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Nanoscale Periodic Morphologies on the Fracture Surface of Brittle Metallic Glasses
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Out-of-plane, nanoscale periodic corrugations are observed in the dynamic fracture surface of brittle
bulk metallic glasses with fracture toughness approaching that of silica glasses. A model based on the
meniscus instability and plastic zone theory is used to explain such dynamic crack instability. The results
indicate that the local softening mechanism in the fracture is an essential ingredient for controlling the
formation of the unique corrugations, and might provide a new insight into the origin of fracture surface

roughening in brittle materials.
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The fracture surface roughening phenomena of brittle
glasses have generated much recent interest [1-4]. The
interaction between the crack front and acoustic waves
emitted from the dynamic crack propagation is regarded
as the main cause for leaving roughness and undulations
[1-6]. However, the detailed origin of the corrugations on
the fracture surface and the related energy dissipation
mechanism are still unclear. Recently, brittle bulk metallic
glasses (BMGs) [7], which have extremely low value of
notch fracture toughness (K.) (<2 MPa m!/2 [8,9]), have
been developed. The atomic-scale disorder in BMGs has
significant structural difference from those of nonmetallic
glasses. The brittle BMGs then can act as a new model to
study the features of crack propagation [9,10]. In this work,
we investigate the fracture behavior of typical brittle
Mg65 CquGdl() and Dy40Y16A124C020 BMGs with different
mechanical properties, such as yielding strengths (oy),
elastic moduli (E), and Poisson’s ratios (v), but similar
K values of 1-2 MPam'/2 [8]. The fractographies of the
specimens show a flat mirror surface at microscale, while
remarkable periodic corrugation patterns at nanoscale are
observed by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). The mechanism for the
formation of the periodic corrugation is quantitatively
discussed.

The fracture surfaces of cylindrical BMGs (¢3 X 20 mm)
with single-edge notch were prepared by three-point bend-
ing tests on an Instron 4505 machine under a constant dis-
placement velocity of 1 mm/ min under ambient condi-
tions. The oy and elastic modulus were measured from a
compressive test [8]. The newly created fracture surfaces
were examined using a Philips XL30 SEM and a Digital
NanoScope IlIa D-3000 AFM. The measurements of the
shear and longitudinal wave speeds, density, glass transi-
tion (7',), and melting temperatures (7,) can be referred as
in Ref. [7].

The fractographies of the BMGs by SEM from micro-
scale to nanoscale are shown in Fig. 1. In microscale, the
fracture surfaces of these BMGs consist of a mirror zone
and a river pattern zone [Figs. 1(a) and 1(b)]. However, in
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nanoscale, the dimple structure appears in the region near
the notch [Figs. 1(b) and 1(e)]. The average dimple sizes
for the Dy- and Mg-based BMGs are about 77 and 103 nm,
respectively. With crack propagating, the dimple structure
transforms into a periodic corrugation pattern [Figs. 1(c)
and 1(f)]. There are irregular nanoscale wavy corrugations
with average spacing of 31 nm on the mirror zone of Dy-
based BMG [Fig. 1(c)]. For Mg-based BMG, strikingly, the
periodic and straight corrugations (perpendicular to the
crack propagation direction) with average spacing of
60 nm appear on the mirror zone [Fig. 1(f)].

