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a  b  s  t  r  a  c  t

Structural  relaxation  and  its  influence  on  the  elastic  properties  and  mechanical  properties  of  Mg–Zn–Ca
bulk  metallic  glass  (BMG)  were  investigated.  It was  found  that  relaxation  can  occur  spontaneously  even
at room  temperature  (TR)  because  of  the  high  homologous  temperature  (TR/Tg >  0.7)  of  the  BMG.  A linear
dependence  between  enthalpy  change  (�Ht)  and  free  volume  change  (�vf)  for  the  annealed  Mg66Zn30Ca4

BMG  over  a wide  temperature  range  was  discovered.  The  structural  relaxation  of  the  Mg66Zn30Ca4

BMG  resulted  in  increased  shear  modulus  � (3.4%)  and  decreased  Poisson’s  ratio  � (1.4%).  However,  the
eywords:
g-based metallic glass

iodegradable materials
tructural relaxation

tested BMG  samples  exhibited  no  obvious  degradation  of  notch  toughness  (KQ) even  after  full  structural
relaxation.  The  KQ values  are  9.0  ±  1.7  MPam1/2 and  7.1  ±  1.8  MPam1/2 for the  freshly  prepared  samples
(annealed  at  TR for  1.5  h)  and  fully  relaxed  samples  (annealed  at  373  K  for  4  h),  respectively.  These results
indicate  that  the  mechanical  properties  of the  Mg66Zn30Ca4 BMG  are  not  very  sensitive  to its  structural

pera
 prom
lastic properties
otch toughness

relaxation  over  a wide  tem
of Mg66Zn30Ca4 BMG  as  a

. Introduction

Compared with the commonly used metallic biomaterials, such
s stainless steels, titanium, and cobalt–chromium-based alloys,
agnesium alloys have attracted considerable attention as poten-

ial implant materials in recent years [1–8]. Interest in magnesium
lloys have been particularly growing because of their good
echanical properties, excellent biocompatibilities, and biodegra-

ation properties. First, magnesium alloys have lower values of
lastic modulus (41–45 GPa) and density (1.7–2.0 g/cm3) that are
loser to those of natural bone than other commonly used metal-
ic implants. Moreover, magnesium alloys are soluble and can be
bsorbed by the human body, which can prevent a second surgi-
al procedure when they are used as implant devices [4].  However,
he practical use of these biocompatible magnesium alloys still face
hallenges. One major obstacle is its rapid corrosion/degradation
ates in physiological conditions (including human body fluid or
lood plasma), which leads to rapid loss of strength before the tis-
ue has sufficiently healed [2,4,7].  Another obstacle is the release
f hydrogen gas upon degradation which delays healing of the sur-

ical region and leads to necrosis of the tissues because the gas
ockets can cause separation of tissues and tissue layers [2–3].
hus, it is important to explore new types of magnesium-based

∗ Corresponding author. Tel.: +86 574 87617212; fax: +86 574 87911392.
E-mail address: zhaoyy@nimte.ac.cn (Y.-Y. Zhao).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.11.125
ture  and  time  range.  These  findings  may  facilitate  the  clinical  applications
ising  implant  material  for  future  clinical  applications.

© 2011 Elsevier B.V. All rights reserved.

biomaterials with good mechanical properties, low corrosion rates,
and uniform corrosion properties for successful clinical applica-
tions of these biomaterials.

Magnesium-based bulk metallic glasses (BMGs) attract inter-
est because of their single-phase and chemically homogeneous
alloy system, which may  improve the mechanical properties and
corrosion resistance of the biomaterials as well as result in more
uniform corrosion properties than their crystalline counterparts
[9,10].  Among these Mg-based BMGs, Mg–Zn–Ca BMGs contain-
ing the essential elements Zn and Ca for humans have recently
attracted research interest because of the biosafety and biocom-
patibility of the released alloying elements. It has been reported
that Mg–Zn–Ca metallic glasses not only have high specific strength
(250–300 MPa  cm3/g) and high reliability of fracture strength
[11,12], but also show lower degradation/corrosion rate and bet-
ter tissue compatibility than their crystalline counterparts [13].
In particular, there is no clinically observable hydrogen-forming
bubble-release during the degradation process of the Mg–Zn–Ca
metallic glass implants when the alloys contain a high proportion
of Zinc [14] (>28 at%). These advantages make Mg–Zn–Ca metallic
glasses an appropriate choice for Mg-based biodegradable materi-
als.

