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a  b  s  t  r  a  c  t

A  high  number  of dislocations  have  been  observed  in an  as-cast  high-damping  Mg-3Cu-1Mn-2Zn-
1Y (wt.%)  alloy  using  transmission  electron  microscope  (TEM).  The  majority  of  dislocations  are  distributed
in  parallel  and  uniform  rows.  Mg2Cu  particles  in  the  matrix  are  often  found  to  be  associated  with  a num-
ber of  parallel  dislocations.  Twins  containing  stacking  faults  are  also  frequently  observed.  The  formation
of  eutectic  phases  occurring  during  casting  is followed  by  precipitation  of  secondary  intermetallic  phases
in  supersaturated  �-Mg  with  alloying  elements  upon  annealing.  The  observed  defect  structures  provide
eywords:
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amping
islocation structure
win

useful  experimental  evidence  supporting  the  previously  proposed  damping  mechanism  for  Mg alloys.
© 2011 Elsevier B.V. All rights reserved.
. Introduction

Magnesium alloys have attracted much attention nowadays not
nly for their competitive properties of low density and high spe-
ific strength, but also for their excellent damping properties [1,2].
ddtion of various soluble alloying elements, such as Al in the
idely used AZ91, can remarkably improve the strength of the

lloys, but adding some elements will result in poor damping capac-
ty of the alloys [3,4]. Recently Srikanth [5] added copper to a AZ91
lloy and found that the overall damping capacity increased dra-
atically. High-strength damping Mg-Cu-Mn alloys have also been

abricated using powder metallurgy (PM) [6] or a severe plastic
eformation (SPD) method [7].  However, these methods bring a
igh processing cost.

Generally, the high damping capacity of an Mg alloy requires
he formation of a large number of dislocations that can vibrate
reely to some extent in order to dissipate energy [8,9]. The
ranato–Lücke(G–L) theory, i.e. the dislocation mechanism for
amping, has been employed to rationalize the internal friction
n Mg  alloys such as Mg-Ni [10,11], Mg-Si [12], Mg-Cu [6] sys-
ems and Mg-matrix composites [13,14]. It has been proposed
8,9,15,16] that the damping of a magnesium alloy at room

∗ Corresponding author. Tel.: +86 10 62773795; fax: +86 10 62771160.
E-mail address: zhangwz@tsinghua.edu.cn (W.  Zhang).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.035
temperature is dependent on the applied strain amplitude. It is
closely related to the movement of dislocations which are weakly
pinned by point defects such as solute atoms or strongly pinned
by precipitates, grain boundaries or junction points in a disloca-
tion net. However, some deviations from the prediction of G–L
theory have also been noticed in studies of sintered Mg-Cu-Mn
and Mg-Ca alloys [6,15].  These deviations were speculated as orig-
inating from twins as another energy-dissipation source [6,15].
Nevertheless, to our best knowledge, little experimental evidence
has been given on the microstructure features of these damping
alloys, especially the dislocations and twins in the alloys mentioned
above.

In a recent work, a high damping Mg-3Cu-1Mn (wt.%) alloy
has been fabricated by conventional casting method and a proper
amount of Zn and Y were added to further improve the damp-
ing capacity of the alloy without sacrificing its strength [17].
The damping property of the modified alloy is much higher than
that of the base alloy in the high strain amplitude region and
even close to that of pure Mg  [17]. A deviation of the ‘G–L’ plot
from a straight line also suggested new energy-dissipation sources
in addition to the dislocations in this alloy [17]. However, the
overall dislocation configurations, the distribution of the second

phases and the microstructure change due to addition of Zn and
Y remain unclear. A clear description of these microstructure fea-
tures is essential to understanding the damping behavior of the
alloy.

dx.doi.org/10.1016/j.jallcom.2011.12.035
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhangwz@tsinghua.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.12.035
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Fig. 1. Microstructure of the as-cast Mg-3Cu-1Mn-2Zn-1Y alloy. (a) SEM image of a
low  magnification, showing morphology of grains; (b) SEM image of a high magni-
fication, showing eutectic structure at grain boundaries; (c) back-scattered electron
image with SEM, with high light of LPSO (grey) component in the eutectic structure;
(d)  [0 0 1] zone axis of the Mg2Cu diffraction pattern corresponding to the major
(bright) phase in the eutectic structure; (e) [1 0 0] zone axis of the 14H LPSO struc-
X. Huang et al. / Journal of Alloys

