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Specially designed plate-impact experiments have been conducted on a Zr-based amorphous alloy

using a single-stage light gas gun. To understand the microdamage nucleation process in the

material, the samples are subjected to dynamic tensile loadings of identical amplitude (� 3.18 GPa)

but with different durations (83–201 ns). A cellular pattern with an equiaxed shape is observed on

the spallation surface, which shows that spallation in the tested amorphous alloy is a typical ductile

fracture and that microvoids have been nucleated during the process. Based on the observed

fracture morphologies of the spallation surface and free-volume theory, we propose a microvoid

nucleation model of bulk amorphous alloys. It is found that nucleation of microvoids at the early

stage of spallation in amorphous alloys results from diffusion and coalescence of free volume, and

that high mean tensile stress plays a dominant role in microvoid nucleation. VC 2011 American
Institute of Physics. [doi:10.1063/1.3663332]

I. INTRODUCTION

Spallation is a typical dynamic fracture process of solids

under impulsive tensile loadings. It has been studied by

researchers for several decades, and the process of nuclea-

tion, growth, and coalescence of microdamage is known to

be the principle mechanism.1 Spallation is recognized as a

rate-dependent and microstructure-dependent microdamage

evolution process which results in catastrophic failure of sol-

ids.2,3 Considerable work has been done on spallation in con-

ventional polycrystalline alloys. It has revealed that in

ductile fracture, spallation occurs via nucleation, growth, and

coalescence of microvoids,4,5 while in brittle fracture, spalla-

tion occurs via nucleation, growth, and coalescence of

microcracks.6,7

Although the mechanism of spallation in conventional

polycrystalline alloys is understood, the mechanism of spalla-

tion in bulk amorphous alloys is unclear. As a relatively

young class of alloy materials, bulk amorphous alloys8–10

have many excellent physical and mechanical properties such

as high strength and hardness due to their unique microstruc-

ture. Quite differently from their crystalline alloy counter-

parts, amorphous alloys have disordered atomic structure that

is induced by fast cooling from the liquid to solid states.11–15

Also, no traditional defects can be found in polycrystalline

materials such as vacancies, dislocations, grain boundaries,

and so on. Instead, free volume16,17 is thought to be the most

common defect, and shear transformation zones (STZs)18–20

and tension transformation zones (TTZs)21–24 are the

fundamental unit-processes of collective atomic motion in

amorphous alloys. Since the damage evolution of spallation

is known to be closely related to microstructures and intrinsic

defects of materials, the nucleation mechanism of spallation

damage in amorphous alloys should have some differences

from that of polycrystalline alloys.

Recently, several researchers have reported dynamic

behavior of amorphous alloys,24–32 and work has been carried

out to investigate spallation strength, Hugoniot elastic limit

(HEL), the microscopic characteristics of spalled surfaces,

and—as part of this—the development of spall in amorphous

materials via plate-impact tests. Zhuang et al.25 examined the

shock response of a Zr-based amorphous alloy (Vit 1) and its

composites. By using the velocity interferometer system for

any reflector (VISAR) to obtain the rear surface velocity his-

tory of the samples, they determined the spall strength of Vit

1 to be 2.35 GPa. It is thought that spallation in Vit 1 is

induced by shear localization, while that in b-Vit is due to

debonding of the b-phase boundary from the matrix. Gupta

and his coworkers24,26 studied the dynamic tensile response of

another Zr-based amorphous alloy (Zr56.7Cu15.3Ni12.5Nb5.0

Al10.0Y0.5) under plate-impact loading. Based on the free-

surface velocity history measured by VISAR, they determined

the onset stress for spallation to be 3.8 GPa and the HEL to be

about 7 GPa. The tested samples exhibited a change from duc-

tile to brittle fracture as the impact stress increased. According

to the fracture morphology on the spallation surface of the

samples, it was shown that the tested samples exhibit both

ductile behavior (for microscopic voids and dimples found on

fracture surface) and brittle behavior (for macroscopic

cracks). Fracture mechanisms at different levels were pro-

posed, and it was revealed that high tensile loading rate, high

mean tensile stress, and free volume content play key roles in

the spallation process. Yuan et al.27,28 investigated influences
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of impact stress and shear strain on the spallation strength of

