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a b s t r a c t

The mechanism of the fatigue-crack growth is essential to understand the fatigue and fracture behavior
of bulk metallic glasses (BMGs) and is thus critical to predict the service lifetime of BMGs as potential
engineering structural materials. Experiments indicate that fracture under compressive loading exhibits
distinct behaviors different from that under tensile loading. A typical compression failure may initi-
ate from micro porosity where cracks propagate in a direction generally parallel to the loading axis.
eywords:
ulk metallic glasses
racture mechanics
atigue

Micromechanical stress analysis shows that pores cause axial tensile microcracks emanating from the
pore. A simplified computational model based on the linear elastic fracture mechanics (LEFM) is proposed
to investigate crack initiation and subsequent propagation under compressive load, where the effect of
crack closure on mode-I fracture is considered. The stable crack length is characterized by a dimensionless
fracture-mechanics quantity required to attain the associated crack length. The behavior of crack growth

stres
itions
ompressive loading
rack growth stability

is examined based on the
lateral confinement cond

. Introduction

Bulk metallic glasses (BMGs) [1,2] are regarded as potential
ew-generation structural materials because of their interest-

ng mechanical properties, such as high hardness and superior
trength, good fracture toughness and excellent corrosion resis-
ance. In contrast to the traditional deformation mechanism
ssociated with conventional crystalline materials, the underlying
xploration of the mechanical behavior of BMGs is less firmly estab-
ished. However, there is clear evidence [3–5] that monolithic BMGs
sually suffer an inherent drawback in its brittleness and limited
uctility, caused by the absence of dislocations and grain bound-
ries in amorphous alloys. At room temperature, BMGs deform
nhomogeneously, where the plastic flow is usually confined in
ighly localized shear bands. This deformation feature may cause
atastrophic failure in service in the form of large strain soften-
ng and abrupt rupture and has critically limited the engineering
pplications of such otherwise highly promising materials.

Mechanisms of fracture and fatigue failure of BMGs are even less

ell understood [1,6]. Fractures in BMGs have been observed to ini-

iate from casting defects, such as porosities, inclusions, or surface
aws [7,8]. In other studies, fatigue cracks under cyclic loading are
eportedly initiated from shear bands, which generally form near
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s-intensity-factor (SIF) calculation, and its dependence on the loading and
is discussed.
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flaws, defects, or machining marks in BMGs [4,6]. The formation
and propagation of shear bands are usually explained by the free-
volume theory [9]. Under a general three-point bending load [8], a
fatigue crack initiates from the opened shear band. Then, the fatigue
crack will advance at every fatigue cycle in a direction normal to
the tensile-stress direction.

To fully exploit the advantageous properties of BMGs for
engineering applications, the fracture and fatigue studies are of
theoretical as well as practical interest. Experiments indicate that
most metallic glasses display the distinct deformation and frac-
ture behavior under compressive loading that differ from those
under tensile loading [5,7,10]. When microcracks develop under
compression, they do not necessarily lead to sudden failure. As a
crack grows to a certain extent, the driving stress-intensity factor
may be restrained by the applied compressive-stress field. Conse-
quently, crack growth is arrested, and a variation in the applied
stress is required to cause it to grow further. However, this crack-
extension behavior is extremely sensitive to the end conditions
[11,12]: the lateral constraints due to misalignment, overconstrain-
ing the sample ends, and off-axis loading, can all lead to distinct
fracture modes.
2. Modeling

In a previous paper [7], the mechanical and fatigue
behaviors of the Ca65Mg15Zn20 (atomic percent, at. %) BMG
were investigated for both monotonic compression loading
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ig. 1. SEM fractographs indicate a pore-like flaw, microcrack, and splitting crack
n the fracture surface of a Ca65Mg15Zn20 BMG.

nd compression–compression fatigue loading. The com-
ression experiments were performed on cubical samples
4 mm × 4 mm × 4 mm) at room temperature. Spherical voids
typically 25–50 �m in diameter) were observed on the fracture
urface. Such micro-flaws as cracks, pores, or weak inclusions
unctioned as primary crack-nucleation sites (Fig. 1), where a
ypical microcrack was seen to initiate and propagate a short
istance. The preferential sites for crack-nucleation and the initial
irection of the crack propagation were in good agreement with
he numerical results yielded by finite-element analyses [13].

oreover, the fracture surface also exhibited a dominant splitting-
racture mode. Under cyclic compression, splitting failure involves
sequence of progressive microfracturing, which may initiate at

he pore-like flaws, gradually turning towards the direction of
ompression (Fig. 1). The final macroscopic splitting failure was
ritically governed by the fatigue-crack-propagation mechanism
11].