The present work reports an in-depth analysis of the microstruc-
ure in an as-cast high damping Mg-3Cu-1Mn-2Zn-1Y (wt.%) alloy
sing TEM. The dislocation and the twin structures are investigated.
he results can provide useful insights toward understanding the
amping mechanism of this alloy and guiding the design of damp-

ng Mg  alloys with improved properties.

. Experimental procedures

The alloy for microstructure characterization was prepared using a conventional
ermanent-mold casting method. For making the alloy, Mg-30%Cu, Mg-4.1%Mn, Mg-
0.30%Y (weight fraction) master alloys, pure Zn and pure Mg  were melted in an
lectrical furnace using a mild steel crucible under the argon atmosphere at 850 ◦C,
nd then the melt was cooled in air after adequate stirring. The annealing treat-
ent of the cast samples was  carried out at 200 ◦C for 15 h. Thin foil specimens for

EM observations were prepared by twin-jet electropolishing in a solution contain-
ng 3 ml  perchloric acid and 297 ml  ethanol at −50 ◦C, with a voltage of 90 V and a
olishing current around 20 mA.  Characterizations of the microstructure and phase
nalysis were performed in the JSM-6301 scanning electron microscope (SEM) oper-
ted at 15 kV and JEOL 200CX and JEM-2011 TEM equipped with energy dispersive
-ray spectrometer (EDX), with an acceleration voltage of 200 kV. Specimens were

ilted  extensively for contrast analysis of dislocations with TEM. The TEM images
ere obtained at the diffraction conditions in which most of the dislocations are

isible to reveal their factual configurations. In order to examine the typical defect
icrostructure in the alloy, at least 30 TEM samples from different part of the alloy

ave been examined with TEM.

. Results and discussion

.1. Microstructure of the as-cast alloy

Since the damping behavior of the alloy is sensitive to the defect
icrostructure, the following analyses focus on grain size, dis-

ribution of intermetallic phases (IMPs), solution of alloy atoms,
islocations and twins in the as cast alloy.

.1.1. Grain sizes and distribution of IMPs
The SEM micrograph of the as-cast microstructure of the alloy is

hown in Fig. 1a–c. The measurement shows that the grain size of
he alloy is around 100–300 �m.  A certain number of IMPs are dis-
ributed along the grain boundaries. From the enlargement of the

icrostructure in Fig. 1b, one can see that the IMPs exhibit a dis-
ontinuous morphology. The back-scattered electron (BSE) image
hows that there are two components of different contrasts, bright
nd grey, in the discontinuous regions, as can be seen in Fig. 1c.
his structure is probably due to a eutectic reaction from a non-
quilibrium solidification process. In addition, it should also be
oted that there are sparsely distributed precipitates within the
rains, as indicated by the arrows. These precipitates are possi-
ly formed during cooling after fast solidification, indicating that
he matrix is highly supersaturated with solute atoms. TEM inves-
igations with selected area electron diffraction (SAED) patterns
evealed that the bright phase along the grain boundaries is Mg2Cu,
s shown in Fig. 1d. This agrees with the binary phase diagram
f Mg-Cu, indicating that eutectic structure consists of �-Mg  an
g2Cu. A 14H long-period stacking ordered (LPSO) structure has

een identified from grey regions in the eutectic structure (Fig. 1e).
ccording to an EDS analysis, the LPSO phase is enriched in Y,
u and Zn (Fig. 1f). Detailed characterization of the LPSO struc-
ures is under investigation and will be reported in a separated
ublication.

