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Multi-component Co-alloys are a class of promising metallic materials for high-temperature applications.
The present work primarily focuses on the plastic deformation mechanisms of a CoCrFeNiW-C alloy at
650 °C, with emphases on dislocation slip intermittency and plastic flow features. To this end, by inte-
grating in situ scanning electron microscopy-based tests, statistical analyses, and theoretical calculations,

several mechanistic insights are revealed. In this material, the plastic flow is featured by evident ser-

Keywords:

Chaotic dynamics

Slip intermittency
Thermal activation
Superalloys

ration events with a self-organized critical dynamic feature, where mixed Type A and B serrations op-
erate at a moderate deformation level, followed by the onset of a higher magnitude Type B serration.
As temperature increases up to 700 and 750 °C, although more evident Type C serration occurs, the
self-organized criticality along with the spatial-temporal power-law scaling relation remains nearly unaf-
fected. Microstructural relevance of the serration mechanisms and the deformation substructural charac-

teristics are also explored in greater depth.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The growing demands in seeking structural materials that can
endure higher temperatures and more aggressive service environ-
ments have led to a robust momentum in advancing metallic alloy
design [1-3]. Beyond Ni-based superalloys, ordered y-TiAl alloys,
and the emerging concentrated refractory alloys, multi-component
Co alloys are also considered as promising materials for extreme
environments. Co, with its high melting temperature, the capability
to form solid solution microstructures with a variety of transition
elements (e.g. Cr, Fe, Ni, and Mo) [4,5], and the potential to develop
beneficial precipitates (e.g. the Co3(Al, W) L1, phase [6-8]) enables
an immense alloy design space. Recent literature [9,10] also reflects
the trend of introducing transition metal carbides and/or nitrides
to enhance the softening resistance of these alloys.

From a mechanics standpoint, load-bearing performance and
the underlying plastic deformation micro-mechanisms of multi-
component Co-alloys also reveal great complexity and have drawn
significant attention. Because of the relatively low intrinsic stack-
ing fault energy (yispg), operative plastic deformation modes in Co-
alloys reveal some similarities with other face-centered cubic (FCC)
structured ferrous alloys at room temperature. Depending on the
magnitude of y;spg, perfect dislocation slip [11], mechanical twin-
ning [12], strain-induced martensitic transformation [13], and most
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recently, mechanical faulting [14] have all been documented in Co-
alloys, and consequently, leading to various strength-ductility com-
binations. On the other hand, elevated temperature effects have
been explored in the literature in two directions, focusing on: (1)
the time-dependent plastic flow response under stress (i.e. creep)
[6]; and (2) the temperature-dependent yield strength preserva-
tion [10,15]. The present research is motivated instead to explore
the quasi-static elevated temperature plastic flow characteristics
in these materials, as well as the underlying deformation micro-
mechanisms that lead to them.

Phenomenologically, one of the most challenging complexities
of plastic deformation at elevated temperatures lies in the presence
of serrated flow, a type of plastic response featured by consecu-
tive discernable stress drops (or strain jumps) in the stress-strain
curves [16]. The historical viewpoint of this phenomenon can be
traced back to Cottrell and Bilby [17] who conceived that mobi-
lized carbon interstitial clouds were responsible for the serrated
yielding behavior in iron. The investigation of the microstructural
origins for serration is common in light metals (i.e. Al- or Mg-
alloys) and steels, but less so in Co- or Ni-based high-temperature
alloys. In the few records that have reported detailed mechanistic
investigations [18-22], the following characteristics are generally
recognized for Co- and Ni-based alloys: (1) under a quasi-static
(strain rate & = 1073 s~1) uniaxial tensile loading condition, ser-
rated plastic flow takes place roughly in the temperature range of
400-700 °C; (2) keeping the same quasi-static strain rate, the el-
evation of testing temperature leads to a transition of dominant
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serration mode from Type A to Type B and eventually Type C (a
more detailed discussion of these serration modes is provided in
Section 3.2); and (3) the presence of the ordered L1, phase has
been hypothesized to act as a sink for interstitial solute while en-
abling a strong pinning effect for mobile dislocations. Besides the
complex microstructural mechanisms for serrated plastic flow, the
noise-like features of these small avalanche incidents have also led
to growing interest in theoretical modeling and simulation. Typi-
cally, two topics are of central interest for assessment: first, what
are the statistical attributes of the serration magnitude (i.e. stress
drops or strain jumps) and its duration? Second, are the serration
magnitude and duration inter-correlated? In response to these, dis-
crete dislocation dynamics models [23,24], finite element methods
[25,26], and phase-field crystal models [27] have been so far devel-
oped to uncover the statistical regularity embedded in the seem-
ingly chaotic serration incidents.

From a microstructural standpoint, resolving plastic deforma-
tion mechanisms and their correlation with damage modes at
elevated temperatures can be challenging. Post-mortem charac-
terization, for example, may not always reveal the full nature
of microstructural evolution, plasticity, and damage micro-events
prior to fracture [28,29]. Even in alloys with a single FCC phase
constituent, depending on the local plasticity micro-mechanisms,
the plastic strain distribution can be significantly heterogeneous
[30,31], causing complex damage mechanisms. Recent advance-
ments in scanning electron microscopy (SEM)-based in situ high-
temperature techniques [32]| provide opportunities to address
these challenges in correlating plasticity and damage mechanisms.
With a millimeter level field of view and a nanometer scale of spa-
tial resolution, this kind of technique has demonstrated great po-
tential in achieving synchronous characterization of plastic defor-
mation micro-mechanisms and microstructural evolution [29,33]. A
recent report [34] also reveals the capability of in situ SEM-based
testing methods to couple with theoretical calculation and crystal
plasticity simulation in elucidating the grain boundary properties
of Ni-based superalloys.

