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Simulating the mechanisms of serrated flow
in interstitial alloys with atomic resolution
over diffusive timescales
Yue Zhao1,2, Lucile Dezerald 2, Marta Pozuelo1, Xinran Zhou1 & Jaime Marian 1,3✉

The Portevin-Le Chatelier (PLC) effect is a phenomenon by which plastic slip in metallic

materials becomes unstable, resulting in jerky flow and the onset of inhomogeneous defor-

mation. The PLC effect is thought to be fundamentally caused by the dynamic interplay

between dislocations and solute atoms. However, this interplay is almost always inaccessible

experimentally due to the extremely fine length and time scales over which it occurs. In this

paper, simulations of jerky flow in W-O interstitial solid solutions reveal three dynamic

regimes emerging from the simulated strain rate-temperature space: one resembling stan-

dard solid solution strengthening, another one mimicking solute cloud formation, and a third

one where dislocation/solute coevolution leads to jerky flow as a precursor of dynamic strain

aging. The simulations are carried out in a stochastic framework that naturally captures rare

events in a rigorous manner, providing atomistic resolution over diffusive time scales using no

adjustable parameters.
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The Portevin-Le Chatelier (PLC) effect is a well-known
phenomenon in materials science by which metallic alloys
deform in an unstable manner, potentially leading to poor

ductility and premature failure1–18. The PLC effect is character-
ized by jerky flow and the onset of inhomogeneous deformation,
generally attributed to the dynamic interplay between dislocations
and solute atoms. The macroscopic manifestation of this process
is the appearance of serrated flow in the stress–strain (σ–ε) curve,
a necessary—but not sufficient—condition to indicate the exis-
tence of dynamic strain aging (DSA). Figure 1 shows σ–ε curves
of Nb-0.75O bulk crystals at different temperatures for a fixed
strain rate. The figure exemplifies how changes in these two
parameters can induce drastic variations in the plastic behavior of
a material. Although there are other manifestations of DSA, the
most important one is the inversion of the dependence of the
strength, σ, on strain rate, _ε, resulting in a negative strain rate
sensitivity (SRS, defined by an exponent, m ¼ Δσ=Δ log _ε)19. The
PLC effect belongs to a more general class of unstable phenomena
in physics known as intermittent processes. These processes
operate in a time-discontinuous manner and are pervasive in the
natural world, being found across numerous scientific dis-
ciplines20–22. Modeling these processes is challenging both
because their intrinsic dynamics are controlled by discrete events
(i.e., fluctuations) and because the time and length scales gov-
erning fluctuations and the observed macroscopic response are
often separated by many orders of magnitude.

Body-centered cubic (bcc) crystals are the basis of many
technologically important metals and alloys. At low-to-moderate
homologous temperatures, plastic slip in bcc materials is gov-
erned by the motion of screw dislocations on close-packed planes.
Generally, this motion is understood to occur over a periodic
energy landscape known as the Peierls potential UP with a peri-
odicity h and an amplitude U0. At low stresses, slip proceeds via
the thermally activated nucleation of steps of height h on the
dislocation line, known as kink pairs, and their subsequent
sideward relaxation. The basic kink-pair geometry and the
structure of the potential energy substrate are schematically
depicted in Fig. 2a. The occurrence of these kinks makes dis-
locations in bcc metals behave as a many-body system, increasing
the complexity of their treatment compared with other materials.
Over five decades of research in bcc materials have conclusively
revealed a direct connection between the kink-pair activation
enthalpy and the temperature dependence of the flow stress in all
pure metals23. In alloys, solutes are known to alter kink-pair
nucleation and propagation rates giving rise to several well-
known phenomena in bcc plasticity. For example, some sub-
stitutional bcc solid solutions are known to suffer a transition

from solute softening to solute hardening as a function of alloy
concentration24–27. This is now known to be a direct consequence
of the interaction between solutes and kink-pairs28. Also, sub-
stitutional solutes are known to lower the so-called knee tem-
perature, after which screw dislocation motion becomes athermal
and the mobility of screw and non-screw segments becomes
comparable29. Owing to their low diffusion rates and the absence
of a vacancy-generation mechanism during plastic flow in dilute
bcc alloys, dynamic strain aging is seldom attributed to sub-
stitutional solutes15,16,30–32, except perhaps at high temperatures
or stresses. In the case of interstitial solid solutions, solute dif-
fusion is effectively athermal, in the sense that in principle it is
not the rate-limiting process, and—consequently—kink-pair
nucleation dictates the duration of the waiting time in between
plastic events. Under such conditions, dislocation motion pro-
ceeds in a discontinuous manner, with rapid slip bursts punc-
tuated by localized trapping of dislocation cores by solute clouds.