.1.2. Dislocation configurations in the matrix
Fig. 2 shows the typical dislocation features in different parts

f the cast Mg-3Cu-1Mn-2Zn-1Y alloy. It is amazing to observe a

arge number of dislocations in the as-cast alloy. The configura-
ions of these dislocations can be classified into three types. Firstly,
he majority of the dislocations align nearly parallel to each other
nd they are arranged uniformly in rows as shown in Fig. 2a, which
ture, the additional spots between g0 0 0 2� and the direct spots are schematically
marked by the white arrows; (f) EDS analysis of the LPSO structure.

was  obtained near the [2̄ 2 0 1]Mg zone axis. These dislocations are
distributed in only two rows. These rows are almost perpendicu-
lar to each other. The individual dislocations in each row usually
exhibit a similar morphology. Parallelism or similar configuration
of these dislocations suggests that these dislocations possibly lie in
the same group of glide planes and intersections between them sel-
dom occur. Therefore, they can readily vibrate to certain extent, so
as to dissipate energy effectively. According to a rough estimation
in TEM observation, the areas containing the parallel and uniform
dislocations in rows occupy a proportion of approximate 70% in
the total visible area in a TEM sample. It indicates a possible sig-
nificant role of dislocation rows in damping property of the alloy.
These major parallel dislocations are likely to move in response to

stress and thus they play a key role in energy dissipation in damping
process.

In addition to the above type of dislocations, there are also a
few regions where tangles of many dislocations arrange in walls
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ig. 2. TEM bright-field micrographs show the three distinguished dislocation con
n  rows; (b) dislocation walls; (c) dislocations around a Mg2Cu particle with SAED p

cross each other (Fig. 2b). Tangles of these dislocations suggest
hat several sets of dislocations exist in different glide planes and
hese dislocations can intersect each other. These dislocations walls
ikely present barriers for the dislocation movement [18]. Therefore
hey are unfavorable for damping capacity of the alloy. However,

ome locally vibration of these dislocations within the walls may
ontribute to internal friction.

The third characteristic configuration of the dislocations was
bserved near the interfaces regions between the matrix and the
tions in an as-cast Mg-3Cu-1Mn-2Zn-1Y alloy. (a) Dislocations arranged uniformly
 of the particle shown in (d) and; (e) EDS analysis of the Mg2Cu particle.

sparsely distributed secondary phases. A typical example of the dis-
locations associated with a secondary phase is shown in Fig. 2c. The
SAED pattern from the secondary phase is given in Fig. 2d, while
its corresponding EDX analysis is shown in Fig. 2e. The diffrac-
tion pattern was indexed as [1 0 0] zone axis of Mg2Cu compound.

As seen from Fig. 2c, a large number of dislocations surround the
Mg2Cu particle. It seems that the interface acts as a dislocation
source from which the parallel dislocations emerge one by one.
Much like the situation in the damping Mg-matrix composites
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2],  the nucleation of these dislocations is most probably resulted
rom the stress concentrated around the secondary phase parti-
les caused by the large different thermal expansion coefficients
TEC) of the matrix and the secondary phase during cooling or
y the mismatch strain between these two phases. The regular
islocations formed around the Mg2Cu particles are probably the
ame as the first type. The irregular dislocations around the par-
icles may  also affect internal friction. The association of parallel
islocations with the secondary particles provides clear evidence
f these particles being the origins of parallel dislocations. In this
ense, presence of these sparsely distributed particles is in favor
f increasing the damping capacities. Since the particle spacing is
ather large, their resistance to the dislocation motion is relatively
eak.

.1.3. Twins and stacking faults in the as-cast alloy
The linear behavior of the ‘G–L’ plot is often used to check

hether the damping behavior is caused only by dislocation move-
ent [6,9,15]. A ‘G–L’ plot of the as-cast Mg-3Cu-1Mn-2Zn-1Y alloy