In this report, we systematically study the plastic deformation
mechanisms of a CoCrFeNiW-C alloy at 650 °C via integrated in situ
characterization, statistical analyses, and theoretical calculations. It
is recognized that, in comparison to the smooth stress-strain re-
sponse at ambient temperature, the CoCrFeNiW-C alloy exhibits
an evident serrated plastic flow at 650 °C under uniaxial tensile
loading with a strain rate of 10-3 s~!. By statistically assessing
the serration magnitude and duration, we show that the serration
response of this alloy develops a self-organized critical dynamic
feature, in which the power-law scaling relation is confirmed for
serration magnitude, serration duration, as well as the magnitude-
duration correlation. Coupled mechanical measurements and fine-
scale electron microscopy study show that the higher magnitude
Type B serration is largely related to L1,-type short range ordered
domains. When keeping the same 10-3 s-! strain rate but in-
creasing the testing temperatures up to 700 and 750 °C, although
Type C serration becomes more predominant, the underlying self-
organized criticality and the power-law scaling properties are still
preserved.

2. Material and methods

2.1. Microstructural characterization and mechanical testing at
ambient temperature

The alloy employed in the present study is a fully-
recrystallized multi-component Co-based alloy with a nom-
inal  composition = Co-22.6Cr-1.8Fe-22.9Ni-14.5W-0.11C  wt%
(Co40.61Cr2731Fe2,03Ning 55 W496Co58, at%s), supplied by Allegheny
Technologies Incorporated (ATI), Natrona Heights, PA, U.S.A. (non-
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commercial grade). Microstructural analyses of this alloy, including
secondary and backscattered electron imaging (SE and BSE), elec-
tron backscatter diffraction (EBSD), and energy dispersive X-ray
spectroscopy (EDS), electron channeling contrast imaging (ECCI)
were all carried out in a TESCAN MIRA 3 SEM. The raw Kikuchi
diffractograms in EBSD measurement were post-processed in an
Orientation Imaging Microscopy (OIM) software (Version 8.0) and
an open-access MTEX Toolbox to acquire quantitative information
for crystallographic computations. To quantitatively assess the
deformation substructure, a home-built open-access STrCryst
software [35] was employed to aid the ECCI characterization.
Crystallographic orientation information (i.e. the Euler angles)
obtained from the EBSD measurement was utilized to identify
the activated slip system and to calculate the Schmid factor.
Considering the FCC symmetry of the present alloy, our theoretical
calculations have presumed a stringent validity of the Schmid’s
law (i.e. negligible non-glide stress effect), specifically: (1) only
the {111}(110) slip system can be activated; and (2) the identified
slip trace signifies the slip direction with the highest Schmid
factor among all three possible variants. All of the microstructural
specimens were prepared following the standard metallographic
routes: mechanical grinding on a series of SiC abrasive papers
(400-800 grit), polished with diamond suspension (particle sizes:
9, 3, and 1 um), and finally polished using ~40 nm colloidal SiO,
for ~30 min.

Phase constitution was investigated with high-energy syn-
chrotron X-ray diffractometry (SXRD) at Beamline 11ID-C, Argonne
National Laboratory, Chicago, U.S.A. Two-dimensional diffrac-
tograms were collected under a high-energy X-ray beam with
0.1173 A wavelength, 0.5 mm beam size, and 10 s exposure time at
a working distance of 1517.86 mm (calibrated by the NIST-standard
CeO, powder). To unambiguously assess the diffraction informa-
tion, the two-dimensional diffractograms were subjected to 5.0°
azimuthal integration (87.5-92.5°) along the loading direction (par-
allel to the rolling direction, RD), and Rietveld refined in a GSAS-II
open-access software [36] down to Rwp < 8.0 %. Note that for the
specimen fractured at elevated temperature, SXRD patterns were
taken right at the fracture end, at which the local plastic strain
level is presumably the highest. High-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM) im-
ages were acquired with a Thermo Fisher Scientific Themis Z probe
aberration-corrected STEM. A Revolving STEM (RevSTEM) method
[37] was utilized for drift correction during imaging. In order to
avoid any potential artifact caused by electro-chemical thinning
in a multiphase alloy, the TEM specimens were first mechanically
ground down to ~20 um thickness under acetone lubrication, then
subjected to ion-milling to achieve final perforation. For mechani-
cal property assessment at room-temperature (25 °C), rectangular
dog bone-shaped specimens with 6.5 mm x 2.5 mm x 1.0 mm
gauge dimension for the uniaxial tensile test were sectioned by
electrical discharge machining (EDM). Surfaces of these speci-
mens were speckle-patterned for digital image correlation analysis.
When being tested on a Diben Gatan micro-mechanical testing in-
strument (quasi-static condition, strain rate ¢ = 1073 s=1), optical
images were taken every 1 s and were analyzed in a commercial
GOM Correlate software to compute plastic strain. At least three
specimens were tested to ensure repeatability of the results.

