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Reversible Cyclic Softening in HSLA Steels at Low
Homologous Temperatures

SEBASTIAN CRAVERO, GONZALO GOMEZ, MARTIN VALDEZ, NESTOR SANTI,
and GUSTAVO M. CASTELLUCCIO

Critical mechanical components employed in energy applications require certification of their
mechanical response under monotonic or cyclic loading at various constant temperatures.
However, components often experience combined load and temperature changes, which are
more complex and time-consuming to evaluate. This work presents previously unreported
reversible cyclic softening in low-alloy steel undergoing loading sequences between 293 K and
453 K (0.15 to 0.25 of the homologous temperature). Mechanical cycling at 80 pct of the yield
stress results in a similar cyclic response for all temperatures, while cycling at 90 pct of the yield
stress doubles the cyclic strain when preceded by cycling at 453 K. The softening can be reversed
by maintaining the material at elevated temperatures and cannot be explained by dislocation
recovery mechanisms or changes in the microstructure. Instead, serrated deformation at specific
deformation levels suggests that Dynamic Strain Aging (DSA) contributes to softening, which is
further supported by a theoretical analysis of interstitials and dislocations mean free paths at
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I. INTRODUCTION

THE warranting of the integrity of critical compo-
nents in energy systems often requires the assessment of
material properties at various loading levels coupled
with mechanical and thermal cycling. As a result, the
number of testing conditions required for certification
can rapidly become intractable, unfeasible, or uneco-
nomical. Instead, mechanistic understanding and phy-
sic-based modeling can effectively mitigate the
experimental needs by ranking the most likely detri-
mental in-service conditions.

Cyclic deformation in metallic materials is a complex
multiscale problem that involves the production, glide,
and annihilation of point and line defects. These
mechanisms are sensitive to temperature, deformation
rate, loading level, and loading history, which results in
complex phenomena. An increase in temperature gen-
erally leads to softening in metallic materials due to the
increase of dislocation recovery mechanisms that are
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thermally activated (e.g., dislocation climb and annihi-
lation)."? One notable exception corresponds to
Ni-based superalloys, which increase their yield stress
above 0.5 homologous temperature. This response is
often attributed to the strengthening role of precipitated,
which can harden the material depending on the ability
of dislocations to cut through precipitates.!

Simple alloys can also result in complex softening and
hardening evolution depending on their initial condi-
tion. Under isothermal conditions, highly deformed
metals tend to soften upon cyclic loading, while well-an-
nealed metals would initially harden followed by soft-
ening.*”!  Furthermore, the mechanical response
depends on the amount of applied deformation, and
some materials will exhibit hardening or softening for
different applied strains.

A few research efforts have explored the synergetic
roles of cyclic deformation and temperature changes in
carbon steels. For example, Shin and Lee!® studied the
effects of temperature on low-cycle fatigue of alloyed
carbon steel and showed that strain ranges below 1 pct
at 453 K resulted in a higher softening ratiol’*! than
those at 523 K. Upon applying larger deformation
ranges, the softening increases with further temperature
changes, which suggests that the mechanism responsible
for the anomaly is not present or is subdued at large
strains.

Hong e al™ also studied the effect of temperature on
the low-cycle fatigue for 316L stainless steel. Their work
demonstrated that 316L presents softening ratios that
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Table I. Chemical Composition in Weight Percentage of the HSLA Steel Evaluated

C Mn Si Cr Mo S

P Ni Cu Al Ti N

0.23 0.74 0.28 0.91 0.60 0.01

0.008 0.09 0.131 0.018 0.003 0.006

depend on the applied strain amplitude, the strain rate,
and temperature. Interestingly, softening increases with
temperature up to 453 K, while it peaks for strain
amplitudes between 0.4 and 0.5 pct and decreases
beyond a 1 pct strain range. Hence, the similarities with
the work from Shin and Lee!® are evident despite they
correspond to different materials with different atomic
structures (FCC and BCC). These results suggest that
the mechanisms behind the softening cannot depend on
recovery mechanisms, which are significantly different
among both materials (e.g., different cross-slip likeli-
hood). Instead, Hong er al.””! pointed out that dynamic
strain aging (DSA) is a potential mechanism to explain
the softening mechanism. DSA is a general phenomenon
that occurs across metallic systems and is driven by the
diffusion of atoms to dislocations at a local scale rather
than on the lattice structure or microstructural
attributes.