However, the metallic glass obtained from the melt via the rapid

solidification technique is essentially in a metastable state, with
some additional properties, such as enthalpy and entropy, trapped
during its formation process. This behavior enables it to have a
tendency to transform into a more stable state through structural

dx.doi.org/10.1016/j.jallcom.2011.11.125
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhaoyy@nimte.ac.cn
dx.doi.org/10.1016/j.jallcom.2011.11.125
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at TR for 21,800 h (2.5 years). However, because the fully relaxed
state by annealing at TR for Mg66Zn30Ca4 BMG  needs an annealing
time longer than 2.5 years, the �Heq at TR could not be obtained
in the experiment. In order to get the fully relaxed state of the
Y.-Y. Zhao, X. Zhao / Journal of Allo

elaxation when it is subjected to isothermal annealing at a temper-
ture close to the glass transition temperature (Tg) for a sufficiently
ong time [15].

Structural relaxation usually results in severe embrittlement
or most of the metallic glasses [16–19].  Recently, the discovery
f metallic glasses with very low Tg [close to room temperature
TR)], such as Mg-  and Ce-based metallic glasses, have initiated
ew interest, because structural relaxation may  induce embrittle-
ent in these alloys even at TR, thereby causing concerns about

heir potential applications [20–24].  However, given the low Tg of
he biodegradable Mg–Zn–Ca metallic glasses, whether structural
elaxation can occur near TR and thus induce severe embrittlement
ave not been well understood so far.

In this work, the Mg66Zn30Ca4 BMG  with the highest glass-
orming ability (Dc = 5 mm [12]) in a Mg–Zn–Ca system near the Mg
orner was fabricated. The structural relaxation at TR and elevated
emperature as well as its influence on free volume change (�vf),
lastic properties, and mechanical properties of the Mg66Zn30Ca4
MG  were investigated. The possible mechanisms of these behav-

ors were also discussed.

. Experimental details

A mixture of pure elements (>99.9 wt.%) of Mg, Ca, and Zn were
elted under an inert atmosphere in an induction furnace with

he nominal composition of Mg66Zn30Ca4 (in atomic percentage).
he master alloy was remelted in a tilting crucible and subse-
uently cast into the copper mold with an internal rod-shaped
avity of 2.4 mm diameter and 40 mm  length. The cross-sectional
urfaces of the as-cast and annealed rods were analyzed via X-ray
iffraction (XRD) using a Rigaku D/max 2400 diffractometer with
onochromated Cu K� radiation. The glass transition behaviors of

he BMGs annealed at TR and elevated temperature for different
eriods of time were investigated using a Perkin-Elmer differen-
ial scanning calorimeter (DSC-Diamond) under flowing purified
rgon with a heating rate of 20 K/min. The samples were con-
ained in graphite pans and the temperature measurements were
eproducible within an error of ±1 K. The elastic properties of the
MG  samples were determined using resonant ultrasound spec-
roscopy (Quasar, Albuquerque, NM). Samples with an aspect ratio
f approximately 0.8 to 1 were placed in the middle of two piezo-
lectric transducers. Two independent elastic constants C11 and
44 were obtained for calculating the elastic moduli, including
oung’s modulus (E), shear modulus (�), bulk modulus (B), and
oisson’s ratio (�). The uncertainties in the calculated values of �, B,
, and E were less than ±0.6%. For each relaxed state, at least three
arefully prepared cylindrical samples with diameters of 2.4 mm
ere examined. The density of the as-cast and annealed samples
ere measured using the Archimedes method in purified water