2.2. In situ mechanical testing at elevated temperature

Plastic deformation mechanisms of the present alloy were pri-
marily investigated in an in situ manner at an elevated temperature
of 650 °C. Fig. 1 details the in situ high-temperature deforma-
tion setup. A Kammrath & Weiss tensile testing stage equipped
with a contact heating module was installed in the chamber
of the TESCAN MIRA 3 SEM (Fig. 1(a)). A high-temperature BSE
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Fig. 1. In situ experimental setup: (a) SEM chamber view; (b) low-magnification SE-micrograph top view of the testing stage; (c) simulation results of the equilibrium
temperature distribution; (d) one-dimensional temperature profile acquired at the central line of the specimen. Inset in (d) shows the temperature difference between

bottom and top surfaces.

detector was adopted to acquire microstructural imaging during
plastic deformation (working distance ~35 mm). For reliable
micro-mechanical deformation study at elevated temperatures,
specimen design and assessment of temperature distribution are
important. Examining the configuration of the setup (Fig. 1(b))
together with the heat transfer boundary conditions, we have
carried out a finite element simulation of the temperature field, of
which the computational details are summarized in Appendix A.
The final-optimized tensile specimen exhibits gauge dimensions of
5.0 mm x 1.0 mm x 1.0 mm, and its more detailed dimensions are
provided in Supplementary Fig. S1. Fig. 1(c) presents the simulated
equilibrium temperature distribution at a heating unit (considered
as a heat reservoir, see Appendix A) temperature of 650 °C. The
one-dimensional profile (Fig. 1(d)) taken at the central line along
the x-direction confirms the uniform temperature distribution
across the gauge section. The inset of Fig. 1(d) validates that the
temperature difference between the top and the bottom surfaces
is less than ~6 °C through the 1 mm thickness. Unless pronounced
necking takes place, which may cause significant contraction in
the z-direction, the current sample geometry design ensures a
reasonably homogenous temperature distribution during the in
situ experiment.

The present high-temperature deformation study was also car-
ried out under a quasi-static loading condition (strain rate & =
103 s=1). In both monotonic (i.e. specimen directly deformed to
failure) and interrupted (i.e. deformation with imaging intervals)
in situ tests, the specimen was first heated up to the targeted
temperature with 50 °C/min heating speed, then equilibrated for
10 min before loading. To quantify the dynamic stress features dur-
ing high-temperature deformation, datum points were acquired ev-
ery 0.015 s. Because the stress measurement precision of the cur-
rent equipment is ~0.1 MPa, to rigorously ensure the validity of

the serration analyses, we have chosen 0.5 MPa as a threshold to
distinguish serration and random noise. It should also be noted
that due to the absence of an extensometer in these elevated tem-
perature measurements, the engineering strain value was derived
using the machine’s displacement gauge. Thus the elongation data
in the present study cannot be utilized to accurately interpret the
loading-bearing performance of the alloy.

3. Results
3.1. Undeformed microstructure

The undeformed CoCrFeNiW-C alloy exhibits a near-equiaxed
grain morphology (averaged grain size ~20.61 um, excluding X3
twin boundaries, see Supplementary Fig. S2) with an FCC phase as
matrix with embedded M,3Cg-type carbide phase (Fig. 2(a), (c1)
and (c2)). Fig. 2(b) reveals the {001}, {011}, and {111} pole fig-
ures of the matrix FCC phase, in which a weak fiber texture can be
seen from the {011} pole figure. Lattice constant of the FCC phase

is determined as a = 3.586 ;\ through Rietveld refinement of the
SXRD patterns. An EDS line profile taken along the M,3Cg phase
suggests a prominent enrichment in W but depletion in Co, Cr,
and Ni. The My3Cg phase in the present alloy has a spatially uni-
form distribution with no preferential presence along grain or twin
boundaries.

3.2. Stress-strain response and serration behavior

Fig. 3(a) compares the uniaxial tensile response for the inves-
tigated CoCrFeNiW-C alloy at ambient and elevated temperatures.
At 25 °C, this alloy yields at ~427.2 MPa, followed by a pro-
nounced strain hardening, reaching an ultimate tensile strength
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Fig. 2. Microstructure of the CoCrFeNiW-C alloy at the undeformed state: (a) lower-magnification phase map showing the grain morphology; (b) {001}, {011}, and {111}
pole figures; (c1) higher-magnification loading direction (LD) inverse pole figure showing the carbide phase; (c2) the corresponding phase map; (d1) and (d2) EDS analysis
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Fig. 3. Uniaxial tensile responses at ambient at elevated temperatures: (a) engineering stress-strain curves.; (b) strain hardening rate curve for high-temperature tensile
response. Inset of (a) shows the temperature evolution during testing. Because of the absence of extensometer during the high-temperature measurement, the elastic portion
of the blue curve in (a) may not be fully accurate. For the same reason, the elongation results can not be utilized to evaluate the loading-bearing performance of this alloy.
Inset of (b) reveals the fast Fourier filtered true stress-strain curve. Abbreviation in the figure: room temperature (RT).

of ~958.1 MPa and a fracture elongation of 0.64. The measured
stress-strain curve appears rather smooth, in which no evident ser-
ration or noise-like features are observed. However, the uniaxial
tensile response demonstrates more complexities at an elevated
temperature of 650 °C (inset of Fig. 3(a) which confirms the tem-
perature stability during the test). First, an apparent softening phe-
nomenon occurs, leading to decreased yield strength (~294.6 MPa,
31.0% decrease) and ultimate tensile strength (~867.1 MPa, 9.5 %
decrease), although maintaining a fracture elongation of 0.62. More
intriguingly, the 650 °C stress-strain response exhibits serrated fea-
tures in two representative enlarged portions of the stress-strain

curves at different plastic strain levels (Fig. 5(b1) and (b2)). De-
tailed analyses of the serration properties, their latent dynamic
features, and microstructural relevance of the serration mode are
provided in the latter part of this section and Section 4.1. Here, we
firstly employed a fast Fourier filtering algorithm (inset of Fig. 3(b))
to determine the nominal strain-hardening response at 650 °C.
Aside from some small irregularities at a true strain level of ~0.35,
which later proved to be related with the onset of Type B ser-
ration with much higher stress-drop magnitude (Fig. 5(b2) and
Section 4.1), the alloy exhibits a typical monotonically decreasing
strain hardening rate.
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Fig. 4. Phase constitution before and after testing: (a) and (b) two-dimensional SXRD patterns acquired at the undeformed state and after high-temperature testing; (c1)

and (c2) integrated one-dimensional diffraction profiles.