This communication presents novel experimental
results that characterize reversible cyclic softening in
high-strength low-alloy (HSLA) steels under low cyclic
fatigue (LCF) conditions and homologous temperatures
below 0.25. We present extensive mechanical testing that
supports that the DSA mechanism is responsible for the
cyclic evolution observed in HSLA. These results have
been further supported by theoretical analyses that
identify the deformation and temperature that maxi-
mizes the softening based on the diffusion of interstitial
atoms.

II. EXPERIMENTAL WORK

A. Materials and Specimens

This study evaluates the thermomechanical response
of carbon manganese HSLA steels with the chemical
compositions in weight percentage as presented in
Table I. The material was obtained from a hot-rolled
seamless pipe for Oil Country Tubular Good (OCTG)
applications. Figure 1 presents scanning electron micro-
scopy (SEM) images that depict a microstructure
consistent with tempered martensite with an average
austenitic grain size of about 12 to 17 um, typical of
HSLA steels. The average grain size was estimated using
the mean linear intercept method (ASTM E112) applied
on samples etched with picric acid to reveal more clearly
prior austenitic grain boundaries.

B. Mechanical Testing Procedure

We assessed the mechanical response during thermo-
mechanical cycling with a Gleeble® 3500 thermome-
chanical simulator. This system applied monotonic or
cyclic deformation under stress control while closely
controlling the temperature in the range from 293 K to
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Fig. 1—SEM characterization of the HSLA steel microstructure,
which is consistent with tempered martensite.

131.5

Fig. 2—Specimen employed for cyclic testing at Gleeble®
thermomechanical simulator. The double thread allows a smooth
switch between tension—compression loading.

673 K. Figure 2 presents the specimen dimensions and
geometry, which employs a threaded grip to alloys for a
smooth transition from tension to compression loading.

III. EXPERIMENTAL RESULTS

A. Baseline Material

First, we evaluated the baseline mechanical response
of the material under isothermal conditions following
ASTM EO08 standards. Figure 3 presents the monotonic
response at 293 K and 453 K, which results in yield
strengths of 1004 and 900 MPa, respectively. Higher
temperatures result in lower yield stresses, but subse-
quent strain hardening is almost identical, which sug-
gests that forest dislocation hardening relies on similar
mechanisms at both temperatures. Multiple tests
resulted in almost identical results, the variability being
less than the differences between the curves.

Figure 4 presents the final stress—strain loop and the
peak stress range along 30 cycles at 293 K and 453 K, at
a constantly applied deformation range of 6e—3 and
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frequency of 0.0028 Hz (i.e., 6-minute period). The
responses at both temperatures present some limited
softening, which rapidly saturates after roughly five
cycles at 453 K and 20 cycles at 293 K. The faster
saturation at higher temperatures suggests that ther-
mally activated recovery mechanisms (e.g., dislocation
annihilation) are responsible for such cyclic softening.
This baseline response is in agreement with the general
mechanical response previously reported for HSLA
steels.['-11]

B. Cyclic Loading at Various Temperatures

Next, we consider an experiment in which the material
underwent 30 fully reversed cyclic at a frequency of
0.0028 Hz (i.e., 6-minute period). The first 10 cycles
were applied at 453 K, followed by 10 cycles at 293 K,
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Fig. 3—Monotonic strain and stress response at 293 K and 453 K as
per standard ASTM EO08 testing. The corresponding yield stress are
1004 MPa at 293 K and 892 MPa at 453 K.
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and finalizing with 10 cycles at 453 K. Temperature
transients in between cyclic loading occurred in 10 min-
utes at zero stress. The testing was done under stress
control applying 80 pct of the yield stress for the
corresponding temperature (803 MPa at 293 K and
720 MPa at 453 K). Figures 5(a) and (b) present the
macroscopic stresses and strains, respectively. These
magnitudes were used to compute the cyclic strain in
Figure 5(c), which corresponds to the maximum strain
difference over a cycle (4). In this case, the cyclic strain
is about 3.2 x 10~? and remains almost unchanged upon
accumulation of plastic deformation despite the tem-
perature change.