t room temperature, and the effective resolution for the density
easurement is ±0.0005 g/cm3. Through the whole process of den-

ity measurement for the different relaxed states, the same bulk
ample with an approximate weight of 1 g was used. The micro-
ardness test was performed with a Mitutoyo MVK-H3 hardness
ester using a 200 g load and 10 s loading time. The average value for

icro-hardness was obtained from 15 individual measurements.
he samples for notch toughness measurement were obtained from
he as-cast and annealed BMG  rods with diameters of 2.4 mm.
he three-point single edge-notched bend tests, fixed at 20 mm
pan samples, were performed on an Instron 5848 micro mechan-
cal tester under a displacement control of 0.1 mm/min. Notches
ith a root radius of about 150 �m were cut to a depth nearly
alf of the rod diameter using a diamond wire saw. At least eight
amples were tested at each relaxed state to ensure that the results
ere reproducible. The stress intensity factor for the cylindrical
 Compounds 515 (2012) 154– 160 155

configuration was evaluated using the analysis method proposed
by Murakami [25]. The toughness values obtained were reported
as KQ instead of valid KIC (plane-strain fracture toughness) because
of the absence of a fatigue pre-crack and nonstandard specimen
geometries. Nonetheless, KQ data are still meaningful to distinguish
the variation in toughness of the materials under identical testing
conditions. The fracture surfaces of the failure samples after three-
point bending (3PB) tests were examined in a Quanta 600 scanning
electron microscope (SEM).

3. Results and discussion

3.1. Structural relaxation

The enthalpy of glass at a certain temperature below Tg may
deviate from its equilibrium value (�Heq), because some additional
enthalpy can be trapped when the glass forms. The annealing of the
glass at a temperature close to Tg for a sufficiently long time will
result in the loss of this additional enthalpy and make the glass
gradually relax into its equilibrium state. The enthalpy of the glass
lost during the isothermal annealing process can be recovered by a
subsequent DSC scan of the annealed sample, resulting in an over-
shoot in the DSC signal in reference to the unrelaxed sample. Hence,
the enthalpy of recovery (�Ht) during the DSC scan is equal to the
enthalpy of relaxation during the isothermal annealing experiment,
and the enthalpy of relaxation can be studied by surveying the �Ht

dependent on the annealing time [26]. Fig. 1 shows a series of DSC
scans with a heating rate of 20 K/min for the Mg66Zn30Ca4 BMG
annealed at TR for different time points (curves a–g). An overshoot
in the DSC heat flow signal, depending on annealing time, can be
clearly observed, indicating that the annealed samples underwent
structural relaxation, which progressively lowered the enthalpy
content with respect to the as-cast sample. Fig. 2 shows the cor-
responding �Ht for the Mg66Zn30Ca4 BMG  by annealing at TR with
different annealing time (t). �Ht for a given annealing time was
determined from the area between the DSC curve of the relaxed
sample and the as-cast sample in Fig. 1. It can be seen that the
�Ht increases gradually in magnitude with increasing t, and the
�Ht was measured at 0.46 kJ/mol for the sample that annealed
Fig. 1. DSC scans performed with a heating rate of 20 K/min for Mg66Zn30Ca4 BMG
by isothermal annealing at room temperature (TR) for different time (curves a–g)
and annealing at 373 K for 4 h (curve h).
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ig. 2. Correlation between enthalpy change (�Ht) and annealing time (t) for the
g66Zn30Ca4 BMG annealed at room temperature.