Fig. 3) shows that it deviates from a straight line. This devia-
ion has also been observed in other Mg  alloys and twins were
uggested as another energy dissipation source, though no exper-
mental evidence has been given [6,15].  In the present alloy, twin
tructures were frequently observed. Fig. 4a shows a typical twin
tructure in the matrix. It should be noted that heavy stacking
aults exist in these twins. The twinning plane is (1̄ 0 1 2̄)Mg and
he direction of the faults fringes are parallel to [1 1 2̄  0]Mg. Addi-
ionally, some dislocations were also observed in the interfaces
etween the twins and matrix, as shown in Fig. 4b. The fre-
uently observed twins and stacking faults suggest low stacking
ault energy in this alloy, indicating that the shear of close-packed
tomic planes is easily activated. Many shape memory alloys are
nown to have excellent damping capacity. The origin of the high
amping capacity in these alloys is associated not only with the
resence and the hysteretic mobility of interphase and intervari-
nt interfaces, but also with the internal defects within martensite
ariants such as dislocations, twin structures and stacking faults
19,20]. Much like the sintered Mg-Cu-Mn [6] and Mg-Ca [15]
lloys, the ‘G–L’ plot of this alloy clearly deviates from the straight
ine. Twinning has been suggested to be responsible for this devi-
tion because the twin interface is also another energy-dissipative
ource [6,15].  Frequently observed twins in the present Mg  alloy
rovide experimental support to the above suggestion. In addi-

ion to the possible mobile interfacial dislocations together with
he twin-matrix interfaces, the stacking faults within the twins
lso possibly contribute to the deviation from the dislocation
echanism.
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Fig. 3. A ‘G–L’ plot of the as-cast Mg-3Cu-1Mn-2Zn-1Y alloy.
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3.2. Effect of annealing on the alloy phase configuration

Generally, the movement of dislocations was not only
obstructed by the secondary phases, the grain boundaries or the
dislocation net, but the soluble atoms in the matrix can also pin the
dislocations by solute-dislocation interactions [8,9]. In this alloy,
fast solidification during the casting process may  cause signifi-
cant supersaturation of solute atoms in the matrix. As mentioned
early, a certain amount of intragranular precipitates have formed
due to supersaturation. However, since the precipitation occurs
during fast cooling, one would expect that the precipitation is
incomplete. In order to verify remaining supersaturation in the cast
alloy, an annealing treatment has been carried out at 200 ◦C for
15 h. Fig. 5a shows the typical microstructure of the heat-treated
alloy. One can see that numerous precipitates formed along the
dislocations (Fig. 5a), indicating that dislocations serve as hetero-
geneous sites for nucleation of precipitates. A higher magnification
in Fig. 5b shows that most precipitates exhibit rod morphology but
a few blocky precipitates also exist. The axis of the rod is along the
[0 0 0 1]Mg direction (see the diffraction pattern inserted in Fig. 5b).
The rod precipitates usually have a width of 10 nm and a length of
50 nm.  It is interesting to note that the rod precipitates are often
associated with a particle at its end as seen in Fig. 5c. The EDX spec-
tra recorded from the “blocky precipitates”, “rod precipitates” and
“end-particles” are provided in Fig. 5d, e and f, respectively. Both
the “blocky” precipitates and “end-particles” are enriched with Mn,
while the rod precipitates are enriched with Cu and Zn. According
to the Mg-Cu and Mg-Mn  binary phase diagrams [21], the solubil-
ity of Mn  is less than 0.1 wt.% and Cu has nearly no solubility in
�-Mg  matrix at 200 ◦C. The fast cooling in the solidification process
may  have cause a large amount of Mn  and Cu atoms to supersatu-
rate at 200 ◦C. However, the solubility of Zn in the �-Mg  matrix is
about 3 wt.% at 200 ◦C according to the Mg-Zn phase diagram [21].
While this solubility is above the content of Zn in the alloy, the
identification of Zn in the precipitates may  indicate that the solu-
bility of Zn in the present alloy is lower than the binary alloy. In
addition, possible segregation of Zn in the as-cast alloy may  also
lead to local supersaturation of Zn in the matrix. In addition, the
dislocation lines (Fig. 5a) and twin grain boundaries (Fig. 4c) dec-
orated by these precipitates can serve as experimental evidence
to confirm that these defects exist before annealing treatment, i.e.
they formed during casting process other than introduced by TEM
sample preparation.

