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A B S T R A C T   

Low ductility has always been a drawback for nanostructured materials. In this study, we applied a low- 
temperature annealing process on a cold rolled Al-8.1Mg-0.15Zr alloy with supersaturated state. It is found 
that the uniform elongation of the rolled specimen was improved by 124% after a low-temperature annealing 
treatment at 333 K, while an enhanced tensile strength was obtained in the annealed specimen. The good 
combination of tensile strength and ductility was mainly attributed to the fully nanostructured microstructure 
and the formation of nanoscale precipitates and segregation of Mg element after annealing treatment.   

1. Introduction 

In recent years, on account of the increasingly severe resource and 
environment problems, massive efforts have been paid to advocate the 
strong demand of energy conservation and emission reduction [1]. 
Al–Mg alloys (5xxx series Al alloy) that mainly contain Mg element have 
been widely used in marine, aerospace and automotive fields due to 
their low density, excellent corrosion resistance, high specific strength, 
good workability and weldability [2–5]. It has been reported that the 
yield strength (YS) of the alloy increases significantly from 290 MPa to 
510 MPa with the magnitude of Mg content from 1% to 7% by 
equal-channel angular pressing (ECAP) [6]. Solid solution strengthening 
and work hardening are generally responsible for enhancing the me-
chanical properties of Al–Mg alloys [7–9]. Apart from the Mg atoms, it is 
found that the mechanical performance of Al–Mg alloys can be further 
enhanced by appropriate addition of Zr element [10]. Al3Zr particles are 
generated due to the reaction between these Zr atoms and Al matrix, by 
which dislocations can be pinned to improve strengthening effect of 
Al–Mg alloys [11,12]. 

Generally, the Mg content of Al–Mg alloys is no more than 6% due to 
the formation of continuous or discontinuous β phase along grain 
boundaries (GBs), which leads to intergranular corrosion and stress 
corrosion cracking [13]. However, there is still vast composition space 

for utilizing the solid solution strengthening effect via Mg addition. 
Recent studies indicated that the strength can be further enhanced by 
increasing Mg content of 9% [14]. In this case, it is feasible to ameliorate 
the mechanical properties by changing the Mg content. Besides the 
chemical composition, plastic deformation strategies in the form of cold 
rolling or ECAP have been frequently employed to enhance the strength. 
However, these nanostructured Al–Mg alloys usually possess high 
strength but low ductility due to the excessive dislocations [6,15], which 
is detrimental to their industrial applications. The ductility can be 
retained in the subsequent annealing, however, the strength is deterio-
rated dramatically due to apparent grain growth [16]. In order to retain 
high strength and promising uniform ductility collectively, proper heat 
treatments should be carefully designed and applied. 

In this work, multiple strategies of high Mg content, intense rolling 
strain and low temperature annealing were employed together to 
ameliorate the mechanical properties including tensile strength and 
uniform elongation in an Al–Mg–Zr alloy. 

2. Experimental method 

The Al-8.1Mg-0.15Zr (wt.%) alloy was cast by the vacuum induction 
method, then the plate with nanostructured microstructure was pre-
pared by rolling and annealing, and the processing route is illustrated in 
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Fig. 1. To achieve the complete solution of Mg in Al matrix, Al-8.1Mg- 
0.15Zr alloy was solution treated at the temperature of 753 K for 12 h 
and then quenched in water (solution). Following that, the alloy was 
rolled from 11 mm to 1 mm at room temperature, which corresponds to 
a reduction in thickness of 91% (as-rolled). To avoid the temperature 
rise during the rolling process, the sheet was immediately immerged into 
water after each rolling pass. After intense cold rolling deformation, the 
samples were heat treated at a low temperature of 333 K for 48 h 
(annealed). 