Vit 1. They found that under normal shock-compression load-

ing, the spall strength of Vit 1 decreases as the impact stress

increases. But under combined compression-and-shear load-

ing, the spall strength showed an unusual trend under the

effects of shear strain. Thadhani and co-workers29–31 studied

the dynamic compression response, phase stability, and Hugo-

niot equation of state (EOS) of the Zr-based amorphous alloy

Zr57Nb5Cu15.4Ni12.6Al10. In their anvil-on-rod experiments,

they found several fracture planes perpendicular to the loading

axis in an unsleeved specimen, which appeared to indicate

multiple spallation. Close observation of these fracture planes

found dimple structures, and it was shown that brittle amor-

phous alloys have some ductility. These works provide impor-

tant information for understanding spallation in amorphous

alloys. However, some basic questions about nucleation of

spallation have not been answered. As the microstructure of

amorphous alloys is quite different from conventional poly-

crystalline alloys, what is the microdamage of spallation in

amorphous alloys, microvoids or microcracks? And what is

the microdamage nucleation mechanism?

To this end, we investigate spallation in a Zr-based amor-

phous alloy under dynamic tensile loading. We conduct plate-

impact experiments using a loading apparatus specially

designed to achieve dynamic tensile loading of identical am-

plitude but with different stress durations. All the recovered

samples are examined by a scanning electron microscope

(SEM) to characterize the spallation surface morphologies and

fracture features. Based on the fracture morphologies of the

spallation surface and free-volume theory, we propose a spal-

lation damage nucleation model in bulk amorphous alloys.

II. EXPERIMENTAL PROCEDURE

The material we used was a Zr-based amorphous alloy

with the nominal composition Zr41.2Ti13.8Cu12.5Ni10Be22.5

(Vit 1). Conventional x-ray diffraction verified that all the sam-

ples were fully amorphous before the spallation experiments.

Table I presents the mechanical properties of Vit 1 extracted

from other literatures,27,33,34 where q is the density, E the elas-

tic modulus, G the shear modulus, � the Possion ratio, cL the

longitudinal wave speed, and ct the shear wave speed.

The plate-impact experiments2,35,36 were performed

with a 101 mm single-stage light gas gun. The flyer material

used was H62 brass, which is similar to C28000 brass (e.g.,

62% Cu and 38% Zn). We used a multi-stress pulse tech-

nique to study the evolution of microdamage.37 With this

technique, several samples were impacted by several flyers

with different thickness in one shot, so that the impact stress

kept the same amplitude but had different durations. Then,

different evolution stages of the microdamage were frozen in

the tested samples. Figure 1 displays the schematic of the

plate-impact apparatus, where Figs. 1(a) and 1(b) show spe-

cially designed flyers and targets, respectively. As is shown

in Fig. 1, four flyers with different thickness were embedded

in the holes of one impactor, and four samples were placed

at the corresponding positions of one target. To keep the

complex samples flat and parallel, we first put the target plate

with 4 holes on a surface plate (600 mm � 400 mm) which

was extremely flat with surface roughness (Ra) of 7 lm.

Then, the carefully lapped and polished samples were

imbedded in the holes. Because all samples were in touch

with the surface plate, they were kept parallel. After that, the

samples were bonded to the holes with epoxide resin. The

impact surface of the target was carefully lapped and pol-

ished before each test. Effort must also be made to avoid the

influence of projectile rotation, so the maximal rotation angle

should be predicted before the spallation experiments.

According to our calibration experiments, the projectile rota-

tion angle is always less than � 1�. The diameter of the

flyers, which is bigger than that of the samples, was designed

for the maximal rotation angle, so that each flyer could cover

the corresponding sample during the tests. Each of our flyers

was 22 mm in diameter, while the samples were 8 mm.

Because the flyers were much bigger than the samples, it

might be expected that the projectile rotation would have lit-

tle influence on the results. The impact velocity was deter-

mined by recording the times at which two isolated charged

pins, set at different spacings from the target plate, were

shorted to ground. With the distance between pins and the

time intervals, we obtained the plate impact velocity.

Table II lists the experimental details, where h is the

flyer thickness, d the target thickness, Dt the stress duration,

TABLE I. Mechanical properties of Vit 1.

Materials q (kg/m3) E (Gpa) l (Gpa) v cL (m/s) ct (m/s)

Vit 1 6125 96 35.3 0.36 5185 2464

FIG. 1. (Color online) Schematic of the plate-impact apparatus. (a) Impactor. (b) Target.
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and rT the impact stress amplitude. Each sample was

machined to an 8-mm diameter disk while the flyers were

machined to a 22-mm disk. All the flyers and samples were

lapped on both sides to a desired thickness. We designed the

stress to have durations of a few tenths of a microsecond,

101–102 ns, less than 200 ns. Two plate-impact experiments

were performed at impact speed of 200 m/s.

