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The statistical and dynamic behaviors of the displacement-load curves of a high-entropy alloy, Aly. 5 CoCr-
CuFeNi, were analyzed for the nanoindentation performed at two temperatures. Critical behavior of serra-
tions at room temperature and chaotic flows at 200 C were detected. These results are attributed to the in-
teraction among a large number of slip bands. For the nanoindentation at room temperature, recurrent
partial events between slip bands introduce a hierarchy of length scales, leading to a critical state. For the

nanoindentation at 200 °C, there is no spatial interference between two slip bands, which is corresponding

to the evolution of separated trajectory of chaotic behavior.

1. Introduction

Serrated flow, associated with cyclic softening
and hardening of materials, during plastic deforma-
tion, has been studied extensively since the discov-
ery of the Portevin-Le Chatelier (PLC) effect'!!. Tt
is one of the few prominent examples of the com-
plexity of the spatiotemporal dynamics arising from
the collective behavior of defect populations'®. The
discontinuous serrated flow indicates that the mate-
rial responds in a jerky way with stress drops, re-
flecting sudden-local softening in the material. Un-
derstanding the intriguing spatio-temporal instability
and its influence on the mechanical properties of va-
rious materials has drawn great attentions, the results
on nanometer-sized single crystals’®*' | microcrys-
tals[5’7] [8-12]

As a new class of materials, high-entropy alloys
(HEAs) found in 1990's have been continuously
studied" " **!, For slow compression or tension at certain

and bulk metallic glasses can be found.

temperatures and (small) strain rates, HEAs deform

L.P. Yu and S.Y. Chen are joint first authors.

% Corresponding author. Prof., Ph.D.

E-mail address : renjl@zzu.edu.cn (J.L. Ren).
* % Corresponding author. Prof., Ph.D.

E-mail address : pliaw@utk.edu (P. K. Liaw).

via sudden slips that are associated with the stress drops
in stress-strain curves' 7?2, Zhang et al. ') pointed out
that the serrations of HEAs during the compression
tests at the strain rate of 10 ° s~ ! seem to be greater
than those at the strain rate of 10 s '. Carroll et al. [?*]
found that at a strain rate of 107" s™!, the serrated
stress-strain curves of the CoCrFeMnNi HEA move
from type-A to B to C PLC-band with increasing
temperature from 200 to 620 ‘C. Recently, Chen et
al. 1% first investigated the serration behavior of a
high-entropy alloy Al ; CoCrCuFeNi in nanoindent-
ation test at holding time of 5, 10, and 20 s (when
the load reaches the maximum value of 100 mN,
then maintained at 100 mN for different time of 5,
10, and 20 s). They divided serrated flow into three
stages: loading stage, holding stage and unloading
stage; then they found the displacement sequence at
holding stage manifests a chaotic behavior. Naturally,
a new question arises: whether the dynamic behav-
ior at loading stage is also chaotic or not and what is
the underlying mechanism of the serrated flow at

Received 8 December 2016; Received in revised form 20 February 2017; Accepted 21 February 2017

Available online 15 April 2017

1006-706X/Copyright©2017, The editorial office of Journal of Iron and Steel Research, International. Published by Elsevier Limited. All rights reserved.



L. P. Yu et al./Journal of Iron and Steel Research , International 24 (2017) 390 — 396

loading stage. Motivated by these, here nanoindent-
ation was used to study the displacement burst at
loading stage of the Al, ; CoCrCuFeNi HEA at room
temperatures and 200 °C.
and statistical analysis are conducted for plastic dy-
namics at two temperatures.

The dynamical analysis

2. Experimental
The Aly ; CoCrCuFeNi (molar ratio) HEA in the

shape of cylindrical rod was fabricated by arc-melt-
ing the mixed principal elements with high purity
(purity exceeding 99. 9 wt. %) in a water-cooled copper
mold. Repeated melting for at least five times was
carried out to improve the homogeneity of the mate-
rial. The molten alloy was drop-cast into copper
molds with 2 mm in diameter. Disks cut from the
as-cast Aly ; CoCrCuFeNi HEA rods were mechani-
cally ground and polished to obtain two parallel sur-
faces of a mirror quality to avoid surface effects.
The nanoindentation tests were carried out using
a Nano Test Vantage (Micro Materials). A diamond
Berkevich indenter with a nominal tip radius of about
50 nm was used. The machine compliance was cali-
brated to be 0. 30 nm/mN. The nanoindentation test
was performed under the mode of load control with
the peak load of 100 mN. Both the loading rate and
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unloading rate were 10. 00 mN/s. Indentation tests
were performed at two temperatures (room temper-
ature and 200 C). For each indentation condition, at
least 3 indents were performed. The indentation
depth and indentation load were used to analyze the
near-surface mechanical behavior of the Al, ; CoCr-