As has been reviewed in the literature [16], serrated plastic
flow or similar small avalanche incidents during plastic defor-
mation can either be mediated by dislocation plasticity or by
displacive phase transformations. To rule out this ambiguity in
the discussion onwards, SXRD patterns of the CoCrFeNiW-C alloy
were acquired at the undeformed state and after 650 °C tensile
test. The two-dimensional diffractograms and the azimuthally
integrated profiles (5° sectors along loading and transverse di-
rections) are shown in Fig. 4. Comparison between Fig 4.(c1)
and (c2) indicates that the major phase constitution of this alloy
maintains unchanged after testing at high temperature, namely,
the matrix FCC phase along with the M,3Cg carbide phase. It
is recognized that although the apparent lattice constant of the
matrix FCC phase exhibits a ~0.31% expansion along the loading

direction (a'® =3.594 A ) and a ~0.42% contraction along the

transverse direction (a'™® = 3.584 /O\) due to the Poisson’s effect,
the widely documented plastic strain-induced hexagonal phase in
Co-based alloys [14] is absent in the present alloy. The stability of
the FCC phase at the deformation temperature narrows down the
discussion of the serration mechanisms to dislocation plasticity.
EDS analysis also confirms that no evident compositional change
took place in the M,3Cg phase (Supplementary Fig. S3). It should
be noted that the two-dimensional diffractograms (Fig. 4(b))
highlight the diminished intensity of 220 reflection group along
the loading direction after testing. This feature, as revealed in the
literature [14], is largely ascribed to the characteristic deformation
texture in FCC metals. Such crystallographic information also

indicates the absence of dynamic recrystallization in the present
experiment.

Given the dislocation-dominated plastic flow response, the
commonly observed serration modes can be potentially catego-
rized into four groups on the basis of their phenomenological fea-
tures [16]:

- Type A serration (Fig. 5(al)): sporadic stress-drop phenomenon
while majority of the stress-strain (or stress-time) curve re-
mains smooth.

» Type B serration (Fig. 5(a2)): high frequency and small fluctua-
tions approximately at (or above) the general flow stress level.

» Type C serration (Fig. 5(a3)): large magnitude stress drop inci-
dents that take place below the general flow stress level (note
this difference between Type B and Type C serrations).

 Type D serration (Fig. 5(a4)): plateau-like features in the stress-
strain response (i.e. strain bursts), mostly occur in displacement
controlled measurements.

As seen in the magnified true stress-true strain plots, depending
on the plastic strain level, the present alloy exhibits the following
serration features: (1) mixed Type A and B serrations at a moder-
ate deformation level (& < 0.25). In this regime, a few intermit-
tent large stress drops (see red arrows in Fig. 5(b1) as a guide)
accompanied by continuous small stress fluctuations occur; (2)
dominant Type B serrations at an intermediate deformation level
(0.25 < etryue < 0.35); and (3) Type B serrations with much higher
magnitudes at a higher deformation level (&¢ye > 0.35, Fig. 5(b2)).
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Clearly, these varying phenomenological features and the evolv-

ing stress drop magnitude signify the complex interactive mech-
anisms between mobile dislocations and microstructural con-
stituents. To quantify this, and in light of the scale-free nature of
dislocation motion [38], we start with a statistical approach, aim-
ing to clarify the regularity of the serration incidents firstly in
the stress series. The stress drop magnitude (Ao ) in each serra-
tion is measured for all 992 incidents throughout the whole plastic
regime; they are categorized by a 0.05 true plastic strain incremen-
tation and plotted in Fig. 5(c1). Here the use of color scale is given
as a guide to the eye to qualitatively reflect the increase in defor-
mation level. In the entire analyses, stress fluctuations smaller than
0.5 MPa are considered as random noise during the test. The inset
of Fig. 5(c1) shows that the arithmetically averaged stress drop in
each 0.05 true plastic strain group reveals a monotonically increas-
ing tendency as the global plastic strain elevates. Before statisti-
cal assessment, however, a normalization of these datum points is
needed, because the contribution from strain hardening (Fig. 3(a)
and (b)) causes a systematic shift to the statistics.
__Through a power function regression analysis of Fig. 5(c1), i.e.
Ao =y (e), the solid black line, the dimensionless stress drop
magnitude dataset, S = Ao /v (¢), is then taken into consideration
(Supplementary Fig. S4). Resorting back to the scale-free concepts
of general avalanche incidents, Bak et al. [39,40] firstly introduced
a self-organized criticality (SOC) framework, which states:

P(>S) ~ SPexp[—(5/5.)*] (1)

Eq. (1) is based on the following theoretical foundations: there
exists a certain cut-off magnitude (S¢) in a series of self-similar
avalanche events (denoted as S in Eq. (1)), below which, the com-
plementary cumulative probability distribution (P) obeys a power-
law scaling (S—#); above which, the distribution demonstrates an
exponential decay (exp[—(S/Sc)z]). To test this universality hypoth-
esis, the normalized stress drop magnitude was subjected to a
Levenberg-Marquardt algorithm for regression analysis based on