The microstructures of Al-8.1Mg-0.15Zr alloy were examined by 
optical microscopy (OM), electron backscatter diffraction (EBSD) and 
transmission electron microscopy (TEM, Tecnai F20) equipped with 
energy dispersive spectroscopy (EDS). The EBSD system is equipped on a 
field emission scanning electron microscope (FE-SEM, FEI Inspect F50). 
An accelerating voltage of 20 kV, a working distance of 10 mm and a 
step size of 100 nm were used to acquire the EBSD map. The TSL OIM 
Analysis 7 software was used to analyze the ESBD data. TEM charac-
terization was conducted on an FEI Tecnai F20 with an accelerating 
voltage of 200 kV. EBSD specimens were prepared by electropolishing at 
12 V for 90 s at 248 K using an electrolyte consisting of 90 vol% ethanol 
and 10 vol% perchloric acid. Thin foils for TEM characterization were 
prepared by twin-jet electropolishing at 12 V using an electrolyte con-
sisting of 70 vol% methanol and 30 vol% nitric acid at 248 K. The RD-ND 
(RD: rolling direction; ND: normal direction) plane of the as-rolled and 
annealed specimen was characterized. To identify the precipitates dur-
ing annealing treatment and to quantify the dislocation density, X-ray 
diffraction (XRD, SmartLab) was performed with a scanning speed of 
10◦/min from 35◦ to 80◦. Tensile tests were conducted at an initial strain 
rate of 10− 3 s− 1 by using a universal tensile testing machine (Instron 
8801), and the samples were cut parallel to the rolling direction with a 
gauge size of 10 × 4 × 1 mm. 

3. Results and discussions 

Fig. 2 shows the microstructure and element distribution of the 
solution-treated alloy. It is obvious from the optical micrograph that the 
solution-treated samples exhibited relatively uniform equiaxed grains 
with the mean grain size of about 150 μm (Fig. 2(a)). The microstruc-
tures were further characterized by TEM, as shown in Fig. 2(b). Com-
bined with the EDS mapping corresponding to Al, Mg and Zr elements, it 
is concluded that the particles were enriched with Zr atoms. In addition, 
it can be seen that the distribution of Mg element was quite homoge-
neous, indicating that Mg atoms were fully dissolved in the matrix after 
solid solution treatment. 

EBSD characterizations were performed on the as-rolled and 
annealed alloys, respectively, as shown in Fig. 3. Different from the 
solution-treated alloys, the grains of as-rolled alloys are elongated along 
the rolling direction, presenting the banded pattern due to severe rolling 
deformation (Fig. 3(a)). Apparently, the grains pattern after the 
annealing treatment (Fig. 3(d)), irrespective of grain sizes, was similar to 
that of the as-rolled specimen. It should be noted that the indexed degree 
of the grains is low by EBSD, leaving many dark areas regarded as high- 
density dislocations and nanograins [7]. These results indicate that low 
temperature annealing in this work did not induce recrystallization. 

It is further proved by the TEM images in Fig. 3(b,e). The average 

bandwidth of the as-rolled and annealed specimens were estimated as 78 
± 17 nm and 86 ± 19 nm, respectively (Fig. 3(c) and (f)). Considering 
the short annealing time and the low annealing temperature, the change 
in grain size is not significant although the dislocation entanglement had 
recovered to some extent after annealing. It is now clear that low tem-
perature annealing at 333 K in this work did not induce recrystallization 
and had retained the fully nanostructured grains, which is critical for 
achieving high strength. 

The detailed microstructure of the annealed sample was further 
characterized by scanning TEM (STEM), as shown in Fig. 4. In contrast to 
the homogeneous elemental distribution, Mg and Zr segregation was 
activated after low-temperature annealing and precipitates can be 
observed from the EDS mapping. To determine the phase changes during 
the annealing process, XRD analysis was performed on the three kinds of 
specimens, as shown in Fig. 5. Different from the XRD results of the 
solid-solution and as-rolled alloys that exhibit simple single-phase 
structure, apparent Al3Zr and Al3Mg2 phases are detected after the 
annealing treatment. The lattice parameter of Al–Mg alloys decreases 
with reducing Mg content in the solid solution due to the precipitations 
and the clusters of solute atoms [14]. Based on the lattice parameters 
given by XRD, the mass fractions of Mg in the as-rolled and annealed 
states are decreased by 0.19% and 1.09%, respectively, in contrast to the 
solid solution state. Combined with the XRD and EDS mapping results, it 
can be concluded that the formation of Al3Mg2 nanoparticles is induced 
by the segregation of Mg atoms during the low-temperature annealing 
process. These newly formed precipitates and retained nanostructure 
after annealing might impact on the mechanical properties, which will 
be examined in the following section. 

