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ARTICLE INFO ABSTRACT

Keywords: Samples comprised of carburized steel alloys, 4615, 4720, and 10B22, were tension tested at room temperature
Stress/strain measurements and at a strain rate of 2 x 10~ * s, The serrated-flow behavior was modeled and analyzed, using the refined
Modeling/simulations composite multiscale entropy (RCMSE) method. High energy X-ray diffraction revealed the body-centered-cubic
Hardness (BCC) structure of the three alloys in the as-received condition. Moreover, Vickers-hardness experiments were
;[;:t?clilgzys performed, which showed an increase in the hardness of the alloy that corresponded to increasing impurity

concentrations. Here the diffusion coefficient of carbon in the three alloys were estimated, respectively, to be
2.5 x 10" "'m?/s, 5.1 x 10~ m?/s, and 2.8 x 10~ m?/s for alloys, 10B22, 4615, and 4720, respectively,
which agree with the values found in the literature for a-iron. Moreover, the sample entropy, on average,
increased with respect to the heating time, and, consequently, the amount of carbon that had diffused into the
alloy. The above results show that the complexity of the serration behavior in the alloys studied increases with

respect to the amount of carbon that has diffused into the material.

1. Introduction

A serrated flow, which occurs during the plastic regime following
the yield point, is typically identified as oscillations in the stress vs.
strain curve. Furthermore, this kind of behavior is non-linear in nature
and occurs in various alloys, including metallic glasses [1-16], high
entropy alloys [14,17-30], and various other material systems
[14,31-50]. Importantly, serrations can exhibit complex dynamics
across multiple time scales. This complexity, which is related to the
degree of regularity of a given time series, can be quantified on dif-
ferent time scales.

In the past, several methods have been employed to gauge the
complex behavior of a given set of temporal data [51]. One method that
can analyze this type of phenomenon is known as the multiscale en-
tropy (MSE) algorithm, which was proposed as a technique to overcome
the limitations of the traditional entropy-based algorithms [52]. The
MSE algorithm consists of a two-step process where the first step in-
volves a coarse-graining procedure that is used to characterize the dy-
namics of a given system across multiple time scales [53].

The MSE algorithm is then utilized, for a given time scale, to eval-
uate the complexity of the corresponding coarse-grained time series.
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The resulting quantity, which gauges the degree of complexity in the
time series, is known as the sample entropy (SE) [54]. For a given time
series, higher SE values typically signify a more irregular data set. In
contrast, a time series that is more predictable is usually characterized
by lower values. As discussed by Costa et al. [55], this algorithm esti-
mates the likelihood that two sequences of m consecutive data points,
which are similar, will remain comparable when an additional con-
secutive point is included.

Costa et al. found that the MSE algorithm could resolve the issue of
lower entropy values of the 1/f noise (f is the frequency of the gener-
ated noise), as compared to the white noise, despite the former being
more complex in nature [52,56]. Moreover, their study employed the
MSE algorithm to differentiate the heart-rate time series among
healthy, atrial fibrillation, and congestive heart-failure subjects. In re-
cent years, the MSE algorithm has been used in many studies to model
and analyze various phenomena, including biological signals, financial-
time series, and serrated-flow behavior during mechanical testing
[31,52,54,57]. However, there are still issues with the implementation
of the MSE technique. For example, a data set that is relatively small
(N < 750) may lead to an inaccurate estimation and even undefined
results [56].
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Wu et al. developed the composite multiscale entropy, and later the
refined composite multiscale entropy (RCMSE) algorithm to address the
issues that were associated with the accuracy of the MSE algorithm
[53,54]. The advantage of the RCMSE algorithm over the MSE method
is that it can be used to increase the accuracy of the entropy estimation
in addition to reducing the probability of inducing the undefined en-
tropy when modeling and analyzing short-time series [54]. However,
there is a greater computational cost for the RCMSE, as compared to the
MSE algorithm. To date, the RCMSE method has been applied to study
the serrated flow, chaos, noise, and small-world networks
[30,56,58,73].