Clearly, in view of the processes involved, the study of the
microscopic mechanisms of DSA requires atomic resolution.
However, intrinsic bottlenecks of atomistic simulations preclude
their use for bridging the necessary time and length scale gap. In
addition, the existence of kinks on screw dislocation segments in
bcc crystals breaks the translational symmetry along the dis-
location line, necessitating full three-dimensional models to
capture the wavelengths of kink pairs along the line. This limits
the applicability of techniques such as molecular dynamics (MD)
to the mobility extremes of (i) stationary dislocations and highly
mobile solutes (macroscopically equivalent to zero stress, high
temperature conditions) and (ii), vice versa, mobile dislocations
in a “frozen” solute field (high stress, low temperature). Bcc solid
solutions pose yet extra challenges, as both governing mechan-
isms, i.e., solute diffusion and kink-pair nucleation, are con-
sidered rare events (albeit operating a priori on different
timescales). Discrete event simulations, on the other hand, offer
the possibility of handling rare events over a broad time scale
spectrum within a relatively simple framework33,34. In this paper,
we show for the first-time dynamic simulations of
dislocation–solute coevolution in tungsten crystals containing
trace amounts of interstitial oxygen (W-0.2 at.% O alloys), con-
sistent with nominally pure metals contaminated through expo-
sure to the environment35,36. Our simulations confirm that DSA
occurs in a specific temperature-strain rate window that equalizes
the timescales of solute transport and dislocation motion,
resulting in intermittent slip and ultimately leading to negative
SRS. This kind of simulations has been made possible by the
recent development of a Kinetic Monte Carlo (KMC) model that
accounts for thermally activated kink-pair nucleation and solute
diffusion via stress field coupling and short-range inelastic
interactions37,38. Our model is parameterized entirely using
atomic scale calculations, as described in previous works39 (see
Methods below) and is significantly more efficient than direct
atomistic simulations. This allows us to study the relevant para-
meter space of stress, temperature, solute content, and dislocation
line length to identify the conditions under which coevolution
occurs.

Results
Energetics of oxygen atoms in W crystals containing a screw
dislocation. In bcc W, oxygen atoms diffuse with a migration
energy of 0.2 eV on a tetrahedral sublattice (shown in Fig. 2b)39.
This makes the W-O system peculiar among other interstitial bcc
solid solutions, where generally octahedral diffusion is
favored40,41. When dislocations are present, oxygen diffusion
suffers a drift owing to the underlying stress fields. In standard
diffusion theory, this drift is characterized by an activation
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Fig. 1 Serrated flow occurs in engineering alloys in specific temperature-
strain rate windows. Deformation curves for Nb-0.75% at. O at fixed strain
rate varying the temperature, displaying transitions from-smooth to
serrated flow (adapted from ref. 15).
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volume that—when coupled to the stress—yields the mechanical
work to subtract from the activation energy for migration. In our
case, the activation volumes of importance are approximately no
larger than ¼ of one atomic volume, implying that O migration
minimally perturbs neighboring W atoms when diffusing
throughout the lattice. However, the trigonal distortions caused
by oxygen atoms in their tetrahedral positions are most effectively
neutralized near the screw dislocation core (see Fig. 2c), resulting
in very stable bound structures with interaction energies of
1.2~1.8 eV39,42. As this is on the order of the kink-pair activation
enthalpy (≈1.6 eV), oxygen-dislocation dissociation events
become the rate-limiting step when solute diffusion is sufficiently
fast (and/or dislocation motion sufficiently slow) to allow for the
formation of solute clouds (akin to the so-called Cottrell atmo-
spheres) around dislocation cores. Depending on whether this is
or not the case, three scenarios may be considered based on the
nature of dislocation–solute interactions:

(i) A low stress and high temperature regime where solute
diffusion is favored over dislocation motion. One would
then expect to see solute segregation at the dislocation core,
i.e., solute atoms decorating the dislocation line with little
or no dislocation glide. This is a widely studied scenario,
both analytically and using atomistic methods43–47, corre-
sponding to an adiabatic process where dislocation motion
occurs over timescales much longer than solute transport.