g66Zn30Ca4 BMG  at an elevated temperature, the structural relax-
tion at 373 K (100 ◦C) was also investigated. Curve h in Fig. 1 shows
he DSC scan for a fully relaxed Mg66Zn30Ca4 sample by annealing at
73 K for 4 h, given that there is no change in �Ht by further anneal-

ng. The �Heq at 373 K was measured as 0.68 kJ/mol. As shown
n Fig. 1, for the fully relaxed sample at 373 K where relaxation
o longer occurs in the DSC experiment, a clear glass transition
emperature Tg for Mg66Zn30Ca4 BMG  can be determined at 387 K,
ndicating a high homologous temperature (TR/Tg = 0.77) even at
oom temperature. Moreover, besides the similar DSC curves dur-
ng crystallization for the as-cast and fully relaxed sample in Fig. 1,
he glass state of the fully relaxed sample at 373 K were also con-
rmed by the XRD patterns in Fig. 3. No distinct peak corresponding
o any crystalline phases can be seen in the diffraction pattern, indi-
ating that the 4 h-annealed sample at 373 K was  not crystallized
ut only structurally relaxed.
.2. Free volume and elastic properties

To investigate the influence of structural relaxation on the elas-
ic properties and mechanical properties of the Mg66Zn30Ca4 BMG,

ig. 3. XRD patterns of the as-cast and fully relaxed Mg66Zn30Ca4 BMG  annealed at
73  K for 4 h.
Fig. 4. Enthalpy change (�Ht) versus free volume reduction (�vf) of the
Mg66Zn30Ca4 BMG  at different relaxed states.

four relaxed-state samples that were annealed at TR for 1.5 h and
840 h, 343 K for 7 h, and 373 K for 4 h with the corresponding �Ht of
0.07 kJ/mol, 0.29 kJ/mol, 0.46 kJ/mol, and 0.68 kJ/mol, respectively,
were investigated. The sample annealed at 343 K for 7 h was noted
to have a similar enthalpy change value (�Ht = 0.46 kJ/mol) with
the samples annealed at TR for 21,800 h. The sample annealed at
373 K for 4 h was fully relaxed.

The change in mass density of the annealed metallic glass is
caused by the change in free volume [27,28].  Thus, the change in
free volume per atomic volume (�vf) for the relaxed sample can be
calculated as

�vf = (�i − �0)
�0

, (1)

where �0 is density of the as-cast sample and �i is density of the
relaxed sample.

Fig. 4 displays a plot of �Ht against �vf for the four relaxed-
state samples. Considering that more time is needed to complete
the measurement of the mass density for the as-cast samples at TR,
�vf is a relative value compared with the sample annealed at TR
for 1.5 h with an initial specific volume of 0.3424 ± 0.0001 cm3/g.
As �Ht increases from 0.07 kJ/mol to 0.29 kJ/mol, 0.46 kJ/mol, and
0.68 kJ/mol, the corresponding �vf is approximately 0.08%, 0.13%,
and 0.27%, respectively, showing a free volume shrinking trend by
structural relaxation.

As suggested by van den Beukel and J. Eckert [27,28],  there is a
linear dependence between �Ht and �vf:

�Ht =  ̌ · �vf , (2)

where  ̌ is a constant.
In the current experiment, the linear fit of �Ht versus �vf for

the Mg66Zn30Ca4 BMG  at different relaxed states presented in Fig. 4
yields  ̌ = 225 kJ/mol. Similar to Zr55Cu30Al10Ni5 BMG, there is also
no distinct difference between TR and high temperature structural
relaxation [28]. The enthalpy change during structural relaxation
was  accompanied by a free volume reduction with the same pro-
portionality constant. Thus, the degree of structural relaxation for
the Mg66Zn30Ca4 BMG  annealed at a different temperature with
different annealing time can be well evaluated by the magnitude
of �vf.
Accordingly, Fig. 5 displays the shear modulus (�) and Poisson’s
ratio (�) as a function of �vf for the Mg66Zn30Ca4 BMG  at differ-
ent relaxed states. As shown in Fig. 5, the sample annealed at TR
for 1.5 h exhibits the highest � of 0.299 ± 0.001 and the lowest �
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ig. 5. Shear modulus (�)  and Poisson’s ratio (�) plotted as a function of free volume
hange (�vf) for the Mg66Zn30Ca4 BMG  at different relaxed states.

f approximately 18.65 ± 0.02 GPa. With �vf increasing via anneal-
ng, the � of the sample increases, while the � decreases gradually.

hen �vf reaches 0.27% for the fully relaxed samples, � and v are
9.29 ± 0.03 GPa and 0.295 ± 0.001, increasing by 3.4% and decreas-

ng by 1.4%, respectively, compared with the sample that annealed
t TR for 1.5 h.

