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Abstract: The microstructures, mechanical properties and in vitro degradation behavior of as-extruded pure Zn and
Zn—xSr (x=0.1, 0.4, 0.8 wt.%) alloys were investigated systematically. For the microstructure and mechanical
properties, SrZn;; phase was newly formed due to the addition of 0.1 wt.% Sr, improving the yield strength, ultimate
tensile strength and elongation from (85.33+2.86) MPa, (106.00+£1.41) MPa and (15.37+£0.57)% for pure Zn to
(107.67£2.05) MPa, (115.67+2.52) MPa and (20.80£2.19)% for Zn—0.1Sr, respectively. However, further increase of Sr
content led to the deterioration of the mechanical properties due to the stress concentration and cracks initiation caused
by the coarsening SrZn;; particles during tensile tests. For in vitro degradation, since micro galvanic corrosion was
enhanced owing to the formation of the inhomogeneously distributed SrZn;; phase, the corrosion mode became
non-uniform. Corrosion rate is gradually increased with the addition of Sr, which is increased from (11.45£2.02) um/a
(a=year) for pure Zn to (32.59+3.40) um/a for Zn—0.8Sr. To sum up, the as-extruded Zn—0.1Sr alloy exhibited the best
combination of mechanical properties and degradation behavior.
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transcription  factors [7]. For adults, the
recommended intake of Zn element is 15 mg/d, and
the human body is able to absorb Zn element from

1 Introduction

Zn-based alloys have attracted increasing
attention as potential biodegradable materials
for orthopedic implants, cardiovascular inter-
ventional devices and tissue engineering scaffold
applications [1—3], thanks to their acceptable bio-
compatibility, biodegradability [4], and appropriate
degradation behavior [5,6]. Zn element plays an
indispensable role in the nucleic acid metabolism
and cell differentiation in the human body
as an essential trace element, which includes
DNA polymerase, RNA polymerase and many

daily food, transport it along the vessels and excrete
excess amounts through the kidneys [8]. BOWEN
et al [9] observed the firm clinging tissue to the zinc
wire and new bone formation nearby the zinc pins
after they planted those implants into abdominal
aorta and femora of mice for 180 d, indicating the
participation of Zn implants in tissue recovery with
no significant toxicity. The advantages of Zn as
potential biodegradable devices rely upon its
appropriate electrode potential (—0.762 V), which
lies between that of Mg (—2.372 V) and that of Fe
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(—0.444 V) [10]. The degradation rate of pure Zn
will be slower than that of Mg and faster than that
of Fe. However, pure Zn is not suitable for
application as biodegradable material due to its
poor mechanical properties.

Alloying would be a feasible method to
optimize the performance of Zn in mechanical
properties and degradation behavior. In the past few
years, Mg, Ca, Sr, Mn, Cu and Fe have been
introduced into the Zn to develop biodegradable
Zn-based alloys [11—19]. Alloying with 1 wt.% Mg,
Ca or Sr for as-cast pure Zn could enhance its
degradation rate, tensile strength and hardness by
nearly 100% [16]. Alloying with Cu could also
significantly enhance its degradation rate and
mechanical properties [15]. Furthermore, alloying
of Fe into the Zn—Cu system exhibited significant
improvement in degradation rate, which exceeded
60 pm/a (a=year) in c-SBF solution [17]. The Mn
addition also contributed to the properties
improvement of Zn alloys [18,19]. Among those
alloying elements, Sr is one of the essential trace
elements for human body, which plays an important
role in the growth of osteoblasts and restraint of the
activity of osteoclast, as well as the adjustment of
calcium metabolism [20]. All those physiological
activities mainly take place in the bone and teeth,
and excessive metabolites of Sr could transport out
of the human body by circulation system [21,22].
Thus, the addition of Sr into Zn alloys may be
enhanced the biological functions. LI et al [16]
studied the Zn—1Sr binary alloy in the aspects of
mechanical properties, corrosion behavior and
biocompatibility. It was reported that the ultimate
tensile strength of as-cast Zn—1Sr reached
(171.40£14.13) MPa, while the elongation was
(2.03£0.22)% and corrosion rate of as-rolled
Zn—18r alloy exceeded 90 pm/a in Hanks’ solution.
The Zn—1Sr alloy also exhibited good biological
compatibility in vitro and in vivo. The
microstructure and properties of as-cast Zn—xSr
(x=0, 0.5, 1, 2, 3 wt.%) alloys were further studied
by LIU et al [23]. The results show that the
hardness and corrosion rate increased with the
addition of Sr. Though most of the implants were
fabricated by wrought materials there has not been
research about the effect of the Sr content on the
properties of as-extruded Zn—Sr binary alloys.