Eq. (1). The computational and experimental results are compar-
atively shown in Fig. 5(c2), in which a good agreement is recog-
nized: the Pearson’s R-squared value is 0.988 for the 992 datum
points. As recognized in other phenomena [41-43], this kind of
SOC implies that the system can endure perturbations during the
high flow stress level in the alloy. When plastic strain is applied,
the alloy manages to buffer the flow stress by a group of self-
similar dissipation units with interconnected participants. How-
ever, the alloy cannot remain completely tolerant to this effect
with increasing flow stress. Therefore, the development of SOC in-
creasingly contributes to the plastic strain, as indicated by the early
stress-strain response (Fig. 3).

4. Discussion
4.1. Embedded dynamic features amongst the serration incidents

The statistical assessment of the normalized stress series pre-
sented in Section 3.2 highlights the SOC dynamic response of the
serration magnitude, i.e. regardless of the increasing plastic defor-
mation level, the operative serration incidents exhibit self-similar
features. Such characteristics, on the other hand, also lead to fur-
ther curiosity about the presence of any latent dynamic features:
(1) what kind of statistically correlated feature does the serration
duration exhibit? (2) Is there any correlation between the serration
duration and its magnitude?

In view of the theoretical framework suggested by Bak et al.
[39,40], we use the raw stress-time dataset to determine the true
stress-drop magnitude (Ao ) and the duration of the stress-drop
event (At). An exemplary calculation is provided in Fig. 6(a). Here,
the probability density (D(Ac) and D(At) in Fig. 6(b) and (c)) is
computed through a first-order approximation by using the relative
frequency (D(Ac) = SN/N(Ao) and D(At) = SN/N(At)). Unlike a
random distribution, the prototypical histogram of N(Ao') suggests
that a large fraction of the serrations yield a moderate magnitude,
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followed by an evident decay. Such a feature, when being pre-
sented in a Log-Log format (Fig. 7(a)), clearly reveals a power re-
lation: D(Ac) ~ Ao ~%, where the scaling exponent o = 2.15 and
crosses ~1.2 orders in Ao (see x-axis of Fig. 7(a)). A similar anal-
ysis is also performed for the serration duration, and the results
are demonstrated in Fig. 7(b). It is recognized that although a sig-
nificant power-law scaling D(At) ~ At=# also persists (scaling ex-
ponent B = 2.15), the serration duration reveals a much less pro-
nounced scaling regime that extends less than ~0.4 order in At
(see x-axis of Fig. 7(b)).

This kind of distinction in the extent of scaling regime for
avalanche magnitude versus its lifetime was firstly documented
in the Bak’s prototypical sandpile model [39], and was later sys-
tematically assessed by numerous large-scale simulations [44,45].
Representatively, in the study of Manna [44] that assessed the
spatial-temporal manifestation of SOC dynamics, it was revealed
that while the scaling regime for avalanche magnitude can span
over ~5 orders, the resulting avalanche lifetime lasted no more
than ~3 orders. In recent experimental investigation of model sys-
tems [46] and actual material systems [16] that have considered
both the magnitude scaling and the duration scaling for avalanche

incidents, the foregoing distinction is also well-confirmed, and the
scaling regime for duration barely exceeds ~2 orders. We note that
the large scaling exponent S measured in the present alloy re-
quires a high sampling frequency in the time series. In our case,
since at least 8 datum points are recorded for the stress drop
events identified as serrations (their stress drops are greater than
0.5 MPa), any artifact induced by coarse sampling can be ruled
out. A correlation plot for the mean serration duration ((At)) ver-
sus the magnitude of the stress-drop is shown in Log-Log scale in
Fig. 7 (c). Likewise, a power relation is observed: (At) ~ Ac—%, re-
sulting in a scaling exponent £ = 0.18. The scaling regime spans
over ~1.2 orders for Ao and ~0.3 order for (At). The scaling ex-
ponent relation [47] & =& (8 — 1) + 1 is confirmed.

The foregoing analyses have revealed two embedded dynamic
features for the present serration incidents: (1) a power-law
scaling also exits in the serration duration, although less eminent
than the serration magnitude; and (2) a correlation check confirms
the power-law scaling between the mean serration duration and
the magnitude. The corresponding exponent factors also obey the
scaling exponent relation. However, the results shown in Fig. 7(a)
and (b) belong to the category of independent non-parametric
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statistical study, and the plot in Fig. 7(c) solely confirms a phe-
nomenological correlation. A sanity check is deemed necessary. To
avoid redundant mathematics, we employed the power spectrum
approach, which concerns the scaling exponents o and &. Under
a quasi-Lorentzian presumption about the energy spectrum for
the individual operative event, Kertesz and Kiss [48] derived
that if 2& + « > 3, the power spectrum follows the scaling re-
lation: s(f) ~ f~G-®/8; on the other hand, if 2 + o < 3, then
s(f) ~ f~2, where f is the frequency. In Fig. 7(d) we applied a
fast Fourier transform algorithm to compute the power spec-
trum of the unfiltered true stress-strain data. The entire power
spectrum, when being regression assessed by the power relation
s(f) ~ f~2, reveals a near-perfect Pearson’s R-squared value of
0.999, following the scaling exponent relation 2& + « < 3. This va-
lidity examination independently supports our proposed serration
magnitude-duration intercorrelated scaling characteristics.