3.3. Discussions on the damping mechanisms of the alloy

Based on the above investigations, the microstructure of the
high damping permanent-mold casting Mg-3Cu-1Mn-2Zn-1Y alloy
can be described as follows: The as-cast Mg-3Cu-1Mn-2Zn-1Y alloy
have a relatively larger grain size of 100–300 �m,  with an Mg2Cu
and LPSO eutectic structure distributed along the grain bound-
aries. The alloy also contains some dilute Mg2Cu precipitates within
the grains. The large grain size means that the dislocations can
move to a large extent in the matrix. Many sets of parallel and
regular-spaced dislocations exist in the most areas of the matrix
and some dislocations tangle together locally. The dislocations pie
up near the interface regions between Mg2Cu precipitates and �-
Mg matrix. Besides, Cu, Mn  and Zn are supersaturated at least
locally in the cast alloy. According to the G–L theory [8,9], the
damping behavior of these alloys can be interpreted as follows.
When the strain-amplitude is small, the dislocation movement
is restricted in the distance defined by the point defects such as

solution atoms. It was found that in the low strain region, Mg-Cu-
Mn-Zn-Y alloy has a lower damping capacity than the Mg-Cu-Mn
alloy [17]. This is possibly because certain amount of Zn atoms in
the solid solution can pin the dislocation movement through the
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ig. 4. (a) TEM bright-field image of the twins in the matrix in the as-cast alloy. The
he  twin and the matrix. (c) The twin grain boundary decorated by precipitates in t

ottrell mechanism. As the strain amplitude increases to a crit-
cal value, dislocations will breakaway from the weakly pinned
olute atoms and move at a large extent, so the damping capac-
ty will increase [8,9]. The higher damping capacity of the modified
lloy compared to the Mg-Cu-Mn alloy in the high strain-amplitude
egions may  be caused by the Y addition. The addition of Y has
ielded formation of LPSO structure, and high-density stack faults
n the LPSO structure may  contribute to damping effect. The twins
nterface together with the stacking faults within them can act
s another energy-dissipation source in all stress regions. In the
s-cast state, the supersaturated solute atoms act only as weakly
inning spots for dislocation movements, and the distribution of

MPs is very sparse in the matrix. However, when the alloy was
nnealed, the supersaturated solute atoms precipitate from the
atrix. Thus, the number density of the precipitates increased sig-

ificantly within the grains. The high density precipitates acts as

he strong pining spots for the dislocation movements [8].  So the
amping capacity of the annealed alloy can be expected to be poor.

 similar condition can be found in the heat-treated Mg-Si alloy
12].
on zone axis is [2̄ 2 0 1] (insert in the upright). (b) Interface dislocations between
ealed alloy.

4. Summary

In summary, microstructures of high-damping Mg-3Cu-1Mn-
2Zn-1Y alloys have been investigated using TEM. The as-cast alloy
has a grain size around 100–300 �m.  A large amount of Mg2Cu is
distributed along the grain boundaries as part of eutectic structure.
The other phase in the eutectic structure is mainly a LPSO phase.
Precipitates were also found to be sparsely distributed within the
grains. Many sets of parallel or isolated dislocations with similar
morphology have been observed in most areas of the �-Mg  matrix
in the as-cast alloy. Some dislocations tangle locally to form dislo-
cation walls. Parallel dislocations were found to be associated with
the interface between Mg2Cu particles and the matrix, indicating
that the secondary particles are sources of the dislocations in the
as-cast alloy. The observations of high density of parallel disloca-
tions support the dislocation mechanisms of internal friction. This

study also provides evidence of twin structures together with inner
stacking faults and interface dislocations, which may be account for
the deviation from the Granato–Lücke (G–L) theory. A large num-
ber of precipitates were generated from annealed alloy, indicating



X. Huang et al. / Journal of Alloys and Compounds 516 (2012) 186– 191 191

F  alloy.
s  a stra
f to the

t
M
t
a

A

E
g
F
e
s

R

[

[
[
[
[
[

[

[

ig. 5. (a) Bright-field TEM image of the 15-h heat-treated Mg-3Cu-1Mn-2Zn-1.0Y
hown  in the lower left of Fig. 2b. Most blocky precipitates in Fig. 2b are arranged in
rom  the blocky precipitates (d), the rod precipitates (e) and the particles adjacent 

he supersaturation or local supersaturation of the solute atoms Cu,
n  and Zn in the as-cast alloy. These solute atoms together with

he Mg2Cu particles in the as-cast alloy are expected to act as weak
nd strong pinned spots to the dislocation movement, respectively.
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