In this study, the microstructure, mechanical
properties and in vitro degradation behavior of the

as-extruded Zn—Sr binary alloys were investigated
systematically. Since the elongation was only
(2.03+£0.22)% for as-cast Zn—1Sr alloy [16], three
Zn—xSr (x=0.1, 0.4, 0.8 wt.%) binary alloys with
the Sr content lower than 1 wt.% were designed so
as to further improve the deformability. This
research could be a reference for future research on
biodegradable Zn alloys containing Sr.

2 Experimental

2.1 Alloys preparation

The designed Zn—xSr (x=0.1, 0.4, 0.8 wt.%)
binary alloys were prepared with pure Zn
(99.995 wt.%) and pure Sr (99.99 wt.%). Pure Zn
was firstly melted at 620 °C in the steel crucible
with pretreatment of coating inside of it, and then
immersed the pure Sr (wrapped in the Zn foil) into
the melt, under the protection of high purity argon.
The melt was kept at 650 °C for 1 h, followed
by refining with hexachloroethane. After the
temperature cooling down to 600 °C, the melt was
cast into a cylinder steel mold. The as-cast ingots
and pure Zn (99.995 wt.%) were pre-processed into
glossy cylinder billet before hot extrusion at 180 °C
with an extrusion ratio of 9:1.

2.2 Microstructure analysis

Inductively coupled plasma atomic emission
spectroscopy (ICP-AES, iCAP7600) was applied
for the characterization of the actual chemical
compositions of the as-cast alloys, and the results
were listed in Table 1. There was only a slightly
difference (no more than 0.03 wt.%) between the
nominal composition and chemical composition.
Optical microscope (OM, Zeiss Axio Observer Al,
Germany) was used to observe the microstructure
of the alloy specimens cut from as-cast ingots and
as-extruded rods. All those specimens were ground
and polished before etching by chromic acid (1 L
distilled water, 50 g chromium trioxide, and
15 g sodium sulfate). Physical phase constitution
analysis was investigated by X-ray diffraction
(XRD, D/MAX2550, Rigaku Corporation, Japan)
with Cu K, radiation at 100 mA, 40kV, and
scanning rate of 5 (°)/min within the 26 range from
20° to 90°. The scanning electron microscope (SEM,
Sirion—200, FEI, USA) equipped with energy-
dispersive spectrometry (EDS) was adopted for the
observation of the second phase, the fracture
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surface after the tensile test and the samples with
and without degradation products after immersion
test.

Table 1 Chemical compositions of experimental alloys

Nominal Chemical composition/wt.%
composition of aloy Sr 7n
Zn—0.1Sr 0.12 Bal.
Zn—0.4Sr 0.37 Bal.
Zn—0.8Sr 0.83 Bal.

2.3 Mechanical test

The samples for tensile test were cut from
as-extruded rods along the extrusion direction with
a gauge length of 10 mm. All the samples were
ground with 3000 grit SiC paper before conducting
the test on the wuniversal testing machine
(Zwick/Roell Z100, Germany). The tensile speed
was 1.2 mm/min.

2.4 Immersion test

All the samples were prepared by grinding
with 3000-grit SiC paper and ultrasonic cleaning for
10 min. According to ASTM G31—72 [24],
simulated body fluid (SBF) solution was prepared
for the immersion test. Each sample was immersed
into the SBF solution at (37£0.5) °C for 20 d, and

the solution was renewed every 2 d. SBF solution
volume to sample surface area ratio was 30 mL/cm®.
After the immersion test, all the samples were
ultrasonic cleaned for 10 min again and washed
with chromic acid (1 L distilled water containing
200 g chromium trioxide) to remove the
degradation products. The in vitro corrosion rate
was measured by the following equation [24]:
ncr=KW/(ATD) (1)
where 7cr (Lum/a) represented the corrosion rate, K
was a constant of 8.76x10", W (g) was the mass
loss, A (cm®) was the sample’s surface area, T (h)
was the immersion time and D (g/cm’) was the
density of each sample.

