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a b s t r a c t

In this study, we elucidated the effect of heat treatment on the microstructures and damping proper-
ties of the biomedical Mg–1 wt% Zr (K1) alloy by optical microscopy, transmission electron microscopy,
energy-dispersive X-ray spectrometry, and experimental model analysis. The following microstructural
transformation occurred when the as-quenched (AQ, i.e., solution heat treated and quenched) K1 alloy

◦
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was subjected to aging treatment in the temperature range 200–500 C: �-Mg → (�-Mg + twindense) → (�-
Mg + twinloose) → (�-Mg + �-Zr). This microstructural transformation was accompanied by variations in
the damping capacity. The damping properties of the AQ K1 alloy subjected to aging treatment at 300 ◦C
for 16 h were the best among those of the alloys investigated in the present study. The presence of twin
structures in the alloy matrix was thought to play a crucial role in increasing the damping capacity of
the K1 alloy. Hence, we state that a combination of solution treatment and aging is an effective means of
improving the damping capacity of biomedical K1 alloys.
amping capacity

. Introduction

The microstructures, mechanical properties, and corrosion
esistance of Mg-based alloys have been studied widely by sev-
ral researchers [1–5]. Addition of elemental Sr to Mg-based alloys
esults in grain refinement and improvement of the mechanical
roperties of the alloys [6]. Dong et al. [7] have reported that upon
he addition of 7 wt% Y, the ultimate tensile strength and yield
trength of the Mg–7Li alloy become 120% and 152% of those of
he as-cast Mg–7Li alloy, respectively. Moreover, addition of alloy-
ng elements such as Al and rare-earth elements such as Nd, Re,

nd Pr to Mg-based alloys results in grain refinement, grain bound-
ry strengthening, and solid-solution strengthening [8–11] and a
onsequent improvement of the corrosion resistance of the alloys.
uch improved Mg-based alloys can be used for manufacturing

∗ Corresponding author. Tel.: +886 2 27361661x5400; fax: +886 2 27395524.
∗∗ Corresponding author. Tel.: +886 2 27361661x5132.
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© 2010 Elsevier B.V. All rights reserved.

aerospace components, automobile parts, electronic goods, and
sports goods [12,13].

Recently, Mg-based alloys have been identified as potential
implant materials because of their high biodegradability [14,15]
and excellent mechanical properties such as high strength-to-
density ratio and low elastic modulus (close to that of bone
tissues) [16]. Previous in vivo studies have shown that Mg, which
is an essential component of the enzyme system in humans, is
a degradable biomaterial that can be used in medical implants
[15]. Therefore, several Mg-based alloys, including Mg–Al–Li–Ce
[10], Mg–Al–Zn (AZ31 and AZ91) [11,12], Mg–Zn [17], Mg–Ca [18],
Mg–Zn–Mn [19], and Mg–Si–(Zn, Ca) [20], have been developed,
and the feasibility of using these alloys in biomedical applications
has been investigated.

The K1 alloy has recently attracted considerable attention
because it has high specific damping capacity, excellent mechanical

properties, and high biodegradability and biocompatibility, which
make it suitable for use as an implant material [21–25]. Gu et
al. [24] have reported that the addition of Zr helps in increas-
ing the strength and decreasing the corrosion rate of the as-cast
Mg–1Zr alloy. The results of hemocompatibility and cytotoxicity

dx.doi.org/10.1016/j.jallcom.2010.09.098
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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imental and synthesized values, respectively. The good agreement
between these two sets of values is indicative of the reliability of
the experimental approach employed. The average f and � values of
AQ K1 are 485 Hz and 0.0832, respectively. The � value of AQ K1 is
Fig. 1. Schematic diagra

ests indicate that the Mg–1Zr alloy shows higher amount of
dhered platelets and shows no significant toxicity to osteoblasts.
oreover, the Mg–1Zr alloy has higher specific damping capac-

ty than do other metallic alloys [25] and hence is a promising
andidate for a biomedical alloy.

