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Abstract A nanostructured surface layer was fabricated

on magnesium alloy AZ91D by using the high-energy

impact technique (HEIT). With the help of transmission

electron microscope (TEM) and high-resolution transmis-

sion electron microscope (HRTEM), the microstructure

features of the surface layer were systematically observed

and characterized in different stages of microstructure

evolution. The result revealed the mechanism of grain

refinement and strain accommodation. The process of grain

refinement, accompanied by an increase in strain in the

surface layer, resulted from several processes. The onset of

f01�12g deformation twinning and the intersection with

f10�11g twins system are one of them. The operation of

11�20h i 0001ð Þ basal slip and 11�23h ið1�102Þ=ð0�11�2Þ pyra-

midal slip led to the formation of dislocation cells and low-

angle dislocation boundaries. The successive subdivision

of grains to a finer scale resulted in the formation of highly

disoriented nanocrystalline grains. The mechanism of grain

refinement was interpreted in terms of the structural sub-

division of grains together with dynamic recrystallization.

The minimum size of such refined grains was about 40 nm.

Introduction

Grain refinement induced by severe plastic deformation

(SPD) in metallic materials has been a subject of many

researches in the last decade [1–3]. The principle of SPD is

that it based on imposing very large strains in the sample

and the rearrangement of the dislocations induced by

straining leads to very substantial grain refinement down

to, typically, the submicrometer or even the nanometer

scale [4]. The widely used SPD methods are equal-channel

angular processing (ECAP), high-pressure torsion (HPT),

and high-energy impact technique (HEIT). Among those

methods, HEIT is the one of the most effective processing

methods to fabricate various ultra fine-grain structures by

imposing intense plastic strains onto the surface of the

metals or alloys. This technique successfully achieved a

gradient variation of plastic strains and strain rates in the

sample from the treated top surface to the deep matrix. The

microstructure observations at various depth levels can in

turn provide the clue to the process of structural evolution

relevant to various stages of strain.

Compared with other conventional treatments such as

impact [5–8], there are several different aspects. The HEIT

uses much larger balls (a few mm) than the projectiles in

the impact (1–3 mm in diameter). Spherical balls with

smooth surface are essential for obtaining a nanostructural

surface layer in the HEIT. Balls with rough surface, as in

impact technique, will damage the surface layer during the

HEIT treatment. The velocity of the balls in the HEIT

process is much lower (1–20 m/s) compared with the

conventional impact technique (typically about 5 km/s and

above). Conventional impact technique is a directional

process in which the angle between the shot jet and the

sample surface is normally fixed at 90� in many cases. In

contrary, the HEIT requires random directional impacts of
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the balls onto the sample to facilitate the grain refinement

process. The strain rates in conventional impact technique

are also much higher (105 s-1) [9] compared with the

HEIT (102–103 s-1).

As of now, the ultra fine-grain or nanocrystalline spec-

imens have been fabricated in several metal materials such

as iron [10], low carbon steel [11], stainless steel [12, 13],

and titanium [14] with the help of HEIT. In related works

with this article, nanocrystalline microstructures have also

been fabricated in aluminum alloys [15, 16], cobalt [17], Zr

[18], etc. Most documented experiments and theoretical

studies show that the grain refinement results from dislo-

cation activities during deformation in cubic (face-centered

cubic (fcc) and body-centered cubic (bcc)) metals and

alloys with a medium to high stacking fault energy (SFE).

In contrast, the low SFE fcc materials exhibit a different

mode of grain refinement, which involves the slip of dis-

location 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 serves as an additional

deformation mechanism to dislocation slip [17].

Mg-based alloys have excellent strength to weight ratio,

which makes it good for applications such as structural

components in automobile and aircraft industries [19]. But

Mg alloys have low strength and ductility compared to alu-

minum alloys. It is due to their hcp structure with limited slip

systems. Recent studies have demonstrated that Mg alloy

with an ultra fine-grain structure in submicrometer range can

be processed using SPD methods such as ECAP, which

offers a simple and effective way to increase the mechanical

properties of magnesium alloys [20–25]. However, in most

of these cases, the strain rate _e was\10-1 s-1 and the grain

size of the final refined structure was in the scale of

micrometers or submicrometers. From those studies, it is not

clear what dominates the grain refinement process and

weather grain size can be further fine tuned into nanometer

range.

