a length of 1 m. Fig. 2 A shows

he schematic representation of swaging process and Fig. 2 B is the

icture of the swaged Mg alloy rod. During rotary swaging, the rod

as deformed under a high strain rate of approximately 10–10 2 s –1 

nd a high hydrostatic stress from the die impacts. As shown in

ig. 2 C, the micro-hardness in top plane of the CG extruded Mg

lloy was ~0.9 GPa, whereas the four-pass swaging resulted in a

radient distribution of micro-hardness along the radial direction,

ith a constant value of ~1.3 GPa in the central region (defined

s region I with radius r smaller than 1.5 mm), which then de-

reases gradually to approximately 1.1 GPa as r increases to 4 mm

defined as region II) and remains unchanged at 1.1 GPa with r

arger than 4 mm (defined as region III). Transmission electron mi-

roscopy (TEM) revealed that region I (denoted as “NC Mg alloy”

elow) was composed of equi-axed nano-grains with an average

ize of approximately 80 nm ( Fig. 2 D and Fig. 3 C). Selected area

lectron diffraction (SAED) pattern showed a ring-like pattern (in-

et in Fig. 2 D), indicating that most of the grains were randomly

riented and separated by high-angle grain boundaries (GBs). The

on-uniform deformation contrast in the most of nano-grains sug-

ests the majority of nano-grains were formed via deformation but

ecrystallization. Fig. 2 E shows high resolution TEM (HRTEM) im-

ge of three grains with high-angle GBs. The basal plane (0 0 02)

as marked in grains 1 and 2, and prismatic plane (10–11) was

arked in grain 3. 

Except the microhardness and microstructural characterizations

n top plane of the swaged Mg alloys, we also performed the same

easurements in side plane, as shown in Fig. 3 . From Fig. 3 A, there

s not evident difference in microhardness between the top and

ide planes of the extruded Mg alloys. However, for the swaged

g alloys, the microhardness in side plane of region I is smaller

han that in top plane. Bright-field TEM in Fig. 3 B revealed lamella

rains with an average width of 90 nm ( Fig. 3 D) in side plane of

he swaged Mg alloys which explains the reason for the smaller

icrohardness. The SAED pattern revealed both high angle and low

ngle GBs. The non-uniform contrast in lamella grains further con-

rmed the conclusion that the nano-grains were formed via defor-

ation but recrystallization. Therefore, the swaged Mg alloys are

nisotropic in terms of properties and microstructures. 



276 Y. Wan, B. Tang and Y. Gao et al. / Acta Materialia 200 (2020) 274–286 

Fig. 1. Microstructure and phase contents of the as-extruded CG Mg alloy. (A and B) Optical micrographs of the extruded rod viewed from top (A) and side (B) planes, 

showing homogeneous dynamic recrystallized (DRX) α-Mg solid solution. (C) X-Ray diffraction pattern revealing α-Mg and RE-rich phase. 
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Fig. 4 displays TEM images of microstructures in region III (most

out part) of the swaged Mg alloy. Both deformation twins and dis-

location cells can be discerned in Fig. 4 A. Fig. 4 B is the magni-

fied TEM image of area “B” in (A) clearly showing dislocation cells.

Fig. 4 (C, D) are SAED pattern and index of the SAED pattern ap-

proving the existence of deformation tension twins. In the transi-

tion region II, we observed a mixed area which was composed of

regions of deformation bands with low-angle GBs (as marked in

Fig. 5 A), nano-grains and deformation twins (as shown in Fig. 5 C).

The blue and yellow dot-lines in Fig. 5 A refer to the primary and

secondary band boundaries, respectively. Fig. 5 B is typical HRTEM

image in area of Fig. 5 A which illustrates a 5 ° small-angle GB

formed by dislocation arrangement, as marked by “⊥ ”. The inset

in Fig. 5 B is Fourier transformation of the HRTEM image. 

3.2. Microstructures of aged NC Mg alloys 

In order to optimize mechanical properties of the age-

hardenable swaged Mg–Gd–Y–Zr alloy, we performed isothermal

aging to the swaged samples at different temperatures (448-

498 K). The microhardness aging curves versus aging time at dif-

ferent aging temperatures of the NC Mg alloy are shown in Fig. 6 A.