III. RESULTS AND DISCUSSION

Close-up observations with a high resolution scanning

electronic microscopy (HRSEM) (FEI-Sirion NC HRSEM

with 1.5 nm resolution) were performed to recovered sam-

ples. For the spalled samples, fractography of spall surfaces

was examined. And for the samples with shorter durations,

their cross-sections were checked to make sure if spallation

microdamage had occurred in the samples. As the samples

are centre-symmetrical disks subjected to centre-symmetrical

loading and the radial release wave is initiated from lateral

boundaries of the samples, resultant spallation as well as

spalling microdamage shall occur in a central region,1 or

spallation region, of the disk-like samples. The close-up

observations to the tested samples show that no voids or

cracks are found in regions beyond the spallation region of

each sample.

Typical micrographs of the recovered samples under

tensile loading of identical amplitude of 3.18 GPa but differ-

ent durations are presented in Fig. 2. Figures 2(a) and 2(b)

exhibit half part of the spallation region in cross sections of

samples with shorter durations, 83 and 123 ns, respectively.

An insert to Fig. 2 is a schematic of disk-like samples. The

spallation region (dark shaded) in the examined cross-

section (light shaded) is along the radial direction, normal to

loading directions (arrows’ indicating), and far away from

the lateral boundary of the disk-like sample. The marked

square is the exact location of the regions illustrated in Figs.

2(a) and 2(b). Figure 2(c) shows the free surface of one

spalled sample with the duration of 201 ns. As is illustrated

in Fig. 2, the recovered samples show spallation damage at

different levels. For the sample with the duration of 83 ns,

no cracks were observed in the cross section (Fig. 2(a)). But

as the duration increased to 123 ns in Fig. 2(b), a main crack,

about 200–250 lm in length was found propagating from left

(the sample’s center) to right (towards the sample’s lateral

boundary) and along a wavy route. However, only part of the

crack is perpendicular to the loading axis. Figure 2(c) shows

the free surface of the sample with the duration of 201 ns. A

crater with a diameter of 1–2 mm and depth of 300–400 nm

can be seen at the center of the free surface, which suggests

that a detached spallation has occurred in this sample. The

damage at different levels shown in Fig. 2 indicates that spal-

lation in amorphous alloys is a damage evolution process as

the stress duration increases under the same stress level.

The crater on the free surface of a recovered sample

(rT ¼ 3.18 GPa and Dt¼ 201 ns) was examined carefully to

get more information on spallation. An overview of the cra-

ter is presented in Fig. 3. It should be noted that as detached

spallation occurs, spallation fragments break away from the

free surface forming the observed crater. Figure 3(a) shows

the electron micrographs of the crater, and Fig. 3(b) is a

schematic cross section of the recovered sample. As pre-

sented in Fig. 3, the bottom of crater is almost perpendicular

to the loading axis and is located in the sample. However, at

the edge of the crater, the fracture plane has deviated from

the usual spallation plane. It is believed that spallation occurs

TABLE II. Summary of plate-impact experiments (impact speed¼ 200 m/s).

Sample

Flyer

thickness

h(mm)

Target

thickness

d(mm)

Designed

duration Dt(ns)

rT¼ 3.18

Gpa

1–1 0.585 1.04 201 Detached spallation

1–2 0.45 0.09 174 Cracks

1–3 0.335 0.64 123 Cracks

1–4 0.135 0.43 83 No cracks

2–1 0.585 1.03 199 Detached spallation

2–2 0.04 0.85 164 Cracks

2–3 0.335 0.63 122 N.A.

2–4 0.135 0.44 85 No cracks

FIG. 2. (Color online) Close-up observations of Zr-based amorphous alloy

samples with different durations: the central part of cross-sections of (a)

sample 1–4 (83 ns) and (b) sample 1–3 (123 ns); (c) the free surface of sam-

ple 1–1(201 ns).
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first at the bottom and then propagates to the edge of the cra-

ter. The bottom is part of the spall surface where the material

is under hydro-tensile stress and subjected to a peak tensile

stress. Region A is just located at the bottom of the crater, so

details in region A can offer important information on spalla-

tion in the recovered sample.

Figure 4 shows the characteristics of the fracture surface

in region A. A SEM micrograph of region A is given in Fig.