As a final remark, we note that a more dedicated serration
magnitude-duration correlation study and thereby the assessment
of its stationarity could be carried out by following the generalized
Lyapunov’s stability concept [49]. This is because the stress signal
measured on a time series naturally satisfies the ergodicity pre-
sumption when treating the entire serrated plastic flow response
as a stochastic process. However, more theoretical effort is required
to expand this direction as future work.

4.2. Microstructural relevance of the serration

Earlier analyses showcased in Fig. 5(b1) and (b2) highlight the
presence of the following serration modes throughout the entire
plastic regime: mixed Type A and B serrations are seen at a mod-
erate plastic strain level and as plastic straining proceeds, higher
magnitude Type B serrations start to take place at ~0.35 true
plastic strain. Such phenomenological observations also underpin
the variation in the governing interaction modes between mo-
bile dislocations and microstructural constituents. Ever since the
first theoretical model proposed by Cottrell and Bilby [17], numer-
ous studies have provided direct or indirect evidence for the mi-
crostructural origin of the operative serration modes, and the gen-
eral mechanistic propositions are briefly summarized as follows:

» Type A serration (Fig. 5(al) and (b1)): locking events due to
solute atoms and/or interstitial clouds, whose diffusion kinetics
occurs at the same time scale as mobile dislocation’s motion
upon thermal activation.

» Type B serration (Fig. 5(a2) and (b2)): discontinuous deforma-
tion band propagation due to dynamic strain ageing effect of
the mobile dislocations within the band.

Given the high carbon concentration in the present alloy (nom-
inally, 0.11 wt%), it can be reasonably deduced that the occur-
rence of Type A locking serration, although relatively low in its fre-
quency (Fig. 5(b1)), is largely ascribed to potential carbon clouds,
which is consistent with the literature [50,51]. However, a quan-
titative assessment by applying the prototypical pipe diffusion
model [52] cannot account for this alloy. This is mostly because the
concurrent operation of Type A and B serration invalidates the pre-
sumption in these theories that postulate the stationarity of pre-
existing dislocation junctions. The microstructural origin of the on-
set of high magnitude Type B serration requires more dedicated ef-
fort. We suggest that such a phenomenon can be explained by the
interaction between mobile dislocations and L1,-type short range
ordered domains.

A separate set of single stress relaxation analyses was per-
formed to track the evolution of thermal activation parameters
during serrated plastic flow following the methods in Ref. [53].
The major purpose of such measurements is to assess whether
the observed serration magnitude increase is correlated with the
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change in the governing thermally-activated process. The theoreti-
cal foundations of the stress relaxation test lie in the flow stress-
dependent Gibbs free-energy (AG(c)) that reflects the energetics
of the mobile dislocations to overcome existing obstacles within
a microstructure (e.g. interstitial clouds, short range ordered do-
mains, precipitates, and forest dislocations). One of the most im-
portant physical quantities that are often involved is the appar-
ent activation volume (V¢PP-), By definition, the apparent activation
volume quantifies the volume of matter that is associated with a
thermally-activated process induced by external loading. In the ex-
perimental investigation, the apparent activation volume (V%P-) is
determined by fitting the first relaxation process using a logarith-
mic attenuation function [53]:

MksT t
Ao (t) = — va?p- ln(l n C) 2)

In Eq. (2), Ao (t), VPP kg, T, C; respectively denote, the true
stress drop as a function of time, the apparent activation volume,
the Boltzmann constant, the absolute temperature, and the time
constant. Some inconsistencies appear in the recent literature
[54-57] in exploiting the factor M which converts the normal
stress (o) to resolved shear stress (), i.e. both +/3 and 3.06 were
applied. The former considers a von Mises criterion for multi-axial
yielding, while the latter is the Taylor factor relating together nor-
mal stress and resolved shear stress for polycrystalline FCC alloys.
Based on the definition of apparent activation volume [55,58],
VaPP- — —9G(t)/0T|r = —M[dG(0)/do]|r, for a coarse-grained
and weakly textured polycrystalline FCC alloy (Fig. 2(b)) sub-
jected to uniaxial tensile loading, M = 3.06 is a more appropriate
choice.

Fig. 8(al)-(a3) presents the stress relaxation results (blue un-
filled dots) accompanied by the logarithmic regression (red curves)
at three representative true stress levels. The blue unfilled dots
may not be fully visible in these plots because of the high data
acquisition rate employed to track individual serration event (one
datum point recorded every 0.015 s). The Pearson’s R-squared val-
ues all exceed 0.98 given more than 2500 datum points recorded
in each relaxation process. The calculated apparent activation vol-
ume, after being normalized by b® (b the magnitude of the Burgers
vector of a perfect dislocation in FCC lattice), reveals an interesting
trend: at moderate to intermediate deformation levels, VP- shows
a power-function like increase (VIPP- ~ g209) 3s a function of in-
creasing true strain; however, at a true strain level of ~0.30, a clear
transition appears, where the VP linearly decreases (VIPP- ~ —g).
In light of the physical meaning of VPP-, which quantifies the vol-
ume swept by mobile dislocations upon reaching their activated
states, the trend captured in Fig. 8(b) combined with the obser-
vations in Fig. 5(b1) and (b2) reasonably suggest the mechanistic
procedure sketched in Fig. 8(c1)-(c3) using the free-energy land-
scape concept.