The elastic modulus and damping capacity of metallic implants
re two important factors that affect osseointegration [26–28].
ommonly used metallic implant materials, including titanium,
tainless steel, and Co–Cr alloys, have a relatively higher elastic
odulus than does natural bone tissue [16,29]. The high elastic
odulus results in a strong stress-shielding effect, which reduces

he stimulation of new bone growth and bone remodeling; as a con-
equence, the stability of the implant decreases [16,26]. The elastic
odulus of pure Mg, Mg–Zr alloys, and other Mg-based alloys is

ow (40–50 GPa) [30,31] and is closer to that of natural bone tissues
10–30 GPa) [29] than are the elastic modulus of the currently used
iomedical implant materials. Thus, the stress-shielding effect is
uppressed in the case of pure Mg and Mg-based alloys. Moreover,
he specific damping capacity of the Mg–Zr alloy (∼80%) is con-
iderably higher than that of AZ81A (∼8%) and Mg–Cu–Mn alloys
∼60%) [25,32]. Because of the high damping capacity, vibrations
aused when the patient moves and the stress generated at the
mplant/bone interface are suppressed. As a result, the risk of bone
issue damage and loosening of the implant before biodegradation
s reduced considerably [27,28], and the rate of osseointegration
s enhanced. The purpose of the present study is to investigate
he effect of heat treatment on the microstructures and damping
roperties of the biomedical Mg–1Zr alloy and provide valuable

nformation on the use of this alloy in biomedical applications.

. Experimental procedures

An 800-g pure-Mg melt was prepared in an electrical resistance furnace
quipped with a graphite crucible; high-purity Mg was used for this purpose. The
rotective gas used was CO2/0.5 vol.% SF6. Pure Zr (1 wt%) was added to the melt at
50 ◦C, and manual stirring was carried out for 5 min by using a mild-steel cone ladle.
he melt was allowed to settle for 15 min, and the resulting alloy was poured into
50 mm × 50 mm × 50 mm mild-steel molds and allowed to cool in a CO2/0.5 vol.%
F6 environment. The chemical composition of the alloy under investigation was
onfirmed to be Mg–0.55Zr by inductively coupled plasma-atomic emission spec-
rometry. The abovementioned composition was the average of the results obtained
n 10 independent tests. After homogenization at 500 ◦C for 8 h in a protective Ar
tmosphere, the ingots were cut into specimens of appropriate dimensions by using
n electric spark linear cutting machine. The dimensions of the specimens used
or heat treatment and damping measurements (bending beam specimens) were
0 mm × 10 mm × 2 mm and 130 mm × 10 mm × 3 mm, respectively. After solution
eat treatment at 550 ◦C for 30 min, the specimens were quenched by immersing

n room-temperature water. Aging treatment was carried out carefully in a vacuum
urnace at temperatures ranging from 200 ◦C to 500 ◦C and for various periods; the
ged samples were then quenched.
Specimens for optical microscopy (Olympus BX-51) studies were prepared by
ne-wire cutting, chemical and electropolishing, and etching (etching solution: 3 ml
NO3 + 20 ml CH3COOH + 20 ml H2O + 57 ml C2H4). Characterization of phases was
erformed in a JEOL-2100 transmission electron microscopy (TEM) equipped with
n INCA energy dispersive X-ray spectrometer (EDS), operating at 200 kV. The aver-
ge weight percentages of the alloying elements were determined by analyzing at
he damping test system.

least 10 different EDS spectra for each phase. Thin foils were electropolished to a
thickness of around 40 �m and Ar-ion-milled by using a Gatan (model 691) precision
ion polishing system until a hole was formed on the foil surface.

Damping tests were performed by experimental model analysis (or impulse-
frequency response method) [33–35], in which the damping properties of a given
material can be easily and rapidly evaluated. A schematic diagram of the damping
test apparatus is shown in Fig. 1. Test specimens were fabricated by using a cantilever
beam structure. An impact hammer (actuator) and an accelerometer (sensor) were
used to excite the specimens and measure the frequency response functions (FRFs),
respectively. The impact hammer was aimed at 10 test points distributed on the
surface of the specimens. The corresponding 10 sets of FRFs were combined and
processed for curve fitting by using CADAPC to obtain the characteristic frequencies
(f) and damping coefficients (�) of the specimens.