Sarkar et al. analyzed and compared the complexity of serrations
exhibited in a substitutional and interstitial alloy using the MSE algo-
rithm [31]. Here the substitutional alloy consisted of an Al-Mg2.5
weight percent (wt.%) alloy while the interstitial alloy was a low-
carbon steel. It was found that the low-carbon steel exhibited sig-
nificantly-larger sample-entropy values during the serrated flow than
the Al-Mg alloy. According to Sarkar et al., a couple of factors may have
led to the differences in the complexity exhibited by the alloys. In the
Al-Mg alloy, the size mismatch between the host (Al) and the solute
(Mg) is ~12%, which is relatively high [31]. Because of the spherically-
symmetric size-misfit effect, the solute atoms primarily interact with
only the edge dislocations in the matrix. With respect to the steel alloy,
carbon atoms produce tetragonal distortions at octahedral sites, which
can interact with both edge and screw dislocations [31,59]. Moreover,
carbon atoms on the octahedral sites can accumulate around a screw
dislocation twice as much as an edge dislocation [60]. This greater
variety of interactions in the steel during the serrated flow, therefore, is
what leads to the stress-drop behavior, which is more complex in
nature.

Currently, there are few studies that examine how the concentration
of impurities affects the complexity of the serration behavior in steels
undergoing tension tests. Therefore, this paper will examine the critical
issue of how the carbon content affects the complexity of serrated flows
in low-carbon steel alloys, via the RCMSE technique. In doing so, it is
hoped that the present work will advance our fundamental under-
standing as to how impurities can affect the dynamics of the serration
behavior in steels.

2. Materials and methods

The low-carbon steel samples, 10B22, 4615, and 4720 (Table 1
gives their actual chemical compositions), were machined from steel
wires (see Fig. 1 for the sample geometry). As can be seen, the com-
position of the as-cast 10B22 steel alloy in wt.% was: 0.22%C, 0.95%
Mn, 0.009%P, 0.009%S, 0.250%Si, 0.04%Ni, 0.06%Cr, 0.01%Mo,
0.09%Cu, 0.006%Sn, 0.001%V, 0.036%Al, 0.0050%N, 0.0023%B,
0.021%Ti, and 0.001%Nb. Furthermore, the composition of the as-cast
4615 steel alloy was: 0.13-0.18%C, 0.45-0.65%Mn, 0.035%P (max.),
0.040%S (max.), 0.15-0.35%Si, 1.65-2.0%Ni, and 0.20-0.30%Mo.
While the composition of the as-cast 4720 alloy was: 0.17-0.22%C,
0.50-0.70%Mn, 0.035%P (max.), 0.040%S (max.), 0.15-0.35%Si,
0.90-1.20%Ni, 0.35-0.55%Cr, and 0.15-0.25%Mo. As evident in
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and the lowest in the alloy, 10B22.

After fabrication, the specimens were heat treated at a temperature
of 885 °C in an environment containing CO, CO5, CH,, and N, gas with
a potential carbon concentration of 0.7 (volume percent). The exposure
time for the samples at the above temperature were 30, 45, 60, and
70 min. To ensure that the carbon concentration remained at an optimal
level, the amount of the natural gas in the system was constantly
monitored and adjusted. After the carburization, the samples were
quenched in oil and rinsed with the pressurized, high-temperature
water. Specimens were, then, tempered by placing them into another
furnace and heating them in air at 260 °C for 3 h. After tempering, the
samples were air cooled.

To identify the crystalline structures of these steels, high-energy X-
ray diffraction (XRD) was performed at the 11-ID-C beam-line located
in the Advanced Photon Source (APS) at Argonne National Laboratory.
For the diffraction, the wavelength of the X-ray was 0.117 A, and the
beam energy was ~115keV. Additionally, polished samples with a
thickness of 1.5 mm were used in the experiments. Diffraction patterns
were captured at different locations near the center of the sample, and
the results were compared to minimize the error of the patterns.

Uniaxial tension experiments were performed, using an 810
Material Test System (MTS) machine. The tests were conducted at room
temperature with a strain rate of 2 x 10 s! until fracture. For the data
acquisition, a rate of 100 Hz was used. To remove the trend in the data
caused by necking, a moving average fit of the stress vs. time data was
performed and, then, subracted from the curve. After the tension tests,
the fracture surfaces were examined, using scanning-electron micro-
scopy (SEM, Carl Zeiss, Oberkochen, Germany). This device employed a
LEO Gemini 1525 field-emission scanning-electron microscope
equipped with the backscattering-electron (BSE, K. E. Developments
Ltd., Cambridge, UK) detector. An electron high tension (EHT) voltage
value of 20 kV was used for imaging.

