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a b s t r a c t

Four-point-bend corrosion-fatigue experiments were conducted in a physiologically relevant environ-
ment to study the environmental effects on the fatigue behavior of (Zr0.55Al0.10Ni0.05Cu0.30)99Y1 (at.%)
bulk-metallic glasses (BMGs), and the results were compared with those obtained in air at room temper-
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ature. At high stress ranges, the corrosive environment did not significantly affect the fatigue lifetime;
while at low stress ranges, the corrosive environment exhibited a detrimental effect on the fatigue resis-
tance. The fatigue strength was decreased by 40% in the physiologically relevant environment. Fracture
morphologies after fatigue tests were studied by the scanning electron microscopy. The mechanism for
the environmental effects on the fatigue life of the (Zr0.55Al0.10Ni0.05Cu0.30)99Y1 BMG was determined to
be anodic dissolution.
canning electron microscopy

. Introduction

Resulting from their amorphous microstructure, Zr-based bulk-
etallic glasses (BMGs) exhibited a unique combination of

xcellent mechanical and electrochemical properties [1–8], which
rompted a great interest in their biomedical applications, espe-
ially as medical implants. However, the human body environment
s aggressive to implants. The interaction between the corrosive
ody fluid and the cyclic forces generated by the skeleton sys-
em can cause the failure of implants [9]. Thus, as a competitive
andidate of implant materials, the corrosion-fatigue behaviors of
r-based BMGs in a physiologically relevant environment should
e investigated.

In this study, the (Zr0.55Al0.10Cu0.30Ni0.05)99Y1 (at.%) BMG was
elected due to its excellent mechanical properties [1] and good
orrosion resistance [4]. Its fatigue behavior in a simulated body
nvironment, which was a phosphate buffered saline (PBS) solu-
ion at 37 ◦C, was investigated and compared with that in air at

oom temperature (RT). Further, the degradation mechanism for
he effects of the corrosive environment, interacting with temper-
ture and cyclic stresses, on the fatigue life was proposed.

∗ Corresponding author. Tel.: +86 10 8233 9705; fax: +86 10 8233 9705.
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2. Materials and experimental methods

Alloy ingots with a nominal composition of (Zr0.55Al0.10Cu0.30Ni0.05)99Y1 (at.%)
were prepared by arc-melting the mixture of pure elements in an argon atmo-
sphere. Rectangular bars (3 mm × 3 mm × 60 mm) were fabricated by copper-mold
casting. The amorphous state of the samples was verified using X-ray diffraction
(XRD) within the resolution limits.

Four-point-bend (4PB) fatigue specimens (3 mm × 3 mm × 25 mm) were cut
from the as-cast alloy bars, and all four lateral sides were polished to a 1200-grit
surface-finish to diminish the effect of surface roughness.

High-cycle 4PB-fatigue tests were conducted in air at RT and in PBS at 37 ◦C,
utilizing a computer-controlled Material Test System (MTS) servohydraulic-testing
machine under load control, at a frequency of 10 Hz (sinusoidal waveform) with
an R ratio of 0.1, where R = �min/�max. (�min and �max are the applied minimum
and maximum stresses, respectively). Corrosion-fatigue tests were conducted in a
chamber, containing the PBS solution, which was heated up to 37 ◦C using a water
bath circulating heat coil. Alumina pins were used with inner and outer spans of 10
and 20 mm, respectively. A schematic diagram of corrosion-fatigue configuration
was shown in Fig. 1.

To reveal the environmental degradation mechanism, additional corrosion-
fatigue tests were conducted with imposed potentials. The electrical connection
was enabled by mounting a stainless steel wire to the end of the 4PB-fatigue spec-
imen, using a conductive silver mount. An insulating enamel was applied to both
the connection spot and the stainless steel wire to prevent them from the elec-
trolyte. An EG&G Princeton Applied Research 263A potentiostat was employed to
control the potential. A saturated calomel electrode (SCE, ESCE = + 214 mV) was used

as the reference electrode, and two platinum foils were used as counter electrodes.
Static polarizations with a cathodic potential of −900 mV and an anodic potential of
+900 mV were imposed to specimens, respectively.