.3. Mechanical properties

Fig. 6 demonstrates the relationship of micro-hardness and �vf
or Mg66Zn30Ca4 BMG  at different relaxed states. It can be seen
hat with the increase in �vf from 0 to 0.27%, the micro-hardness
f the annealed samples gradually increases from 2.15 ± 0.04 GPa
o 2.26 ± 0.04 GPa which corresponds to an increase of 5% by full
elaxation.

Fig. 7 shows the KQ of the rod samples versus the �vf for
he annealed Mg66Zn30Ca4 BMG  at different relaxed states. The
igh strength (∼900 MPa) [12] of the samples places even the
oughest samples in the plane strain regime, while the testing

eometry produces failure under mode I loading condition. As seen
n Fig. 7, the KQ of the rod sample annealed at TR for 1.5 h is 9.0 ± 1.7

Pam1/2. With �vf increasing by further relaxation, the KQ value of

ig. 6. Correlation between free volume change (�vf) and micro-hardness (Hv) of
he  Mg66Zn30Ca4 BMG  at different relaxed states.
Fig. 7. Correlation between free volume change (�vf) and notch toughness (KQ) of
the  Mg66Zn30Ca4 BMG  at different relaxed states.

the annealed samples are 9.1 ± 2.5 MPam1/2 and 8.4 ± 1.0 MPam1/2,
which corresponds to the �vf of 0.08% and 0.13%, respectively. For
the fully relaxed samples with �vf of 0.27%, the KQ value retains
a value of 7.1 ± 1.8 MPam1/2. This result indicates that the notch
toughness of the Mg66Zn30Ca4 BMG  is not very sensitive to further
structural relaxation within a wide temperature and time range.

Fig. 8(a) and (b) shows the SEM images of the fracture surfaces
at low and high magnification of the Mg66Zn30Ca4 BMG  annealed
at TR for 1.5 h, respectively. The crack originates near the notch root
and extends to the whole fracture surface. The higher magnification
micrograph shows that a very fine vein pattern can be seen around
the defects (pores or impurities) where the crack originated. With
increasing distance away from the notch root, the vein-pattern
morphology rapidly changes to a featureless mirror-like appear-
ance, which is a typical morphology for brittle materials. Fig. 8(c)
and (d) shows that the sample annealed at 373 K for 4 h has almost
the same fracture surface morphology as the sample annealed at TR
for 1.5 h. This indicates that they have undergone almost the same
process of fracture, which is consistent with their similar KQ values.

KQ values and fracture energy (GQ) calculated using the rela-
tionship GQ = KQ (1 − v2)/E as well as �Ht, �, and elastic moduli
of the annealed Mg66Zn30Ca4 BMG  at different relaxed states are
summarized in Table 1.

Recently, Lewandowski et al. [29] proposed a critical value of v
(0.31–0.32), or equivalently �/B (0.41–0.43), at which a sharp brit-
tle to tough transition occurs. Correlation of toughness/ductility
with v (or �/B) for metallic glass is explained in terms of competi-
tion between shear and dilatation or competition between plastic
flow and cleavage propagation that controls the fracture process
in metallic glass. A higher v decreases the potential energy of the
shear transformation zone (STZ), thereby increasing the tendency
of plastic deformation in mitigating fracture stress concentration
[30].