3 Results

3.1 Microstructure and phase composition
Optical microstructures (OM) of as-cast pure
Zn and Zn—xSr (x=0.1, 0.4, 0.8 wt.%) alloys were
shown in Fig. 1. With the increase of Sr content,
more precipitates could be observed. The average
size of the precipitated particles was (31.73+
4.35) um for Zn—0.1Sr alloy, (40.26£9.77) um for
Zn—0.4Sr alloy and (46.09+£11.67) um for Zn—0.8Sr
alloy. These precipitates appeared to distribute
randomly in the Zn matrix in a sharp rectangular
shape. The XRD patterns of as-cast Zn—xSr alloys

Fig. 1 Optical microstructures of as-cast pure Zn and Zn—xSr (x=0.1, 0.4, 0.8 wt. %) alloys: (a) Pure Zn; (b) Zn—0.1Sr;

(¢) Zn—0.4Sr; (d) Zn—0.8Sr
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(x=0.1, 0.4, 0.8 wt.%) were presented in Fig. 2,
revealing that SrZn,; phase was a newly formed
second phase due to the addition of Sr. However,
the peak of SrZn;; phase for Zn—0.1Sr alloy was not
as obvious as that of Zn—0.8Sr, which may be
attributed to the much smaller amount of Sr in
Zn—0.1Sr alloy. To further identify the precipitates
observed in Fig. 1, SEM and EDS studies were
performed for the Zn—0.4Sr alloy sample and the
results were shown in Fig. 3. The rectangular
precipitated particle only consisted of Zn and Sr
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Fig. 2 XRD patterns of as-cast Zn—xSr (x=0.1, 0.4,
0.8 wt.%) alloys
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Fig. 3 SEM image and EDS results of as-cast Zn—0.4Sr
alloy: (a) SEM image; (b) EDS results of second phase

with a molar ratio of nearly 13:1. Taking the XRD
results into consideration, the rectangular
precipitated particles could be identified as SrZn;;
phase.

Figure 4 showed the optical microstructures
of as-extruded pure Zn and Zn—xSr (x=0.1, 0.4,
0.8 wt.%) alloys. After hot extrusion, only a small
amount of SrZn;; phase was broken into pieces with
sharp edges, while most of SrZn;; particles
remained sharp rectangle shape with nearly the
original size. The average size of the SrZn;; phase
after extrusion was (27.25+6.21) um for Zn—0.1Sr
alloy, (34.05£5.73) ym for Zn—0.4Sr alloy and
(41.35£12.34) um for Zn—0.8Sr alloy, respectively.
In addition, the grain size of Zn matrix slightly
decreased as the Sr content increased. The average
grain size of Zn matrix after extrusion was
(29.50+5.83) pum for pure Zn, (20.10+£6.18) um for
Zn—0.1Sr alloy, (18.30£4.95) um for Zn—0.4Sr
alloy and (18.02+4.90) um for Zn—0.8Sr alloy.
Collectively, the studied alloys were recrystallized
completely and SrZn;; phase remained almost
unchanged after hot extrusion. At the same time,
grains close to the SrZn;; phase exhibited smaller
size because of the particle-stimulated nucleation
(PSN) during the recrystallization [25].

3.2 Mechanical properties

The mechanical properties of as-extruded pure
Zn and Zn—xSr (x=0.1, 0.4, 0.8 wt.%) alloys were
shown in Fig. 5. Figure 5(a) showed the
representative stress—strain curves, and Fig. 5(b)
exhibited the statistical results of yield strength
(YS), ultimate tensile strength (UTS) and
elongation. The YS was (85.33+2.86) MPa for pure
Zn, (107.67£2.05) MPa for Zn—0.1Sr alloy,
(95.00+£2.45) MPa for Zn—0.4Sr alloy, and
(90.67+1.70) MPa for Zn—0.8Sr alloy. The UTS
was (106.00+1.41) MPa for pure Zn, (115.67+£2.52)
MPa for Zn—0.1Sr alloy, (102.33+1.53) MPa for
Zn—0.4Sr alloy, and (95.10+£2.89) MPa for
Zn—0.8Sr alloy, correspondingly. The elongation
was (15.37+0.57)% for pure Zn, (20.804+2.19)% for
Zn—0.1Sr alloy, (14.67+1.63)% for Zn—0.4Sr alloy,
and (12.67£1.42)% for Zn—0.8Sr alloy. The
as-extruded Zn—0.1Sr alloy showed the most
desirable combination of YS, UTS, and elongation.