In the present study, we have examined the micro-

structure changes in the various layers of AZ91D

magnesium alloy with the HEIT treatment. The HEIT

process has been proved to be able to produce nanocrys-

talline structure in the surface of most metals. The

approximate strain rate is 102–103 s-1 near the top treated

surface, scaling down to zero in the deep matrix. Conse-

quently, a gradient microstructure is obtained in the

sample, due to different levels of strain rate and different

degrees of plastic strain. This provides a unique opportu-

nity to characterize deformation mode of the Mg alloy over

a wide range of strain rates and to understand the corre-

sponding grain refinement mechanisms by examining the

microstructure features at different depths of a single-

treated sample.

Experimental

The material used in the present study is the commercial

AZ91D plate with a chemical composition (mass fraction,

%) of 8.63Al, 0.66Zn, 0.29Mn, balance Mg. The alloy plate

was cut into pieces with dimension of 100 mm 9

100 mm 9 5 mm suitable for HEIT processing. The alloy

was solution heat-treated for 18 h at temperature of

413 �C. Microscopic examination revealed an initial grain

size in order of *150 lm. A smooth surface was attained

by polishing with 700-grade SiC paper. During HEIT

process, hardened stainless steel balls of 6 mm in diameter

were placed at the bottom of a vacuum chamber which was

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-time period. Each impact results 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 lasted

for 30 min, with a vibrating frequency of 50 Hz under

vacuum.

The X-ray diffraction analysis was done on a Rigaku

D/MAX2400 X-ray diffractometer with CuKa radiation.

H-800 transmission electron microscope (TEM) and JEOL-

2010 high resolution transmission electron microscope

(HRTEM) were used to examine the microstructures at the

different depths ranging from the surface to the matrix. The

plane view TEM foils of layers at different depths were

obtained by first polishing the corresponding surface layer;

then mechanically grinding the sample on the untreated

side down to about 30 lm thick; finally ion milling the

untreated side of thin foils at room temperature in a Gatan

PIPS with a small incident angle. A MVK-H3 Vickers

hardness testing machine was used to examine the variation

of hardness along the sections perpendicular to the treated

surface of the specimens.

Experimental results

TEM investigation

Deformation twinning (*250 lm below the treated

surface)

Figure 1a is a cross-sectional bright-field transmission

electron microscope (TEM) micrograph of the micro-

structure at about 250 lm depth below the treated surface.

The deformation twinning with straight boundary does

generally run across the entire length in the grain and stop

at the grain boundary. Figure 1b shows selected area

electron diffraction (SAED) patterns taken from areas that
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contain adjacent bands. This illustrates the twin relation-

ship with twin plane f01�12g and twin direction ½�12�1�1�,
indicating a f10�12g twin system.

A larger number of parallel and intersected bands were

observed at the same depth of treated surface (Fig. 2).

Their boundaries are not as straight as those of twins in

Fig. 1. The angle between the interacting sections remains

same for different twins shearing at the same or different

time [26]. With the measured angle 50� ± 7, it can be

concluded that the twin system is f01�12g and f10�11g
twinning. That is the dominant mechanism of plastic

deformation of AZ91D at the initial stage of HEIT

process.

Dislocations slipping (*120 lm below the treated

surface)

Transmission electron microscope examination of the layer

about 120 lm below the surface shows that the micro-

structure differs considerably from that observed at the

depth of 250 lm. The series of straight and parallel dis-

locations have been found in the grain (shown in Fig. 3).