CuFeNi HEA.
3. Results and Discussion

Fig. 1(a) shows typical indentation load-displace-
ment (o-h ) curves at different temperatures. The
load-displacement curves seem to be regular in the
loading stage, and there are no obvious shear steps.
The amplification of the curves in the loading stages
reveals the presence of the displacement-drop events,
as shown in Fig. 1(b). It needs to eliminate the in-
fluence from the indentation depth increase in order
to analyze these events'®'. A polynomial function
(y=A-+B,x+B,x") was used to establish a base-
line by fitting the indentation displacement-load
curves in the loading stage. Using the baseline, the
variation of the normalized serration with the inden-
tation load is inserted in Fig. 1(b).

The serrated flow presented in the indentations at
room temperature and 200 °C can then be deter-
mined, as shown in Fig. 2(a). Introducing a variable

1000 - (b) AlysCoCrCuFeNi
— Room temperature
800 = Polynomial fit
g 600 |-
=
<)
£ 400t
3
2 200}
& Valley
40 50 60
0+ Load/mN
1 1 1 1 1 L
0 20 40 60 80 100
Load/mN

Fig. 1.  Load-displacement curves during nanoindentation at room temperature and 200 “C of high-entropy alloy Al, ; CoCrCu-
FeNi (a) and polynomial function fitting curve of displacement-load (the inset shows the serration events) (b).
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Fig. 2.
distribution as a function of depth at two temperatures (b).

Serration events on high-entropy alloy Al ; CoCrCuFeNi at

room temperature and 200 °C (a) and displacement burst size
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of Ah (the difference of the displacement between
the maximum and previous minimum value was
taken as displacement drop by Ah ), one can gener-
ate the normalization, S=Ah/h of the Ah value by
the depth, h, which is carried out to eliminate the
statistical error'®’'. The variation of the displacement
burst size with the indentation depth at room tem-
perature and 200 °C is depicted in Fig. 2(b). The size
distribution of the displacement bursts for the nanoin-
dentation at room temperature seems to have a floating
behavior with increasing indentation depth, while the
size distribution of the displacement burst at 200 °C
does not possess this obvious characteristic.
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Load-time curves and depth-time curves during
nanoindentation at room temperature and 200 °C of
the high-entropy alloy Al ; CoCrCuFeNi are shown
in Fig. 3. A linear relationship in load-time curve
whether it is in loading procedure or unloading pro-
cedure can be found. In Fig.3(b,d), ¢, represents
accumulation time and ¢, represents relaxation time.
Average values of ¢, and ¢, in serrated flow at room
temperature and 200 °C are listed in Table 1. It is ob-
tained that compared with 200 °C, average values of
t; and t, at room temperature decrease. Further from
Table 1, ¢,<<t, means that energy releasing exists in
the deformation, and the release process is relatively
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Fig. 3.
entropy alloy Aly s CoCrCuFeNi.

Table 1
Dynamic parameters for nanoindentation at room temperature

(RT) and 200 °C

Temperature t1/s te/s T m Al
RT 0.0866 0.1598 3 8 —0.0123
200 °C 0.0941 0.2192 9 6 0.0123

Note: r—Time delay; m —Embedding dimension; A, —Largest
Lyapunov exponent.

slow at some time in serration events.