To gauge the carbon migration in the steel alloys, Vickers-hardness
experiments were performed (Buehler Instron Tukon 1102). Here, the
hardness was measured as a function of case depth, where 12 indents
were taken at depths ranging from ~50 to 2,000 ym in the axial di-
rection. Specimen preparation involved cutting the end section of a
sample in the transverse direction, which was subsequently ground and
polished to a mirror finish. For the indentations, a load of 100 gf (gram
force) and a dwell time of 15s were used in which the indents were
made in accordance with the American Society for Testing and
Materials (ASTM) E384-16 standards [61].

3. Analytical methods
3.1. Refined composite multiscale entropy algorithm

To begin studying the complexity of the time series, the stress vs.
time curve is first normalized by subtracting away the moving average
or polynomial fit of the time-series data [33]. From the resultant data
set, one generates the coarse-grained time series, y, P via the following
equation:

Table 1, the nickel and molybdenum concentrations were the highest Jjr+k—1 N
for the alloy, 4615, and the lowest for 10B22 in the as-received state. ye == Z x5 1< . ; 1<k<rt
. . T . .
Moreover, the manganese content was the highest in the alloy, 4720, i=(-Dr+k @
Table 1
Actual chemical compositions (in wt.%) of steel alloys, 10B22, 4615, and 4720.
10B22 C Mn P S Si Ni Cr Mo
0.22 0.95 0.009 0.009 0.250 0.04 0.06 0.01
Cu Sn A Al N B Ti Nb
0.09 0.006 0.001 0.036 0.0050 0.0023 0.021 0.001
C Mn P(max.) S(max.) Si Ni Cr Mo
4615 0.13-0.18 0.45-0.65 0.035 0.040 0.15-0.35 1.65-2.0 - 0.20-0.30
4720 0.17-0.22 0.50-0.70 0.035 0.040 0.15-0.35 0.90-1.20 0.35-0.55 0.15-0.25
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Fig. 1. Specimen geometry for the tension test.

where 7 is the scale factor, x; is a value from the initial data set, and k
represents an index that determines on which x; the coarse-graining
procedure is initialized. Moreover, the scale factor is an averaged
factor, which determines the length of the coarse-grained time series. A
schematic of Eq. (1) can be seen in Fig. 2. Using the terms evaluated
from the above equation, one makes the template vectors, yk’:i'", of the
dimension (or size), m [53]:
Vit = Ui Yeie1 = Yegemt}s 1SISN=—m; 1<k<t 2
here y;, is simply the ith component of the vector and is the quantity as
defined from Eq. (1). After the template vectors are determined, one
calculates the number, n, of matching sets of distinguishable template
vectors. To determine whether two distinct vectors match, the infinity
norm, d, of the difference between them, is calculated from the fol-
lowing relation [62]:
" = y™ = v e

_ T T T T
- max{‘yl,a - yl,b| |yi+m—1.a - yi+m—1,b|} < r

3)

where r is a tolerance value that is predefined, a and b are the indices of
some chosen vector, y, as given in Eq. (2), where a = b. According to
Refs. [52,54,56,63], m = 2, and r is typically set as 0.15 X o (o is the
standard deviation of the relevant data) to reduce the standard error in
the sample entropy results. After the number of matching vectors is
calculated, this method is performed again for y,f:{”“. Once the total
number of matching vectors, n/" and n/"*?, are found, they are summed
for k = 1 to 7. Next, the RCMSE value of the data set for a given scale is
calculated, using the following equation [64]:

z;=1 N
RCMSE(y, 7, m, r) = Ln| o———
(Zk_l n! ] )

To gain a basic understanding of how the RCMSE algorithm works,
the colored noise was modeled and analyzed. Using a similar method as
that employed in Ref. [52], 2 X 102 sets of white noise signals (10* data
points each) were produced. The fast Fourier transform was then ap-
plied to the resulting data, which yielded a power spectrum that was
subsequently filtered to behave as a 1/f* distribution. Then, the dis-
tribution was inverse-Fourier transformed. Here, a is the power-spec-
trum exponent, which describes the power-law behavior of the dis-
tribution. This process was accomplished for ¢ = - 2, - 1, 0, 1, and 2,
which, respectively, yielded data for the violet, blue, white, pink, and
brown noise.

