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ABSTRACT
Johari–Goldstein (JG) relaxation closely relates to the shear transformation zones (STZs) in the flow
of metallic glasses (MGs). However, the actual role played by JG relaxation in the STZ-evoked plas-
tic deformation of MGs remains unknown. In this work, by substituting the transition metal (TM)
element in La(TM)Al MGs (TM = Ni, Co, Cu, CuNi) to tune the feature of JG relaxation, how JG relax-
ation alters the deformation behaviors of MGs is tentatively examined with nanoindentation. The
results demonstrate that JG relaxationmodulates the anelastic to plastic transition rate in the plastic
deformation accommodation of MGs via a characteristic relaxation time.

IMPACT STATEMENT
A characteristic relaxation time revealing the role of Johari–Goldstein relaxation in the plasticity of
metallic glasses as modulating the anelastic to plastic transition rate is characterized.
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1. Introduction

Due to the lack of well-defined structural defects (like
dislocations and twins) to accommodate plastic deforma-
tion [1,2], how to exploit the ductility of metallic glasses
(MGs) stands as an unsolved mystery [3,4]. In order to
establish the plastic deformation accommodation mech-
anisms in MGs, conceived phenomenological defect has
been proposed as shear transformation zones (STZ) [5]
or flow units [6], however, both stay conceptual and are
yet to be identified [7,8]. To relate STZ to the physical
properties of MGs, Harmon et al. [9] proposed a poten-
tial–energy–landscape (PEL) perspective on the plastic
deformation accommodation mechanisms of MGs. As
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illustrated in Figure 1, on the PEL, the plastic deforma-
tion inMGs can be viewed as a stress-driven α relaxation
process (as indicated by the red dashed arrow) during
which global irreversible atomic rearrangements are acti-
vated. As identified byDebenedetti and Stillinger [10], on
the PEL, the primary α relaxation is composed of a group
of consecutive Johari–Goldstein (JG) relaxations (as indi-
cated by the green dashed arrows) where local reversible
atomic rearrangements underly. Thereby, Harmon et al.
successfully associated STZ, the conceived plastic defor-
mation accommodation defect, with JG relaxation via
examining the iso-configurational shear modulus and
recovery enthalpy in the anelastic to plastic transition in
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Figure 1. Plastic deformation accommodation mechanisms in
the flow of metallic glasses (MGs). On the potential energy land-
scape, the flow of MGs can be understood as a stress-driven α

relaxation process (as indicated by the red dashed arrow). The
α relaxation is conceived as composed of Johari–Goldstein (JG)
relaxations (as indicated by the green dashed arrows). In the creep
stage of nanoindentation, the MG beneath the indenter is post-
yield and close to the transition state (τ c is the yield stress). Thus,
the deformation in the creep stage of nanoindentation reveals the
plastic deformation accommodation character of MGs and can be
considered as stress driven JG relaxations.

MGs [9]. The STZ-mediated plastic deformation accom-
modation ofMGs is suggested to be an anelastic to plastic
transition via consecutive JG relaxations. This is where
JG relaxation comes into the plasticity of MGs. Up until
now, although expanding evidences indicate that the duc-
tility ofMGsmight reside in pronounced JG relaxation of
MGs [11–13], still under debate is the actual role played
in plastic deformation by the mysterious JG relaxation
[14–19].

In this work, we aim to probe the actual role of JG
relaxation in the plastic deformation of MGs by virtue of
the PEL perspective proposed by Harmon et al. [9]. As
shown in Figure 1, the plastic deformation of MGs can
be described in more details. The maximum of the slop
of the PEL defines the yield stress ofMGs. Under external
loads above the yield stress, the MG system will deviate
from the initial energy minimum state and approximate
the transition state. With proper assistance from ther-
mal energy fluctuation, the system would hop across the
energy barrier and explore nearby energy minimums, i.e.
stress-driven α relaxation. Thus, two deformation stages
consisting of consecutive JG relaxations can be identi-
fied: an anelastic stage (i.e. from the initial state to the
transition state) where reversibility is maintained and a
plastic stage (i.e. from the transition state to the deformed
state) where irreversibility emerges. Since irreversibility
is intrinsic to plasticity, to probe the role of JG relax-
ation in the plasticity of MGs, a prompt idea is to exam-
ine the role of JG relaxation in the second deformation

stage, where the anelastic to the plastic transition of MGs
occurs.