In the present work, we study the crack growth from a circular
ole subjected to a far-field compressive stress. The basic geo-
etric configuration of the two-dimensional modeling is depicted

chematically in Fig. 2. The origin of the coordinate system is placed
t the center of the circular hole of a radius, r0, in an infinitely

xtended solid. A crack of length, a, emanates from the perime-
er of the circular hole. The orientation angles, � and �, can be an
rbitrary combination. In the special case, � = �, the present mod-
ling degenerates to a radial-crack problem, which has been the

Fig. 2. A two-dimensional linear-elastic fracture-mechanics based modeling.
Fig. 3. A contour view of a distribution of the normalized circumferential stress.

subject of extensive studies [14–16]. The remote compressive load,
�y, is applied along the y-axis direction. The lateral confinement is
simulated by applying a stress, �x, along the x-axis direction, where
�x = ��y. For ease of the following presentation, we denote the mag-
nitude of �y as �1, i.e., �1 = |�y|, since �y is a negative quantity. The
confinement is compression for � > 0, and tension for � < 0, respec-
tively. Note that the special case of � = 0 corresponds to the uniaxial
compression.

Lin et al. [15] has proposed a versatile and efficient computa-
tional method to solve the stress-intensity factor (SIF) of radial
cracks emanating from circular holes. Their method of solution
[15] is a Green’s function based approach [17], where the basic
unknowns are the derivative of the crack-opening displacements
(COD). This choice of basic unknowns is just one of many options
[18], such as crack opening displacement, concentrated force or
force doublet on crack faces. For crystalline materials, the deriva-
tive of the COD is mathematically analogous to the term dislocation.
(As pointed out in [17, p. 191], however, the distinction should
be noted between the mathematical dislocation in Continuum
Mechanics and the atomic defect dislocation in Material Science.)
There is no such correspondence in BMG materials. Nevertheless,
the well-established method of solution [15] is still applicable in
determining SIFs for BMGs.

For the present problem, the numerical approach of Lin et al. [15]
may be extended with the assistance of the appropriate coordinate
transformation (cf., Eqs. (2) and (9) in [19]). Note that the method of
solution may readily be refined to apply to kinked branches [20] as
well as partially closed cracks [14]. It is also worth pointing out that
the effect of crack closure on mode-I SIF must be taken into account
for fracture under compression, which is less well documented (see
e.g., the handbook [16]). To address this problem, it is necessary to
examine the stress field around the circular hole in the absence of
the crack: the circumferential stress under uniaxial compression
(� = 0) is given by [21]:

��(r, �)
�1

= −1
2

[
1 + r2

0

r2
+

(
1 + 3

r4
0

r4

)
cos 2�

]
(1)

In view of symmetry, the right-hand side Eq. (1) in the first
quadrant is plotted in contour view (Fig. 3). It is seen that the max-

imum tensile stress occurs at the north pole (r = r0, � = 90 ◦ ), which
is expected to cause tensile microcracks, as evidenced in Fig. 1. The
tensile circumferential stresses fall rapidly within a small region
for � > 60 ◦ and a radial distance, r <

√
3r0. One may expect that a
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Fig. 4. SIF results of short radial cracks emanating from a circular hole.

rack developing outside this tensile zone could be fully or partially
losed.

. Results and discussion

The stress distribution (Fig. 3) indicates that crack closure is a
alient feature of fracture under compressive loading. This effect is
arefully taken into account in the present computation. However,
he crack-face friction is ignored for simplicity. In the following
iscussion, the mode-I and mode-II SIFs, i.e., KI and KII, respectively,
re normalized by a factor, �1

√
�r0:

I = �1
√

�r0FI, KII = �1
√

�r0FII (2)

here the non-dimensionalized SIFs [16], FI and FII, are functions
f �, a/r0, �, and �.

Consider first a radial crack emanating from a circular hole sub-
ected to uniaxial compression. Computations on two short cracks
a/r0=0.01 or 0.1) are performed to investigate the properties of
rack initiation. Fig. 4 shows the variation of FI and FII for different
nclined angles, �. For both cases, it is seen the mode-I SIF vanishes
or � smaller than 60◦, since the crack faces are closed. A maximum
I occurs at � = 90 ◦, in which case a pure mode I is evidenced due to
ymmetry. For the shorter crack (a/r0 = 0.01), the mode-II SIF tends
o be orders of magnitude smaller. This trend demonstrates that a
adial crack is much easier to be initiated by the mode-I splitting
nstead of the mode II shearing. However, for a pre-existing crack

hose length is comparable to one tenth of the radius of the circu-
ar hole, the mode-II effect may not be negligible, and it becomes

◦ ◦
aramount when crack closure is involved (cf., 0 < � < 60 in Fig. 4).
At the north pole (� = 90 ◦ ) of the circular hole, the mode-I SIF

alculation is performed for different crack orientation angles, �.
he closure of a crack (a/r0 = 0.1) is observed for � < 58 ◦, and a vari-
tion of FI is shown in Fig. 5. The maximum of FI is attained for a

ig. 5. Effect of crack closure on a crack originated at the north pole of the hole.
Fig. 6. Variation of SIF vs. the length of a radial crack emanating from a circular hole.

vertical splitting crack (� = 90 ◦). The present analysis suggests that
the microcrack under global compressive loading may be produced
by a local tensile stress. The modeling results predict that when the
BMG is subjected to uniaxial compression, a crack may nucleate
at the north pole of the cavity and propagate in a direction paral-
lel to the loading axis, which are in excellent agreement with the
experimental observation of the microcrack in Fig. 1.