A plot of the sample entropy (sample en.) for the noise described
above can be seen in Fig. 3. Here, each curve displays the monotonic
behavior with an increase in the scale factor. The complexity values for
the colored noise with power-spectrum exponents, 1, 0, - 1, and - 2,
obey strictly decreasing trends while the brown noise (a = 2) increased
with respect to the scale factor. Results from the analysis show that the
pink noise in general corresponds to higher sample entropy values,
relative to the other types of colored noise. This result further supports
the idea that the 1/f noise possesses long-range correlations that are the
most complex in nature [54,56].

4. Results
4.1. Complexity modeling and analysis

Fig. 4 shows the SEM image of the fractured surface of the alloy,
10B22, that was heated for 70 min. prior to tension testing. It should be
noted that all three alloys possessed similar fracture surfaces. As can be
seen, the surface contains microvoid coalescence that is interspersed
across the entire region. Furthermore, fracture surfaces exhibited a cup-
and-cone geometry. The above results indicate that the alloys under-
went the ductile fracture during tension. Fig. 5 presents the synchrotron
X-ray diffraction patterns of the as-received samples, 10B22, 4615, and
4720. As can be seen in the graph, the peaks reveal that the samples
contain a simple body-centered-cubic (BCC) structure.

Table 2 presents the uniform and total strains for the alloys under all
annealing conditions. Here, the uniform strain is defined as the elon-
gation at the maximum load, while the total strain is the elongation of
the sample at fracture. As can be seen, the alloy, 4615, on average,
exhibited the smallest uniform elongation and largest total elongation,
as compared to the other alloys. In contrast, the alloy, 4720, displayed
the greatest uniform elongation in the series. In addition, the lowest
total strain was observed in the alloy 10B22 specimen that was heated
for 30 min.

Fig. 6(a)-(c) display the engineering stress vs. strain curves for al-
loys, 10B22, 4615, and 4720. As can be seen, the alloys reach a max-
imum stress value and then undergo necking, where the serrated flow
occurs. For all the cases, the stress drops were found to occur below the
general level of the flow curve, which is indicative of Type-C serrations
[14,65]. Fig. 7(a)-(c) present the graphs of the engineering stress vs.
time curves for all three alloys. Like in Fig. 6(a)-(c), it can be observed
that the stress curve is smooth until the alloy undergoes necking, where
the serrated type of deformation occurs. In contrast to the serrations
that were observed in the previous figures, these fluctuations exhibit a
wavy characteristic, which occurs until failure. Moreover, the fluctua-
tions appear to be increasing in magnitude with respect to time.

The results of the RCMSE analysis are displayed in Fig. 8(a)-(c).
These results were based on data that was taken from the necking re-
gime and adjusted, relative to the moving average [33]. Interestingly,
the complexity increased with respect to the scale factor, indicating that
the serrated-like flow exhibited complexity at all scales. Furthermore,
the sample entropy generally increased with increasing the heating
time of the alloy. It should be noted that in the alloy, 4615, the largest
sample-entropy curve was exhibited in the material heated for 60 min.
Furthermore, the 60 and 70 min. curves in the alloy, 4720, are ap-
proximately the same for scale factors < 13, after which the curve for
60 min. attains larger values.

4.2. Vickers-hardness tests

Fig. 9(a)-(c) show the Vickers hardness as a function of the case
depth for each alloy. Here the hardness decreased as a function of the
case depth. Furthermore, the hardness curves had a general increase
with respect to the heating time. From the hardness results, the diffu-
sion coefficient of carbon could be estimated, using the following
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equation [66]:

H(x) = Hy + (Hypax — Ho)errfc(zim)

)
here x, Hyhqv Hp, D, and t are, respectively, the case depth, bulk hard-
ness (hardness at the largest case depth value), near-surface hardness
(x ~ 50 um), diffusion coefficient in m?/s, and heating time in seconds.
To estimate the diffusion coefficient, Dt was first algebraically solved

138

Fig. 2. Visual representation of the coarse-graining procedure for (@) k =1,7=2,(b)k=1,7=3,(c)k=2,7=2,and (d) k = 2, r = 3 [56].