The aging curves demonstrate the lower the aging temperature, the

higher the hardness peak and the longer aging time for the peak

hardness. We achieved the maximum hardness of 1.55 GPa at the

aging temperature of 448 K and time of 72 h ( Fig. 6 A). The gradient
icrohardness in radial direction of the aged swaged Mg alloy was

rawn in Fig. 2 C. One can see low-temperature aging moves the

hole curve upwards about 0.3 GPa. Subsequent TEM analysis re-

ealed that such a low-temperature aging did not change the grain

ize in region I ( Fig. 6 B) but precipitated β ′ phase in the nano-

rain interior, as further revealed in the diffraction pattern gen-

rated by Fourier transformation of the HRTEM image in Fig. 6 C

 24 , 25 ]. 

.3. Mechanical properties of swaged and aged NC Mg alloys 

To evaluate the mechanical properties of the swaged and aged

g alloys, we performed uniaxial tensile tests. The engineering

tress-strain curves are shown in Fig. 7 A. The extruded CG sam-

le exhibited a yield strength of approximately 200 MPa and a

uctility of 14%, as listed in Table 1 . After the swaging process,

he Mg alloy containing both regions I and II had a yield strength

f 430 MPa and a ductility of 8%, and that in region I only, con-

aining nano-grains, showed a remarkably high yield strength of

60 MPa, with the ultimate strength and uniform elongation as

ell as ductility of 630 MPa, 3% and 5%, respectively. The aging

rocess further increased the yield and ultimate strength as well

s uniform elongation in the region I to 650 and 710 MPa as well

s 4%, while slightly decreasing the ductility to 4.5%. Fig. 7 B com-

ares our results with the yield strength versus ductility data for

ther bulk processed Mg alloys in the literature [ 5 –16 ], indicating
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Fig. 2. Processing, hardness and microstructures in top plane of the swaged Mg alloys. (A) Schematic illustration of the rotary swaging technique. (B) Picture of the swaged 

sample. (C) Vickers micro-hardness measured from center to edge in top plane along the radial direction of the swaged and extruded Mg alloy rods, where three regions 

(marked as I, II and III) are distinguished. (D) Bright-field TEM image of region I. The inset is the corresponding SAED pattern. (E) HRTEM image showing high-angle GBs 

between grains 1, 2 and 3. The basal plane (0 0 02) was marked in grains 1 and 2, and prismatic plane (10-11) was marked in grain 3. 

Table 1 

Lists of yield strength (YS), ultimate tensile strength (UTS), uniform 

elongation εue and elongation to failure εef of the CG, swaged region I, 

swaged regions I + II, swaged and aged region I Mg alloys. 

Samples YS, MPa UTS, MPa εue , % εef , % 

CG Extruded 200 320 14 14 

Swaged regions I + II 430 470 6 8 

Swaged region I 560 630 3 5 

Swaged + aged region I 650 710 4 4.5 
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hat our values surpass those reported in previous studies. Since

ging did not change the grain size in region I, the increase in Mg

lloy strength could be mainly attributed to the formation of intra-

ranular solute clusters (as revealed by the results of 3D atomic

robe tomography below) and β ′ precipitates which also slightly

ncrease strain hardening capability and uniform elongation. 

To reveal deformation mechanisms, fractured sample surfaces

ere examined by SEM. The CG Mg developed deep uniform dim-

les with sizes of ~10 μm ( Fig. 8 A), whereas for the swaged NC

ample containing region I, the dimples became shallow with sizes

maller than 5 μm ( Fig. 8 B). A closer examination revealed a large

umber of grains with sizes comparable to the initial nano-grains

 Fig. 8 C), suggesting occurrence of a ductile inter-granular fracture.
imilar fracture surface morphologies were also observed in the

ged NC sample ( Fig. 8 D and E). Relevant modeling and experimen-

al investigations in the literature reveal that GB-mediated defor-

ation, such as GB sliding and migration [ 26 , 27 ], as well as grain

otation [28] play an important role in NC materials in addition to

onventional slip of lattice dislocations [29] . For the sample con-

isting of regions I and II, evidence of mixed fracture (large elon-

ated dimples from region II due to shear fracture and small dim-

les from region I) was observed, as shown in Fig. 8 F. 