(ii) A high stress and low temperature regime where dislocation
glide dominates over solute motion. In this case, the alloy
behaves in the manner of a substitutional solid solution,
with stationary solute atoms interacting with moving
dislocations. This is expected to lead to conventional solute
hardening, which has also been studied extensively in the
literature for bcc alloys by a number of different
techniques38,48–53.

(iii) An intermediate stress and temperature region where
solutes and dislocations display similar mobilities and
evolve on comparable timescales. This is the region where
DSA can occur31,32. However, such scenario has been
comparatively much less studied using simulation methods
(and even less so in bcc systems) owing to the intrinsic
difficulties of treating two coevolving many-body systems.
At present, this can only be studied via numerical
simulation54 and is the primary subject of study in this
work. In the following, we refer to this regime as the
“coevolution regime”.

Here, “stress” and “temperature” are used to refer more or less
generically to the mechanical and thermal driving forces. As
discussed in Supplementary Note 1, the stress can be applied
either directly (in a “stress-controlled” simulation) or indirectly
via the application of a prescribed strain rate. The mode of
application, however, does not affect the general description of
the dynamic regimes (i), (ii), and (iii).

KMC simulations of dislocation–solute coevolution. To mimic
experimental tests, which are performed under constant strain
rate, _ε0, and temperature, T, conditions, we carry out strain rate-
controlled simulations in wide range of _ε0 and T. The instanta-
neous shear stress that results from a given prescribed (shear)
strain rate is obtained as:

τðtÞ ¼ 2μ t _ε0 � εpðtÞ
� �

ð1Þ

Where t is the total simulation time, μ is the shear modulus, and
εp is the total accumulated plastic strain (calculated from the area
on the glide plane swept by the dislocation as it moves, see
Supplementary Note 1 for details). This stress is the response
function in strain rate-controlled simulations, in contrast to
stress-controlled simulations where the response function is the
dislocation velocity. In pure W, for equal assumed dislocation
densities, (this value of ρd also sets the dislocation line length to a

magnitude of approximately λ ¼ ρd
� ��1=2

, which for ρd ≈ 1.4 ×
1014 m–2 24, gives λ= 400b), both approaches yield identical
results, as shown in Fig. 3a. The figure shows the dependence of
the stress with the prescribed strain rate at 150, 300, and 600 K,
characterized by SRS exponents between 0.34 and 0.02. However,
as mentioned earlier, the most reliable marker for the onset of
serrated flow in dilute alloys is in fact the observation of m< 0. To
examine whether such a regime can be captured in our simula-
tions, we analyze the behavior of the dislocation and the solute in
W-0.2 at.% O in the 10–4 < _ε0 < 10–1-s–1 and 80 < T < 300-K strain
rate and temperature ranges. Figure 3b shows τ-_ε0 curves at 80
and 150 K, clearly showing inverse SRS at 150 K between 10–3 and
10–2 s–1.

Although this is in principle indicative of the onset of DSA on a
“macroscopic” level, it is also important to study its microscopic
manifestation, i.e., jerky (intermittent) plastic flow. To ascertain
that this indeed corresponds to jerky flow, next we analyze the
behavior of the solute by calculating its mean square displace-
ment, δr2, as a function of time, whereas that of the dislocation is
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Fig. 2 Crystallographic features of the oxygen-dislocation system. a Schematic diagram of the basic kink-pair geometry on the Peierls energy substrate
Up(x). b and nα are the Burgers vector and the normal of the glide plane α. λα is the length of an arbitrary straight screw dislocation segment on the same
plane, and h and w are the periodicity of the substrate potential and the stable kink-pair separation, respectively (adapted with permission from ref. 23).
b Elementary bcc lattice cell showing lattice atoms (in gray) and tetrahedral interstitial sites (in blue), including a shaded tetrahedron with the interstitial
site highlighted in its center. c Differential displacement map obtained using DFT calculations showing the stable configuration for the dislocation core-O
complex (oxygen atom shown in red, core position shown in green). The resulting core structure changes from so-called “easy” (no oxygen) to “hard”
(with oxygen). Figure 2b, c adapted with permission from ref. 39.
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evaluated by tracking the evolution of the kink-pair nucleation
rate, rkp. Figure 4 shows results for three characteristic strain rate-
temperature points. The figure includes the expected kink-pair
nucleation rate in a pure W crystal, represented for each _ε0-T
point as a background shaded band in each graph. Spikes in rkp
are manifestations of local compositional and/or configurational
variabilities along the dislocation line in time. At 5.0 × 10–5 s–1