[see Eq. (6)] using Eq. (5) and, then, plotted with respect to the heating
time (in minutes).

Xt _
4 [erfc‘l( )] )

Hi,» and x; /, are, respectively, the hardness and case depth at half the
hardness saturation point. Fig. 10(a)-(c) show the plot of the right-hand

Dt =

Hy/2— Ho
Hpnax — Ho
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Fig. 3. Sample-entropy curves for violet, blue, white, pink, and brown noise.

Fig. 4. Fracture surface of the carburized steel alloy, 10B22, after tensile testing
at a strain rate of 2 x 10~ * s 1.

Fig. 5. X-ray diffraction results for the as-received alloys, 10B22, 4615, and
4720.

side of Eq. (6) as a function of heating time. From the data, the slope
was fit in which D was estimated to be approximately 2.5 X 10~ m?/
s,5.1 X 107" m?/s, and 2.8 x 10! m?/s for the alloys, 10B22, 4615,
and 4720, respectively. The above values appear to be in agreement
with the range of values listed in Ref. [67] for a-iron (2.4 X 10712 -
1.7 x 10~ 1% m?/s).

To compare the relative complexity of the time series for each alloy,

Materials Science & Engineering A 753 (2019) 135-145

Table 2
Uniform and total strains for alloys, 10B22, 4615, and 4720, annealed at 885 °C
for 30, 45, 60, and 70 min., respectively.

Alloy Annealing Time (min.) Uniform Strain (%) Total Strain (%)
10B22 30 5.1 10.7
45 5.8 13.5
60 5.6 13.1
70 5.4 13.0
4615 30 4.7 13.4
45 5.2 14.1
60 5.3 13.6
70 5.2 13.2
4720 30 5.9 133
45 5.2 12.8
60 6.1 13.6
70 6.0 11.9

the area enclosed under the RCMSE curve (denoted Agg) was calculated
for each annealing condition. These values were then plotted with re-
spect to the average diffusion distance of <x > = /2Dt, as displayed
in Fig. 11(a)-(c). Here, a greater area is indicative of a time series that is
more complex [68]. As can be seen from the graph, there is a linear
correlation between the average distance that the carbon has diffused,
and the complexity of the serrated type flow. This result provides the
evidence that as the carbon content is increased in the alloy, the cor-
responding serrated flow is involved in more complex dynamics.

Fig. 12 presents a combined graph of Agg vs. < x > for all three
alloys. Based on Table 1, it is apparent in the graphs that the re-
presentative curves shift to the right as the initial carbon concentration
in the as-received state of the alloy decreases. Moreover, for heating
times of 30 and 45 mins., the value Agg was greater for alloys 4615 and
4720, where both alloys had a lower initial carbon concentration as
compared to alloy 10B22. Finally, the curve for the alloy, 4615, had the
most significant changes in the average diffusion distance and average
complexity for heating times < 70 min.

5. Discussion
5.1. Effects of microstructure on mechanical behavior

During fabrication, carbon atoms settle into octahedral sites in the
body-centered-cubic (BCC) lattice along perpendicular orientations, as
the steel is cooled to ambient temperature [69]. As the steel undergoes
the tension strain, the interstitial carbon atoms react by hopping to
adjacent octahedral sites, which are on the lattice edge parallel to the
associated stress. In other words, the applied stress favors atoms, which
are arranged in sites that have tetragonality and match the lattice
strains imposed by the interstitials. This type of interstitial reordering
under an applied stress is known as Snoek ordering [59,70]. Interest-
ingly, this type of rearrangement is a mechanism, which plays a role in
the repeated yielding of low-carbon steels [71].

A second mechanism that leads to yielding also involves interstitial
atoms that have settled into octahedral sites. At the octahedral sites, the
atoms create tetragonal distortions that can interact with both screw
and edge dislocations. Moreover, the carbon atoms can also interact
twice as much with a screw dislocation than with an edge dislocation
[31]. When combined, these two factors can lead to an increase in the
variety of interactions, which may take place during the serrated flow
in the steel.