As shown in Figure 1, if the deformed state were
considered as the initial undeformed state, the second
deformation stage is virtually an inverse of the first defor-
mation stage. Thus, the second deformation stage actu-
ally involves the anelastic deformation of MGs which is
being plastically deformed. This is exactly the scenario in
the creep stage of nanoindentation [20,21], which char-
acterizes the anelastic deformation behaviors of materi-
als being plastically deformed underneath the indenter.
Therefore, the deformation behavior in the creep stage
of nanoindentation should reveal the strain accommo-
dation character of MGs and would be directly affected
by JG relaxation. Hence, to probe the role of JG relax-
ation in the plasticity of MGs, the La MGs with distinct
JG relaxation features [22] as well as excellent glass form-
ing abilities [23] are selected for nanoindentation tests. In
order to tune the feature of JG relaxation, different tran-
sition metal elements (Ni, Co, Cu, NiCu) are selected to
alloy with the La-based MGs [23].

2. Materials andmethods

Alloy sheets of 1× 10× 50mm3 in size with nominal
composition La66Ni19Al15, La69Co17Al14, La66Cu20Al14,
La57.5Cu12.5Ni12.5Al17.5 (at.%) are prepared by copper
mold casting. The amorphous structure of the pre-
pared alloys are examined by X-ray Diffraction (Cu-
Kα Rigaku smartlab IV) and Differential Scanning
Calorimeter (Mettler Toledo STA3.0). Nanoindentation
tests are conducted on an Agilent G200 Nanoindenter
with a Berkovich diamond tip. Load control mode and a
group of loading rates Ṗ: 0.33, 1.32, 4, 13.2, and 70mN/s
are selected. The nanoindentation test is composed by
loading to a maximum load Pmax of 200mN at a con-
stant loading rate; maintaining the load for 10 s at Pmax;
unloading to 10% of Pmax at a rate of 10mN/s; holding
the load for 10 s to perform thermal drift calibration, and
unloading completely. To guarantee the reliability of the
results, each test is repeated seven times. A typical dwell
period of 10 s for the creep stage is selected for themateri-
als underneath the indenter to reach a steady mechanical
state [24].

3. Results and discussion

Figure 2 shows the spectroscopy of loss modulus in the
temperature and frequency domain for the 4 La-based
MGs. It can be seen that the loss modulus spectroscopies
of the 4 La-based MGs manifest distinct characteristics.
In Figure 2(a,b), two main peaks can be clearly identified
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Figure 2. The Johari–Goldstein (JG) relaxation of 4 La(TM)Al metallic glasses(MGs), TM = Ni, Co, Cu, CuNi: the loss modulus spectro-
scopies of the LaNiAl (a) and LaCoAl (b) MGs with pronounced JG relaxation, and of the LaCuAl (c) and LaCuNiAl (d) MGs without
pronounced JG relaxation.

for the LaNiAl and LaCoAl MGs. A peak in the high-
temperature region corresponds to the thermal glass
transition, i.e. the primary α relaxation. On the other
hand, a pronounced secondary peak at relatively lower
temperature corresponds to the JG relaxation. However,
in Figure 2(c,d), only the α relaxation peak could be
resolved for the LaCuAl and LaCuNiAl MGs. As for the
JG relaxation, merely an excess wing clinging to the α

relaxation peak can be found. These results confirm that
the preparedMGsdisplay different JG relaxation features,
as having been reported previously [22].

Figure 3(a–d) shows the typical load (P) vs. displace-
ment (h) curves of the 4 La-based MGs in nanoindenta-
tion under different loading rates. For clarity, the curves
are shifted along the transversal axis according to the
loading rate, i.e. from left to right: 70 mN/s to 0.33
mN/s. It can be seen in Figure 3(a,b) that, with increasing