and 500 K (Fig. 4a), the dislocation and the solute appear to move
in an uncorrelated fashion, with the dislocation experiencing
kink-pair nucleation rates similar to the reference pure state and
the solute following a non-linear mean square displacement. In
fact, δr2 initially follows a parabolic evolution, which is indicative
of the solute undergoing a biased random walk caused by the
existence of a diffusion drift. At 5 × 10–3 s–1 and 150 K (Fig. 4b),
the solute is seen to undergo discontinuous motion, as revealed by
a step-like mean square displacement, with the dislocation
moving at a lower rate than in the homogeneous case and more
kink-pair nucleation activity during stationary solute periods.
Finally, at 5 × 10–3 s–1 and 80 K (Fig. 4c), the solute becomes
immobile and the dislocation moves through a static solid
solution, with the kink-pair nucleation activity practically
mimicking the homogeneous value with local spikes arising from
dislocation–solute interactions. Simulation videos corresponding
to these three cases can be seen in the Supplementary
Information.

Although in Fig. 4a, c, the average kink-pair nucleation rate rkp
generally agrees well with the background pure W value, in 4b rkp
displays periods during which it is consistently lower than the
reference. As well, the frequency of the local spikes is decreased
with respect to the other two temperature cases. Correspondingly,
the solute is seen to undergo an intermittent migration pattern,
with periods of time where it is mostly stationary, and others
characterized by rapid motion. We interpret this behavior as the
precursor of dynamic strain ageing, where periods of reduced
kink-pair nucleation activity are followed by stages of enhanced
nucleation, leading to intermittent flow (whose macroscopic
analog is serrated flow—as in Fig. 1).

Figure 5 shows high-resolution images of the dislocation–
solute system, showing only dislocation segments and oxygen
atoms. The images correspond to snapshots of 100b-long sections
of the dislocation line for three scenarios similar to those shown

in Fig. 4a–c. Kink pairs can be appreciated along the dislocation
line in all three cases, with marked differences in density and
kink-pair width clearly observed among them. In the coevolution
regime (regime (iii)), the dislocation alternates episodes of solute
pinning (as shown in Fig. 5b) with solute de-pinning, resulting in
strain bursts marked by the formation of solute clouds around the
dislocation core. Several kink pairs in Fig. 5c coexist on two
different glide planes owing to the interaction between dislocation
segments and static solutes, giving rise to the sporadic formation
of cross-kinks55. A quantitative analysis of the solute density
around the dislocation core for each of the three scenarios just
described is also provided in Supplementary Note 2.

Strain rate-inverse temperature diagrams and connection to
DSA. It is common in the literature to express the plastic
behavior of dilute solid solutions displaying serrated flow as a
strain rate-inverse temperature diagram highlighting the dif-
ferent regime transition boundaries. Figure 6 shows such a
_ε-(kT)–1 chart, obtained by systematically examining all the
strain rate-temperature combinations studied here. The figure
shows the jerky flow region colored in red, delimited by two
dashed lines that bound the limits within which discontinuous
slip takes place. The slope of these lines defines two activation
energies deduced from the expression _ε Tð Þ ¼ _ε0exp � ΔE