Fig. 9(a)-(c) present the Vickers hardness of the steel alloys, where
the values increased gradually with respect to the heating time. The rise
in hardness is most likely due to the increased amount of carbon that
has diffused into the matrix. This trend is corroborated by the fact that
the estimated root-mean squares displacement showed that carbon, on
average, diffused further into the sample as the heating time increased
[see Fig. 10(a)-(c)]. An increase in the carbon concentration, in theory,
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Fig. 6. Engineering stress vs. strain graphs. Here serrations can be observed for alloys, (a) 10B22, (b) 4615, and (c) 4720.

(

)
~—
b

\
S
=
&
-
=
&
N
N
P
o
~—

Stress (MPa)
Stress (MPa)

© c‘""//_\ A %V\
a / / A Na /bl/’
o ] /
7]
(O
—
n 1/
_/./
/

200 MPa

100's
T

T T T

Time (s)

Fig. 7. Engineering stress vs. time graphs. Here serrations can be observed for alloys, (a) 10B22, (b) 4615, and (c) 4720.

140



J. Brechtl, et al.

Materials Science & Engineering A 753 (2019) 135-145

—a— 30 min. = 30 min.
(3)0_25_ : zg::: Alloy 10822 } :: (b) 0254 : gg 2: Alloy 4615 o
. ! v
v— 70 min. e v 70 min. AV e
020 'y 0.201 S
c e . c A :'
w v A . w i v e
o 0151 S © 0151 ‘::.‘ "
Q. X A = . - o Ay e o
v - il
€ 0.10/ 7Pl € 0.10- R e e
(/2] xx.. .7..— n Ai..'.
. - -
0.05- e aiien 0.051 ,tff"
;,f -t s" "
0.00 r T ; T 0.00 T T T T
0 5 10 15 20 0 5 10 15 20
Scale Factor Scale Factor
J~=—30 min.
(c)o2s{- 3omin. Alloy 4720
460 min. i
0.204 " 70 min. AV o
i .
c 2 o: e
W .15 e
2 v
Q. . . -
€ 0.10- “o” S
© * o -
(75 o -
) -
0.05 o
s ol
=
0.00 T T T T
0 5 10 15 20

Scale Factor

Fig. 8. RCMSE of the serrated flow at different heating times for alloys, (a) 10B22, (b) 4615, and (c) 4720.

will be accompanied by a larger number of interstitials that are avail-
able to participate in Snoek ordering and interstitial-dislocation line
interactions.

In addition to carbon, there are other factors that may contribute to
the serrated flow such as stacking faults and substitutional solutes. For
instance, the stacking faults partly contribute to the manifestation of

680

dynamic strain aging (DSA) by interacting with substitutional solute
atoms in the matrix that have low stacking fault energy [72]. In this
scenario, the solute atoms initially diffuse along dislocations until they
encounter a stacking fault, where they obstruct their motion [39].
Finally, the greater total elongation that was exhibited by alloy
4615, as compared to alloys 4720 and 10B22, may be a consequence of
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its larger Mo content. Here, the Mo segregates at dislocation slip bands,
which alleviates the local strain concentrations [38]. As a result, the
local strain dynamic recovery occurs, which leads to improved tensile
ductility during tension.

5.2. Complexity modeling and analysis of the serration behavior

The stress drops, as shown in Fig. 6(a)-(c), generally occurred below
the local averaged level of stress, which is indicative of Type-C serra-
tions [14,65]. Since Type-C serrations are believed to be less spatially
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correlated [33], as compared to say, Types-A and B serrations, it sug-
gests that the locking events occurring in these alloys during tension
take place in a more random nature. The above statement is supported
by the fact that the sample-entropy values in the present work were
similar to those reported in Ref. [32] for Type-C serrations. For a visual
depiction of these three types of serrations, please see Fig. 13
[14,18,65]. As displayed in the figure, the Type-C serrations exhibit a
sharp decrease below the general level of stress. On the other hand, the
Type-B serrated flow exhibits rapid fluctuations that occur around the
local averaged stress curve. Finally, Type-A serrations display the
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periodic behavior in which the oscillations rise abruptly and then drop
below the local averaged stress curve [65].

Fig. 8(a)-(c) suggest that the complexity of the serrations increased,
in all cases, with respect to the scale factor. This continual increase in
the complexity at higher scale factors is symptomatic of an increase in
the variety of possible locking interactions that can occur during ten-
sion. This rise also indicates that the serrations exhibit the dynamical
behavior that consists of more complex structures across a greater range
of spatial and temporal scales. Furthermore, this increase is due in part
to the fact that carbon can interact with a wider variety of dislocations,
as compared to other atoms in the matrix.