Figure 6 shows the fracture surface
morphologies of as-extruded pure Zn and Zn—Sr
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Fig. 4 Optical microstructures of as-extruded pure Zn and Zn—xSr (x=0.1, 0.4, 0.8 wt.%) alloys: (a) Pure Zn;

(b) Zn—0.1Sr; (c) Zn—0.4Sr; (d) Zn—0.8Sr
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Fig. 5 Mechanical properties of as-extruded pure Zn and Zn—xSr (x=0.1, 0.4, 0.8 wt.%) alloys: (a) Stress—strain curves;

(b) Statistical results of YS, UTS, and elongation

alloys after tensile test. River patterns in different
cleavage planes were obviously observed in pure
Zn (Fig. 6(a)), indicating the brittle fracture during
the tensile test. Similarly, cleavage fracture
characteristics were also observed in Figs. 6(b—d)
for Zn—Sr binary alloys, indicating the typical
cleavage fracture mode for Zn—Sr alloys. In
comparison, Zn—0.1Sr alloy was a little different
from the others with a few dimples which could be
observed in Fig. 6(b). Therefore, with the increasing
addition of Sr to more than 0.1 wt.%, the

deformability of Zn—Sr binary alloys decreased
correspondingly.

3.3 Degradation behavior

Figure 7 shows the corrosion rates of
as-extruded pure Zn and Zn—Sr binary alloys after
immersion in SBF solution at (37+0.5)°C for
480 h. The corrosion rate of pure Zn was
(11.45+2.02) um/a, which was lower than that of
Zn—Sr binary alloys. It was (26.59+3.33) um/a for
Zn—0.18Sr alloy, (30.47+2.57) um/a for Zn—0.4Sr
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Fig. 6 Fracture surface morphologies of as-extruded pure Zn and Zn—xSr (x=0.1, 0.4, 0.8 wt.%) alloys: (a) Pure Zn;

(b) Zn—0.18r; (¢) Zn—0.4Sr; (d) Zn—0.8Sr
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Fig. 7 Corrosion rates of as-extruded pure Zn and
Zn—xSr (x=0.1, 0.4, 0.8 wt.%) alloys immersed in SBF
solution at (37+0.5) °C for 480 h

alloy and (32.5943.40) pm/a for Zn—0.8Sr alloy.
Hence, with the addition of 0.1 wt.% Sr into pure
Zn, the corrosion rate was increased obviously, and
further increase of the Sr content led to the slight
increase of the corrosion rate. Figure 8 showed the
surface morphologies and EDS results of
degradation products. With increasing the Sr
content, the degradation products tended to cluster
together. Furthermore, all of those degradation

products consisted of C, O, P, Ca and Zn, in a round
sphere shape, demonstrating the possible existence
of Zn carbonates or phosphates. The surface
morphologies of the as-extruded pure Zn and
Zn—xSr alloys after immersion in SBF solution at
(37£0.5) °C for 480 h and then acid washing were
exhibited in Fig. 9. Uniform surface morphologies
were observed in pure Zn and Zn—0.1Sr alloys,
while some small corrosion pits near the SrZn;;
particles appeared in Zn—0.4Sr and Zn—0.8Sr
alloys, indicating that the interface between Zn
matrix and SrZn;; particles was corroded faster
than matrix. Hence, with the addition of Sr over
0.1 wt.%, the corrosion rate increased and in vitro
degradation behavior gradually changed from
uniform corrosion into localized corrosion mode.

4 Discussion

4.1 Effect of Sr addition on microstructure

The SrZn;; phase was newly formed due to the
addition of Sr, which was confirmed by XRD and
EDS results. OM images indicated that the average
size of SrZn;; phase was more than 30 pm.
According to the Zn—Sr binary phase diagram [26],
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Fig. 8 Surface morphologies and EDS results of degradation products: (a) Pure Zn; (b) Zn—0.1Sr; (¢) Zn—0.4Sr;

(d) Zn—0.8Sr
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Fig. 9 Surface morphologies of as-extruded pure Zn and Zn—xSr alloys after immersion in SBF solution at (37+0.5) °C

for 480 h and then acid washing: (a) Pure Zn; (b) Zn—0.1Sr; (¢) Zn—0.4Sr; (d) Zn—0.8Sr
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the melting point for pure Zn was about 419 °C and
the solubility of Sr in Zn (liquid) was more than
1 wt.% at 600 °C, while the solubility of Sr in Zn
(solid) was almost zero. In this study, those alloys
were cast at 600 °C, with temperature cooling down
from 600 to 419 °C provided enough time for the
nucleation and growth of SrZn;; phase. The higher
the Sr content is, the larger the size of SrZn;; phase
will be. LIU et al [27] also confirmed that a slight
increase of Sr content led to the dramatic rise of
average size of SrZn;; phase. Therefore, in this
study, with the increase of Sr content, the average
size of SrZn;; phase increased gradually.