These images were taken with an incident electron beam

direction of ½11�20� under a two-beam diffraction condition

with different g~. In Fig. 3a, the dislocations are visible, but

invisible in Fig. 3b and c. With the g~ � b~ criterion, all the

observed dislocations were found to be of ah i type,

b~¼ ð1=3Þ 11�20h i. Most dislocation segments are parallel to

the basal plane trace, as indicated by a single arrow. They

are basal ah i dislocations for the basal slip. Moreover, a lot

of dislocation pile-ups in or near the grain boundaries have

also been found, as shown in Fig. 4. The dislocations

arrangement in the network becomes more complex. The

average dislocation spacing in the network is measured at

about tenths of nanometers (Fig. 4). Under a two-beam

diffraction condition, using the g~ � b~ criterion, most dislo-

cations were found to be aþ ch i type, b~¼ ð1=3Þ 11�23h i.

Besides, these dislocations appear to be on the ð1�102Þ and

ð0�11�2Þ pyramidal planes for the pyramidal slip. The

dominant mechanism of plastic deformation is the basal ah i
dislocation slip and pyramidal aþ ch i dislocation slip. A

lot of dislocations arrayed in networks indicated that con-

siderable recovery has also occurred. A few of dislocations

cells are formed in grains by the dislocation slipping, as

indicated by a single arrow in Fig. 5. The boundary

between the dislocation cells is of low angle indicated by a

single arrow. Figure 6 shows the microstructure of dislo-

cation cells in the grain.

Fig. 1 (a) Bright-field TEM

image showing the deformation

twinning in the region that is

250 lm below the treated

surface of AZ91D alloy, (b)

corresponding SAED pattern

and indexation

Fig. 2 Bright-field TEM image showing the interlaced lamellae
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Subgrain (*60 lm below the treated surface)

Transmission electron microscope examination of the layer

about 60 lm below the surface of specimen shows that the

microstructure also differs considerably from that observed

at the depth of 120 lm. This is the submicrometer region

due to the higher stress and strain compared with the pre-

viously deformed region, in turn, with increased density of

the dislocation pile-ups in the alloy. Figure 7 shows typical

dislocation arrangements in the alloy. A lot of dislocation

pile-ups can be found. The spacing between each parallel

dislocation in the pile-ups is measured to be only several

nanometers. The length of the dislocations in the pile-ups is

about tens of nanometers. At the same time, the TEM

micrograph in Fig. 7 shows the grain sizes are about

200 nm (about 60 lm deep below treated surface), finer

than the grains showed in Fig. 6.

Nanograin (*20 lm below the treated surface)

An examination of the top surface layer of specimen (20 lm

below the treated surface) shows that the microstructure is

uniformly distributed nanometer-scale grains (Fig. 8). The

TEM micrograph illustrates the equiaxed microstructure in

the nanometer region. The average grain size is determined

to be *40 nm. The corresponding SAED pattern is also

presented. The ring-like electron diffraction pattern shows

that grain orientation is random, which indicates highly

disoriented boundaries.

Figure 9 shows a HRTEM micrograph of the layer in a

depth of about 20 lm from the top surface layer of sample

after HEIT treatment for 30 min. It shows that these grains

have stacking fault (indicated by arrowhead) and disloca-

tion (showed in circle) in their interior even at their initial

stage of formation.

Hardness variation

Figure 10 shows the micro hardness variation along the

depth from the treated surface of the sample by HEIT

treatment for 30 min. Compared with that of the matrix of

sample, the microhardness of the top surface nanocrystal-

line layer is about three times that of the coarse-grains

matrix. The hardness of the layer at 40 lm below the

Fig. 3 Bright-field TEM

images showing the straight

dislocations in the grains.

Contrast analysis of dislocation

configuration under �g ¼ 01�10

(a), g~¼ 01�1�1 (b), g~¼ 000�1 (c),

respectively

Fig. 4 Bright-field TEM image

showing a lot of dislocation

pile-ups present on or near the

boundaries
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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 HEIT treatment is

attributed to the grain refinement. Moreover, the stacking

fault and dislocation seem to occur preferentially in smaller

grains and propagates across the entire grain, which was

one of the reasons for the surface having higher hardness

than the inside. So it can be concluded that the surface

nanocrystalline helps to strengthen the surface materials.