4(a), where a cellular pattern is observed. Details of the

squared zone in Fig. 4(a) (region B) are exhibited in Fig. 4(b).

The cellular pattern consists of voids or dimples in approxi-

mately equiaxed shape, with a diameter less than 10 lm. In

particular, the cellular pattern appears to be built by micro-

void stacking, so that under higher magnifications, this dimple

structure is a porous structure with interconnected voids.

Meanwhile, some small white particles, less than 100 nm, are

found in dimple cell walls.

The experimental results and observations uncover some

crucial features of spallation behavior in amorphous alloys.

First, it is revealed that spallation within the materials is a

kind of ductile fracture at the microscopic level, which is also

recently reported by Escobedo and Gupta.24 A little differ-

ence is that the spallation surface in our experiments seems to

exhibit more ductility than that observed by Escobedo and

Gupta. As is indicated by Turneaure et al.,26 spallation in

amorphous alloys exhibits a change from ductile to brittle

fracture as the impact stress increases. This can be explained

by the lower amplitude used in our tests. Second, the spalla-

tion damages in amorphous alloys are microvoids, especially

at the microscopic level. Microvoids have also been observed

in other spallation experiments.24,25 However, there is still

some difference. The microvoids observed by Zhuang et al.25

were within the zip-shaped cracks thought to be formed by

nucleation, growth, and coalescence of microvoids in the

shear bands. The microvoids observed by Escobedo and

Gupta24 were in the plane that was parallel to the spall plane,

and river-like patterns were also observed. The microvoids in

our study were also in the plane parallel to the spall plane,

but were not as coarse as those observed by Escobedo and

Gupta.24 We find no river pattern related to shear stresses.

Third, the high mean tensile stress seems to play a more dom-

inant role than shear stress. As is shown in Figs. 3 and 4, the

spallation plane is perpendicular to the loading axis, and the

cellular pattern has an equiaxed shape and lacks a certain ori-

entation. This suggests that no shear-induced slip occurs dur-

ing spallation, and mean tensile stress plays a dominant role.

Furthermore, details about spallation damage (microvoids)

can be obtained. Because the void size at the final stage of

spallation damage evolution is several lm, the critical nuclea-

tion size should be much smaller than that scale. The time

needed for nucleation is much shorter because the time

needed for detached spallation is about 200 ns.

However, other questions have not been answered. How

do these microvoids nucleate during spallation in amorphous

alloys? And how does the high mean tensile stress act during

void nucleation? To understand these questions, we propose

a nucleation model based on free-volume theory in amor-

phous alloys in Sec. IV.

IV. PROPOSED NUCLEATION MODEL

Nucleation is defined as the creation of voids or cracks

that are large enough to grow under applied stress. For spal-

lation in conventional polycrystalline materials, void nuclea-

tion is usually interpreted by stress/temperature-driven

models1 because the hydro-tensile stress is more dominant

than the shear stress. According to stress/temperature-driven

models,38–40 vacancies can diffuse through the matrix and in

FIG. 4. (Color online) (a) Cellular pattern in

region A. (b) Details of cellular pattern with

equiaxed shape in region B.

FIG. 3. (Color online) Crater on the free surface of the tested sample

(3.18 GPa, 201 ns). (a) SEM micrograph, where region A is located at the

bottom of the crater. (b) Schematic cross section of the crater.
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grain boundaries by thermal activation. Under the right con-

ditions, vacancy clusters (or voids) can form and grow by the

diffusive motion of vacancies toward them. Once a critical

size is reached, they can grow rapidly under tensile loading.

Then, the voids are considered to be nucleated.

These stress/temperature-driven models cannot be

directly used to explain the mechanism of void nucleation in

amorphous alloys. The microstructures of amorphous alloys

are quite different compared with conventional polycrystal-

line materials. There are no grains or grain boundaries in

amorphous alloys. Also, free volume is thought to be the

most common defect in amorphous alloys, whereas vacan-

cies, inclusions, and dislocations are the most common in

conventional polycrystalline materials. However, there are

still some similarities. First, though free volume is different

from vacancies, both can be regarded as voids on the atomic

scale, which are the basis of nucleation. Second, the diffu-

sion of atoms in amorphous alloys is similar to that in poly-

crystalline materials, both of which can be interpreted in

terms of a single atomic jump mechanism.41 So the diffusion

mechanism of free volume is similar to that of vacancies.

