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Abstract: The initiation, propagation and the accompanied dislocation structures of the cracks in AZ80 magnesium alloy during
multiple forging processes were investigated. The results show that the cracks firstly initiate at the Mg/Mg;;Al;, interface under the
hoop tensile stress on equatorial free surface. On further deformation, the cracks in the Mg;;Al,;, particles tend to propagate along the
grain boundaries(GBs) in a zigzag pattern and link with adjacent cracks in other Mg;;Al;, particles to form one whole crack, leading
to the fracture surface. Low deformation temperature and too many forging passes during the deformation will promote the
nucleation of interfacial microcrack inside the specimens due to the strong plastic strain incompatibility and the high internal stresses
near the GBs. The loading axis rotating during the process can change the stress field at the tip of cracks, leading to the change of the
crack propagating path and assisting in inhabiting microcracking development.
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1 Introduction

Pure magnesium and magnesium alloys are the
lowest density metals used as structural materials and
have excellent specific strength and
machinability, dimensional stability,
recycling capability. They are, therefore, very attractive

stiffness,
and excellent

in such applications as automobile, aviation, electronic
and communication industry in the past few years[1]. As
a consequence of their hexagonal closed packed (hcp)
structure, magnesium alloys exhibit only
formability at ambient temperatures and cracking easily
occurs during their deformation process|[2,3]. Cracking
may nucleate during the processing
inhomogeneities (e.g. inclusions, grain boundary
impurities, second phases) or at pre-existing defects (e.g.
triple junctions, pores)[4]. WANG et al[5] reported that
fatigue crack initiation of cast AMS50 alloy generally
occurs on the boundary of a-Mg grains at the vicinal
notch root because of stress concentration. LU et al[6]
revealed the cleavage fracture of tensile tested AZ91
alloy and explained that the Mg/Mg;Aly, interface
served as a crack initiation source. YUAN et al[7] also
found that the creep microcracks of permanent casting

limited

either at

AZ91 alloy without Sb addition initiated preferentially in
the interface between discontinuous precipitation and the
a-Mg grains. However, direct reports on observations of
the microprocess of fracture in magnesium alloys during
severe plastic deformation are rare. Further studies are
needed to clarify the micromechanism of fracture,
especially the initiation and propagation of microcracks
and their interaction with the microstructure.

For this purpose, the fracture behaviors in AZ80
magnesium alloy during multiple forging processes were
studied. OM, SEM and TEM were used to investigate the
initiation, propagation and the accompanied dislocation
structures of the cracks in the present study.

2 Experimental

The alloy used in the present study was Mg-Al-Zn
alloy, AZ80, with the measured composition (mass
fraction) of 8.5%Al, 0.5%Zn, and 0.12%Mn. Before
deformation the cast ingot of the alloy was homogenized
at 673 K for 15 h in order to reduce segregation. After
solution treatment, the brittle eutectic phase Mg;;Al,,
which distributed continuously along the a grain bound-
aries in alloys[8], was almost dissolved and minimum
remained (Fig.1). Subsequent work consisted of sequen-

Foundation item: Project(04GK1008-1) supported by the Major Program of Science and Technology of Hunan Province; Project(03JKY1016) supported by
the Key Program of Science and Technology of Hunan Province
Corresponding author: YAN Hong-ge; Tel/Fax: +86-731-8821648; E-mail: yanhg68@163.com



GUO Qiang, et al/Trans. Nonferrous Met. Soc. China 16(2006) 923

e N 2 5
' A8

—1/ Mé}l?f’\]lz_-;»_,.ﬁ_‘ \

A s / \
it - y )
L 7B ¥ L4
f ! LN
& Ol . 4

N o

- & ) ‘MgprAlLT Y

f - . f 4 [,

Fig.1 Microstructures of alloys: (a) Initial as-cast, (b) After
heat treatment

tial deformation of prismatic samples (110 mm X 70 mm
X 60 mm) along three orthogonal directions on a 3.15
MN hydraulic press, which is shown in Fig.2. Machine
oil mingled with graphite powder was used as lubricant
between the interface of the anvil and the specimens.
After deformation the samples were water quenched
immediately to keep the microstructure. The initial press
speed and the true strain per deformation step were 12.5
mm/s and about 0.4, respectively. The true strain was
calculated as In(hy/h), where A, and 4 are the initial and
final height, respectively.

The fracture surface and metallographic sections
perpendicular to the failure surface (vertical sections) of
the rupture specimens (Fig.3) and at least 4 different
regions of the deformed microstructures inside per
specimen (Fig.4) were examined with MM-6 metallo-
graphic  microscope(OM), JSM-5610LV  scanning
electron microscopy(SEM) and H-800 transmission
electron microscope(TEM), respectively.

3 Results and discussion

3.1 p-phase (Mg;;Al;,)-matrix interface cracking on

surface

In the present study, the microcracks are observed to
initiate firstly near the Mg/Mg,,Al;, interface under the
hoop stress at equatorial free surface of the samples
during the deformation. The OM images from Fig.5
show a typical process of surface crack initiation and
propagation. For the selected alloy, the body centered
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Fig.2 Multiple forging deformation of AZ80 magnesium alloy
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Fig.3 Microstructure examination of fracture surface

Fig.4 Microstructure examination at different regions labeled
by X in specimen

cubic (bcc) structure of the intermetallic compound
Mgy;Aly, is incompatible with the hep structure of
magnesium matrix, which leads to the fragility of the
Mg/Mg;;Al;, interface during the deformation[6]. In
addition, due to the limited slip systems in hep
magnesium alloys, the local stress concentration in the
magnesium alloys can not be easily relaxed by plastic
deformation compared with aluminum alloys[9]. There-
fore, the separation occurs at the stress concentration
sites in the Mg/Mg;;Al;, interface, as shown in Fig.5(a).
This separation usually takes place nearly perpendi-
cularly to the maximum tensile stress axis when the
applied stress exceeds the poor adhesion strength in the
Mg/Mg,;Al;, interface[10]. As the forging test proceeds,
the separation becomes more and more intensive, and
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Fig.5 Formation and propagation of cracks at f phase-matrix interface on surface: (a) Separation occurring at Mg/Mg,,Al;, interface;