Discussions

On the basis of the microstructure features observed at

various depths and different levels of strain in the deformed

surface layer, it can be concluded that, as the strain and

strain rate increase, the following changes occur in the

microstructure of Magnesium alloy during HIET, the

details of which are discussed below:

(1) The onset of twins and the interaction of twin

systems.

(2) The slipping of dislocations at ah i type and aþ ch i
type.

(3) The formation of dislocation cells, and change to the

subgrains.

(4) The further breakdown of submicronic polygonal

grains into randomly oriented nanograins by dynamic

recrystallization (DRX).

Onset of twins and the slipping of dislocations

Five independent slip systems are necessary for polycrys-

talline materials to undergo homogenous plastic

deformation [27]. Most magnesium alloys are of hcp

structure. The mechanism of plastic deformation is basal

slip, prismatic slip, pyramidal slip and twinning. At room

temperature, the critical resolved shear stress (CRSS) of the

prismatic and pyramidal slip was higher than basal slip. So

only two independent slip systems consist of the basal

plane and three close-packed directions can accommodate

vertical to the c axes [28–30]. The twinning planes in

magnesium are f10�12g, f10�11g, f11�22g and f11�21g
depending on the temperature and deformation conditions

[31]. It has been observed that the twinning is the prevalent

Fig. 5 Bright-field TEM image showing the dislocations arrayed in

networks and a few of dislocations cells formed

Fig. 6 TEM image showing the dislocation cells in the grain

Fig. 7 TEM image of the subgrains, there is a lot of dislocations

pile-ups in the grain
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deformation mode at low strain in the layer adjacent to the

substrate. The twinning plane observed in our study is of

the f10�12g type, one of the most frequent at ambient

temperature. Multidirectional repetitive loading and

increasing strain facilitate the interaction and the initiation

of different twin systems, leading to their interaction, such

as f01�12g and f10�11g. Since the deformation is limited to

deformation twinning, the gross deformation produced by

twins is quite small and most of the plastic strain is due to

movement of the dislocations [32]. In the experiment, the

twins are not produced at various strain rates at all during

the deformation. The twins appear only in the layer in

which the strain is low. It implies the twinning, which

divides the original coarse grains into finer twin platelets,

governed the plastic deformation at the beginning.

As the strain increases, the further formation of twins

will reduce the scale of the microstructure. The dislocation

activity will then predominate. The presence of twins and

their interaction or the grain boundaries hinder dislocation

activity movement. Hence, a high dislocation density

occurs at twin boundaries and the grain boundaries, as

shown in Figs. 3 and 4. The TEM images indicate that the

dominant deformation mechanism for the sample is basal

ah i slip and pyramidal aþ ch i slip. Commonly, the pyra-

midal slip was difficult to produce at the ambient

temperature because the CRSS of pyramidal slip is con-

siderably higher than the basal slip. However, in

magnesium alloys the pyramidal slip can occur at the place

where the stress concentrated, such as grain boundaries

[33]. In addition, the temperature in the treated layer will

rise due to repetitive peening of balls during HEIT process

and hence the pyramidal slip would be apt to occur.

Moreover, the dislocation loops are visible in the grains, as

shown in Fig. 11, which indicated that the dislocations

were cross-slip and left behind the dislocations loop in the

area without the dislocations [34].

Subdivision of grain and formation of a nanostructure

As the increase of the strain, the dislocations are rearranged

to minimize the total system energy. The dislocation cells

Fig. 8 Figures (a) and (b)

correspond to bright and dark

images taken from surface layer

(about 20 lm thick) of the

treated sample showing the

equiaxed nanograins; (c) is the

corresponding SAED pattern

Fig. 9 HRTEM image of the nanocrystalline grains. The stacking

fault marked by a single arrow; the dislocation marked by the circle

0 100 200 300 400 500 600

100

150

200

250

300

M
ic

ro
 h

ar
dn

es
s,

H
V

Distance to surface/µm

Fig. 10 Hardness evolution along the depth of the sample HEIT

treated for 30 min
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were formed inside the grain in Figs. 5 and 6 correspond-

ing to a typical configuration that can accommodate plastic

deformation. This is the typical character of the dynamic

recovery (DRV). It suggests that these dislocation cells are

at the origin of the formation of subgrain boundaries which

will subsequently be converted into low-disoriented angle

blocks before becoming submicronic polygonal grains.