kT

� �
,

marked in the figure as 0.15 and 0.23 eV, that characterize the
operating mechanisms on each side of the jerky flow region.
Given that the two principal processes governing the
dislocation–solute system considered here are solute diffusion
(with migration energies ranging between 0.15 and 0.20 eV)
and kink-pair nucleation energies (ranging from 0 to 1.65 eV,
see the Methods Section), the values shown in the graph can
give an indication of the relative weight of each one on the
overall dynamics. On the left side of the discontinuous flow
region, the temperatures are sufficiently high to favor solute
diffusion as the governing mechanism, with the value of 0.15 eV
being consistent with this interpretation. On the right side, a
higher energy of 0.23 eV suggests a more complex interplay
between both processes, perhaps dominated by kink-pair
nucleation next to oxygen atoms and more-limited solute
diffusivity.
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Fig. 3 Negative strain rate sensitivity appears in alloys in specific strain rate-temperature range. a Comparison of the dependence of stress with strain
rate (stress-controlled simulations) and vice versa (strain rate-controlled simulations) for a screw dislocation of length 400b in pure W at 150, 300, and
600 K. The results from both approaches are virtually identical. The strain rate sensitivity exponent, m, is displayed in the inset (as the slope in log-log
space of each one of the σ-_ε curves). Error bars for the 150 and 300-K cases are smaller than the size of the markers used in the figure. b τ-_ε0 curves for
the W-0.2%O system at 80 K (no solute motion) and 150 K (dislocation–solute coevolution). Although the alloy system shows the standard behavior at
80 K, inverse SRS can be appreciated between 10–3 and 10–2 s–1 at 150 K (shaded region). The pure W curves at 80 and 150 K are added for comparison
(with the associated SRS exponents), revealing the hardening owing to the solute.
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Discussion
Although our simulations pertain to one single dislocation source,
we believe that they are still representative of bulk material
behavior—which is the context in which DSA is strictly defined—
capturing directly the interplay between mutually coevolving
dislocations and solute atoms in a way that allow us to explain
observed macroscopic behavior. As such, they offer a unique
window into the governing mechanisms behind serrated flow and
the PLC effect. It must also be kept in mind that bcc metals
display a set of particularities that call for the development of very
specific approaches. One of these is the reduction of crystal

plasticity to the behavior of a single screw dislocation source
under single slip conditions, as has been confirmed in a number
of studies23,28,31,32. Thus, one can think of our model as
descriptive of the characteristic behavior of dislocation sources in
crystal grains of bcc materials, such that the total strain at the
bulk level can be additively obtained from the different con-
tributions of sources operating in the manner described here.

In quantitative terms, our results are highly influenced by the
choice alloy made in this work. DSA in real W alloys may occur
in a different regime than that shown in Fig. 6, a reflection of the
existence of a much-less simplistic microstructure and chemical
composition than the one considered here. In this sense, the
solute concentrations, solute species, dislocation densities, and
dislocation types used here all represent an idealized version of
real alloys and their behavior. However, our intent in this paper is
to study the physics behind the interplay between dislocations
and solute atoms in interstitial alloys and unveil the fundamental

0

1

2

3

4

5

6

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.0

0.2

0.4

0.6

0.8

1.0
〈�
r2 〉 [

×
10

6  b
2 ]

〈�
r2 〉 [

b
2 ]

〈�
r2 〉 [

b
2 ]

r k
p 

[×
10

11
 s

–1
 b

–1
]

r k
p 

[×
10

10
 s

–1
 b

–1
]

r k
p 

[×
10

4  s
–1

 b
–1

]

t [ns]

t [ns]

t [�s]