loading rate, moderate serrations emerge and increase on
the P-h curves for the LaNiAl (Tg = 426K) and LaCoAl
(Tg = 433K) MGs [25], where Tg is the glass transition
temperature. On the other hand, in Figure 3(c,d), promi-
nent serrations can be found on the P–h curves of the
LaCuAl (Tg = 370K) and LaCuNiAl (Tg = 430K)MGs,
but decrease with increasing loading rate. For a better
view on the serrations, the P-h curves are subtracted by
their power law fit [21], as shown in Figure 3(e–h). Not-
ing Tg of the LaCuAl and LaCuNiAl MGs, the moderate
serrations for LaNiAl and LaCoAl MGs are clearly not
because of their lowTg . According to the stick-slipmodel
[26], the increasing serrations on the curves are attributed
to the retarded deformation accommodation process rel-
ative to the loading rate, i.e. the retarded anelastic to plas-
tic transition, and vice versa. This explanation has been
proved in model glasses [27], where the serrations arise
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Figure 3. The load–displacement curvesof the4 La(TM)Almetallic glasses (MGs), TM = Ni, Co, Cu, CuNi: (a) LaNiAl, (b) LaCoAl, (c) LaCuAl,
and (d) LaCuNiAl. The serrations of the four La (TM)Al MGs: (e) LaNiAl, (f ) LaCoAl, (g) LaCuAl, and (h) LaCuNiAl. Upon increased loading
rate, increasing serrations can be found for the LaNiAl and LaCoAl MGs, while decreasing serrations can be observed for the LaCuAl and
LaCuNiAl MGs.
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from the local avalanche of the atoms to abruptly accom-
modate plastic deformation. As illustrated in Figure 1,
the plastic deformation accommodation process in MGs
consists of consecutive JG relaxations. Therefore, the dif-
ferent serrations on the P-h curves of the 4 MGs should
probably originate from their different JG relaxation
characteristics. It is intriguing to note that, for all 4 La
MGs, at the loading rate 70mN/s, the serrations exhibit
an abrupt decrease. This is plausibly due to the super-
imposition of serrations under high loading rates [28],
where the following serration emerges before the preced-
ing serration fully develops, as suggested by the increased
width of the serrations. More works on the decrease of
serrations of MGs under high loading rates to illustrate
this phenomenon are worth conducting in future.

Figure 4(a–d) shows the creep displacement vs. time
curves of the 4 La-based MGs in the creep stage of
nanoindentation extracted from Figure 3. The solid
points are experimental results and the solid lines are
the numerical fits. It can be found that, with increasing
loading rate, the creep displacement increases for all the
4 MGs. To reveal the underlying deformation dynam-
ics, the creep displacement vs. time curves are fitted
with the Kohlrausch–Williams–Watts (KWW) equation
[29]: hc = h0(1 − exp(−(t/τr)β)), where hc is the time-
dependent creep displacement; h0 is the total creep dis-
placement, τr is the relaxation time which measures the
rate of the creep deformation, and β is the stretched
exponent representing the deviation of the creep behav-
ior from the exponential process. It can be seen that
all the experimental results exhibits good agreements
with the KWWfits, suggesting the applicability of KWW
equation to characterizing the deformation behaviors of
the 4 La-based MGs [21].

Figure 4(e,f) shows the stretched exponent β and the
relaxation time τr of the 4 La-based MGs. The lines are
eye guides. It can be seen in Figure 4(e) that the stretched
exponents for the 4MGs decrease similarly from ∼1.2 to
∼0.2 at increasing loading rate. This result is consistent
with previous observations made with different methods
[30]. Upon increasing loading rate, the decreasing of β

indicates a stretched-exponentially increasing behavior
of the creep displacement and suggests that the activa-
tion energies of the STZ of the 4 MGs follow a broader
distribution at higher loading rates [31]. The concor-
dant decreasing of β in Figure 4(e) suggests that the four
MGs exhibit similar heterogeneity in the thermally acti-
vated STZs nucleation dynamics. Intriguingly, as shown
in Figure 4(f), the relaxation times for the 4 LaMGs show
slightly different evolution phenomena with increasing
loading rate. For clarity, the relaxation times are shown
separately in Figure 4(g) for the LaNiAl and LaCoAl
MGs, and Figure 4(h) for the LaCuAl and LaCuNiAl

MGs. Two different tendencies can be observed: for the
Ni and Co alloyed La MGs, the relaxation time remains
above ∼10 s, indicating an almost unchanged deforma-
tion accommodation rate, i.e. increasing serrations under
increasing loading rate; however, for the Cu and CuNi
alloyed La MGs, the relaxation times decrease similarly
and monotonously from ∼30 to ∼3 s, manifesting an
increased deformation accommodation rate, i.e. decreas-
ing serrations under increasing loading rate. The obser-
vations in Figure 4 are consistent with the serrations
observed in Figure 3.