To reveal the information in the serration re-
sponse of the Al ; CoCrCuFeNi HEA at two tem-
peratures, a dynamic analysis of the displacement
sequence, {h(l),l=1,2,--,N}, was performed.
As described by Strogatz'®', an unknown chaotic,

Load-time curve (a, c) and depth-time curve (b, d) during nanoindentation at room temperature and 200 °C of high-

dynamical system has equivalent geometrical charac-
teristics with the model in the reconstructed m-di-
mensional phase space. Thus, an original, chaotic
dynamics can be studied through the reconstruction
of the phase space. The reconstruction of a phase
space for the displacement sequence of {h({),l=1,
2,-,N1| can be performed as follows. Given a time
series, {h(l),l=1,2,---,N}, the mutual informa-
tion method™ was used to obtain a time-delay re-
construction of a phase space. The Cao-method"*"
was employed for the computation of the embedding
dimension. After selecting r, and m, the time series,
an m-dimensional vector of Y (¢, )= {h (¢;),h (t; +7),
o h(t,+H(m—1)7), t;=1,-,[N—(m—1)c]} was

constructed from the sequence, {h(l),l=1,2, -,
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N}. The Eckmann’s algorithm!®® was used to find
the largest Lyapunov exponent with the selected de-
lay and embedding dimension. Firstly, one takes an
initial point, Y (z,) and its nearest neighbor point,
Y, (#,) (according to the Euclidian module in the re-
constructed phase space), and denotes L, =Y (¢,)—
Y, (z,). After an iteration time, the points, Y (z,)
and Y, (z,), transform into Y(z,) and Y, (¢,) with
L,=Y(t,)—Y,(t,). According to the least-squares
method, there is a matrix, T,, which maps the evo-
lution from L, to L, , i.e. , L,= T,L,. Repeating the
above steps fromY(¢,) toY(¢,+,), a series of T, (i =
1,2,---,p) can be obtained. Using the standard QR
decomposition (Q is an orthogonal matrix, and R is
an upper triangle matrix with positive diagonal ele-
ments) for the matrix, T;, where T, =Q.R,, the
Lyapunov exponents are calculated as A, =1/(z, —

tl)iln(Rj)M , k=1,2,--,m (¢, and ¢, are initial
=1

and final time, respectively).

Note that the Lyapunov exponent of the dynamic
system is associated with the corresponding dynamic
behavior. For the largest LLyapunov exponent being
negative, the two adjacent orbits in the dynamical
system will be convergent to a stable state. For the
largest Lyapunov exponent being positive, these two
orbits will be separated finally, which corresponds
to a chaotic behavior. The largest Lyapunov expo-
nents for the displacement sequence, observed dur-
ing the indentation at two temperatures, are listed
in Table 1. The largest Lyapunov exponents vary
from a negative value at room temperature to a posi-
tive value at 200 °C,

Using the method proposed by Grassberger and
99 " named the G-P algorithm, one can cal-
culate the correlation dimension associated with the

Procaccia

correlations among points of time series on the cha-
otic attractor. A positive Lyapunov exponent and a
finite correlation dimension are two criteria for de-

termining chaos. The greater the value of positive
Lyapunov exponent, the faster the speed of adjacent
orbits divergence. The greater the value of correla-
tion dimension, the more meticulous the structure
of attractor. Further these two methods are more ef-
fective for dense time sequences. Next the correla-
tion dimension is calculated to further verify the
chaotic behavior.

Given a signal, {h(l),l=1,2,---,N}, of points
obtained from the displacement sequence, with h; =
h(t+i6), where ¢ is a fixed time increment, one can
use the standard technique of delay coordinate embed-
ding""’
priate choice of the delay time!
al phase space'*?!. Due to the divergence of trajecto-
ries, most pairs, (h,;, h;), with i 7Zj will be dy-
namically uncorrelated, while the points lying on the
attractor will be spatially correlated. The definition
of the correlation integral is C(r)=1/N i]@(x)(r*

)=

|h; —h;|), where @ (x) is the Heaviside function
(Heaviside(x ) returns the value, 0 for x<C0, 1 for
x>0, and 1/2 for x =0), r is the radius of the
Heaviside function, and N is the number of points.

to reconstruct a state space, with an appro-

I'and a d-dimension-

For a self-similar chaotic attractor, there is the fol-
lowing relation: C () ~r” in the limit of small r,
where v is the correlation dimension. For a low-di-
mensional dynamical system, the slope in the plot of
InC (7) versus Inr increases with the embedding di-
mension, d, until it reaches a plateau; its value at
the plateau is, then, taken as the estimate of the
39431 " That is to say, as d is
increased, the slope in the plot of InC(r) versus Inr
has a convergence for chaotic behavior!*!!,