Following on, Figure 6(a) presents a similar loading
and temperature sequence (10 cycles at 453 K, followed
by 10 cycles at 293 K and 10 additional cycles at 453 K),
but applying a stress amplitude of 90 pct of the yield
stress at the corresponding temperature (903 MPa at
293 K and 803 MPa at 453 K). The results in
Figure 6(b) demonstrate that higher loads induce sig-
nificant cyclic softening at 293 K after cycling the
material at 453 K (cycles 1 to 10). Indeed, marginal
softening occurs for the first 10 cycles at 453 K, but
further cycling at 293 K results in extensive plastic
deformation accumulation and doubles the cyclic strain
amplitude. Notably, the softening seems to reduce when
the material is further cycled at 453 K (cycles 21 to 30).

To further understand the softening process, we
evaluated the role of the loading sequence by reverting
the temperature order. Figure 7 presents the results after
cycling the material for 10 cycles at 293 K, followed by
10 cycles at 453 K, and concluding with 10 cycles at
293 K. Compared to Figure 6, cyclic loading at 90 pct of
the corresponding yield stress in a pristine material
results in a strain amplitude about 4.5 x 103, both at
293 K and 453 K. Further cycling after reducing the
temperature from 453 K to 293 K leads to doubling the
cyclic strain amplitude.
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Fig. 4—(a) Strain and stress loop at 293 K and 453 K after 30 cycles and constant strain amplitude of 0.6 pct. (b) Peak stress as a function of
the number of cycles at the same constant strain amplitude. Softening is limited and saturates by the end of the experiment.
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Fig. 5—Stress (a) and strain (b) responses as a function of time under constant stress amplitude of 80 pct of yield stress starting at 453 K for 10
cycles, followed by 10 cycles at 293 K, and ending with 10 cycles at 453 K. Temperature transitions occurs within 360 s (6 min). (¢) The cyclic

strain amplitude is almost constant throughout the experiments.

A final corroboration of the softening evident in
Figure 7, but missing in Figure 5, comes from the
monotonic tensile test at room temperature after apply-
ing both cycling histories. The results in Figure 8
confirm the softening due to cycling at 453 K and 90
pct of the yield stress. Indeed, the monotonic yield stress
decreases by about 25 MPa if the material is cycled at 90
pct rather than 80 pct of the yield stress at 453 K.
Appendix A complements this analysis with the cyclic
stress—strain loops for the tenth cycle in Figures 5 and 7
and demonstrates that only cycling at 90 pct of the yield
results in noticeable plastic deformation.

Figures 6 and 7 demonstrate that significant softening
can occur at 293 K after cyclic for 10 cycles at 453 K.
This result is remarkable since 453 K corresponds to
0.25 of the material homologous temperature and
recovery mechanisms are not profusely activated at this
temperature and low applied strains. Furthermore,
Figure 9 presents SEM characterization of the material
after cycling at 90 pct of the yield stress (Figure 7).
Compared to the as-produced material Figure 1, the
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softening does not affect the microstructure, which is
similar in morphology (i.e., constituents, grain size, and
homogeneity).