Scanning electron microscopy (SEM) was utilized to examine the frac-
ture morphologies on specimens which tested both in air (RT) and in PBS
(37 ◦C).

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhangtao@buaa.edu.cn
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ig. 1. Schematic diagram of corrosion-fatigue test configuration (loading grips not
hown).

. Results and discussion

.1. Stress-life behavior

The stress-life behaviors for the (Zr0.55Al0.10Ni0.05Cu0.30)99Y1
MGs tested in air (RT) and in PBS (37 ◦C) were demonstrated in
ig. 2, by plotting the stress range (�r = �max − �min) as a function of
ycles to failure (Nf). At high stress ranges (roughly, �r ≥ 450 MPa),
he influence of the corrosive environment was not significant,
ith corrosion-fatigue lifetimes which were comparable to those

btained in air. This is possibly due to that the samples failed
ithin a shorter time at high stresses and the effects of the environ-
ent were hindered by the effects of the stresses. However, at low

tress ranges (roughly, �r ≤ 450 MPa), the environment exhibited a
etrimental effect on the corrosion-fatigue lifetimes, which caused
racture at stress ranges that were lower than the fatigue strength
ound in air (RT). The environment, which was associated with the
tresses for a certain time period, initiated corrosion-fatigue fail-
res, the mechanism of which will be explained in Section 3.3.
he fatigue strengths in air (RT) and in PBS (37 ◦C) at 107 cycles
ere 450 MPa (�r) and 270 MPa (�r), respectively. The environ-
ent introduced a decrease of 40% to the fatigue strength in PBS

olution (37 ◦C), as compared to that exhibited in air.

.2. Fractography
On fatigue specimens that failed in air (RT) and corrosion-fatigue
pecimens that failed at high stress ranges in PBS (37 ◦C), fracture
nitiated on the tension side of the specimen within the inner span,
nd propagated along the maximum stress plane which was per-
endicular to the long axis of the specimen. However, at low stress

ig. 2. Stress-life behaviors for 4PB-fatigue tests of (Zr0.55Al0.10Ni0.05Cu0.30)99Y1

MG in air at RT and in PBS at 37 ◦C.
Fig. 3. Fracture morphology of the specimen failed in air (RT) at a stress range of
540 MPa: (a) a mixed morphology of fatigue striations and vein pattern; (b) fine
striations; and (c) vein pattern.

ranges in PBS (37 ◦C), fractures were found not only located within
the inner span but also at the outer pins. Some fractures initiated
at the outer pin area, and propagated toward the inner pin along a
45◦ plane to the long axis. The relocation of the fracture initiation
could possibly be attributed to the abrasion at the outer pins, which

would be explained in Section 3.3.

Fracture morphologies for specimens failed in air (RT) and in PBS
(37 ◦C) were shown in Figs. 2 and 3, respectively. As shown in Fig. 3,
the specimen that failed in air (RT) at �r = 540 MPa fractured at the
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(Zr0.55Al0.10Ni0.05Cu0.30)99Y1 BMG in PBS (37 ◦C) with and without
polarizations was plotted in Fig. 5. Under anodic polarization, the
specimen failed quickly after only 5391 cycles, which indicated a
decreased lifetime. On the other hand, under cathodic polarization,
ig. 4. Fracture morphology of the specimen failed in PBS (37 ◦C) at a stress range of 3
ite); (b) crack-propagation and fast-fracture regions; (c) corroded propagation reg

orner of the tension side of the specimen. The fracture surface
xhibited a mixed morphology which was commonly observed on
he fracture surface of BMG specimens after fatigue tests [8,10,11],
onsisted of fatigue striations (Fig. 3b), which represented the
rack-propagation region, and the vein pattern (Fig. 3c), which
enoted the fast-fracture region.