Fig. 4 depicts the plots of InC () versus Inr for the
nanoindentation at 200 ‘C and room temperature with
the embedding dimension of d =6 —9 and d =6 —

10, respectively. It is evident that the slopes are

correlation dimension

converged with decreasing r at 200 °C (Fig. 4(a)), and
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Log-log plot of correlation integral as a function of r of displacement-load for high-entropy alloy Aly ; CoCrCuFeNi at

200 °C for d =6—9 with the delay of 9 (a) and room temperature for d =6—10 with the delay of 3 (b).
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there is no convergence of the slopes with decreasing
r at room temperature (Fig.4(b)). One can calcu-
late the converged value of the slopes of InC (r) of
the displacement signal: the correlation dimension,
v=1. 24. Thus, it also allows one to conclude the
existence of chaotic behavior for the displacement
sequence at 200 °Cl-2241]

The self-similarity of chaotic attractor can be con-
firmed by correlation dimension. A large correlation
dimension suggests the concurrent nucleation of a
large number of slip bands throughout the material.
The higher density of slip bands in turn can induce a
hierarchical structure of slip bands'™!'. Then, the
slip bands have a self-similar structure due to the in-
teractions among the hierarchies of slip bands at dif-
ferent positions and in different directions.

Senkov et al. ! showed that dislocation motion is
highly sensitive to temperature, and the critical re-
solved shear stress for dislocation gliding decreases
rapidly with increasing temperature. It indicates that
an elevated temperature allows atoms to have more
chance to successfully lock dislocations, and then,
have enough time to relax elastic energy, which in-
dicates a lack of internal energy for the formation of
new slip bands. In addition, the relaxation time is
relatively large at 200 °C (Table 1). There is no spa-
tial interference between two slip bands, which will

L. P. Yu et al./Journal of Iron and Steel Research , International 24 (2017) 390 — 396

be separated under the time evolution. The evolution
of the separated trajectory is corresponding to the
chaotic behavior.

For the nanoindentation at room temperature, the
non-convergence of InC () and negative largest Lya-
punov exponent suggest no evidence of chaotic dy-
namic. To further explore the dynamical behavior of
the nanoindentation of the Al, ; CoCrCuFeNi HEA,
a statistical analysis of displacement-load curves at
two temperatures is carried out. The load interval
between a displacement minimum and the subse-
quent maximum values was used to represent the
duration of the load drop, which is denoted by As.
The distribution, D (Ah ), of Ah was investigated
for the indentations at room temperature and 200 C.
Similarly, the distribution, D(As), of the correspond-
ing As was also studied. Figs. 5 and 6 show the plots of
D(Ah) and D(As) at room temperature and 200 C,
respectively. There is a peaked distribution of D(As) in
Fig. 6(b), which indicates no existence of a power-
law distribution. It is evident that the distributions
of D(Ah) and D(Acs) at room temperature have the
form of D(Ah)~Ah? with §=1.68 and D (As) ~
Ac ¢ with « = 1. 50. Furthermore, it is found that
the conditional average of <<Ah >~As " with x =
0. 74 (Fig. 5(c)). Thus, the scaling relation of a =x (f—
1)4+1"7 is satisfied, which characterizes a critical be-
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havior and an order state. This result is interpreted
that the dislocation motion is accompanied with the
increase of the mutual interference of slip bands at
room temperature, which results in criticality and
plastic deformation.

4. Summary

A plastic dynamic behavior for the nanoindenta-
tion of the Al, ; CoCrCuFeNi HEA is observed from
the statistical and dynamical analyses. The chaotic
behavior characterized by a positive LLyapunov expo-
nent for the displacement series, {A(l),[=1,2, -,
N1}, occurs at 200 °C. The criticality, characterized
by the intermittent power-law distribution of the dis-
placement drops, is observed at room temperature. The
relaxation time decreases with decreasing tempera-
ture. Thus, for the nanoindentation at room tempera-
ture, there is no enough time to release elastic ener-
gy, and there is the formation of new slip bands ad-
jacent to existent bands in the region with the unre-
leased elastic energy. The overlaps of recurrent slip
bands forming result in a hierarchy, leading to the
critical state of the displacement-load series and
plastic deformation. For the nanoindentation at ele-
vated temperatures, there is enough time to release
elastic energy, and these orbits will be separated fi-
nally, which is corresponding to chaotic behavior.
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