C. Cyclic Loading at Various Temperatures with Hold
Time

The results in Figure 6 are not only surprising for the
softening, but also the apparent recovery of the strength
with further cycling at 453 K. Hence, we further
consider a cyclic sequence starting at 293 K, but with
the addition of a hold time at a higher temperature.
Figure 10 presents the cyclic deformation after 10 cycles
at 293 K followed by 453 K, a hold time of 14,400 sec-
onds (4 hours) at 673 K, and concluding with 10 cycles
at 293 K. The results present no softening after holding
the sample and the cyclic strain amplitudes for the first
and last 10 cycles at 293 K are identical. A similar
deforming sequence but a hold temperature of 523 K
resulted also in the reduction of the softening as shown
by Figure 11, albeit to a lower degree. Moreover, the
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Fig. 6—Stress (a) and strain (b) responses as a function of time under constant stress amplitude of 90 pct of yield stress starting at 453 K for 10
cycles, followed by 10 cycles at 293 K, and ending with 10 cycles at 453 K. Temperature transitions occurs within 360 s (6 min). (¢) Evolution of
the cyclic strain amplitude in which some pronounced softening is evident during cycling at room temperature.

comparison of the first 20 cycles from Figures 7, 10, and
11 demonstrates good reproducibility of experiments
under identical loading conditions.

IV. DISCUSSION

A. DSA Responsible for Reversible Softening

Our results demonstrate that cycling an HSLA steel at
453 K can induce temporary softening, which can be
fully reversed by holding the sample under tension for 4
hours at 673 K. This phenomenon occurs without
noticeable microstructural changes, which suggests that
nanoscale rather than mesoscale mechanisms is respon-
sible for the softening. Similarly, cycling at 80 pct of the
yield strength results in no softening, which becomes
evident when cycling at 90 pct of the yield strength. In
addition, the softening only occurs if a minimum
amount of accumulated cyclic deformation is applied.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Hence, the softening is associated with rate- and
temperature-dependent plastic deformation
mechanisms.

The reversibility of the softening makes it unlikely
that the phenomenon is driven by recovery mechanisms
linked to dislocation annihilation or microstructural
changes, which are normally permanent. Instead, the
mechanical response is compatible with DSA, as sug-
gested by Hong er al”’ Depinning dislocations from
interstitial atoms is a thermally activated process, which
determines the number of dislocations that break free.
At lower temperatures, Cottrell atmospheres turn most
initial dislocations immobile, but higher thermal activa-
tion enables dislocations to glide from interstitial
atmospheres before new dislocations nucleate. A mini-
mum plastic strain must be applied to allow dislocations
to glide far enough—on average—from Cottrell
atmospheres.

VOLUME 54A, JULY 2023—2649
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Fig. 7—Stress (a) and strain (b) responses as a function of time under constant stress amplitude of 90 pct of yield stress starting at 293 K for 10
cycles, followed by 10 cycles at 453 K, and ending with 10 cycles at 293 K. (¢) Evolution of the cyclic strain amplitude in which pronounced

softening is evident during the last 10 cycles at room temperature.

In HSLA steels, nitrogen and carbon play important
roles in strain aging of steel due to their high solubility
and diffusivity."™ Around 500 K to 1000 K.,['¥ these
solute atoms can move faster than dislocations and
temporarily arrest them, which typically results in
DSA-induced serrated flow.!'* ¢!

Figure 12 presents a detail of the softening response
at 453 K and shows evidence of stress serrations that
occurred during the loading period (either in tension or
compressing) at intermediate strains. Although not
conclusive, serrations are a strong indication of active
DSA. In addition, Appendix A presents further evidence
of serrations under monotonic loading and rules out any
spurious error from sampling frequency effects.

Hence, we argue that cyclic loading HSLA steel at
453 K progressively displaces dislocations away from
their Cottrell atmospheres (e.g., carbon, nitrogen),
which facilitates glide and subsequent softening at
293 K. Upon holding the material at a higher temper-
ature, atmospheres can diffuse back to dislocations and
reinstate the strengthening. Notably, the cyclic

2650—VOLUME 54A, JULY 2023

deformation should be limited or additional hardening
could compensate for the phenomena by increasing
dislocation—dislocation interactions. Similarly, limited
deformation or temperature would not allow enough
dislocation to glide far enough to significantly break
away from Cottrell atmospheres.