3. Results and discussion

Fig. 2 shows the optical micrograph of the AQ K1 alloy, it is clear
that the microstructure consists of �-Mg grains. Optical microscopy
images show that there are no other precipitates or intermetallic
compounds in the matrix. These results confirm the complete dis-
solution of Zr in the �-Mg matrix during solution heat treatment.
The microstructural characteristics of AQ K1 are similar to those of
Mg–0.6 wt% Zr [36]. The average grain size of AQ K1 is calculated to
be approximately 96.4 �m by using an OmniMet imaging system.
Fig. 3 presents the damping properties of the AQ K1 alloy. From the
10 sets of FRFs, an average FRF plot is obtained for the AQ K1 alloy, as
shown in Fig. 3(a). The solid and dashed lines represent the exper-
Fig. 2. Optical micrograph of the AQ K1 alloy.
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300 ◦C for 8 h and AQ state. The average � values of the AQ K1 alloy
aged at 300 ◦C for 8 h and 16 h were 0.1134 and 0.1724, respec-
tively. It has been stated that an alloy with a low f may have a high
� value [34]. The f values of the AQ K1 alloy aged at 300 ◦C for 8 h and
ig. 3. Damping properties of the AQ K1 alloy: (a) an average FRF diagram and (b)
ogarithmic decrement diagram.

pproximately 4.4 times that of the Ti–4.8Al–2.5Mo–1.4 V alloy [34]
nd 3.5 times that of the Ti–6Al–4V alloy [35]. It is known that alloys
ith a high � value have high damping capacity. Fig. 3(b) shows

he logarithmic decrement diagram for the AQ K1 alloy. Ampli-
ude dissipation occurs in approximately 0.4 s when the hammer
mpacts the specimen. This rapid amplitude decay implies that the
pecimen has a good damping capacity.

The microstructural characteristics of AQ K1 remained similar
o those shown in Fig. 2 even after the alloy was subjected to aging
reatment at 200 ◦C for various periods. Only the grain sizes of the
-Mg phase showed a slight change with the soaking time. The
ptical micrograph of the AQ K1 alloy aged at 200 ◦C for 16 h clearly
evealed that the microstructure comprised a single phase, �-Mg
Fig. 4). No other precipitates could be detected in the matrix by
ptical microscopy observations. The damping test results indi-
ated that there were no significant differences in the damping
roperties as compared with AQ K1 alloy. The average f and � val-
es of the AQ K1 alloy aged at 200 ◦C for various periods were in
he range 481–510 Hz and 0.0811–0.0876, respectively.

The microstructure and damping properties of the AQ K1 alloy
ubjected to aging treatment at 300 ◦C for a short period (<4 h) were
imilar to those of AQ K1 alloy and the AQ K1 alloy aged at 200 ◦C.

hen the soaking time was increased to 8 h, some twin structures
ere formed in the �-Mg grains (as indicated by the arrows) [37], as

hown in Fig. 5(a). The number of twins increased with the soaking
ime. Fig. 5(b) presents the optical micrograph of the AQ K1 alloy
ged at 300 ◦C for 16 h. It was clear that a high density of twins were

ormed in the �-Mg matrix [38]. Fig. 6 shows the damping proper-
ies of the AQ K1 alloy aged at 300 ◦C for 8 h and 16 h. The average
RF plots of the two samples revealed the high reliability of the test
esults obtained (Fig. 6(a) and (b)). The average � value of the AQ K1
Fig. 4. Optical micrograph of the AQ K1 alloy aged at 200 ◦C for 16 h.

alloy aged at 300 ◦C for 16 h was higher than that of the alloy aged at
Fig. 5. Optical micrograph of the AQ K1 alloy aged at 300 ◦C for (a) 8 h and (b) 16 h.



816 M.-H. Tsai et al. / Journal of Alloys and Compounds 509 (2011) 813–819

F tively:
d

1
t
s
c
c
d
r

a
a
w
i
s
t
a
t
l
o

m
F
5
a
T
h
p
s
t

500 ◦C for 4 h were similar to those of the K1 alloy aged at 400 ◦C
for 8 h. From Fig. 9, it could be seen that the average f and � values
of the AQ K1 alloy aged at 500 ◦C for 16 h were 470 Hz and 0.0895,
respectively. The � value of this alloy was between the � values of
ig. 6. Damping properties of the AQ K1 alloy aged at 300 ◦C for 8 h and 16 h, respec
ecrement diagram (8 h) and (d) logarithmic decrement diagram (16 h).