Thus, we believe that there must be some similarities

between void nucleation in amorphous alloys and void

nucleation in polycrystalline materials.

According to the results of our experiments, the spalla-

tion in Vit 1 is controlled by nucleation and evolution of

many microvoids. Here, we propose a void nucleation model

of amorphous alloys developed from traditional stress-

temperature-driven models widely used in polycrystalline

materials.1,38–40 We also consider free-volume theory16,42,43

to understand and characterize microvoid nucleation in bulk

amorphous alloys.

In our model, the process of void nucleation can be di-

vided into three stages: First, the frozen free volume is acti-

vated by applied tensile stress; second, free volume diffuses

in the material and causes a net diffusional coalescence; and

third, a void that is larger than a critical size forms and grows

under tensile loading. At this stage, we consider the void to

be nucleated.

A. Activation of free volume

The initial free volume is thought to be frozen in amor-

phous alloys because of the small atomic mobility at ambient

temperature.16,44 But as a bulk amorphous alloy is subjected

to dynamic tensile loading, free volume can no longer remain

stable. The size and location of free volume can continuously

change. At this stage, we consider the free volume to be acti-

vated. Under shock loading, there are three effects that acti-

vate the frozen free volume.

1. Increase of free volume content

The first effect of applied loading on amorphous alloys

is the increase of the initial free volume in the system for the

effect of mean tensile stress.34,45 During spallation, the mate-

rial is subjected to dynamic tensile stress of several GPa or

higher. As the mean tensile stress causes volume dilation,

the average free volume increases. According to free-volume

theory,16,42,43 for an atom to jump, it must have a free

volume large enough to accommodate its hard-sphere vol-

ume v�. For the increase of average free volume, there is a

higher probability for an atom to have a free volume larger

than v�. Then, the friction of the potential jump sites

increases.

When a bulk amorphous alloy is subjected to a dynamic

tensile loading, the bulk strain in our uniaxial strain condi-

tion is

D ¼ eT ¼
rT

EL
¼ rTð1þ �Þð1� 2�Þ

ð1� �ÞE ; (1)

where eT is the axial strain, rT the applied tensile stress, E
the Young’s modulus, EL the constrained modulus, and v the

Poisson’s ratio.

Assuming that the hard sphere atomic volume v� is held

constant and all of the dilation is attributed to a change in

free volume,34 the average free volume, vf 1, under tensile

loading can be written as

vf 1 ¼ ðv� þ vf 0Þð1þ eTÞ � v�; (2)

where vf 0 is the original average free volume.
Thus, according to free-volume theory,16,42,43 the proba-

bility of finding an atom with a free volume between v and

vþ dv under tensile loading is

p1ðvÞdv ¼ c
vf 1

exp
�cv

vf 1

� �
dv; (3)

where c is a geometric factor between 1/2 and 1. In fact, as

extra free volume is created by mean tensile stress, the statis-

tical distribution of free volume cannot become p1ðvÞ imme-

diately, and redistribution time is needed. In this model, we

directly use p1ðvÞ for simplicity. Then, the total probability

that an atom is at a potential jump site is

ð1
v�

c
vf 1

exp � cv

vf 1

� �
dv ¼ exp � cv�

vf 0 þ ðv� þ vf 0ÞeT

� �
: (4)

2. Decrease of activation barrier

The second effect of applied loading is the decrease of

the activation barrier that an atom must overcome when it

jumps from one site to another. The average spacing

between atoms becomes larger with volume dilation of the

material, which decreases the activation barrier. In fact, the

tensile loading can be divided into mean and deviatoric

stresses, and both of them contribute to volume dilation in

amorphous alloys. However, compared with the mean ten-

sile stress, the shear-induced dilation in amorphous alloys is

a secondary effect.46,47 The volume dilation caused by

deviatoric stress is significantly smaller than that caused by

mean tensile stress, so we only consider mean tensile stress

in this model.