Moreover, the sample entropy, on average, was found to increase
with respect to the heating time, which can be seen in Fig. 8(a)-(c). As
these specimens are heated longer, carbon diffuses further into the
matrix. As discussed above, the sample entropy corresponds to the level
of spatial correlations that occur between locking events. Therefore, as
the carbon content in a region of the matrix increases, there is a higher
probability that locking events leading to serrations will be closer to
one another. Consequently, this trend leads to stress-drop events in
which the locking events are more spatially correlated. Therefore, an
increase in carbon atoms, via annealing, will lead to a larger number
and greater variety of interactions that will lead to more complicated
dynamics during the serrated flow [see Fig. 8(a)-(c)].

As can be seen in Fig. 12, the sample entropy was characteristically
higher for alloy 4615, which had a lower initial carbon content. This
trend was especially pronounced for heating times of 30 and 45 min.
Furthermore, the relatively lower carbon content in the same alloy was
also reflected by the results of the Vickers hardness tests, [displayed in
Fig. 9(a)-(c)] where the hardness curves were lower across all heating
times, as compared to alloys 4720 and 10B22. As can be surmised from
Table 1 and Fig. 12, the higher sample-entropy values, despite the
lower initial carbon content, may arise from the greater nickel and/or
molybdenum content in the alloy. As discussed previously, the
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substitutional solute atoms can provide an obstacle for stacking faults,
leading to DSA [39]. Therefore, an increase in the concentrations of Ni
and Mo in the matrix should, in theory, result in a greater number of
interactions during the DSA, which corresponds to more complex dy-
namics underlying the serrated flow. Also, the curve for the alloy, 4615,
had the highest average diffusion distance and average complexity for
heating times < 70 min, as compared to the other alloys. Here, the in-
creased carbon migration in the alloy, 4615, may be caused by the
higher chemical potential arising from a lower initial carbon content in
the as-received state (please see Table 1).

As discussed above, the diffusion coefficient for the alloy, 4615
(5.11 x 10~ ' m?/s), was twice as high as the one for the other two
alloys. Typically, a higher diffusion coefficient means that more carbon
will diffuse into the alloy for a given heating time. As discussed earlier,
as more carbon diffuses into the matrix, there will be a greater number
of interstitial defects that can create tetragonal distortions in the ma-
trix. Consequently, a greater number of tetragonal distortions will be
able to interact with more edge and screw dislocations, leading to more
complex dynamics during the serrated flow. Therefore, the higher
complexity values for the alloy, 4615, as compared to alloys, 10B22 and
4720, is a consequence of the higher diffusion rate in the alloy.

A drop in the sample entropy curves for alloys 4615 and 4720,
which were heated for 70 min. [see Fig. 8(a)-(c)], can be explained as
follows. After a heating time of 60 min, the alloy becomes saturated
with carbon impurities to a point that they cannot participate in as
many complex interactions that influence serrations. Furthermore, im-
purities may cluster and become sinks for other interstitials, thereby
decreasing the amount of dislocation locking that occurs during ten-
sion. This clustering, which is thought to occur in all of the alloys, may
be caused by elements such as nickel or molybdenum that are contained
in the matrix.

6. Conclusions

The present work studied the serrated-flow behavior in three car-
burized steels undergoing room-temperature tension experiments with
an applied strain rate of 2 x 10~ % s~ ! after annealing at 885 °C for time
intervals ranging from 30 to 70 min. The following conclusions were
inferred from the experimental outcomes. The carburized steel alloys
were found to be relatively ductile, as revealed by the SEM images of
fractured surfaces. The complexity of the serrated flow was found to
increase with the carburization time, and, consequently, the carbon
content of the alloy. Importantly, the sample entropy was found to
increase with respect to the mean-squares displacement of carbon into
the alloy. This increase in the complexity with the increasing carbon
content is thought to be related to the more varied ways that carbon can
interact with dislocations, as compared to other solute atoms in the
matrix. Finally, the results suggest that an increase in the amount of the
substitutional point defects in the alloy lead to a higher number of in-
teractions with stacking faults during tension, resulting in more com-
plex dynamics during the serrated flow.
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