For the purpose of comparison with various BMG  classes, the
GQ obtained by notched samples testing is plotted against v for Mg-
[31], Cu-[32], Fe-[33,34] and Ti-based [35,36] BMGs reported in the
previous literature with similar testing conditions (SENB test) and
notch root radius (110–200 �m).  For approximation, the blunting
effect of notch root radius and geometry of the samples on fracture
energy are ignored.
As seen in Fig. 9, higher values of v mainly give higher GQ for
different BMGs. The GQ of the Mg66Zn30Ca4 BMG  with the lowest
v values (<0.31–0.32) is only comparable to the lower bound of Fe-
based BMGs, but significantly lower than that of Cu- and Ti-based
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Fig. 8. SEM images of the fracture surface of the Mg66Zn30Ca4 BMG at different relaxed s
(b)  and (d) are higher magnification images of the marked regions in (a) and (c), respectiv

Fig. 9. Comparison of fracture energy (G) and Poisson’s ratio (�) of the Mg–Zn–Ca
BMG  with Mg–Cu (Ag)-RE BMG, Cu-based, Fe-based and Ti-based BMGs.

Table 1
Enthalpy change (�Ht), mass density (�), Young’s modulus (E),  shear modulus (�), bulk 

the  Mg66Zn30Ca4 BMG  at different relaxed states.

Sample state �Ht (kJ/mol) � (g/cm3) E (GPa) � (GPa) 

RT for 1.5 h 0.07 2.9204 48.4 ± 0.1 18.65 ± 0.02 

RT  for 840 h 0.29 2.9228 48.8 ± 0.3 18.77 ± 0.03 

343  K for 7 h 0.46 2.9243 49.4 ± 0.1 19.04 ± 0.03 

373  K for 4 h 0.68 2.9282 49.9 ± 0.3 19.29 ± 0.03 
tates: (a) annealed at room temperature for 1.5 h and (c) annealed at 373 K for 4 h;
ely. The crack propagation direction is indicated by white arrows.

BMGs, which have the v values much larger than the critical value
(0.31–0.32). For the different Mg-based metallic glasses, although
the Mg66Zn30Ca4 BMG  has a relatively lower v, the measured GQ
is slightly higher than that of Mg–Cu(Ag)-RE BMGs. It is presumed
that samples size also influences the measured GQ values of these
Mg-based BMGs because the notch toughness test samples for the
Mg–Cu(Ag)-RE BMGs were obtained from the 4 mm diameter rods
[31].

Structural relaxation is usually accompanied by severe embrit-
tlement for most metallic glasses. However, in this work, the notch
toughness of the Mg66Zn30Ca4 BMG  is not very sensitive to its
structural relaxation over a wide temperature and time range.
Similar results have also been reported in previous literature.
Yavari [37] reported that, for the hypoeutectic (Fe0.5Ni0.5)83B17 and
Fe83B17 alloys, the glass ribbons remained fully ductile after anneal-
ing for 2 h at 573 K and 553 K, respectively. Recently, Yokoyama
et al. [38,39] reported that the hypoeutectic Zr60Cu30Al10 BMG
also exhibited no degradation of ductility/toughness even after full
structural relaxation, and the U-notched Charpy impact value of

the hypoeutectic Zr60Cu30Al10 BMG  could even increase signifi-
cantly by annealing just below the Tg. It was proposed that the
heterogeneity of the glass structure might be a significant factor
in the enhancement of plasticity and ductility for the hypoeutectic

modulus (B), Poisson’s ratio (�), notch toughness (KQ), and fracture energy (GQ) of

B (GPa) � �/B KQ (MPam1/2) GQ (kJ/m2)