As proposed previously, the deformation of MGs in
the creep stage of nanoindentation actually stems from
the plastic deformation accommodation process where
the system explores the neighborhood energy minimum
via consecutive JG relaxations. The relaxation time τr for
the MGs is thus closely related to the JG-relaxation and
characterize the local and microscopic anelastic to plas-
tic transition rate. By probing τ r of the 4 La MGs, it is
concluded that the role of JG relaxation in the plastic-
ity of MGs involves modulating the plastic deformation
accommodation rate via the operations of STZs. This is
probably why consistent activation energy values were
identified for these two fundamentally correlated pro-
cesses, i.e. STZ and JG relaxation [12]. Why pronounced
JG relaxation would lead to a nearly constant relaxation
time is worth intensive investigations resorting to molec-
ular simulations in the future. The relaxation time would
be a helpful physical property to understanding the per-
plexing nature of JG relaxation in amorphous materials
[15–17].

To evaluate the effect of JG relaxation on the macro-
scopic plasticity of MGs, Figure 5 shows the typical
load-displacement curves of the 4 La MGs in quasi-
static compression and the corresponding fracture sur-
face morphologies. In Figure 5(a), it can be seen that all
the 4 La MGs exhibit macroscopic brittle fracture and
nearly none plastic deformation. Based on the typical
‘dimple’ features on the fracture surface in Figure 5(b), all
the 4 LaMG exhibits similar microscopic ductile fracture
behavior. It is noted that, in the enlarged images of the
fracture surface on the right side, the higher ratio of the
area of ‘smooth’ regions vs. the area of ‘dimpled’ regions
on the fracture surface of the LaNiAl and LaCoAl MGs
is due to the limited area of the region on the fracture
surface selected to take the image. As a whole, rather sim-
ilar ratios of the area of ‘smooth’ regions vs. the area of
‘dimpled’ regions of the four La MGs can be observed on
the entire fracture surface shown in the lowmagnification
images on the left side. Nevertheless, since the ‘smooth’
region and the ‘dimpled’ region should probably relate to
the tension transformation zone (TTZ) [32] and the STZ
respectively, detailed correlations between JG relaxation
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Figure 4. Creep displacement vs. time curves of the 4 La(TM)Al metallic glasses (MGs), TM = Ni, Co, Cu, CuNi, in the creep stage of
nanoindentation with the maximum load reached at different loading rates: (a) LaNiAl, (b) LaCoAl, (c) LaCuAl, and (d) LaCuNiAl. Solid
lines are the Kohlrausch–Williams–Watts (KWW) equation fits. Stretched exponent β (e) and relaxation time (f ) of the La(TM)Al MGs
derived from the KWW equation fits. The relaxation time of Ni and Co alloyed MGs (g) nearly remains a constant, while the relaxation
time of the Cu and CuNi alloyed MGs (h) display a clear decrease, under increasing loading rate.



MATER. RES. LETT. 389

Figure 5. Typical compression curves of the 4 La(TM)Al metallic glasses (MGs), TM = Ni, Co, Cu, CuNi, (a) and the typical fractography
(b), from top to bottom: TM = Ni, Co, Cu, CuNi.
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and the fracture of MGs are to be explored in our future
works. These results suggest that the pronounced JG-
relaxation might affect the deformation accommodation
mechanisms of MGs as well, yet is not the unique factor
that determines the macroscopic plasticity of MGs [11].
For example, the effect of loading rate is probably criti-
cal [1]. Therefore, more issues involved in the ductility of
MGs are to be determined in the future.

4. Conclusions

In summary, the deformation behaviors of La(TM)Al
(TM = Ni, Cu, Co, NiCu) MGs with different JG relax-
ation characteristics are characterized by nanoindenta-
tion.With pronounced JG relaxation, the LaMGs exhibit
increasing serrations with increasing loading rate in the
loading stage, and exhibit an almost constant relaxation
time in the creep stage regardless of the loading rate
at which the maximum load is reached. While without
pronounced JG relaxation, the La MGs exhibit decreas-
ing serrations with increasing loading rate in the loading
stage and exhibit a decreasing relaxation time in the creep
stage when the maximum load is reached at increasing
loading rate. These results indicate that JG relaxation
modulates the deformation accommodation rate in the
plasticity of MGs and underpins the fundamental rela-
tionship between JG relaxation and STZ.
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