.4. 3D atomic probe tomography (APT) composition analyses 

3D APT was employed to determine the composition distribu-

ions of the solutes Gd, Y and Zr in Mg matrix. 3-D atomic maps

f the swaged and aged samples ( Fig. 9 A) showed both tip spec-

mens containing clear GBs, as marked by white arrows. 1D con-

entration profiles across GBs revealed segregations of Gd, Y and

r at the GBs ( Fig. 9 B), while the quantitative composition analysis

ndicated the excess of Gd, Y and Zr at GBs in the swaged sample

t 1.32, 0.34 and 0.21 atom/nm 

2 , respectively. The aging process

owered these values to 0.84, 0.21 and 0.13 atom/nm 

2 correspond-

ngly ( Table 2 ). Here, the solute excess value is a parameter charac-

erizing GB segregation and calculated based on comparison with

he solute concentration in the grain interior. In the literature, GB
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Fig. 3. Microhardness and microstructures in side plane of the swaged Mg alloys. (A) Microhardness of swaged and extruded Mg alloys in both top and side planes for 

comparison. (B) Bright-field TEM image of region I. The inset is the corresponding SAED pattern. (C) Grain size histogram in top plane. (D) Grain width histogram in side 

plane. 

Table 2 

Solute excess values (atoms/nm 

2 ) at GBs of 

the swaged and aged Mg alloys. The error is 

±0.01 atoms/nm 

2 . 

Samples Gd Y Zr 

As-swaged 1.32 0.34 0.21 

As-aged 0.84 0.21 0.13 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Chemical compositions (at%) of the Gd-rich clusters in the swaged and 

aged Mg alloys. 

Samples Mg Gd Y Zr 

As-swaged 86.46 ±4.39 8.96 ±3.65 1.63 ±1.31 1.01 ±0.81 

As-aged 87.02 ±1.07 7.24 ±0.82 1.98 ±0.44 0.95 ±0.31 

n  
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v  
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a  

f

3

 

a  

s  

f  
segregation is also reported in NC 7075 Al [30] , Mg-Gd [31] and

Ni-Mo alloys [32] . Solutes or impurities in NC materials are segre-

gated at GBs in higher fractions/proportions than in CG materials,

due to the increased GB volume fraction, short diffusion distance

from the grain interior to the boundary and high density of lattice

defects. 

Except for solute segregation at GBs, APT also revealed Gd-rich

clusters in the grain interior. Fig. 9 C shows proxigrams across the

matrix/cluster interfaces of the swaged and aged NC samples, and

the insets are 3D atomic distributions of Gd with isosurfaces (in

green) at 4 at%. The Gd concentration in the clusters (defined by

their interfaces using iso-surfaces at 4 at% Gd, corresponding to the

zero position of the horizontal axis in the proxigram) was approx-

imately 9 at% for the swaged samples, and the aging process did
ot noticeably change the solute compositions of the Gd-rich clus-

ers ( Table 3 ). The number density of the Gd-rich clusters against

he cluster size is shown in Fig. 9 D. The aging process increased

he cluster density and size, resulting in an increase of the cluster

olume fraction from 14% to 34%. The above APT results indicate

hat deformation led to solute excess segregation at GBs, whereas

ging accelerated intra-granular cluster formation, resulting in a

urther increase in strength. 

.5. Grain refinement mechanisms 

Bulk NC Mg alloys are difficult to prepare because it is hard to

void cracking during SPD processing; only few NC Mg alloys have

o far been obtained by ball milling or surface attrition [ 12 , 33 ]. We

urther performed TEM observations ( Fig. 10 ) to reveal formation
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Fig. 4. Microstructures of region III in the swaged Mg alloy. (A) TEM image showing both deformation twins and dislocation cells. (B) Magnified TEM image of area “B” in 

