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Abstract: A nanostructured surface layer was fabricated on a AZ91D magnesium alloy by using a high-energy shot peening(HESP). 
HESP induced structure along the depth of the treated sample surface layer was characterized by means of X-ray diffractometer 
(XRD), transmission electron microscope(TEM) and high resolution transmission electron microscope(HRTEM). The experimental 
results show that a deformed layer of about 50 µm has formed after HESP treatment and the average grain size increases from about 
40 nm in the surface layer to about 200 nm at the depth of 40 µm. The surface nanocrystallization can realize intercoordination of the 
dislocations slipping and dynamic recrystallization. The nanocrystalline grains have stacking faults and dislocation in their interiors. 
The microhardness of the top surface is about triplicate that of the coarse-grained matrix. 
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1 Introduction 
 

Nanocrystallization by severe plastic deformation 
(SPD) in metal materials has been a subject of many 
researches[1−3] in the last decade. This method offers 
two significant advantages compared with other 
techniques such as high-energy ball milling, insert gas 
condensation. First, it is possible to produce large bulk 
samples. Second, these samples are free from any 
residual porosity and contamination. Among those 
methods, high energy shot peening(HESP) is one of the 
effective processings for the fabrication of various 
ultrafine-grained structures by imposing intense plastic 
strains onto the surface of the metals and alloys. The 
strains present gradient distribution in the surface layer, 
changing from the maximum at the top surface to near 
zero far into the matrix. The microstructure observation 
at various depth levels can, therefore, provide the clue to 
the process of structural evolution relevant to various 
stages of strain. 

So far, the ultrafine-grain or nanocrystalline has 
been fabricated in several metal materials such as 
aluminum and its alloys[4−5], low carbon steel[6−8], 

stainless steel[9−11], titanium[12], cobalt[13−14], iron 
[15] and copper[16]. Most documented experimental and 
theoretical investigations have shown that the grain 
refinement is originated from dislocation activities 
during deformation in cubic (face-centered cubic(FCC) 
and body-centered cubic(BCC) as well) metals and 
alloys with a medium or high stacking fault energy(SFE). 
By contrast, the low SFE FCC materials exhibit a 
different mode of grain refinement, which involves the 
slip of dislocation and subsequent deformation twinning, 
followed by interplay of twins with dislocations. As for 
the hexagonal close packed(HCP) metals, deformation 
twinning occurs at the early stage of deformation and 
severs as an additional deformation mechanism to 
dislocation slip[13]. These results illustrate the 
refinement mechanism of the investigated metals. 
However, more metals should be examined to extend the 
application of the HESP. 

The characteristic properties of magnesium alloys, 
like density, high specific strength/stiffness, good 
damping capacity, diecastability and recycling potential 
make them ideal candidates to replace heavier materials 
(steel, aluminum) in automotive industry to meet the 
mass reduction demand. This has drawn attention of more 
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and more materials researchers. The widely used 
magnesium alloys belong to Mg-Al-Zn(AZ) series, such 
as AZ91(Mg-9Al-1Zn), showing excellent castability, 
good room temperature mechanical properties and low 
cost. AZ91D magnesium alloy has a medium SFE 
(50−80 mJ/m2), consists of α-phase (Mg matrix) and 
β-phase (Mg17Al12). To understand the mechanism of 
plastic deformation and improve the mechanical 
properties, an understanding of the origin and 
mechanism of grain refinement during HESP has 
intrinsic merit. In the present study, we investigated the 
microstructure change in the various layer of AZ91D 
magnesium alloy subjected to HESP treatment through 
TEM and HRTEM, with the aim at establishing the 
mechanism of grain refinement and strain 
accommodation during HESP, providing insight into 
optimal methods for grain refinement and the 
improvement of mechanical properties. 
 