The engineering stress-strain curves of the Al-8.1Mg-0.15Zr alloys 
under as-rolled and annealed states are shown in Fig. 6(a). Comparable 
YS of 449 ± 16 MPa and 440 ± 15 MPa were obtained in the as-rolled 
and annealed specimens, respectively, obviously higher than that of 
traditional Al–Mg alloys with less Mg element addition [14,17]. More-
over, the ultimate tensile strength (UTS) of the annealed specimen 
increased to 544 ± 8 MPa, which was higher than that of the as-rolled 
specimen (525 ± 5 MPa). The enhanced strength in the annealed spec-
imen can be attributed to the retained nanostructure and prolonged 
strain-hardening capability. 

Remarkably, due to the formation of Al3Zr dispersoids, the uniform 
elongation of the annealed specimen (~10.3 ± 0.2%) was increased by 
124% compared to that of as-rolled specimen (~4.6 ± 0.3%), which is 
striking for fully nanocrystalline materials [18]. Meanwhile, the tensile 
curve of the annealed specimen showed a slight serration behavior. 
However, the serration behavior has been frequently observed in 
coarse-grained Al–Mg alloys, which is supposed to be induced by 
Portevin–Le Chatelier (PLC) effect [19]. The reduction of serration 
behavior in this work can be attributed to the trapping effect of Al3Zr 
and Al3Mg2 nanoparticles in the nanostructured matrix, resulting in a 
lower diffusivity of Mg solute atoms. Thus, the time interval between 
dislocation pinning and unpinning is reduced, relieving the PLC effect in 
the alloy [18]. It can be seen from Fig. 6(b) that the strain-hardening rate 
(θ) of the annealed specimens was higher than that of as-rolled spec-
imen, which delayed the necking process and significantly enhanced the 
uniform elongation. Therefore, it can be concluded that 
low-temperature annealing can exert a significant impact on the 

Fig. 1. Processing route of the Al–Mg alloy.  
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mechanical properties of the as-rolled Al–Mg alloy. 
It is apparent from Fig. 6 that low-temperature annealing improves 

the ductility without losing YS too much and even raises the UTS, which 
is quite striking for the fully nanostructured specimen. The attainment of 
improved strain-hardening capability after annealing can be attributed 
to different origins. First, the dislocations interaction with precipitates is 
promoted. In contrast to the as-rolled specimen that has a simple single- 
phase solid solution, nanoscale Al3Mg2 and Al3Zr precipitates appear 
after low-temperature annealing, which are supposed to pin dislocations 
efficiently during tensile tests. These Al3Zr precipitates are reported to 
have a L12 structure and impact strong strengthening effect via the 
Orowan mechanism [18,20]. Ninomiya et al. [21] added 0.2 wt%Zr to 
high-purity Al-8wt.%Mg alloy, and found that the addition of Zr sup-
pressed intergranular fracture at 298 K after solution treatment. As a 
result, the elongation to failure was improved by 21% by the addition of 
Zr. Second, the recovered microstructure can provide ample room for 
dislocations storage. Cross slip was inhibited in Al–Mg alloys with high 
Mg content as the stacking fault energy decreases with increasing Mg 

content [7]. As a result, supersaturated dislocations were stored in the 
as-rolled specimen. In the subsequent annealing process, these excessive 
dislocations can recover and the dislocation density decreases, as shown 
in Table 1. 

The mean dislocation density can be calculated generally by the 
following equation [22]: 

ρ＝2
̅̅̅
3

√ (
ε2)1

2
/
(D× b) (1)  

where ρ is the mean dislocation density, ε is the average micro strain, D 
is the average band size, and b is the Burgers vector. The value of ε was 
given by further analyzing the XRD results. These corresponding values 
are listed in Table 1. It can be seen that the values of ε and ρ for annealed 
samples are smaller than those of as-rolled samples, further confirming 
the occurrence of recovery during the annealing treatment. Therefore, 
the annealed specimen can retain the capability to store dislocations 
during tensile tests. 