The formation of equiaxed nanograins was observed

close to the top treated surface (Fig. 8). It can be seen that

the grain boundaries are well delineated. The diffraction

rings in Fig. 8 are more continuous than the rings in Fig. 7,

which indicated the nanograins are of random orientations.

It is likely that nanograins result from the further evolution

of submicronic grains due to the very high strain and strain

rate on the top surface. It can be assumed that a recrys-

tallization process may play an important role in their

formation. This hypothesis has been supported by Fig. 12,

which showed the presence of DRX grains (marked by

single arrows). It has been also observed that the disloca-

tion density is often lower in DRX grains than it is in grain

(Fig. 4). For AZ91D magnesium alloy the melting point is

871 K; the recrystallization often happens at the range of

0.5–0.6 Tm, with 0.5 Tm corresponding to 435.5 K. The

DRX temperature could be even lower than this tempera-

ture, even at ambient temperature [35]. During the HEIT

process, the repeated multidirectional impact of flying balls

generates severe deformation and strain at very high strain

rate (about 102–103 s-1) in the region near the top surface.

In addition, the temperature in the treated layer will rise

due to repetitive peening of balls during HEIT process.

Therefore, the onset of a DRX event is easy to happen.

Otherwise, the SFE of magnesium alloy is very low,

especially the basal planes are only 10 mJ m-2 [36], which

also increase the nucleation of DRX grains. Derby [37]

has ever carried out a systematic analysis of DRX in

relation to two mechanisms: nucleation and the growth of

recrystallized grains in a deformed material (classical

recrystallization) and the formation of recrystallization by

the gradual rotation of subgrains (rotation recrystalliza-

tion). Both mechanisms lead to the break-up of the original

grain structure. In classical recrystallization, new grains are

nucleated in area of high plastic strain and grow into the

deformed material. In rotation recrystallization, rotation of

the cells and subgrains occurs gradually until all the dis-

locations are absorbed by the grain boundaries. In the

experiment, TEM examinations do not show evidence of

nucleation and growth mechanism for nanograins but

indicate clearly the importance of grain boundary rotation

in microstructural development. It is suggested that rotation

recrystallization may play a major role in the final grain

refinement mechanism during HEIT process. Simulta-

neously, the disorientations of subgrains increase with

strain and evolve into high angle boundaries through the

dislocation regrouping. The process of grain subdivision

may proceed successively to finer and finer scale with

strain, resulting in the formation of ultra fine crystallites

and nanocrystallizes.

Hence, the grains refinement mechanism of AZ91D

magnesium alloy induced by HEIT treatment is the

co-operation mechanisms, which are dislocation slipping

and DRX operation simultaneously. The deformation

Fig. 11 Bright field image showing the dislocation loops

Fig. 12 TEM image of the subgrain

4664 J Mater Sci (2008) 43:4658–4665

123



twinning plays the role of harmonizing the deformation at

the initial stage.

Summary

An experimental study has been performed to document

the grain refinement and strain accommodation in magne-

sium alloys subjected to the HEIT. In the experiment, the

nanocrystalline layer is successfully fabricated on the sur-

face of the AZ91D magnesium alloy by HEIT. The grain

sizes range from about 40 nm at the top surface layer,

gradually to more than 200 nm at a depth of about 60 lm,

finally to *150 lm at the matrix. The TEM investigations

show the following changes in the initial coarse grain

structure as the strain increases: (1) the onset of f10�12g
twins and the interaction with f10�11g twin system, (2) The

slipping of dislocations at ah i type and aþ ch i type, (3) the

formation of dislocation cells and change to the subgrains,

(4) further breakdown of submicron polygonal grains into

randomly oriented nanograins by DRX. Hardness mea-

surements indicated a significant increment of hardness in

the surface layer with nanostructures subjected to HEIT

treatment compared with that of the matrix of sample. The

microhardness of the top surface is about three times than

that of the coarse-grained matrix.
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