FIG. 1. SEM observation results for fractographies of two
BMGs under three-point bending fracture (A, B, and C represent
notch position, mirror zone, and river pattern zone). (a) Frac-
tography of the Dy-based BMG. (b) Detail morphology near the
notch corresponding to point I in (a). (c) Detail morphology of
the mirror zone corresponding to point Il in (a). (d) Fractography
of the Mg-based BMG. (e) Detail morphology near the notch
corresponding to point I in (d). (f) Detail morphology of the
mirror zone corresponding to point II in (d). [Arrows in (a) and
(d) indicate the crack propagation direction].
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The AFM observations on the mitror zones are given in
Figs. 2(a) and 2(d), in which the fracture surface is on the
X-Z plane. The 3D pattern suggests that the fracture sur-
face corrugates not only on the X-Y plane (along the crack
propagation direction) but also on the Y-Z plane (perpen-
dicular to the crack propagation direction). The sectional
shapes of the corrugation on the X-Y plane are shown in
Figs. 2(b) and 2(e), which show a near sinusoidal curve.
The corrugation pattern on the Mg-based BMG fracture
surface is more regular [Fig. 2(e)] compared with that of
the Dy-based BMG [Fig. 2(b)]. For the Dy- and Mg-based
BMG:s, the average heights (in Y axis) of the corrugations
are 3.6 and 6.5 nm, respectively; the average wavelengths
on the X-Y plane are 32 and 64 nm, respectively, which
coincide with those measured from SEM. Further analysis
shows that the corrugation for Dy- and Mg-based BMGs on
the Y-Z plane also shows a wavy shape [Figs. 2(c) and 2(f)]
with average wavelengths of 65 and 92 nm, respectively.
Based on the 3D pattern, the waveform of the corrugation
presenting on the X-Z plane is considered to be the same as
that on the Y-Z plane.

The matching areas on both fractured surfaces observed
both by AFM and SEM are shown in Fig. 3. The observa-
tions clearly show a peak-to-peak separation at the crack
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FIG. 2 (color online). AFM results for the mirror zone on the
fracture surface of two BMGs. Cracks propagate along the X
direction. The corrugation height was measured by Nanoscope
IIT software.) (a) 3D image for the Dy-based BMG. (b) Section
shape of the corrugation being along a dashed line in (a), i.e., the
crack propagation direction. (c) Section shape of the corrugation
being along a solid line in (a), i.e., perpendicular to the crack
propagation direction. (d) 3D image for the Mg-based BMG.
(e) Section shape of the corrugation being along a dashed line
in (d), i.e., the crack propagation direction. (f) Section shape of
the corrugation being along a solid line in (d), i.e., perpendicular
to the crack propagation direction.

tip (for comparison, we chose the area with some flaws as
the reference point). The results indicate that local plastic
deformation plays a dominant role in blunting initially
sharp cracks where progressive local separation still occurs
by a sequence of vein pattern formation, followed by
plastic growth and linking of such vein patterns or coales-
cence of damage cavities along the extension of the crack
plane. A sketch of the crack tip plastic separation process is
drawn in Fig. 4(a).

X-ray diffraction analysis of the fracture surface shows
the glassy nature, which excludes the influence of crystal-
lization on the fractographies. Crack front wave is a factor
bringing out the roughness on the fracture surface of brittle
materials [11]. However, the observed phenomenon in the
BMG is not the crack front waves because the periodic
perturbations cannot occur in BMGs with homogenous
microstructure and without periodic structural asperities.
The oscillatory wavelength for Wallner lines [12] is W =

(2hV/c))/\/1 — (V/c))?, where h is the distance from the
crack tip to the boundary, V is the crack propagating speed,
and ¢; is the longitudinal wave speed [13]. For the BMGs,
the V is estimated to be (1.3-5.5) X 1073 m/s, which are
unreasonably low for generating Wallner lines [14]. Thus,
the observed periodic corrugations in BMGs cannot be
attributed to the Wallner lines.
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FIG. 3 (color online). (a),(b) A comparison of left and right
surfaces of the Mg-based BMG observed by AFM. (Arrows
indicate the crack propagation direction. Triangles point out
the reference points that indicate the peak-to-peak match.)
(c),(d) The comparison of left and right surfaces of the Mg-
based BMG by SEM (arrows are guidelines for peak-to-peak
matching). (e),(f) Section shapes of the corrugations being along
dotted lines in (a) and (b). (The arrow indicates the crack
propagation direction.) Dash-dotted lines clearly indicate the
peak-to-peak match.
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TABLE 1. The parameters of T,
ratios (v) of the BMGs.