The influence of mean tensile stress on the activation bar-

rier is interpreted as the mechanism shown in Fig. 5. In order

to make an atom jump, some activation energy must be
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supplied. The activation barrier is determined by the atom’s

nearest-neighbor environment. It changes as the nearest-

neighbor environment is changed by the external forces. And

the activation barrier can be expressed by the potentials

between the jumping atom and its neighboring atoms, simi-

larly to the theory used in molecular dynamics simula-

tions.48,49 If the average atomic spacing of the intact material

is denoted as �r and the interaction between atoms is described

by potential function /ðrÞ, where r is the spacing between

two atoms, the activation barrier can be written as

DGmð�rÞ ¼
Xn

i¼1

/iðAi�rÞ�
Xn

j¼1

/jðBj�rÞ; (5)

where the first term of the right side of Eq. (5) is the maxi-

mum potential energy of the single-atom jump process, n the

number of nearest atoms that influence the jump, Ai�r the dis-

tance between the jumping atom and nearest atom (i) and Ai

a coefficient related to the nearest-neighbor environment. Ai

is assumed to be constant. The second term of the right side

of Eq. (5) is the initial potential energy before the jump,

which is similar in form to the first term.

As the material is subjected to tensile loading, the aver-

age atomic spacing increases from r0 to r0 þ Dr0. When the

volume dilation is not very large, Dr0 is much smaller than

r0. As a first approximation, the new activation barrier can

be written as

DGmðr0 þ Dr0Þ ¼ DGmðr0Þ þ
dDGmð�rÞ

d�r

�����r¼r0
Dr0: (6)

Because Dr0 is proportional to the bulk strain D and D is pro-

portional to the mean tensile stress rm, we can obtain

DGmðr0 þ Dr0Þ � DGmðr0Þ ¼ �c0rm; (7)

where c0 is a coefficient related to the influence of the mean

tensile stress on the activation barrier. It is difficult to deter-

mine the value of c0, but we can estimate it using the diffu-

sion theory of crystalline solids.50

For a defect-mediated diffusion process in polycrystal-

line materials, the diffusion coefficient D can be written as

D ¼ d2v0 exp
�DGv

kT

� �
exp

�Gm

kT

� �
; (8)

where d is the average jump length of an atom, v0 the Debye

frequency, DGv the energy of forming a vacancy, and DGm

the activation barrier.

With the aid of the thermodynamic relation ð@G=@pÞT ¼
V, one can derive the pressure dependence and the activation

volume of diffusion using

@ lnðD=ðd2v0ÞÞ
@p

� �
T

¼ �1

kT
Vact ¼

�1

kT
ðVv þ VmÞ; (9)

where Vact is an activation volume composed of a formation

term Vv and a migration term Vm. Vm can also be used to esti-

mate the value of c0. Because the migration volume Vm of

many amorphous alloys has been obtained from diffusion

experiments and numerical simulations,44 c0 can be calculated.

3. Temperature rise

It should be noted that the material is subjected to an ini-

tial compressive stress before dynamic tensile loading starts.

During compression, part of the stress wave energy is trans-

ferred to heat energy, which raises the temperature of the

material.2 As the temperature rises, atoms have a higher

chance of getting enough energy from thermal fluctuations to

overcome the activation barrier. This is the third effect of

applied loading on amorphous alloys. But if the compressive

stress is not very high, especially below the HEL, the com-

pression and release of the material is elastic. The tempera-

ture rise is not expected to be very high and can be ignored.

Because the HEL of Vit 1 is about 6.15 GPa,27 much higher

than the applied loading (3.18 GPa) in our work, temperature

rise is not considered for simplicity in this model.

B. Diffusion of free volume

As the free volume is activated, it diffuses and rear-

ranges in the material. Thus, the size and location of free

volume changes continuously. We note that free-volume

diffusion induces two opposing processes: (1) free volumes

coalesce with each other to form larger ones (or free-

volume clusters); and (2) large free volumes shrink by

dividing into smaller ones. If there is no void nucleation,

these two processes will balance each other. All the free

volume, including the part newly added by volume dilation,

is randomly distributed so that the free energy of the amor-

phous alloy system is a minimum.

However, there is a critical size for free volumes because

of the external tensile stress. Once a free volume becomes

larger than the critical size, it can grow under tensile loading

and does not shrink any more. At this stage, a void is consid-

ered to be nucleated. Thus, similar to void nucleation in con-

ventional polycrystalline materials,1 void nucleation in

amorphous alloy can be interpreted as the appearance of

voids large enough to grow under applied tensile loading.

The critical size can be obtained by using the maximum

in the free-energy function.39,40 We consider the void nucle-

ation at constant pressure and temperature in amorphous

alloys. The formation of one void nucleus contributes to the

change in free energy of the system through the following

factors: (1) the work done by the system on its surroundings,

(2) the energy needed to form the new surface area of the

void, and (3) the change in stored elastic energy in the sys-

tem. Usually, factor (3) can be neglected because factor (1),

FIG. 5. (Color online) Influence of mean tensile stress on activation barrier.
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which is of order rT , is much larger than factor (3), which is

of order r2
T=E. Therefore, the critical condition is: when the

work done on an element containing a virtually growing

void is more than enough to create the new void surface

area, the void can be considered “nucleated.” That is,

rTdv > cmda; (10)

where dv is an increase in void volume, cm the surface energy

of amorphous alloys, and da the increase in void surface area.