(A) showing dislocation cells. (C) Selected area electron diffraction (SAED) pattern showing the existence of deformation twins. (D) Index of the SAED in (C). 
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echanisms of the nano-grain structure. The NC grains were gen-

rated in two stages: (i) CG subdivision into UFGs by twinning or

islocation slipping, (ii) further refinement of UFGs down to nano-

rains by stacking faults and slipping. In stage one, mechanical

wining (mostly tension twining with a mis-orientation of 86.7 °)
rstly refined the initial CG structure into UFG plates ( Fig. 10 A).

islocation slipping then divided the twin plates into finer sub-

rain bands ( Fig. 10 B). For the non-twinned regions, the CG grains

ere divided by dislocation slip into primary and secondary de-

ormation bands separated by low-angle boundaries ( Fig. 10 C and

). In stage two, extensive stacking faults (SFs) on (0 0 01) basal

lane and/or dislocation arrays cut the UFG bands into nano-grains

 Figs. 10 E and F). Further dislocation accumulation on the SFs then

urved the SFs and transformed them into normal high-angle GBs

34] . 

We stress that the extensive generation of twin plates and

eformation bands is essential to obtain a uniform deformation

tructure in stage (i). This is different from other works where

rain refinement occurs only near GBs or twin boundary regions
n Mg alloys because of the preferential dislocation generation at

hese boundaries and the deficiency of dislocations in long range

lipping [ 35 , 36 ]. Moreover, our TEM observations revealed numer-

us non-basal slip dislocations < c + a > or < c > in the one-pass

waged sample ( Fig. 11 ). An activation of non-basal slip in Mg

lloys is feasible when the basal plane is titled in a way that

he Schmid factor ratio of prismatic to basal slip becomes larger

han 1.5–2.0 [ 20 , 37 , 38 ], the periodic variations of loading direc-

ion with high time frequency (approximately 50 Hz) might gen-

rate favorable directions for basal and non-basal co-slips and

enefit the formation of deformation bands. Moreover, density-

unctional theory calculations and experiments also revealed that

he Gd and/or Y solutes could lower the SF energy and increase

he probability of non-basal dislocation slip [ 19 , 39 ]. Meanwhile,

he high strain rate could increase the saturated dislocation den-

ity and promote the formation of twins and SFs [40] . The gra-

ient structure is a result of the friction between the modes and

he sample which created an easily-deformed zone in the central

egion. 
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Fig. 5. TEM and HRTEM images of the swaged Mg alloy in region II. (A) Deformation band structure with low-angle GB. The blue and yellow dot-lines refer to the primary 

and secondary band boundaries, respectively. (B) Typical HRTEM image of the area in (A). Dislocations were marked by “⊥ ”, and the inset is the Fourier transformation of 

the HRTEM image. The mis-orientation angle between two grains was about 5 °. (C) TEM image of region II consisting of both NC and UFG grains. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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4. Discussions 

4.1. Strength and ductility of Mg alloys 

It has been reported that fine grained (1–10 μm) Mg alloys

usually have better ductility than the CG ( > 100 μm) Mg alloys.

For example, recently Huang’s group reported both yield strength

and ductility increase with decreasing grain size from 114 μm to

3.3 μm [37] . Our former study also found that equal channel an-

gular pressing (ECAP) doubles both yield strength and ductility of

AZ80 Mg alloys by partially refining grain size from about 50 μm

down to UFG region [36] . Huang et al. further revealed that < a >

dislocations and tension twins dominate in the samples with grain

sizes larger than 10 μm, while < a > and < c + a > dislocations dom-

inate in the samples with grain sizes smaller than 5 μm [37] . In

parallel, a consistent trend for both the strength and ductility to

increase with decreasing grain size is observed [37] . However, our

current results in Fig. 7 A and literature review in Fig. 7 B indi-

cate that with further refining grain size down to NC region ( <
 t  
00 nm), Mg alloys still follow strength-ductility trade-off paradox,

.e. yield strength increases with the expense of ductility as grain

ize decreases down to NC and UFG regions. The decreased ductil-

ty of NC and UFG Mg alloys can be explained by fracture theory

n tension [41] . 