Actually, high stress zones would form around
the coarse second phase during deformation, which
promoted the dynamic recrystallization process, i.e.,
the PSN during recrystallization [25]. Unlike the
dispersive nanoscale phase, the hard second phase
particles with a diameter larger than about 1 um
could stimulate the nucleation of recrystallization
significantly in the deformation zones near the
particles. The size of hard particles played an
important role in the PSN of recrystallization,
which was confirmed in Al-7.9Zn—2.7Mg—2.0Cu
alloy [28]. The dislocations could accumulate
around the coarse particles during low temperature
deformation, and deformation zones formed near
the coarse particles after deformation would
contribute to the refined microstructure. In this
study, hard and coarse SrZn;; phases with the
diameter of nearly 30 um also served as nucleation
sites to promote the recrystallization and retard the
motion of dislocations. With the increase of Sr
content, more and more SrZn;; phases would form,
which generated more nucleation sites and
enhanced the resistance to the motion of
dislocations during the deformation. As a result, the
grain would be refined due to the PSN effect.

With the addition of 1 wt.% Sr into Zn, the
microhardness of the as-cast pure Zn significantly
increased from HV 38.24 to HV 61.88 [16],
increased by about 62%, which could be attributed
to the formation of hard SrZn;; phase. In this study,
SrZn;; phases were hardly broken into small pieces
during hot extrusion, also implying that the
hardness of Zn—1.0Sr alloy was much higher than
that of Zn matrix under hot extrusion conditions.
In addition, hard particles could hinder the
migration of grain boundary [29]. Hence, the
growth of dynamic recrystallization grains could be

restrained by these hard SrZn; particles. Therefore,
grains nearby SrZn;; phase were smaller, and the
average grain size after hot extrusion decreased
with the increasing addition of Sr.

4.2 Effect of Sr addition on mechanical

properties

According to the phase diagram of the Zn—Sr
binary alloy [26], only a small amount of Sr could
dissolve into Zn matrix, while the other Sr would
form hard SrZn;; particles. Both of these two
factors would affect the mechanical properties of
Zn—Sr alloys. The former provided solid solution
strengthening which would contribute to the tensile
strength, while the precipitation of hard SrZn,;
particles refined the grains of the as-extruded alloys.
Grain refinement would further strengthen the
Zn—Sr alloys compared with pure Zn. However,
further increase of Sr content from 0.1 to 0.8 wt.%
would lead to the decrease of strength regardless of
the slightly refined grain size, which might be
related to different sizes of SrZn;; particles in those
alloys. Since the hardness of the SrZn;; particles
was much higher than that of Zn matrix, during
room temperature tensile test, deformation would
be activated in Zn matrix firstly by dislocation
gliding. When dislocations glide into the interface
between the SrZn; particles and matrix, they would
pile-up. Since the amount of SrZn;; particles
increased with the increase of Sr content, more area
would appear to hinder the motion of dislocations.
Thus, in Zn—0.4Sr and Zn—0.8Sr alloys,
dislocations would pile-up more quickly around
larger SrZn;; particles than the Zn—0.1Sr alloy
reinforced with smaller SrZn; particles. Rapid
accumulation of dislocations would lead to the
stress concentration at the sharp edge of the SrZn;3
phase. Then, cracks might initiate and propagate in
the soft Zn matrix near the hard SrZn;; phase,
leading to premature failure. The similar
phenomenon was observed in Zn—3Cu—1Fe alloy
due to the formation of FeZn;; phase [17] and
Al-Si—Mg alloy due to the formation of Fe-rich
phase as impurity [30]. In this study, large
sharp-edged SrZn;; phase formed when the Sr
content was over 0.1 wt.%. Hence, for the Zn—0.4Sr
and Zn—0.8Sr alloys, the cracks would be easier to
form during deformation, resulting in the decrease
of the mechanical properties. Therefore, the
mechanical properties of Zn—Sr binary alloys were
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not simply in a positive relation to the increase of Sr,
and Zn—0.1Sr alloy exhibited the best mechanical
properties in this study.