Below the critical size, the void can grow only by free volume

diffusion because the external work is not sufficient. If we

consider a spherical void, dv ¼ 4pr2dr and da ¼ 8prdr.

Thus, the critical radius can be obtained from the formula

rc ¼ 2cm=rT : (11)

It is obvious that the two opposing processes during the free-

volume diffusion cannot keep balanced under tensile load-

ing. Because a free volume larger than the critical size does

not shrink any more, the shrinking process is weaker than the

coalescence process. Thus, there is a net coalescence during

the diffusion of free volume.

C. Nucleation rate

Figure 6 shows the schematic of void nucleation. We

consider a free volume with a size between vc � v� and vc,

where vc is the critical volume obtained from the critical ra-

dius rc. This free volume can also be called the subcritical

nuclei. If an atom jumps from the inner surface into the outer

environment, it means a volume of v� is added to the subcrit-

ical nucleus. Then, the subcritical nucleus becomes larger

than the critical size, and a void is nucleated. The nucleation

rate per unit volume can be derived from the number of sub-

critical nuclei per unit volume, qc, and from the time-

dependent probability pi of one atom jumping from the inner

surface into the outer environment.

Under tensile loading, the number of subcritical nuclei

per unit volume is

qc ¼ n0

ðvc

vc�v�

c
vf 1

exp � cv

vf 1

� �
dv

¼ n0 exp
cv�

vf 1

� �
� 1

� �
exp � cvc

vf 1

� �
;

(12)

where n0 is number of atoms per unit volume.

pi can be derived from the jumping frequency of an

atom and the number of atoms on the inner surface of a sub-

critical nucleus.

The jumping frequency of an atom is

v0 exp �DG0m
kT

� �
exp � cv�

vf 1

� �
; (13)

where DG0m is the activation barrier under tensile loading, v0

the Debye frequency, and k Boltzmann’s constant.

From Eq. (7), the activation barrier under tensile loading

DG0m (which is DGmðr0 þ Dr0Þ in Eq. (7)) is

DG0m ¼ DGm � Vm
ð1þ vÞrT

3ð1� vÞ ; (14)

where Vm is the migration volume used to evaluate the value

of c0, rT the applied tensile stress under uniaxial strain con-

dition, and v the Poisson’s ratio.

The number of atoms on the inner surface of a subcriti-

cal nucleus is

4pr2
c

d2
� 4pr2

c

v�2=3
: (15)

Therefore, pi can be derived using

pi ¼
4pr2

c

v�2=3
v0 exp �DGm � VmrTð1þ �Þ=ð3� 3�Þ

kT
� cv�

vf 1

� �
:

(16)

Then, the nucleation rate per unit volume is

_N ¼ n0 exp
cv�

vf 1

� �
� 1

� �
exp � cvc

vf 1

� �
4pr2

c

v�2=3
v0

� exp �DGm � VmrTð1þ �Þ=ð3� 3�Þ
kT

� cv�

vf 1

� �
:

(17)

Because expðcv�=vf 1Þ � 1 � expðcv�=vf 1Þ, v� is of order

10vf 0, c lies between 1/2 and 1, vf 1 ¼ vf 0 þ ðv� þ vf 0Þ
eT � vf 0 (with eT of order 0.01) and rc ¼ 2cm=rT , Eq. (17)

can be written as

_N ¼ A

r2
T

exp BrT �
C

r3
T

� �
; (18)

where

A ¼ n0
16pc2

m

v�2=3 v0 expð� DGm

kT Þ is a material constant at a cer-

tain temperature,

B ¼ Vm

kT
1þ �

3ð1� �Þ describes the influence of tensile loading

on the activation barrier, and

C ¼ 32pcc3
m

3vf 0
is a coefficient associated with the influence

of tensile loading on the number of subcritical nuclei.

