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Evolution of structural and dynamic heterogeneities and activation energy
distribution of deformation units in metallic glass

W. Jiao, P. Wen, H. L. Peng, H. Y. Bai, B. A. Sun, and W. H. Wanga)
Institute of Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China

(Received 13 December 2012; accepted 4 March 2013; published online 13 March 2013)

We present experimental results on the distribution and evolution of energy barriers of deformation
units in metallic glass (MG) via an activation-relaxation method. Our results show that the
dynamical heterogeneity of metallic glass arises from its structural inhomogeneity, and there exist
the close correlations between the deformation units, dynamical and structural heterogeneities, and
relaxation behaviors in metallic glasses. The results might provide insights on the heterogeneities,
plastic deformation, and relaxations behaviors of metallic glass. © 2013 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4795522]

The structural and dynamic heterogeneities in disordered
glasses, where the topological defects are difficult to be
defined, have attracted substantial interests.'® The structural
heterogeneity in the deformation model of metallic glasses
(MGs) well below the glass transition temperature ng’10 is
proposed to be the “carriers” or the deformation units of the
plastic flow in glass.”” Extensive efforts have been devoted to
detect the heterogeneity and to confirm the existence of the
deformation units via computer simulation'""'? and experi-
mental methods.> %314 However, the roles of the deforma-
tion units in the transformation from inhomogeneous to
homogeneous'>'® and in the homogeneous flow in apparent
elastic region for prolonged time at room temperature' ""'® are
still unclear, and their variation behaviors with temperature
and time especially under deformation state are still missing.

Stress relaxation is a sensitive approach for investigating
the atomic-level deformation carriers of dislocation or grain
boundary in crystalline materials.'® The stress relaxation was
conducted in MGs to construct power dissipation maps
within the supercooled liquid region” and to investigate the
irreversible relaxation kinetics around Tg.21 However, little
work has been done on the deformation units and the
dynamic heterogeneity in MGs in its nominal elastic region
well below T,. In this Letter, we apply an instantaneous
activation-relaxation technique to investigate the activation
energy and relaxation time spectra of the deformation units
upon temperatures. Our results show that in MG, the dynam-
ical heterogeneity arises from structural inhomogeneity, and
the heterogeneities and relaxations are associated with the
activation and evolution processes of the deformation units.

We used a Pd4oNi;gCuzgP2o MG as a model system due
to its excellent glass-forming ability and high thermal stabil-
ity. The Pd4oNi;gCusoP, glassy ribbon was produced by the
melt-spinning method in an argon atmosphere. The tensile
stress relaxation and dynamical mechanical measurement
were performed on dynamic mechanical analyzer (DMA)
model TA Q800. To avoid the effect of the physical aging,
all the samples were previously heated up above its T, iso-
thermal for 3 min, and cooled down from the supercooled

Y Author to whom correspondence should be addressed. Electronic mail:
whw@aphy.iphy.ac.cn.

0003-6951/2013/102(10)/101903/4/$30.00

102, 101903-1

liquid state in the argon atmosphere prior to the measure-
ments. All the stress relaxation measurements were per-
formed on the specimens at 0.3% tensile strain for 100 min.
Before the experiment, a 3 min delay was applied to allow
the samples to equilibrate at the test temperature.

Figure 1(a) shows the stress response of Pd;oNi;gCuzoP2g
MG to a constant strain of 0.3% at various temperatures well
below T, = 580K of the MG. One can see that the stress o(?)
shows a rapidly decrease from initial value o, and then slows
down gradually with increasing time. Ultimately, the stress
approaches a saturation value gy, and the elastic strain is con-
verted to inelastic strain gradually associated with the stress
relaxation process.'” The stress relaxation process is related to
the activation of the deformation units similar to the creep
experiments.'®** The simulations also confirm that the local-
ized plastic deformation coincides with decreasing stress.”
The increase of the test temperature leads to an increment
of relaxation rate, and the relative relaxation strength of
A= (oy— op)lop for various temperatures are listed in
Table 1. The increase of A with rising temperature indicates
that more volume fraction of the MG undergoes inelastic de-
formation'*** and are transformed into liquid-like regions.S’6
The phenomena are further confirmed via DMA shown in Fig.
1(b). In the temperature range of f§ relaxation [see Fig. 1(b)]
for the stress relaxation, the storage modulus almost keeps in
constant, implying that the glass state is still kept in the tem-
perature range, whereas the associated loss factor tand
increases monotonously with temperature, which corresponds
to the energy loss occurring during the process®* and implies
that more deformation units were activated with increasing
temperature.