The YS of these two specimens was also evaluated according to the 

Fig. 2. (a) OM and (b) TEM images of the solid-soluted Al–Mg alloy; (c–e) elemental mapping of Al, Mg and Zr elements in (b).  

Fig. 3. EBSD images of (a) as-rolled and (d) annealed sample; TEM images and statistical results of bandwidth of (b,c) as-rolled and (e,f) annealed sample.  
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Fig. 4. (a) Scanning TEM image and (b–d) EDS mapping results of the annealed Al-8.1Mg-0.15Zr alloy. The arrows in (a,c) indicated the Mg-rich phase.  

Fig. 5. (a) XRD patterns and (b) the magnified diffraction peak from 36◦ to 46◦ for solid solution, as-rolled and annealed samples.  

Fig. 6. (a) Engineering stress-strain curves and (b) strain-hardening curves of the as-rolled and annealed samples.  
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following equations: 

σy =ΔσSS + ΔσD + Δσband (2)  

ΔσSS = σ0 + HCn (3)  

ΔσD = αMGb
̅̅̅ρ√ (4)  

Δσband = kbandD− 1
2 (5)  

where ΔσSS is the solid solution strengthening, σ0 is the lattice friction 
stress, which is very low in face-centered cubic metals (such as Al) [23], 
ΔσD is the dislocation strengthening, Δσband is the band structure 
strengthening; The constants H = 13.8 MPa/wt.%, n = 1.04 and C is the 
solute concentration (in wt.%) [24], and the corresponding values for 
as-rolled and annealed states are 7.81 and 6.91, respectively, by con-
verting lattice parameters; α is a constant (0.3 [25]), M is the Taylor 
factor (3.06 [26]), G is the shear modulus (27 GPa [6]), and kband value is 
1/4 of ky (0.22 MPa m1/2 [27]). 

According to the above equations, the σy value of the as-rolled 
specimen was calculated to be 452.4 MPa, which basically matches 
well with the experimental results; in contrast, the σy of the annealed 
specimen was calculated as 403.1 MPa, which is lower than the exper-
imental data. Two possible mechanisms are responsible for the 
discrepancy. First, apparent Al3Mg2 and Al3Zr nanoparticles are detec-
ted after annealing, however, their roles cannot be estimated qualita-
tively due to the limited amount and heterogeneous distribution. 
Second, recovery of a nanostructure can induce abnormal hardening 
[28]. Huang et al. [28] reported the annealing-induced hardening and 
deformation-induced softening phenomenon in a nanostructured pure 
Al, which is just opposite to the well accepted conclusions based on 
classical physical metallurgy. When a deformed structure is annealed at 
a low temperature that does not cause recrystallization, typical effects 
include a coarsening of boundary spacing, recovery of low-angle 
boundaries, and reduction in the dislocation density in the grain inte-
rior, at grain boundaries and triple junctions [28]. These microstructure 
changes apply to the present work, and are supposed to reduce the 
dislocation sources, which make it difficult to activate new dislocation 
source and raise σy of nanostructured materials. 

4. Conclusions 

In this work, nanostructured Al-8.1Mg-0.2Zr alloy with high YS of 
449 ± 16 MPa and UTS of 525 ± 5 MPa was processed by severe cold 
rolling deformation. Following the low-temperature annealing at 333 K 
for 48 h, comparable YS of 440 ± 15 MPa with an enhanced UTS of 544 
± 8 MPa were obtained due to the retained fully nanostructured 
microstructure. Meanwhile, the uniform elongation of the rolled spec-
imen (4.6 ± 0.3%) was improved by 124% after low-temperature 
annealing treatment (10.3 ± 0.2%), which is induced by manipulating 
Mg and Zr element segregation and forming nanoparticles. This work 
provides an effective method to improve the tensile ductility of nano-
structured materials. 
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