2 Experimental 
 

The AZ91D alloy used in the present investigation 
was a plate of 5 mm in thickness with chemical 
composition (mass fraction, %) of 8.63 Al, 0.66 Zn, 0.29 
Mn and balance Mg. The alloy plate was cut into pieces 
with a dimension of 100 mm×100 mm suitable to HESP 
processing. A smooth surface was attained by polishing 
on 700-grade SiC paper. Microscope examination 
revealed an initial grain size of about 120 µm. The 
apparatus used in this study was the same as that 
reported in Ref.[4]. During HESP process, the hardened 
stainless steel balls of 6 mm in diameter were placed at 
the bottom of a vacuum chamber attached to a vibration 
generator. Because of the high vibration frequency of the 
system, the sample surface to be treated was impacted 
respectively by a large number of balls within a short 
period of time. Each impacting resulted in plastic 
deformation in the surface layer of the treated sample. As 
a consequence surface, nanocrystallization was 
conducted on the sample. In this work, the treatment was 
performed for 7.5 min and 30 min, respectively, at room 
temperature with a vibrating frequency of 50 Hz under 
vacuum. 

The X-ray diffraction analysis was carried out on a 
Rigaku D/MAX2400 X-ray diffractometer, with Cu Kα 
radiation. The microstructures in the given depth from 
the surface to the matrix of the sample were observed by 
H-800 transmission electron microscope(TEM) and 
JEOL-2010 high resolution transmission electron 
microscope(HRTEM). The sample for TEM observation 
was finally thinned by ion-milling. The cross-section 
microhardness measurement was conducted along the 
depth from the surface of the sample by MVK-H3 
Vickers hardness meter. 

 
3 Experimental results 
 
3.1 Microstructures 

The XRD patterns of AZ91D magnesium alloys 
before and after HESP treatments are shown in Fig.1. 
After HESP treatment, there is broadening of the Bragg 
reflection profiles, which may be attributed to grain 
refinement and the microstrain development. 
 

 
Fig.1 XRD patterns of AZ91D magnesium alloys with HESP 
for various times 
 

The deformed layer is about 50 µm thick subjected 
to HESP treatment for 30 min, observed by means of 
optical microscope. Based on the experimental results, 
the increase of HESP treatment duration does not change 
the grain size of the surface layer, but increases the 
thickness of the nanocrystalline layer[17]. 

The microstructure of the sample after HESP 
treatment for 30 min was also observed. Fig.2 shows a 
TEM image of the layer in a depth of about 60 µm from 
the surface layer of sample. A great number of 
dislocations tangling(DT) and dislocation wall(DW) are 
formed inside the grains. Therefore, the inhomogenously 
distributed dislocations result in the formation of high 
dislocation density area and low dislocation density area, 
which is the initial stage of the subgrain. 

The TEM micrograph (Fig.3) shows the grain size 
of 200 nm at an increased strain (about 40 µm deep 
below treated surface). The contrast is different among 
grains, indicating the existence of high internal stresses. 
Also there are many “clean” grains as shown in the 
figure with the arrow. These are the typical characteristic 
of dynamic recrystallization. 

Fig.4 shows a TEM micrograph illustrating the 
equiaxed microstructure in the nanometer region. The 
image is taken at the outer surface of the layer (about 10 
µm deep from the top surface). The average grain size is 
determined to be 40 nm. The corresponding SAED 
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Fig.2 TEM image showing dislocation walls and dislocation tanglings marked by black arrows (about 60 µm in depth) in AZ91D 
alloy after HESP for 30 min 
 

 
Fig.3 Bright field image and corresponding SAED pattern of 
refined grains of about 40 µm in depth 
 
pattern is also presented. The ring-like electron 
diffraction pattern shows that grain orientation is  
random, indicating highly misoriented boundaries. 

Fig.5 shows a HRTEM micrograph of the layer in a 
depth of about 10 µm from the top surface of sample 
after HESP treatment for 30 min. This shows that the 
grains orientate randomly and are characterized by high 
angle grain boundary. This further proves that the 
subgrains with low angle boundary evolve into 
nanocrystalline with high angle boundary with an 
increase in strain and disordered orientation of the grain 
increases. In particular, these grains have stacking faults 
(indicated by arrowheads) and dislocation (shown in 
circle) in their interior even at initial stage of formation. 