T,,, oy, elastic moduli (E), longitudinal wave speeds (c;), shear wave speeds (c;), p, and Poisson

BMGs T,(K) T,(®K  oy(MPa) E(GPa) ¢, (m/s) ¢ (m/s) p (g/m’ v
Dy,40Y6Al4Coy 631 978 1110 56.5 1839 3552 7.20 X 10° 0.317
MegsCunsGd,g 424 717 672 50.6 2254 4319 379X 105 0313
Fe4gCr15M014Er2C15B6 et 1373 3800 205.0 e 0.300

Local temperature rise accompanying plastic deforma-
tion near the crack tip for BMGs has been confirmed by
previous studies [15—17]. The maximum temperature rise
AT within the plastic process zone can be estimated as [18]
AT =[1.414(1 — v¥)K.oy/V]/(E+/pCk), where p is the
density, C is the thermal capacity, and k is the thermal
conductivity. For BMGs, C=11J/gK [19] and k=
5 W/mK [20]. The other parameters are listed in
Table I. The maximum crack speed V <V, = 0.9225¢,,
where c, is the shear wave speed [14]. Thus, the AT for the
Dy- and Mg-based BMGs is estimated to be 343 and
355 K, respectively, which are higher than their T, while
much lower than their T,,. For comparison, the AT of
ZI‘41'25Ti13.75Ni10CU12_5B€22.5 BMG (Vltl) is estimated to
be ~10* K, which is much higher than its 7,, and in
accordance with the measurement [17]. The experimental
and analysis results indicate that the fracture in brittle
BMGs is capable of undergoing inelastic deformation
which results in a variant of the meniscus instability hap-
pening in the crack tip [21].

The relationship of Kjc and the crack tip open

distance (CTOD) was established as [22] Kjc =

J/(CTOD)7rayE/2.7. Based on the sketch of the crack
tip separation process [Fig. 4(a)], the CTOD for the
BMGs can be roughly estimated as the double height of
their corrugations. The calculated Kjc values of the two
BMGs, which are about 0.72 MPa m!/ 2 agree well with
the measurement (1-2 MPam!/2) [8]. The agreement in-
dicates that the meniscus instability of the crack tip con-
trols the crack propagation.

An infinitesimal perturbation with an initial wavelength
A on the meniscus advancing into the crack front is shown
in Fig. 4(a). Once A is larger than a critical value, i.e.,
(do/dx) = x(2m/A)?, where y is the surface tension (for
BMGs, y = 1 J/m? [9]), and do/dx is the negative pres-
sure gradient in the front of the crack tip [do/dx =
(27oy,)/ 8, where ay, is the theoretical strength (o7, =
E/10)], and & is a range parameter, § = 0.1-0.4 nm for
typical brittle solids [10,23], the perturbation will further
grow to form a final corrugation on the X-Z plane [21,22].
For Dy- and Mg-based BMGs, do/dx are estimated to be
89 X 10'® and 79 X 10" Pa/m, and y(27/A)? are 0.1 X
10'® Pa/m and 0.07 X 10'® Pa/m, respectively. It is ob-
vious that the instability criteria in these BMGs are satis-
fied. For the Dy- and Mg-based BMGs, the wavelengths of
their final corrugation on the X-Z plane are Ap, = 65 and
Amg = 92 nm, which can be roughly considered as the

wavelength of the initial perturbation of the meniscus.
The small-scale yielding model indicates that the fracture
surface separation process is confined to a frontal plastic
zone [10]. The radius of the plastic zone (R) for plane strain
is [24]: R = 1/67(K,/oy)?. The R values for the Dy- and
Mg-based BMGs are calculated to be 22.3 and 60.9 nm,
respectively. The R values are much smaller than their
corresponding A, indicating that the maximum stress pre-
senting in the plastic zone does not exceed the wavelength
of the corrugation and then the initial perturbation actually
does not develop.