The MG is commonly regarded to vary significantly in
space due to the nature of structural heterogeneity,6 which
consist of loosely bonded regions acting as deformation units
under deformation.’? This implies that the energy barrier of
the deformation units is also widely distributed. As the den-
sity of the thermal activation process cannot be measured
directly, it can only be inferred via the detection of the prop-
erty change resulting from the activation process.25 Based on
the activation energy spectrum model, the variation of relax-
ation stress ¢ on time ¢ at T can be expressed by an integral
equation25

© 2013 American Institute of Physics
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FIG. 1. (a) The stress relaxation curves of Pd;oNi;qCuzoP20 MG at 300, 360,
380, 400, 420, and 440K. (b) Temperature dependence of storage modulus
(E") and loss factor (tan 6 = E'/E", where E” is loss modulus) under 5 Hz and
at a heating rate is 5 K/min. The shadow region represents the temperature
region of f§ relaxation used for stress relaxation test.
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According to the Arrhenius equation: E = kT In (vot),
taking vy as the Debye frequency 10~ '’s.** The obtained
apparent activation energy spectra are presented in Fig. 2(a),
where P(E) is normalized by the value at the peak to high-
light the relative variation of the spectra. It can be seen that
the shape of the activation energy spectra is close to the
Gaussian distribution and comparable to that obtained from
the analysis of creep-recovery curves” and activation-
relaxation simulation.”” The spectra shift toward the higher
value with increasing temperature, indicating that the more
deformation units with higher energy barriers are activated
during inelastic deformation at elevated temperature. Due to
the loading rate in our case is finite, the deformation units
with the characteristic activation energy smaller than
kTIn(vyt) cannot be detected, and result in only part of the
activation energy spectra presented at high temperatures. As
shown in Fig. 2(b), the full width at half maximum (FWHM)
of the activation energy spectra also increases with tempera-
ture, implying that the statistical energy barrier distribution
of the deformation units is more dispersive, and more kinds
of deformation units with different activation energies are
engaged into the stress relaxation process at higher tempera-
tures. The high fraction of liquid-like deformation units with
increasing temperature makes the MG more heterogeneous
at higher temperatures. Reference to the result of DMA

00K A

where p(E) is the total available property change induced
by all the activation processes in the range of E to E + dE.
Ao(t) =0y — a(t), and O(E,T\f) is the characteristic annealing
function:*>  O(E,Tt)=1—exp(—t/t) = 1 — exp[—vq t exp(E/
kT)], where, v, is an effective attack frequency of the order of
the Debye frequency or less.*? Assuming that during the iso-
thermal stress relaxation at #, all processes with 7 <t contrib-
ute to the relaxation, whereas processes with 7>t have no
contribution. Correspondingly, there is a critical energy acti-
vation E for the deformation units, and only those units with
E < E have the contribution to the relaxation observed on the
probing time #.%° In the frame of step-like approximation,®~°

~ Lda(1)

kT dlnt’ @

p(E) =

TABLE 1. Fitting parameters of 7,, and s obtained from the generalized
Maxwell model, b obtained from the KWW function and relaxation strength
A= (oy — og)/og of PdyoNi;oCuszoPs at different temperatures.

Temperature (K) T, (S) s A b

1.00 = 0.016
0.982 +0.014
0.838 = 0.008
0.647 = 0.01
0.554 = 0.01
0.483 = 0.006
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FIG. 2. (a) Temperature dependence of normalized activation energy spectra
P(E) scaled by the peak value to highlight the relative variation of spectrum.
(b) The variation of FWHM of activation energy spectra on temperature.
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presented in Fig. 1(b), the extension of activation energy
spectrum occurs slight before the activation of the f relaxa-
tion. However, the spectrum broadens quickly with increas-
ing temperature associated with the operation of the f
relaxation. This result further confirms that the f relaxation
is closely related to the structural heterogeneity in MG.

The stress relaxation data at various temperatures can be
fitted by stretched exponential function (not shown here)
D(t) = (a(t) — o)y — og) =expl — (t/7.)"], where 7. is
apparent characteristic stress relaxation time and b is a non-
dimensional relaxation parameter.®?® The fitting values of b
were listed in Table I. The b is almost constant before the
operation of f relaxation implying the slight change of the
deformation units. However, in the f§ relaxation temperature
region, the b decreases obviously as increasing temperature,
indicating that the relaxation time distribution is extended at
elevated temperature, and the difference of the involved
slowest and fastest deformation process becomes more
obvious.® The results further confirm that the deformation
units, which are closely correlated with f relaxation, are
broadly distributed in temporal scale.

Based on the above results and the experimentally
observed structural heterogeneity of MG,>?* the relaxation
time of these deformation units in MG can be considered to
have a broad distribution. Figure 3(a) schematically shows
each deformation unit / signed by the relaxation time t; and
confined by the surrounding elastic matrix in MG. When the
applied strain is much lower than the yield train, the defor-
mation units are in the state of “dilute solution” and do not
interact with each other.?? Thus, the generalized Maxwell
model (linear solid model) can be applied to analyze the
stress relaxation behavior of MG*** as presented in Fig.
3(b). The deformed unit is represented by dashpot, and the

()

T3
T2
T4
T1
Ti

elastic matrix deformation unit
E| E g O

l l l O
M n2 Ni

FIG. 3. (a) The schematic illustration of MG composed of elastic matrix and
patched deformation units. (b) Generalized Maxwell model: relaxation proc-
esses in parallel, where i-type site are associated with modulus E;, viscosity
n;, and relaxation time t; = n;/E;.
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glassy matrix deforms elastically is represented by spring.
The t; is then determined by the ith Maxwell unit consisting
of a spring E; and a dashpot 7; in series. In the stress relaxa-
tion, each Maxwell element is subjected to an instantaneous
strain &y, which is the sum of elastic and inelastic strains and
kept constant all the time.'? So that