Based on Hart’s theory [41] , during tension necking instability

ccurs when: 

≤ σ ( 1 − m ) , (1)

here � is strain hardening rate, equal to ∂ σ / ∂ ε, m is strain rate

ensitivity, equal to ∂ ln σ / ∂ ln ̇ ε , and σ , ε and ˙ ε are true stress, true

train and strain rate. Both high � and m are important for high

ensile ductility because they can help delay the necking and pro-

ong the elongation. Strain hardening, i.e. dynamic strengthening

uring tension, is mainly resulted from interactions between dis-

ocation and other lattice defects as well as itself, and m reflects

hermally activated mechanism of slip and relates with flow stress

ctivation volume V 

∗. m value of metals is usually much smaller

han � when they deform quasi-statically at room temperature
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Fig. 6. Microhardness and microstructures in top plane of the aged Mg alloys. (A) Vickers hardness curves of the NC Mg alloys aged at 448, 478 and 498 K for different 

times. (B) TEM image of the aged NC sample at 448 K for 72 h. (C) HRTEM image of the aged NC sample. The inset is a Fourier transformation image showing extra reflection 

points at 1/4, 1/2, 3/4 of (01 0) Mg from β ′ phase. 
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42] . Therefore, strain hardening capability is import and deter-

ines the overall tensile ductility. Refining the CG down to NC

nd UFG regions takes away the space for dislocation accumula-

ion and multiplication, and the high density of boundaries as dis-

ocation sinks makes the strain hardening null. Therefore, the de-

reased strain hardening capability and dislocation accumulation

re the fundamental reasons for the low ductility of NC and UFG

g alloys. 

From Fig. 7 A, it is true that for the swaged NC Mg alloy, necking

ppears quickly after yielding because of the low �. As a result,

he uniform elongation is only 3%. After low-temperature aging,

ecking instability was postponed slightly due to dislocation re-

overy and β ′ precipitation as well as Gd-rich clustering which re-

ained � more or less. The uniform elongation was also enhanced
o 4.5%. σ
.2. Contributions of different strengthening mechanisms 

The high strength of the aged NC Mg alloy results from the fol-

owing microstructural features: (i) nano-grains, (ii) high disloca-

ion density, (iii) solid solutions of Gd and Y in the lattice, (iv)

olutes (Gd, Y and Zr) segregated at GBs, (v) intra-granular solute

lusters and β ′ precipitates. 

.2.1. Solid solution strengthening contribution 

The solid solution strengthening contribution σ s can be calcu-

ated based on the equation: 

s = σy + 

3 . 1 εG C 1 / 2 
(2) 
700 
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Fig. 7. Tensile properties of the swaged and aged Mg alloys. (A) Tensile stress-strain curves. (B) Comparison of yield strength versus ductility for processed Mg alloys [5-16] . 

Fig. 8. SEM images of fracture surfaces. (A) CG Mg alloy. (B, C) Swaged NC Mg alloy. (D, E) Aged NC Mg alloy. (F) Swaged Mg alloys with region I and II. 
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σ  
where G is the shear modulus of the matrix, equal to

1.66 × 10 4 MPa for Mg [43] , ε is an experimental constant, equal

to 0.74 for Mg–Gd series alloy [24] , σ y is the yield strength of pure

Mg, equal to 21 MPa [44] , C is the solute concentration in atomic

percentage in Mg matrix. Here C was derived from the APT results

in Fig. 9 C, equal to 1.88% for the aged NC Mg alloy. Thus, the solute

strengthening contribution was calculated as 95 MPa. 

4.2.2. Grain refinement strengthening contribution 

GB strengthening contribution σ d was calculated based on the

Hall-Petch equation: 

σ = K d −1 / 2 (3)
d 
The value of K is associated with grain size d , varying in a large

cale between the NC and CG alloys. K used here was derived from

ef. 3 , where an increment of 300 MPa, compared with the sin-

le crystal counterpart, was obtained in the NC Mg 2 Zn alloy with

rain size of 105 nm. Thus, K = σ d × d 1/2 = 300 × (105) 1/2 =
074 MPa �nm 

1/2 for NC Mg alloys, and the GB strengthening con-

ribution was estimated as 344 MPa. 