At a moderate deformation level (Fig. 8(c1)), the mobile dislo-
cation tends to interact with the mobile carbon interstitial atoms.
With a general applied stress level of o, the contribution from
thermal fluctuation kgT will enable the dislocation to escape from
small local energy traps provided by the mobile carbon solute.
Such an operative deformation micro-event will bring about Type
A serration along with a small V%P as supported by Figs. 8(b)
and 5(b1). At a highly deformed state (Fig. 8(c3)), although the ap-
plied stress level o3 is able to overcome all microstructural-based
pinning contributions, the absence of dynamic recrystallization in
the present alloy (see discussion in Section 3.2) leads to an accu-
mulation of forest dislocations. Consequently, the dislocation mean
free path [ ~ 1/,/ pdisloc. becomes small. Under this condition, the
interaction between mobile and forest dislocations will again re-
veal a small V9PP-, as seen in Fig. 8(b). In this conceived theoreti-
cal framework, it can be deduced that at an intermediate deforma-
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(c2) comparison between the fully ordered L1, structure and the present alloy using the Moran's I statistical methods reported in Ref. [62]. The normalized intensity map to

calculate (b) is provided in Supplementary Fig. S5.

tion level (Fig. 8(c2)), if the applied stress level o, is sufficiently
high for thermal contribution to bring the mobile dislocation over
the strongest microstructural pinning sites, a large V?P- together
with a noticeable increase in the stress drop magnitude can be ex-
pected. (Figs. 8 (b) and 5(b2)). We note that the assumption of the
free-energy landscape depicted here has taken the a priori pres-
ence of strong local pinning spots, for which the experimental ev-
idence is provided next.

Fig. 9 (a) shows the HAADF-STEM micrograph acquired along
the [110] zone axis. In addition to the matrix FCC phase, the
Fourier transform of the image (inset of Fig. 9(a)) indicates the
presence of diffuse L1,-type superlattice reflections [1,59]. To
quantify, the atom column normalized intensities (Supplementary
Fig. S5) are correlated with a kernel reflecting L1,-type ordering
using the methods described in Ref. [60]. For a disordered FCC
structure, the atom column normalized intensities exhibit low cor-
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relation with the kernel, while regions showing alternating inten-
sities of L1,-type short range order reveal high correlation. As seen
in Fig. 9(b), numerous local domains with high correlation to the
kernel exist in the present alloy, confirming the presence of L1,-
type ordering. The length scales and spatial distributions of these
domains further indicate their short range ordered (SRO) character-
istics. Using the Moran’s I statistical methods for analyzing order-
ing in atomic resolution STEM datasets [61,62], it is also confirmed
that the L1,-type SRO in the present alloy extends to at least the
third nearest neighbor shell in an FCC matrix (Fig. 9(c1) and (c2)).
Zooming out to the meso-scale, the dislocation substructures
after 650 °C deformation are next characterized by ECCI. Fig. 10(a)
and (b) confirm the strong planarity of perfect dislocation glide,
in which organized dislocation arrays are observed following the
(111)[011] and the (111)[011] slip systems. Measurements of the
dislocation spacing along one such array also validate a pairing
mechanism (see cyan arrows and Fig. 10(c)). All these observations
support the interaction between the L1,-type SRO and the mobile
dislocations in the following way: the first dislocation destructs the
SRO structure due to the applied stress. Because the ordering is
only confined to a local region (Fig. 9(b) and (c2)), restoring of such
a structure becomes difficult for the following dislocations. The
first dislocation therefore encounters the highest slip resistance
than all other dislocation gliding along the same pathway. Once
the first dislocation overcomes the slip resistance, the accumulated
stress is already high enough for all subsequent dislocations to
glide [63]. Such a process leads to a plastic deformation which is
localized to an individual slip plane where numerous dislocations
align up following each other, as seen in Fig. 10(a) and (b).
Because the SRO-modulated slip planarity involves the activa-
tion of dislocation sources followed by an abrupt localized de-
formation much larger than the length scales of diffusive solute
atoms, two major consequences are expected: (1) much larger
stress drop magnitudes, as observed in Fig. 5(b2); and (2) in-
creased activation volumes at higher plastic stress/strain levels,
which is confirmed in Fig. 8(b) and conceived in Fig. 8(c2). It is
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worthwhile noting that although the current investigation suggests
the diffusive solutes and the L1,-type SRO-modulated planar slip
are both contributing to the serrated plastic flow at 650 °C, more
precise evaluation of the individual contribution still requires fu-
ture work.

4.3. Temperature effects on serration dynamics

Given the statistical analyses and the mechanistic explorations
revealed in the previous sections, a final point that is worthwhile
clarifying is the temperature dependence of the serration dynam-
ics. Fig. 11(al) and (a2) reveal the representative potions of the
true stress-strain curves for the present alloy tested at three differ-
ent temperatures. The same strain rate, ¢ = 10~> s—1 was adopted
in these measurements. The entire stress-strain curves are pro-
vided in Supplementary Fig. S6. At the intermediate deformation
level (0.25 < &¢ye < 0.30) a more pronounced Type C serration oc-
curs as the temperature increases to 750 °C, which is character-
ized by the more discernable stress drops well below the general
flow stress level. Such a trend persists and becomes more notice-
able at the higher deformation level (0.35 < &¢rye < 0.40), while the
frequency of Type B serration is significantly reduced.