D. Calculation result and discussion

To test the reliability of our void nucleation model, we

choose Vit 1 from our spallation experiment as a modelFIG. 6. (Color online) Schematic of void nucleation.
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material. The material parameters of Vit 1 are obtained from

other works21,33,44,45,51 and listed in Table III. Using the

typical values DGm ¼ 0:35 eV, n0 ¼ 6:14� 1022 cm�3, v�

� 20A3, T ¼ 300 K, and vf 0 � v�=10 ¼ 2A3, we can get the
_N � rT diagram by Eq. (18).

Figure 7 shows the nucleation rate function, Eq. (18),

versus the applied tensile stress. In this diagram, the horizon-

tal axis represents the applied tensile stress, and the logarith-

mic value of the nucleation rate is recorded on the vertical

scale. The blue curve, plotted by Eq. (18) using material pa-

rameters of Vit 1, gives the variation of the nucleation rate

with the applied tensile stress. If the value zero on the verti-

cal scale is designated as the critical value below which void

nucleation is so weak that it can be neglected, the resultant

threshold stress of void nucleation for Vit. 1 is about

2.35 GPa (the black point in Fig. 7). This threshold stress is

higher than the quasistatic tensile strength of Vit.1,

1.86 GPa.51 As the spall strength is usually thought to be

higher than the quasistatic tensile strength because of the

loading rate effect, the threshold stress obtained by Eq. (18)

is reasonable. This is favorable for our nucleation model.

We can also compare the calculated result with our ex-

perimental data. From the observed cellular pattern in

Fig. 4(b), we determine the diameter of the microvoids to be

about 2 lm. The duration of dynamic tensile stress is about

200 ns. Assuming that the microvoids are directly developed

from nucleation and growth without coalescence, each cell

in the cellular pattern could be seen as one microvoid corre-

sponding to one nucleation site. Then, the average void

nucleation rate can be estimated using

�_N ¼ N

tn
� 1

d3
vDt
¼ 1

ð2lmÞ3 � 200ns
¼ 6:25� 1017cm�3s�1;

(19)

where N is the number of nucleated microvoids per unit vol-

ume, tn the time for nucleation, dv the diameter of micro-

voids that is observed in the cellular pattern (1=d3
v is a rough

estimate of the number of nucleated microvoids per unit vol-

ume), and Dt the duration of applied tensile stress used to

estimate the time for nucleation.

Noting that the applied tensile stress is about 3.2 GPa in

current spall experiments, the value obtained from Eq. (19)

is marked with a white point in Fig. 7. As shown in Fig. 7,

the value estimated from Eq. (19) is lower than that calcu-

lated by Eq. (18). This is expected. As void coalescence is

ignored and the duration of a whole spallation is longer than

the nucleation time, the real nucleation rate should be higher

than the value of �_N estimated by Eq. (19). Whereas, the theo-

retical nucleation rate obtained by Eq. (18) is also larger than

the estimated one, the rate obtained by Eq. (18) is very likely

close to the real one.

V. CONCLUSION

A Zr-based amorphous alloy was subjected to dynamic

tensile loading of identical amplitude (� 3.18 GPa) but with

different durations (83–201 ns) to reveal the micro-damage

evolution process during spallation. Under the identical

stress amplitude, samples with different durations show dif-

ferent levels of spallation damage: (1) no cracks, (2) a

200–250-lm crack which is partly parallel to the sample sur-

face, and (3) a detached spallation. We carefully examined

the spall surface and observed a cellular pattern with an equi-

axed shape. It is revealed that (1) spallation in amorphous

alloys is a kind of ductile fracture at the microscopic level;

(2) spallation damages in amorphous alloys are microvoids;

and (3) high mean tensile stress plays a dominant role during

microvoid nucleation. To understand the mechanism of void

nucleation in amorphous alloys, we proposed a void nuclea-

tion model based on free-volume theory. In this model, free

volume and mean tensile stress play major roles in void

nucleation. We proposed an explicit expression for the void

nucleation rate, and the calculated results show our model to

be reasonable. We believe that these findings are important

to understand the mechanism of spallation in amorphous

alloys.
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FIG. 7. (Color online) Void nucleation rate as a function of applied tensile

stress.

TABLE III. Material parameters of Vit 1.

Properties and parameters Value Material

Surface energy cm (J/m2) 0.83 Vit 1

Average atomic volume X (A3) 20 Vit 1

Migration volume Vm (X) 0.43 aNi50Zr50

Geometry factor c 0.105 Vit 1

Activation barrier DGm (eV) 0.2–0.5 Vit 1

aThe migration volume of Ni50Zr50 is used as a rough estimate for that of

Vit 1.
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