.2.3. Dislocation strengthening contribution 

Here we estimated dislocation density from XRD peak broaden-

ng [45] , and calculated dislocation strengthening contribution σρ

rom the Taylor formula [46] : 

ρ = MαGb ρ1 / 2 (4)
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Fig. 9. Composition distributions of the solutes Gd, Y and Zr in the swaged and aged NC Mg alloys by APT. (A) Atomic maps of reconstructed volumes. (B) 1D concentration 

profiles across the GBs. (C) Proxigrams across the matrix/cluster interface. The insets are small-volume 3D atomic distributions of Gd with iso-surfaces (in green) at 4 at%. 

(D) Number density of the solute clusters N versus cluster size. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 

Fig. 10. Illustration of grain refinement mechanisms revealed by TEM in region I with different area reductions. (A) 6%, exhibiting the generation of { 10 ̄1 2 } tension twining. 

(B) 16%, the deformation twin plates were refined into finer sub-grain bands. The SAED pattern inset shows low-angle GBs between the sub-grain bands. (C) 6%, the non- 

twinned regions were refined into primary deformation bands. The SAED pattern inset shows low-angle GBs between the primary bands. (D) 16%, the primary bands were 

divided by dislocation arrays into secondary bands. (E and F) 26%, presenting a set of stacking faults (SFs) on (0 0 01) plane. 
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Table 4 

List of strengthening contributions from nano-grains σ d , dislocations σρ , solid solution σ s 

and precipitation σ Orowan of the aged NC Mg alloys. 

Strengthening mechanisms σ d (MPa) σρ (MPa) σ s (MPa) σ Orowan (MPa) 

Strengthening contributions 344 53 95 143 

Fig. 11. Bright-field TEM image of the one-pass swaged alloy (area reduction of 6%) 

under two-beam diffraction. Basal < a > dislocations are invisible under diffraction 

vector g = 0 0 02 based on g • b = 0 criterion ( b , Burgers vector). Dislocation segments 

lying on non-basal planes were indicated by orange and blue arrows, respectively. 

(For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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where ρ is the density of dislocations, equal to 0.3885 × 10 15 m 

−2 ,

as calculated from the XRD pattern, b is the magnitude of the

Burger’s vector, equal to 0.3202 nm, α is a constant with a value

of 0.24 [47] , M is the Taylor Factor with a value of 2.1 [48] . Thus,

σρ = 53 MPa. 

4.2.4. Precipitation strengthening contribution 

The precipitation strengthening cintribution σ Orowan was esti-

mated based on the modified Orowan equation [49] 

σOrowan = 

Gb 

2 π
√ 

1 − ν
(

0 . 825 

√ 

d t t t 
f 

− 0 . 393 d t − 0 . 886 t t 

)

× ln 

0 . 886 

√ 

d t t t 

b 
(5)

Here v is the Poisson’s ratio ( v = 0.35). f is the volume fraction of

the precipitates. d t and t t can be defined by the mean planar diam-

eter d p ( = πd t /4 ) and the mean planar thickness t p ( = t t ). d p and t p
and f were determined to be 3.58 nm, 1.8 nm and 0.0161 from ATP

results with Gd iso-surface at 7.5 at%. Thus, σ Orowan = 143 MPa. 

Briefly, based on the Hall-Petch equation, the strength of NC Mg

was calculated at approximately 344 MPa for the 80 nm average

grain size, and the strengthening contributions from dislocations,

solid solution and precipitation were estimated as 53 MPa, 95 MPa

and 143 MPa, respectively ( Table 4 ). Compared with the experi-

mental yield strength (650 MPa), the above calculation still ex-

ists a gap of 15 MPa which can be attributed to the strengthening
rom (iv) [32] . Five main deformation mechanisms are known to be

xpected in NC materials including preexisting dislocation gliding,

B dislocation emission, GB sliding and migration as well as grain

otation [ 26 –29 ]. Firstly, the preexisting dislocations may be sta-

ilized by forming Cottrell atmosphere-like solute clusters at the

islocation cores. Secondly, the GB segregation will strengthen the

B bond cohesion, which further slows dislocation nucleation at

he GBs, GB sliding and migration as well as grain rotation. More-

ver, the intra-granular solute clusters and β ′ precipitates could

lso provide effective resistance to slip of dislocations. 