The above-mentioned results show that the 
microstructures change from subgrains far from the top 
surface layer to grains of about 200 nm with high angle 
grain boundaries and to grains about 40 nm near the top 

surface layer. This indicates that with the increase of the 
strain, deformation undergoes the changes from 
dislocations tangling and microsubgrain to ultrafine- 
grains finally. As the strain increases, the subgrains near 
the original grain boundary start to evolve into high 
angle grain boundary. 
 
3.2 Hardness variation 

Fig.6 shows the microhardness variation along the 
depth from the treated surface of the sample after HESP 
for 30 min. In the top surface nanostructured layer, the 
microhardness is enhanced. Compared with that of the 
matrix of sample, the microhardness of the top surface 
nanocrystalline layer is about triplicate that of the 
coarse-grained matrix, and the hardness of the layer of 
40 µm below the surface is increased too. With the 
further increase in depth, the hardness variation tends to 
be steady. The increase of the surface hardness of the 
sample after HESP treatment is attributed to the 
coactions of the grain refinement and the work-hardening. 
So it can be concluded that the surface nanocrystalline is 
helpful to the surface strengthening of materials. 
 
4 Discussion 
 

Based on the TEM observations, the grain 
refinement will be discussed in terms of strain 
accommodation at different levels of strain. At the low 
strain level during the HESP process, the imposed strain 
is accommodated mainly by dislocation slipping in the 
matrix with HCP structure, as shown in Fig.2, rather than 
by deformation twinning as often found in HCP materials. 
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Fig.4 TEM micrographs of surface layer (about 10 µm 
thickness) of sample after HESP for 30 min: (a) Bright-field 
image; (b) Dark-field image showing equiaxed nanograins; (c) 
Corresponding SAED pattern 
 
The grain boundaries are reported to act as obstacles for 
slip and dislocation. The nucleation should happen 
especially in certain deformation inhomogeneities like 
grain boundaries and triple junction, as shown in Fig.3. 
This phenomenon may be understood in terms of dynamic 

 
Fig.5 HRTEM micrograph of nanocrystalline 
 

 

Fig.6 Hardness variation of sample after HESP for 30 min with 
distance from topmost to substrate 
 
recrystallization(DRX) mechanism. In HESP process, 
high strains may be induced into the deformed metals, 
thus create some highly strained regions, such as grain 
boundaries and triple junctions. These areas may store 
enough energy to allow nucleation of small subgrains to 
occur. With high levels of dislocation density, small 
energy fluctuation resulted from impacts during the 
HESP process can trigger DRX. In addition, the 
temperature in the treated layer will rise due to repetitive 
peening of balls during HESP process and hence, the 
onset of DRX is easy to happen. The subgrain 
boundaries are of unequilibrium and consist of large 
dislocation nets, causing the formation of the internal 
strain. Simultaneously, the misorientations of subgrains 
increase with strain and evolve into high angle boundary 
though the dislocation regrouping. The process of grain 
subdivision may proceed successively to finer scale with 
strain, resulting in the formation of ultrafine crystallines 
and nanocrystallines. Hence, the refinement mechanism 
of AZ91D magnesium alloy induced by HESP treatment 
is the co-actions of two mechanisms, i.e. dislocations 
slipping and DRX operation simultaneously. The 
schematic illustration of refinement mechanism is shown 
in Fig.7. 
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Fig.7 Schematic illustration showing microstructural evolution process of AZ91D magnesium alloy induced by HESP 
 
 
5 Conclusions 
 

1) The nanocrystalline layer is successfully 
fabricated on the surface of the AZ91D magnesium alloy 
by high-energy shot peening(HESP). The nanocrystalline 
grains are of about 40 nm size and have stacking faults 
and dislocation in their interior. 

2) The grain refinement mechanism of AZ91D 
magnesium alloy induced by HESP treatment is the 
co-operation of dislocation slipping and DRX operation 
simultaneously. 

3) Mechanical property measurement indicates a 
significant increment of hardness in the surface layer 
with nanostructures subjected to HESP treatment. 
Compared with that of the matrix of sample, the 
microhardness of the top surface is about triplicate that 
of the coarse-grained matrix. 
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