B. Strength Recovery Prediction

DSA-induced softening requires a minimum displace-
ment from dislocations, along with enough time and
temperature to allow interstitial atoms to diffuse to
dislocation cores and reinstate strength. Hence, we
proceed to demonstrate this rationale with a physics-
based engineering model that estimates the time
required to recover original the strength. An engineering
model capable of predicting the softening requires the
estimations of the mean free path of mobile dislocations,
the mean diffusion distance, and the strengthening role
of interstitials.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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at x 250.

1. The dislocations mean free path

Initial yield in metallic materials is determined by the
glide of dislocation segments that can move unob-
structed (either existing or newly nucleated disloca-
tions). Following Kocks er al.,'”! we can relate the slip
system shearing (y) with the density of mobile disloca-

tions (p), i.e.,
y = plb, 1]

in which b corresponds to the Burgers vector, p is the
average mobile dislocation density, and / is the average
glide distance. Integrating upon a full loading cycle we
can estimate the total plastic strain change per cycle
(Agp), such as

plb
M )
in which M is the Taylor factor and estimates the
average slip system shear strain from the total plastic

Mgy = 2]
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strain and has a value typically between 2 and 3.'¥
Hence, the mean dislocation glide distance can be esti-
mated as follows:

Me

2. Strengthening role of interstitials

Carbon content strongly affects the mobility of
dislocations and increases the yield strength in the steel.
For instance, Calik es all'”! provide the bases for a
linear correlation between a change in carbon content
and the change in yield stress such that

AY = BAC [4]

in which AY is the change in yield strength and AC is the
change in carbon content in weight. Furthermore, B is a
scaling constant that can be approximated as 800 MPa
from ex]periments in Reference 19. Numerous research-
ers? 2! have demonstrated for a wide range of mate-
rials that a linear relation exists between yield stress and
carbon content. This relation suggests that the satura-
tion of Cottrell atmospheres requires a large content of
carbon. Indeed, atomistic simulations have demon-
strated that saturation of Cottrell atmospheres occurs
at 10 at pct C.*Y This experimental and theoretical
evidence supports the linear relation used for estimating
the yield stress.

Even though a linear correlation may not be valid for
a large change in carbon concentration, it is likely to be
a good approximation for small temporary changes
around the equilibrium concentration. In addition, only
a fraction of the total carbon atoms will be associated
with Cottrell’s atmospheres around mobile dislocations,
and the same fraction is associated with the softening by
displacing them from mobile dislocations. Hence, the

VOLUME 54A, JULY 2023—2651
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strain amplitude in which no softening occurs during the last 10 cycles at room temperature.

calibration for constant B accounts for this fraction of
carbon atoms, which is unknown.

3. Interstitial diffusion

The diffusion of interstitial can be analyzed with
Fick’s second law, which relates the species concentra-
tion evolution to the Laplacian of the concentration,

aic — azl [5]
or T ox?’
Here, C is the concentration and D is the diffusion

coefficient and depends strongly on the temperature
following,

_E
D = Dge ®r,

[6]

where 7 (K) is the absolute temperature, R is the
universal gas constant, Dy, is the maximal diffusion
coeflicient, and E, is the activation energy. The values of
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E, and D, for carbon and nitrogen have been extensively
studied and reported in the Reference 25.

Considering a 1D problem with a constant boundary
concentration of the solute, Cy, that can diffuse to the
dislocation we obtain,

C= Coerfc< [7]

X
2\/Dt>’
in which erfc(x) stands for the complementary error
function. Then, the change in concentration becomes

AC = C <1 —erfc <2\;E>>

4. Change in yield strength due to cyclic loading

Finally, by combining Egs. [3], [4], and [7] we can
estimate the change in yield stress as a function of the
applied cyclic strain, the temperature, and the hold time,

8]
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MAeg,
2pb\/ tDye

To evaluate Eq. [9], we quantify the change in yield
stress for our experimental conditions as a function of
the hold time and temperature. We consider an applied
plastic strain of 4e—3 and 5e—5 that corresponds
approximately to 90 and 80 pct yield testing at 453 K,
respectively. Furthermore, we consider an initial carbon
content of 0.024 for our HSLA steels and a mobile
dislocation density of 5e13 m 2% All other model
parameters are taken directly from the literature and
they are summarized in Table II.