40.1 ± 0.3 0.299 ± 0.001 0.4654 9.0 ± 1.7 1.6 ± 0.6
40.3 ± 0.2 0.298 ± 0.001 0.4658 9.1 ± 2.5 1.7 ± 0.8
40.4 ± 0.4 0.296 ± 0.001 0.4712 8.4 ± 1.0 1.3 ± 0.3
40.6 ± 0.2 0.295 ± 0.001 0.4757 7.1 ± 1.8 1.0 ± 0.5
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r60Cu30Al10 BMG. However, the possible mechanism may  be dif-
erent in Mg–Zn–Ca system since the Mg66Zn30Ca4 alloy just locates
t the eutectic composition correlated with a eutectic reaction of

 → Mg  + Ca2Mg5Zn13 [40].
As for other Mg-based BMGs, Castellero et al. [22] have reported

hat the bending strain of Mg65Cu25Y10 ribbon showed an obvious
uctile-to-brittle transition after annealing at TR for 1 h to 3 h, and
ith increasing further the annealing time, the bending strain of
g65Cu25Y10 ribbon remained unchanged. The Tg of Mg66Zn30Ca4

MG  is 387 K, which is much lower than that of Mg65Cu25Y10 metal-
ic glass (Tg = 420 K), indicating that the Mg66Zn30Ca4 BMG  may  be

ore sensitive to room-temperature structural relaxation than the
g65Cu25Y10 metallic glass.
We  noticed that the mechanical properties of Mg66Zn30Ca4 BMG

n the current study were mainly measured by the notch toughness
est that needs a longer time (at least 1.5 h) to prepare the notched
amples, thus the KQ values of the samples annealed at TR within 0
o 1.5 h could not be measured by the experiment.

Given this situation, it was presumed that the mechanical
roperties of the Mg66Zn30Ca4 BMG  might be also sensitive to
oom-temperature annealing and need an even shorter time (less
han 1.5 h) to complete its ductile-to-brittle transition by annealing
t TR. Thus, even for the samples annealed at TR for 1.5 h, the notch
oughness tests were conducted after their ductile-to-brittle tran-
ition when the samples have become brittle. However, the notch
oughness of the Mg66Zn30Ca4 BMG  was then not very sensitive to
urther structural relaxation within a wide temperature and time
ange.

Fig. 10 shows a plot of fracture toughness versus yield
trength for several implant materials, including degradable poly-
ethylmethacrylate (PMMA) [41], crystalline Mg  alloys [42–44],

atural bone [4,45],  synthetic hydroxyapatite [4],  and well-relaxed
g–Zn–Ca BMG  [12]. As seen in Fig. 10,  even though there may

ave been a ductile-to-brittle transition by annealing at TR within
.5 h, the well-relaxed Mg–Zn–Ca BMG  still has a good combina-
ion of the fracture toughness and yield strength in comparison
ith its counterparts. The Mg–Zn–Ca BMG  has the highest yield

trength together with the fracture toughness comparable with the
alues of natural bone and higher than that of PMMA  and synthetic
ydroxyapatite. This advantage of Mg–Zn–Ca BMG  may  further

romote its possible clinical applications as a new kind of implant
aterial.

ig. 10. Fracture toughness and yield strength of various implant materials in com-
arison with Mg–Zn–Ca BMG.
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4. Conclusions

The current work investigated the structural relaxation at TR and
elevated temperature as well as its influence on the elastic prop-
erties and mechanical properties of Mg66Zn30Ca4 BMG  at different
relaxed states. It was  found that structural relaxation can occur
even via room-temperature annealing. The structural relaxation of
Mg66Zn30Ca4 BMG  results in increased � and Hv and decreased �.
However, compared with the samples annealed at TR for 1.5 h, the
fully relaxed samples annealed at 373 K for 4 h did not show an
obvious decrease in notch toughness. This finding indicates that
the mechanical properties of the Mg66Zn30Ca4 BMG are not very
sensitive to its structural relaxation over a wide temperature and
time range. Although the toughness values of the as-cast and fully
relaxed Mg–Zn–Ca BMG  are much lower than that of Ti- and Cu-
based BMGs, they are comparable with most implant materials.
Thus, Mg66Zn30Ca4 BMG  may  be a promising implant material for
future clinical applications.
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