(b) Cracks nucleating at separation sites; (¢) Cracks propagating at Mg;,Al,, particles; (d) Cracks intercrossing in Mg;;Al,, particles;

(e) Crack propagating along grain boundaries in matrix; (f) Cracking coalescencing

with the increasing of applied stress, the cracks initiate at
the separation sites (Fig.5(b)). Crack nucleation is the
primary deformation mechanism by which the interfacial
stress concentration is relieved[11]. At the same time,
Mg;;Al;, itself is relatively soft and has poor strength[12].
Therefore, the cracks propagate first in the Mgy;Al,
particles (Fig.5(c)). It is noted that due to the
characterization of multiple forging (the loading axis
rotating), there easily occurs the intercrossing cracking in
the Mg;Aly, particles (the detail will be discussed in the
following part), as shown in Fig5(d). On further
deformation, the cracking in the Mg;-,Al;, particles tends
to propagate along the grain boundaries(GBs) in a zigzag
pattern (Fig.5(e)) and links with adjacent cracking in other
Mg;;Al;, particles to form one whole cracking (Fig.5(f)),
leading to the fracture surface.

3.2 Cracking inside specimens

If the deformation temperature is low or the number
of forging pass is too large (its effect is equivalent to
decreasing deformation temperature) during the
deformation, there will likely exist cracking inside the
specimens. The mechanism of the cracking inside the
specimens is different from that on the surface, and crack
does not nucleate near the Mg/Mg;,Al;, interface. Fig.6
shows the morphologies of the second phase Mgj,Al;,
inside the specimens during the deformation. Although
there also exist some separations at the Mg/Mgy,Al,
interface, these separations cannot develop into cracks
due to the local high hydrostatic pressure. However,
under the present deformation conditions of large strain,
the misorientation of the GBs increases with increasing
strain[13,14], leading to a large difference in the slip
directions of two adjacent grains and the dislocation will
be blocked at the interface between different grains
effectively (Fig.7). The piling-up of dislocations at the
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GBs indicates that strong plastic strain incompatibility
and higher stress concentration near the GBs may exist
[15]. Upon further deformation, the internal stresses
produced by the inhomogeneously distributed grain
boundary dislocations will strengthen the local distortion
[16,17]. In addition, there is lack of enough slip systems
to accommodate the strain incompatibility between the
grains in magnesium alloys[5]. Therefore, the nucleation
of interfacial crack is possible when the distortion degree
at a site exceeds a critical value, as shown in Fig.8. After
initiation, the crack goes through its
propagated process along the serrated a-Mg GBs
(Fig.9(a)) and even extends into the inner of grains
during the deformation (Fig.9 (b)).

interfacial

Fig.6 Morphologies of Mg;,Al;, particle inside specimens with
different passes and strain values (Arrows indicate separations
existed at Mg/Mg;;Al;, interface): (a) 4 passes, e=1.82; (b) 7

passes, e=3.2

Fig.7 TEM image of dislocation piling-up at grain boundary

Fig.8 Secondary electron image of nucleation of interfacial

crack

Fig.9 Propagating path of interfacial cracks: (a) Cracks
propagating along serrated a-Mg GBs; (b) High magnification

image of cracks extending into grain interiors

3.3 Cracking characterization of multiple forging
materials
Multiple

deformation(SPD) methods, assumes multiple repeats of

a free forging operations: setting-drawing. Compared

with other deformation processings such as rolling or

uniaxial compression, the principle of multiple forging is

a change of the axis of the applied load during the

process, which not only has a great influence on the

refinement of microstructure[17—19] but also assists in
inhabiting cracking development. It is known that the
fracture behavior is usually caused by the tensile stress
and cracks propagate in a direction approximately
perpendicular to the maximum tensile stress[9, 20]. Once
the applied loading axis rotates during the deformation,
the stress field at the tip of cracks will change, leading to

forging, as one of severe plastic
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the change of the crack propagating direction. Fig.10
shows a crack propagating path changing with the load
axis rotation. Crack 4 initially propagates along the GBs
ahead. When its tip arrives at position B, the crack
transforms its path and propagates in a direction nearly
perpendicular to the original one designated by the
arrows due to the change of maximum tensile stress
caused by the loading axis rotating. Therefore, there are
some cracks with different orientations in a local area
and these cracks easily encounter each other. When a
crack (1) encounters another one (II) with a different
orientation, it would be blocked by the other crack and
stop propagating, as shown in Fig.11.

Fig.10 Backscattered electron image of crack propagating path
changing with load axis rotation

Fig.11 Backscattered electron image of encountering cracks
each other

4 Conclusions

The fracture behaviors in AZ80 magnesium alloy
during multiple forging processes have been studied. The
mechanisms of cracking on the surface and inside the
specimens are different. For the former, the cracks firstly
initiate in the Mg/Mg;;Al;, interface under the hoop
tensile stress on equatorial free surface during the
deformation. But in the case of the latter, the strong
plastic strain incompatibility and the high internal
stresses near the GBs strengthen the local distortion and
promote the nucleation of interfacial crack upon further
deformation. The loading axis rotating during defor-

mation process changes the stress field at the tip of
cracks, leading to the change of the crack propagating
path and assisting in inhabiting cracking development.
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