In addition to the phenomenological conclusions of the dom-
inant serration mode change, further analyses were also carried
out to assess the latent serration dynamics at the higher tempera-
tures. Following the theoretical framework outlined in Eq. (1), the
complementary cumulative probability distributions for the 700
and 750 °C serrations are calculated (Fig. 11(b1) and (b2)). Given
the evident increase in the fraction of Type C serration, the SOC
characteristics identified earlier (Fig. 5(c2)) are similar. As the test-
ing temperature reaches 750 °C, however, a slight perturbation of
the SOC property occurs, which is evident in the reduction in the
Pearson’s R-squared value of 0.965. Moving forward to the spatial-
temporal manifestation of the SOC dynamics, we next examine
the temperature dependence of the scaling exponents, following
Section 4.1. To avoid redundancy in the main text, intermediate
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Table 1 .
Temperature dependence of the scaling exponents.

Temperature, °C o B & 26 +a

650 2.15 499 0.18 2.51

700 1.51 4.72 0.07 1.65

750 1.41 3.12 0.25 191

steps of the analyses are summarized in Supplementary Figs. S7
and S8. The calculation results are summarized in Table 1 with the
three critical scaling exponents graphically presented in Fig. 11(c).
The scaling exponents « and B both reveal monotonic decreas-
ing trends as the temperature increases from 650 to 750 °C.
Although the exponent £ exhibits a non-monotonic evolution
trend as a function of temperature, the scaling exponent relation
a=E&(B—-1)+1 is still valid for all three temperatures. Finally,
cross-validations were performed using the power spectrum
algorithm and the relation 2§ + « <3 preserves. It is therefore
conclusive that in the 650-750 °C temperature range with a
10-3 s~1 strain rate, regardless of the phenomenological changes
in serration modes, their latent dynamics consistently follows the
SOC.

5. Conclusion

In contrast with a smooth stress-strain response at room tem-
perature, plastic flow of the present alloy at 650 °C exhibits
a highly serrated feature, with Type A and B serrations oper-
ating at a moderate deformation followed by the onset of a
much higher magnitude Type B serration as plastic strain ex-
ceeds ~0.30. Scale-free statistics reveal the self-organized criti-
cal features amongst the operative serration incidents. Detailed
statistical quantifications also verify that the power-law scaling
not only exists in the serration magnitude and duration but also
presents in the magnitude-duration correlation. These embed-
ded dynamic features are also cross-validated through a power
spectrum calculation.

By combining a time-dependent stress relaxation test and elec-
tron microscopy study, it is recognized that the onset of the
high magnitude Type B serration at 650 °C can be explained by
the interaction between mobile dislocations and L1,-type short
range ordered domains.

Temperature dependence of the serration dynamics was fur-
ther evaluated at 700 and 750 °C using the same 10-3 s—!
strain rate. Although Type C serration becomes increas-
ingly predominant, the self-organized critical features of the
serration incidents along with the spatial-temporal power-
law scaling are maintained regardless of the temperature
increase.

In summary, the present study investigated the plastic deforma- Data availability statement

tion response of a CoCrFeNiW-C alloy at an elevated temperature
of 650 °C. Using the in situ SEM-EBSD technique, statistical analy-

The datasets generated during the current study are available

ses, and theoretical calculations, detailed mechanistic studies were from the corresponding author (tasan@mit.edu) upon reasonable
executed and the major conclusions are as follows: request.
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Appendix

Al. Temperature distribution simulation

To ensure a uniform temperature distribution across the gauge
section for the tensile specimen (Supplementary Fig. S1), we have
carried out a heat transfer analysis by simulating the steady-state
temperature field at 650 °C. The following heat transfer bound-
ary conditions were considered for the present testing setup: (1)
ideal thermal conduction between the mechanical clamps and the
specimen’s end in the vertical direction (considered as a heat sink
at 25 °C); (2) thermal radiation at all exposed surfaces with both
emissivity and the view factor taken as unities; (3) thermal con-
vection is negligibly small since the test is performed in an SEM’s
chamber with a vacuum rate greater than 10~2 Pa; (4) unexposed
surfaces without conduction were modeled as perfectly insulated;
and (5) the heating unit in the setup (the flat cylindrical pan in
Fig. 1(c)) is considered as a heat reservoir at 650 °C supplied to the
sample via perfect thermal conduction. The last condition is con-
sidered a good approximation of the reality, as the ceramic heating
unit is maintained at temperature by the proportional-integral-
derivative (PID) controller of an electrical heating input, and as
the polished tensile specimen is pressed against the heating pan
by tightened springs that maintain contact even through deforma-
tion. In total, these boundary conditions reflect a maximized heat
transfer condition and therefore show the worst-case temperature
homogeneity through the gauge section of the testing sample.

Numerical analysis was carried out in the heat transfer mod-
ule of a SolidWorks 2020 software using a finite element method.
A mesh quality check was conducted using a 4-point Jacobian
method, from which a standard mesh with 0.125 mm element size
was recognized to provide accurately convergent node temperature
values for a reasonable computational expense. The gauge section
was formed by 16 x 16 x 72 tetragonal elements, which enables
sufficient node temperature data in our assessment (Fig. 1(d)).
Considering the similar physical properties of ferrous elements in
the solid state, we have employed the latest thermal physical pa-
rameters of Inconel 718 Ni-based superalloys in our simulation.
Table AT lists all the thermo-physical parameters and their quanti-
ties utilized in the simulation.
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Table A1

Thermo-physical parameters utilized in the simulation.
Thermo-physical parameter Unit Value Refs.
Ambient temperature (T,) e 25.0 Present work
Heating unit temperature (T;) °C 650.0 Present work
Alloy emissivity (&q) - 1.0 Present work
Alloy thermal conductivity (K;) ~ W-m~! K~! 2542 [64]
Alloy specific heat (Cp) Jkg 1K1 0.104 [64]
Alloy mass density (0q) kg-m—3 8.1 x 10° [64]
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