4.3 Effect of Sr addition on degradation behavior

The standard electrode potential of Zn in
aqueous solution is —0.762 V [10], and according to
the Pourbaix diagram [1], the degradation behavior
of matrix Zn in the SBF solution during the
immersion test could be demonstrated by the
following reaction:

2Zn+2H,0+0,=2Zn*+40H" )

For pure Zn after immersion test, the corrosion
rate was (11.45+2.02) pm/a, which was lower than
that of Zn—Sr binary alloys. The degradation
products of pure Zn exhibited uniform distribution.
After the addition of Sr into the alloys, the
corrosion rate was greatly improved by more than
185%. However, when the Sr content was increased
further, the corrosion rate tended to increase slowly.
The significant difference of corrosion rate between
the pure Zn and Zn—Sr binary alloys could be
explained by the formation of SrZn;; phase. The
main role of the second phase played in the
degradation behavior was to promote the micro
galvanic corrosion, which was reported by many
previous research works [31-33]. LIU et al [27]
found that SrZn;; phase acted as an active
intermediate with low equilibrium potential and
resulted in galvanic corrosion. In this study, the
formation of SrZn,; phase should also stimulate the
galvanic corrosion and increase the corrosion rate.
On the other hand, without this second phase, pure
Zn exhibited uniform degradation behavior with
plenty of degradation products covered on the
samples surface. These degradation products served
as a protective layer to prevent the transportation of
0, and H,O between the samples surface and the
SBF solution, thus hindering further corrosion into
the deep area of the samples. OM images in
Figs. 9(c) and (d) demonstrated the corrosion area
almost around the sharp edge of SrZn;; phases.
With the increase of Sr content, more pits formed
after immersion in SBF solution. Moreover, unlike
the morphology of degradation products remaining
on pure Zn, that of Zn—Sr binary alloys tended to
cluster together, leaving the rest areas exposed
directly to SBF solution. The inhomogeneous
distribution of degradation products reduced the

protective effect on the matrix, and enhanced the
corrosion into deep pits.

5 Conclusions

(1) SrZn;; phase with sharp edges was newly
formed and precipitated non-uniformly in the
as-cast Zn—Sr binary alloys. The alloys
recrystallized completely, but the shape and size of
SrZn; phase have no significant changes after hot
extrusion due to its high hardness. Meanwhile,
grains near the SrZn;; phase showed smaller size
attributed to the PSN effect of SrZn; particles.

(2) The mechanical properties including
strength and elongation of Zn were enhanced by the
addition of 0.1 wt.% Sr, and gradually decreased
after further addition of Sr due to the precipitation
of large-sized SrZn,; particles.

(3) With the increase of Sr, the corrosion rate
increased and in vitro degradation behavior
gradually changed from uniform corrosion into
localized corrosion mode due to the galvanic
corrosion between SrZn,; particles and Zn matrix.
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RXFTES R € BHAR.
HFERERARINFE AR T IR RN

AR, & s, & O£V R RS, ¢ M3, kg

1. BigRl R MoRRL R S TR AR,

BESRE S RN E R TR O S RS &M RHE K E fsgh =, 1 200240;
2. BigGIRATRIAT ST, B 200444;
3. JERCRERIIERE &R wYI 518036

W E: REMFTAER Zn—xSr (x=0.1%, 0.4%, 0.8%, TR E)EE&AFTEGE W EMAL. S22 68 KRS
fRAT N . BEFCRIL: WA 0.1% St JE &4 HTH StZn; M, 3 E/E &40 EMRBEE . Prh i RANK SR faisy
17(85.33+2.86) MPa. (106.00£1.41) MPa H1(15.37+0.57)%73 53¢ = £1(107.67+2.05) MPa. (115.67+2.52) MPa Fl
(20.80+2.19)%; k&N Sr &, BHTHHM KK Stz M, B 55 FM ERMELG=4E, FE5E8MHERE
Feo BbAl, DAAISIN) StZngs A5 B4R 2 [BAATE FICEAR TV E AN St J5 & & (R4 o1 B A B2 e,
[E0, FEARARIS IS 5] B3 Sr & B R38N, PR B B Wi in i, B 4% (1) (11.4542.02) mm/a BHINE Zn—0.8Sr
f1(32.59+3.40) mm/a. e, KL Zn—0.1Sr &4 A RENLE IF S B RITELE .
EER: BEA S BUE; gl MR AN RAT N
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