.3. Intra-granular solute-clustering and inter-granular 

olute-segregation reactions 

In literature, it has been reported that the Gd-rich clusters is

etected in the as-quenched condition of solid solution treatment

50] suggesting Gd-rich clusters can be formed at room tempera-

ure in Mg alloys. Moreover, Zn- and Mg-rich solute clusters were

lso reported to form in Al alloys during long-term natural aging

51] . Nevertheless, we think the Gd-rich clusters dectected in the

waged Mg alloys were mainly formed during nanostructuring of

waging process and subsequent natural aging process (consider-

ng there is several months between swaging and APT). The rea-

ons are as follows. First, the initially formed Gd-rich clusters are

ifficult to exist during SPD of swaging process and the solutes are

usceptible to redistribution via solute-defects (dislocation, point

efects and so on) interactions in order to lower the free energy

f materials. During swaging process, the high concentration of

obile defects can sweep the Gd and Y solutes to GBs, and dur-

ng subsequent natural aging, the Gd and Y solutes can further

egregate at GBs and grain interiors through the enhanced diffu-

ion process due to the presence of high-densities of lattice imper-

ections. Therefore, during swaging processing the lattice defects

reatly influences the solute dispersion, and the resulting clusters

nd GB segregations reflect an energy landscape in which intra-

ranular solute-clustering and inter-granular solute-segregation re-

ctions provide local reductions in free energy. Second, newly

ormed GB segregation of Gd and Y solutes after swaging process

erified the solute diffusion ability to form intra-granular Gd rich

lusters. Third, similar intra-granular solute-clustering and inter-

ranular solute-structuring reactions were observed in NC 7075 Al

lloys after high pressure torsion processing at room temperature

30] . 

. Conclusion 

In this work, initial CG Mg-Gd-Y-Zr alloy rods were deformed

y means of a conventional industrial method of rotary swaging

rocess. The rotary swaged samples can be easily scaled up as the

rocessing is continuous in length. Our work will advance the in-

ustrial applications of bulk NC Mg alloys by giving them a low-

ost, energy-efficient and universal fabrication technique. Detailed

esults are summarized as follows: 

1. Four-pass swaging produced a gradient microstructure and

microharness in radial direction of which lattice defects

increased from outer part to center part of the swaged

rod. As a result, a NC region, with a dimension of

∅ 3 mm × 10 0 0 mm, equi-axed grains of 80 nm in top plane
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and NC lamella grains in side plane, was formed in the

swaged rod center. 

2. Tensile test indicated that the swaged NC Mg alloys had a

remarkable high yield strength of 560 MPa, with the ul-

timate strength and ductility of 630 MPa and 5%, respec-

tively. Fracture surface observation suggested a ductile inter-

granular fracture in the NC Mg alloys. 

3. Low-temperature aging of the NC Mg alloys at a tempera-

ture of 448 K for 72 h did not change the grain size but

precipitated β ′ phase in the nano-grain interior. As a result,

the yield strength and ultimate tensile strength were further

enhanced to 650 MPa and 710 MPa, respectively, the highest

such values published for bulk Mg alloys. 

4. APT analysis indicated that deformation of swaging led to

Gd, Y and Zr solutes excess segregations at GBs and Gd-

rich clusters in the nano-grain interior, whereas the low-

temperature aging accelerated intra-granular cluster forma-

tion, resulting in a further increase in strength. The high

concentration of mobile defects induced by swaging swept

the solutes to GBs, and during subsequent natural and low-

temperature aging, the solutes could further segregate at

GBs and grain interiors due to the enhanced diffusion pro-

cess. 

5. The grain refinement of Mg alloy during swaging process in-

cluded two stages: (i) CG subdivision into UFGs by twinning

or dislocation slipping, (ii) further refinement of UFGs down

to nano-grains by stacking faults and slipping. 

6. Calculations indicated that the strengthening contributions

from dislocations, solid solution, precipitation and nano-

grain were estimated as 53 MPa, 95 MPa, 143 MPa and

344 MPa, respectively, among which the grain refinement

strengthening mechanism played a dominant role. 
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