Specimens tested at high stress ranges in PBS (37 ◦C) were found
o fracture in a similar manner as those tested in air (RT) (not
hown). However, at low stress ranges, where the environmental
nfluences became significant, the fracture surface was rougher and

ore complicated. As shown in Fig. 4, on the specimen that failed in
BS (37 ◦C) at �r = 360 MPa, the fracture exhibited a mixed morphol-
gy of not only fatigue striations and vein pattern (Fig. 4b), but also
orrosion pits and smooth steps. The crack initiated at the outer
in area where corrosion pits can be observed (see the insert of
ig. 4a). Crack-propagation could be affected by the environmental
egradation. Abrupt change of fracture plane was observed on the
racture surface, which was considered to be caused by the degrada-
ion at crack tips or propagation frontiers (Fig. 4c), since a corroded
egion can be observed near the abrupt change. A smooth step-like
tructure with fine striations on the edges can be observed within
he fast-fracture region (Fig. 4d), which, to some extent, implicated
tendency of brittle fracture. This trend is in accordance to that

eported by Morrison et al. [6].
.3. Corrosion-fatigue mechanism

The polarization technique was employed to determine the
orrosion-fatigue mechanism. If a cathodic potential increases the
a. (a) A rough fracture surface, (insert: corrosion pits found near the crack-initiation
d abrupt change of propagation plane; and (d) smooth steps.

fatigue lifetime, the open-circuit degradation mechanism for the
corrosion-fatigue behavior is anodic dissolution. While if an applied
anodic potential increased the fatigue lifetime, the degradation
mechanism is hydrogen-assisted cracking [6,12].

The stress-life behavior for 4PB-fatigue tests of the
Fig. 5. Stress-life behavior for 4PB-fatigue tests of (Zr0.55Al0.10Ni0.05Cu0.30)99Y1 BMG
in PBS at 37 ◦C with and without polarization.



S nd Co

t
t
f
(

t
W
d
H
m
r
t
r
w
r
r
c
i
c

4

b

(

(

(

[

162 L. Huang et al. / Journal of Alloys a

he fatigue lifetime has been increased by more than one magni-
ude. Thus, it can be concluded that the degradation mechanism
or the corrosion-fatigue behavior of the Zr-based BMG in PBS
37 ◦C) was anodic dissolution.

The degradation process occurred on the specimens failed in
he physiologically relevant environment was suggested as follows.

hen exposed to the electrolyte, a protective passive film was pro-
uced on the surface of the (Zr0.55Al0.10Ni0.05Cu0.30)99Y1 BMG [4].
owever, the abrasion caused by the outer pins or the elastic defor-
ation at the tension side caused by the cyclic force continuously

emoved or tore the passive film, exposing the underlying metal to
he environment. Thus, a corrosion cell formed, with the bare mate-
ial acting as the anode, and the passive film acting as the cathode,
hich eased the initiation of pits and made the alloy less corrosion

esistant. After the pit initiation, the stress concentrated at the cor-
osion pit and increased with the growth of the pit and caused the
rack-initiation. Anodic dissolution also could happen at a grow-
ng crack tip or propagation frontier, and caused the change of the
rack-propagation plane, which made the fracture surface rougher.

. Conclusions

Based on the discussions above, the following conclusions can
e made:

1) At high stress ranges (�r ≥ 450 MPa), the environment did not
affect the fatigue lifetime of the Zr-based BMG significantly.
However, at low stress ranges (�r ≤ 450 MPa), the corrosive
environment exhibited a detrimental effect on the fatigue
resistance. The fatigue strength decreased by 40% in the physi-
ologically relevant environment.

2) At low stress ranges, environmental degradation influenced
crack-initiation, with the assistance of the cyclic force and/or
the abrasion of loading pins. Crack-propagation was affected

by the environment, which made the fracture surface rougher.
A tendency of brittle fracture was observed.

3) The corrosion-fatigue degradation process for the Zr-based
BMG in PBS (37 ◦C) was proposed, and the degradation mecha-
nism was determined to be anodic dissolution.
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