1 dO’,‘ g;
E; dt n;

1

=0. 3)

As shown in Fig. 3(b), N Maxwell units and one spring are
connected in parallel, this leads to: o(f) =¢E

N r
+eoY  Eie %, where 1;=n,/E;. Due to the intrinsic random
i=1
nature of the amorphous samples,”*? we assume a contin-
uum spectrum of relaxation times. Thus, the time depend-

ence of a(r) jg?30

+oo
o(f) = o + J H(Int)e *dIn, (4)

—00

where the H(Int) is the logarithm distribution function of z.
Considering the facts that the activation energy spectrum
and the broad distribution of elastic constants in MGs are
close to the Gaussian distribution and t = roexp(Ea/KT),6 we
speculate that the 7 of deformation units satisfies the lognor-
mal distribution: H(Int) = kexp(famz#), where 1, is
the most probable relaxation time, s is the width of the t
spectrum, and k is the factor in front of exponential. As
shown in Fig. 4(a), the representative result of stress relaxa-
tion data at 380K can be well simulated by the generalized
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FIG. 4. (a) The stress relaxation data at a representative temperature of
380K was fitted by the generalized Maxwell model, and the corresponding
continuous 7 spectrum was obtained. (b) Continuous relaxation time spectra
at 300, 360, 380, 400, 420, and 440 K computed analytically from the fitting.
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Maxwell model, and the associated relaxation time spectrum
at 380K is also obtained and shown in Fig. 4(a). The t spec-
trum spans several orders of magnitude implying that the de-
formation units are broadly distributed in temporal scale and
the dynamics of the stress relaxation are strongly heterogene-
ous, and the dynamical heterogeneity appears to arise from
the structural inhomogeneity. The relaxation time spectra at
various temperatures were also obtained and shown in
Fig. 4(b), and the fitting parameters of 7,, and s are listed in
Table I. It is shown that the 1,, decreases with temperature,
implying the relaxation rate is accelerated at elevated tem-
perature. The t distribution presented in Fig. 4(b) not only
shifts leftward but also becomes broader. This indicates that
the increase of temperature results in the activation of more
deformation units.*! The additional activated deformation
units at higher temperature lead to the expansion of relaxa-
tion time spectrum, suggesting that the higher the tempera-
ture, the more dispersive the relaxation time distribution, the
stronger the heterogeneity, especially in f relaxation region.
Because the sampling time range is finite, the relaxation time
spectra at low temperatures can show almost full configura-
tion, whereas at high temperature, only part of that were
presented.

The main implication of the attained activation energy
and relaxation time spectra is that the activation of the defor-
mation units are not uniform, but are operated gradually with
time. Only the units whose relaxation times are shorter than
the observation time have contribution to the inelastic defor-
mation. The results also indicate that the dynamical hetero-
geneity might arise from structural inhomogeneity due to the
variation of atomic mobility in densely and loosely packed
regions.**? The inhomogeneity may be the origin of anelas-
tic deformation in apparent elastic region and responsible for
the transition from anelasticity to viscoelasticity in MGs at
room temperature.'”'® The deformation units with low
energy barriers and short relaxation time are activated gradu-
ally in nominal elastic range by thermal energy or external
stress at enough long time, and then lead to viscoelastic
response once the fraction of the deformation units comes to
the percolation limit.®

The results are helpful for understanding the inhomoge-
neous to homogeneous transition of MG in the deformation
map."> The MG deforms inhomogeneously for T<O.8Tg,5
and the fraction of liquid-like zone increases with temperature
as more deformation units activated. This is backed up by
apparent activation volume calculation,*® which show that the
size of the average deformation units increases from approxi-
mately 0.2 nm’ at 77K to about 2.0 nm® at 195K. Further
increasing temperature, more deformation units are activated,
and the MG then is composed of a patchwork of solid-like
domains separated by “soft” regions walls, and the homogene-
ous deformation then occurs.* During this transition process,
there might be a critical point corresponding to the percolation
of liquid-like zone, which is associated with the strongest het-
erogeneous state.*® In the test temperature range, the higher
the temperature, the more dispersive the spectrum, the stron-
ger the heterogeneity, and the more pronounced the /3 relaxa-
tion. This confirms that the f relaxation is closely related to
the heterogeneity in MG.

Appl. Phys. Lett. 102, 101903 (2013)

Our observations suggest a plausible picture regarding
structural heterogeneity, the dynamic relaxations, and plas-
ticity in MG, which can provide information for tough MGs
design: The broad activation energy distribution is the indi-
cator of abundant potential deformation units with lower
activation energies in the system, and global plasticity can
then be triggered as long as the fraction of the activated de-
formation units reaches the percolation limit by external
stresses.

Insightful discussion with A. Lemaitre and Q. P. Kong
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China (No. 2010CB731603) and the NSF of China
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