The results in Figure 13 predict a maximum reduction
in yield stress of about 20 MPa due to DSA, which
agrees with our experlments and aligns with findings
from other researchers.””? At 90 pct of the yield stress,
most strength can be recovered by holding the sample

AY = BC, |1 —erfc

METALLURGICAL AND MATERIALS TRANSACTIONS A

for 14,400 seconds at 523 K or 360 seconds at 673 K.
These results also predict the partial recovery of strength
while cycling for 3600 seconds at 453 K (Figure 6). In
terms of cycling at 80 pct of the yield stress, the model
predicts partial or almost full recovery of the strength
after holding at 293 K for 360 seconds or 14,400 sec-
onds, respectively. These results further suggest that
softening could occur at 80 pct of the yield, but it would
require cryogenic rather than room-temperature cycling.

We highlight that the value of Eq. [9] is on represent-
ing the nonlinear dependences among plastic strain,
temperature, and time. We emphasize that our calcula-
tions rely entirely on parameterizations from the liter-
ature and the results are surprisingly close to those of
the experiments, further supporting DSA as the cause of
the softening. Additional experimental results can be
pursued to calibrate more accurately constants B and M
for the specific material and experimental conditions.

These values correspond to parameters computed
from our experiments, standard constants, and param-
eters estimated independently by the literature.

VOLUME 54A, JULY 2023—2653
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Table II. Parameters used in Modeling the Recovery from

Softening
Material
Experimental Inputs ~ Constants Material Parameters
e 4e—3(80pct) M 3.06 B 800 MPal'”!
and 5e—5 (90
pct)
Co 0.024pctW R 1985%—3 Q 18.65 kcal/mole®!
kcal
K mol
o Sel3 Dy 1.7e—7 m2/sP

b 3.3 x 10710 m!"

360 s @ 90% Yield

14400 s @ 90% Yield

360 s @ 80% Yield
14400 s @ 80% Yield

100 200 300 400 500 600 700 800 900 1000
Temperature [K]

Change in Yield Stress [MPa]

Fig. 13—Predicted softening after cycling at 80 pct or 905 of the
yield stress and waiting for 360 and 14400 s. Room temperature is
enough to erase softening history within minutes when cycling at 80
pet of the yield stress, but not for 90 pct of the yield stress.

V. CONCLUSION

This paper presents multiple experimental results that
demonstrate the existence of reversible softening in
HSLA steels after being cycled at 453 K. The softening
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appears under cyclic deformation at 90 pct of the yield
stress and not at 80 pct of the yield stress. Similarly,
there is no softening while cycling at room temperature.

We discussed different physical mechanisms involved
in mechanical softening and presented evidence to
support that DSA has a main role. The mechanistic
understanding of DSA enabled us to propose a simple
model to estimate the time required to recover full
strength as a function of the applied cyclic plastic strain
and the temperatures. Further work should further
expand mechanistic understanding to avoid or make use
of temporary softening during service conditions.
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APPENDIX

Figure Al compares the cyclic stress—strain loop for
80 and 90 pct of yield stress loading at room temper-
ature. The lower stress loading results in an almost
elastic response, while the higher loading results in
non-negligible plastic deformation. The plastic strain
amplitude for 90 pct of yield stress loading was
computed to be approximately 3.5¢—3.
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Figure Al—Stress—strain loop for 80 and 90 pct of yield stress
loading at 293 K.
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Figure A2—Monotonic response at 255C and different strain rates
with a sampling frequency of 200 Hz.

Finally, to further explore the existence of DSA, we
performed two tensile tests at 255C at different strain
rates (2.5 x 10* and 5 x 10°) using a sampling fre-
quency of 200 Hz. The results of these experiments in
Figure A2 demonstrate that higher deformation rate
results in significantly more serrations. A higher defor-
mation rate results in a lower number of data points for

METALLURGICAL AND MATERIALS TRANSACTIONS A

equal sampling frequency, which would reduce rather
than increase the noise. Hence, these results are also
consistent with the existence of underlying DSA.
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