6 h were 451 Hz and 380 Hz, respectively. Fig. 6(c) and (d) depicts
he logarithmic decrement diagrams of the abovementioned two
amples. Apparently, the amplitude decay time was shorter in the
ase of the AQ K1 alloy aged at 300 ◦C for 16 h (0.15 s) than in the
ase of the alloy aged at 300 ◦C for 8 h (0.25 s). This result strongly
emonstrated that the presence of twin structures plays a crucial
ole in increasing the damping capacity of K1 alloys.

There was no significant difference between the microstructures
nd damping properties of the AQ K1 alloy aged at 400 ◦C for 4 h
nd that aged at 300 ◦C for 16 h. However, when the soaking time
as prolonged to 8 h, coarse and loose twin structures were formed

n the �-Mg grains, as shown in Fig. 7. The presence of such twin
tructures contributed to the degradation of the damping proper-
ies of the alloy. The average f and � values of the AQ K1 alloy aged
t 400 ◦C for 8 h were 467 Hz and 0.0956, respectively. Moreover,
he amplitude decay time in the case of the K1 alloy with coarse and
oose twin structures was found to be 0.31 s. Similar results were
bserved for the AQ K1 alloy aged at 400 ◦C for 16 h.

When the aging temperature was increased to 500 ◦C, a
icrostructural transition occurred in the matrix of the K1 alloy.

ig. 8(a) shows the optical micrograph of the AQ K1 alloy aged at
00 ◦C for 4 h. Clearly, some island-like phases (indicated by the
rrows) were formed in the matrix and at the grain boundaries.

his microstructural feature was similar to that of Mg–0.54 wt% Zr
omogenized at 380 ◦C for 12 h [39]. When the soaking time was
rolonged to 16 h, the amounts of the island-like phases increased
ignificantly, as illustrated in Fig. 8(b). Therefore, the microstruc-
ure of the AQ K1 alloy aged at 500 ◦C for various periods comprised
(a) an average FRF diagram (8 h), (b) an average FRF diagram (16 h), (c) logarithmic

the �-Mg phase and island-like phases. The results of damping tests
revealed that the damping properties of the AQ K1 alloy aged at
Fig. 7. Optical micrograph of the AQ K1 alloy aged at 400 ◦C for 8 h.
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transformation occurred via the following sequence: �-Mg → (�-
Mg + twindense) → (�-Mg + twinloose) → (�-Mg + �-Zr).

The results deduced on the basis of the abovementioned obser-
vations are discussed here. In the case of metallic alloys, the
ig. 8. Optical micrograph of the AQ K1 alloy aged at 500 ◦C for (a) 4 h and (b) 16 h.

Q K1 alloy and the AQ K1 alloy aged at 400 ◦C for 8 h. Moreover,
he amplitude decay time in the case of the K1 alloy containing
sland-like phases was found to be approximately 0.36 s. Thus, we
oncluded that the island-like phases have no significant influence
n the damping properties of the K1 alloy.

In order to clarify the relationship between the damping prop-
rties and the microstructure of the heat-treated K1 alloy, the
pecimen was further analyzed by TEM. Fig. 10 presents a bright-
eld (BF) image of the matrix in the [2 4 2 3] zone of the AQ K1
lloy. This image revealed that the matrix comprised only the �-
g phase with a hexagonal-close-packed (HCP) structure [37,40].
o other precipitates could be found in the matrix. A similar result
as obtained for the AQ K1 alloy aged at 200 ◦C for various peri-

ds. Fig. 11 shows a BF image of the AQ K1 alloy aged at 300 ◦C for
h, which was taken from the matrix in the [0 0 0 1] zone, indicat-

ng that in addition to the �-Mg spots, twin spots coexist in the
elected-area electron diffraction pattern (SAEDP). The BF image
learly showed the presence of twin structures in the matrix. This
icrostructural feature corresponded to that shown in Fig. 5(a).