To study the behavior of crack propagation, numerical compu-
tations are performed for radial cracks with an increasing length
(Fig. 6). The crack length under consideration is 0 < a/r0 < 2.5. Only
mode-II SIFs are plotted for � = 15◦, 30◦, and 45◦, since in these cases
a crack is fully closed. It is seen that FII tends to increase as the crack
becomes longer, while � = 45◦ yields the greatest FII. However, the
variation of FI for � = � = 90 ◦ exhibits an interesting transition: the
mode-I SIF first increases and attains its maximum at a/r0 = 0.16,
then gradually decreases afterwards. The crack tip is closed, and
FI drops to zero at a/r0 = 2.65. This trend expects that the mode-I
crack-driving force will decrease after a crack propagates to a cer-
tain distance. Therefore, under uniaxial compression, the vertical
splitting microcrack will ultimately be fully arrested, as evidenced
in the experiment (Fig. 1).

According to the fracture-mechanics theory, the crack grows
until the SIF equals to the fracture toughness, Kc. This condition
corresponding to mode-I cracking at � = � = 90 ◦ is

KI = KIC (3)

Substituting the first of Eq. (2) into Eq. (3), we may define a
dimensionless compressive load, p*, shown below:

p∗ = �1
√

�r0

KIC
= 1

F1
(4)

Physically, p* corresponds to the magnitude of the compressive
loading, �1, required to attain the associated crack configuration
[11]. From Fig. 6, it is expected that p* for � = � = 90 ◦ will first
decrease (till a/r0 = 0.16), and then increase to infinity. In other
words, an unstable crack growth is experienced during crack initia-
tion, and when the crack develops to a certain distance (a/r0 = 0.16),
it continues to grow in a stable manner, requiring an increase in the
applied load for each increment of crack growth.

Finally, the effect of lateral confinement is considered. The
results of the dimensionless quantity, p*, are plotted for various
values of � (Fig. 7), which may then be used to interpret the stabil-
ity of crack growth. Although in all the cases, the crack growth is

unstable, when the crack length is small (a/r0 ∼ 0.1), the subsequent
crack-propagation behavior is seen to be extremely sensitive to �.
The crack growth tends to be stable for all values of � ≥ 0. However,
when the lateral confinement is tensile, e.g., even � being slightly
less than zero, the cracks grow stably at first but ultimately will
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Fig. 7. Effect of lateral confinement on the stability of crack extension.

row in an unstable fashion. The loading and geometric conditions
equired to induce unstable growth are significantly influenced by
he magnitude of the lateral tension. Moreover, the unstable growth
ill eventually cause the crack to propagate without limit, leading

o global splitting failure, as witnessed in Fig. 1.
The present study may provide helpful guidelines for design-

ng and performing future BMGs fatigue experiments under
ompression–compression loading. Particularly, a slight end con-
ition change caused by misalignment or over-constraining the
amples may cause large systematic errors, since this arrangement
ay effectively introduce the lateral confinement stress to a certain

egree.

. Conclusions

Compression failure in BMGs tends to be a complex process.
he objective of this study is to provide a linear-elastic-fracture-
echanics (LEFM) model to investigate the crack-growth behavior

f BMGs under compression loading. The present analysis demon-
trates that tensile microcracks may be generated from the pores
nder a compressive load. The preferential crack-nucleation sites
re in good agreement with the experiments. Computation of SIFs
or short radial cracks emanating from a circular hole shows that
II is relatively smaller than KI, which therefore verifies a mode-

dominant theory for fatigue-crack initiation from pores. After

he initiation of a microcrack, crack-growth properties are exam-
ned from the variation of SIFs with respect to the increasing
ength. During the crack-growth stage when the crack is partially or
ully closed, the numerical results indicate that the mode-II effect

[
[
[

[

pounds 509S (2011) S115–S118

becomes significant. The stability of crack extension is studied by
a dimensionless quantity, which represents the required magni-
tude of compressive loads to attain the associated crack length.
The analysis results show that the behavior of the crack growth is
extremely sensitive to the effect of lateral confinement. Axial split-
ting can be caused by the unstable growth of macroscopic cracks,
resulting from such lateral-confinement effects as misalignment,
off-axis loading, or over-constraining the sample ends.
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