If R is larger than A, this instability should induce the
dimple structure. The dimple structure near the notch can
be treated as the wavelength of the final corrugation. The
CTODs near the notch estimated from AFM measurements
are 21.6 and 22.4 nm for Dy- and Mg-based BMGs, re-
spectively, and then the R values are calculated to be
Rpy = 89 and Ry, = 104 nm, which are larger than or at
least equal to the dimple size. The wavelength of the final
corrugation should be close to that of the initial perturba-
tion [22]. As a result, once R = A, the meniscus instability
will develop into the dimple structure confined in the plast-
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FIG. 4. (a) Sketch illustrating the crack tip opening mechanism
(crack propagates along the X direction). Crack extension by the
peak-to-peak separation of the corrugation on the X-Y plane and
the infinitesimal perturbation on the crack front on the X-Z plane
(A is the wavelength of the initial perturbation). (b) The micro-
void formation mechanism in the plastic zone.
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ic zone. As the maximum stress on the front of the crack tip
reaches the yield stress of the materials, the microvoid will
be stimulated as shown in Fig. 4(b) [24]. When the micro-
void reaches the size of the plastic zone, the neighboring
microvoids assemble together and then the corrugation
forms. Thus, the spacing of the corrugations or the size
of the dimple structure is close to R. This is also the reason
that tough BMGs such as Vitl with a larger plastic zone of
~120 pm in size show a radial corrugation pattern rather
than the periodic corrugation tested under similar condi-
tions (which is the direct evidence of the necking and
meniscus instability [9]). The R value of Vitl is about
100 times larger than its size of final corrugation
(~1.3 pm) [25]. This is also supported by the fact that
the fracture surfaces of the BMG in supercooled state do
not exhibit the periodic corrugations because the elevated
temperature influences the size of the plastic zone.

Near the notch, the crack speed is not set up, and the
fracture can be considered a quasistatic behavior. With the
crack propagating, the dynamic process results in the
changes of fractography from the dimple to the periodic
corrugation. The increase of the crack velocity is accom-
panied by the reduction of the values of local Kjc- and R,
and the spacing of the periodic corrugation is reduced from
about 80 to 35 nm. When R < A, the plastic zone restrains
the development of the meniscus instability. This restraint
is more significant in brittle BMGs with lower K. or
smaller plastic zone, because the smaller plastic zone is
more easily disturbed by the dynamic process. Therefore,
the periodic corrugation presents on the fracture surface of
brittle BMGs.

We have investigated the fractographies of a
Fe 3CrisMo4Er,Ci5sB¢ BMG with similar K- but mark-
edly different 7, oy, E (see Table I). The mirror zone of
the BMG exhibits a featureless pattern within the SEM
resolution limit of 1.5 nm. This is due to its fracture process
possibly behaves the pure brittle fracture, in which, at the
tip is of a very sharp crack, the cohesive strength of the
solid is reached before any plastic deformation can be
stimulated. The plastic zone of the Fe-based BMG is less
than 8 nm in radius. Most of the solids behave as a com-
pletely brittle fracture when the ratios of 7,/T,, = 0.3
[19,26], where T, is the test temperature (7, = 300 K).
The T,/T,, for the Fe-, Dy-, and Mg-based BMGs are
0.22, 0.31, and 0.42, respectively. The T,/T,, for the Fe-
based BMG without the periodic corrugation pattern is less
than 0.3 in which any thermally activated process is absent
[26]. While for the Dy- and Mg-based BMGs, the T,/T,, is
larger than 0.3 and the plastic zone can be formed by
transforming the work of the fracture to the crack tip front.
The results further confirm that the local plastic defor-
mation and the size of the fracture zone at the crack tip
play a significant role in the formation of the nanoscale
corrugation.

In summary, we observed the nanoscale periodic corru-
gation on the fracture surface of brittle BMGs in which the
fracture still proceeds through the local softening mecha-

nism. We demonstrate that the periodic nanoscale roughing
is a result of a local plastic fracture in which local plasticity
plays a dominant role to blunt the crack tip but where
progressive local separation still occurs. The size of the
plastic zone affected by the crack speed and toughness of
the glasses is a key parameter for dominating the fractog-
raphies. This indicates that it is an essential ingredient in
the dynamic fracture of brittle BMGs to have a critical
range for forming the periodic corrugation.
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