imilar twin structures were seen in the matrix of the AQ K1 alloy
ged at 400 ◦C for 8 h. Fig. 12(a) shows a BF image of the matrix in the
0 0 0 1] zone of the AQ K1 alloy aged at 500 ◦C for 16 h. Some island-

ike phases were observed in the matrix. The SAEDPs revealed the
resence of �-Mg spots as well as small superlattice spots. On the
asis of the camera length and d-spacing between the superlattice
pots and the results of EDS analysis (as shown in Fig. 12(b)), the
pots were confirmed to correspond to the �-Zr phase having an
Fig. 9. Damping properties of the AQ K1 alloy aged at 500 ◦C for 16 h: (a) an average
FRF diagram and (b) logarithmic decrement diagram.

HCP structure; the lattice parameters were a = 3.23 Å and c = 5.14 Å
[40]. Therefore, when the AQ K1 alloy was subjected to aging
treatment in the temperature range 200–500 ◦C, microstructural
Fig. 10. BF image of the AQ K1 alloy, which was taken from the matrix in the [2 4 2 3]
zone.
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ig. 11. BF image of the AQ K1 alloy aged at 300 ◦C for 8 h, which was taken from
he matrix in the [0 0 0 1] zone.

amping properties may be increased from the thermoelastic

amping, magnetic damping, viscous damping, and defect damp-

ng [41]. In conventional crystalline materials, defect damping
ontributes significantly to the overall damping properties [42].
aterial damping is extremely sensitive to the presence of defects.

ig. 12. (a) BF image of the AQ K1 alloy aged at 500 ◦C for 16 h, which was taken
rom the matrix in the [0 0 0 1] zone and (b) EDS spectrum taken from the island-like
hase in (a).

[
[

ompounds 509 (2011) 813–819

The intrinsic movement of defects (of any type) under applied cyclic
stress may give rise to internal friction, which in turn would cause
energy dissipation. Four common types of defects are observed in
polycrystalline metallic alloys: point defects, line defects, surface
defects, and bulk defects [42]. The damping mechanism associ-
ated with each of these defects is different. From Fig. 5(b), it is
apparent that twin structures are present in the matrix of the alloy.
The damping mechanism, which is responsible for vibration sup-
pression, is similar for twin structures and surface defects, i.e.,
movement of the internal twin boundaries in the �-Mg grains and
resultant internal friction [25]. Twinning may enhance the rate of
grain boundary sliding when new slip systems are activated after
reorientation of the lattice atoms in the twinned areas [43]. More-
over, a high density of twins may result in the formation of a large
number of interface boundaries in the grains. Ustinov et al. [44]
reported that the dissipative properties of nanotwinned Cu are
mainly determined by the nature of the twinned substructures.
With an increase in the twin boundary density, the nonlinear ampli-
tude dependence of the logarithmic decrement becomes almost
linear. Therefore, a high density of twin structures leads to rapid and
marked enhancement of the damping capacity. Hence, it is reason-
able to state that the twin structures play a crucial role in increasing
the damping capacity of the K1 alloy. More tests must be carried
out on the microstructural characteristics, mechanical properties,
cytotoxicity, and biocompatibility of the K1 alloy before it is used
in clinical applications.

4. Conclusions

There was no notable difference in the microstructure and
damping properties of the AQ K1 alloy before and after aging treat-
ment at 200 ◦C. When the AQ K1 alloy was subjected to aging
treatment at 300 ◦C for 8 h, some twins were formed in the �-Mg
grains. Moreover, the number of twins increased with the soaking
period. The AQ K1 alloy aged at 300 ◦C for 16 h had the best damping
properties among all the samples considered in this study. The aver-
age f and � values of this alloy were 380 Hz and 0.1724, respectively.
When the AQ K1 alloy was aged at 400 ◦C, coarse and loose twin
structures were formed within the �-Mg grains. These twin struc-
tures caused degradation of the damping properties of the alloy.
Upon aging at temperatures higher than 500 ◦C, the microstructure
of this alloy was found to comprise both �-Mg and �-Zr phases.
However, the �-Zr phase had no significant influence on the damp-
ing properties of the K1 alloy.
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