1.5 GPa, 600 K

0

1000

2000

3000

4000

5000

6000

0 2 4 6 8 10 12 14 16 18
0

1

2

3

4
1.5 GPa, 250 K

0

2

4

6

8

10

0 5 10 15 20 25 30
0

2

4

6

8

10
1.5 GPa, 70 K

a

b

c

Fig. 4 Solute migration is coupled to dislocation behavior. Evolution of the
solute mean square displacement and kink-pair nucleation rates with time.
The shaded band represents the equivalent kink-pair nucleation rate in pure
W at each _ε0-T condition. At a strain rate of 10–4 s–1 and a temperature of
150 K a, the dislocation and the solute appear to move in an uncorrelated
fashion, with the dislocation experiencing kink-pair nucleation rates similar
to the reference pure state and the solute following a non-linear mean
square displacement. The sharp spikes in the kink-pair nucleation rate are
manifestations of local variability in the solute spatial distribution and/or
screw dislocation line configuration. At 5 × 10–3 s–1 and 150 K b, the solute
is seen to undergo discontinuous motion, as revealed by a step-like mean
square displacement, with the dislocation moving at a lower rate than in the
homogeneous case and more kink-pair nucleation activity during stationary
solute periods. At 5 × 10–3 s–1 and 80 K c, the solute becomes immobile and
the dislocation moves through a static solid solution, with the kink-pair
nucleation activity essentially following the homogeneous value with local
spikes arising from dislocation–solute interactions. Simulation videos
corresponding to these three cases can be seen in Supplementary
Animations 1, 2, and 3.
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Fig. 5 Geometric distribution of solute around dislocation lines.
Simulation snapshots corresponding to the three dynamic scenarios
described in the text. a Solute diffusion occurs over timescales much
shorter than kink-pair nucleation, making both processes effectively
decoupled. b The oxygen atoms segregate at the dislocation core,
temporarily trapping it before the dislocation can release itself and produce
a strain burst. c No solute motion is observed, and the dislocation moves in
a static interstitial solid solution, developing more kink pairs and cross-
kinks. The length of line captured in all three panels is approximately 100b.
As it can be appreciated, the density and width of the kink pairs shown in
the figures is markedly different from case to case.
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mechanism governing an elusive phenomenon at the atomic scale
as is DSA and the PLC effect.

In conclusion, we have shown using discrete stochastic models
of dislocation–solute coevolution that “jerky” flow in dilute bcc
interstitial solid solutions is a natural consequence of the dynamic
interplay between the motion of solutes and dislocations. To
capture such coevolution, the computational model must be
capable of operating on “diffusive” timescales, i.e., above the
characteristic atomic vibration period, on which thermally acti-
vated processes take place. Our model is able to explore such
regimes, exposing strain rate-inverse temperature maps that
define the dynamic behavior of the alloy. Although these simu-
lations pertain to one dislocation only, we are confident that the
results reported here can be helpful in interpreting the alloy
behavior at the level of the microstructure. Then, it is at that level
that dynamic strain ageing is defined, and where discontinuous
flow can lead to localization and embrittlement.

Methods
DFT calculations. All density functional theory (DFT) calculations were carried
out using the Vienna Ab Initio Simulation Package code56 with the projector
augmented wave57,58 pseudopotential scheme within the Perdew-Burke-Ernzerhof-
generalized gradient approximation. A 400-eV kinetic-energy cutoff was used, and
the Hermite-Gaussian scheme was employed, with a smearing of 0.2 eV for elec-
tronic occupation. Dislocations were modeled by inserting a dislocation dipole in a
135-atom simulation cell using periodic boundary conditions, as usually done for
bcc metals42,59–62. Oxygen atoms were inserted in tetrahedral positions up to the
6th nearest-neighbor to the dislocation core and the dislocation-oxygen system was
relaxed until the forces on all the atoms were less than 2 × 10−2 eV/Å. Details of the
calculations and additional results are provided in ref. 39.

KMC simulations. The KMC method evolves a system through a sequence of
states via a random walk process. All the transitions connecting a given state with
the neighboring states are defined by their transition rate. These rates are sampled
with the correct probability to simulate the time evolution of the system. In our
case, we have three main classes of transitions: (i) kink-pair nucleation, (ii) kink
propagation and/or de-trapping, and (iii) solute diffusion. Our approach is a three-
dimensional, full-elasticity model of arbitrary screw dislocation geometries in bcc
lattices that accounts for slip on all {110} planes of the [111] zone. To ensure
detailed balance, each solute atom is assigned a complete set of possible transitions
to all possible neighboring sites. Kink pairs along a given dislocation segment of
length λ are nucleated with a probability per unit time:

rkp T; τð Þ ¼ ν0
λ� w
b

� �
exp �ΔHkp τð Þ

kT

� �
ð2Þ

where ν′ is an attempt frequency, w is the kink-pair separation (see Figure 1a), and,
ΔHkp is the activation enthalpy, which is a function of the local resolved shear
stress τ. k is Boltzmann’s constant, b the modulus of the Burgers vector, and T the

absolute temperature. The above rate is calculated for all segments with λ >w on all
possible glide planes, where w is the kink-pair width, sampled for each value of τ
from a function obtained from atomistic calculations (described in ref. 37). τ is
calculated for each glide system from the stress tensor σ (Fig. 2a), which includes
corrections for non-Schmid effects37,38.

The total stress at each spatial point r includes contributions from the applied
strain rate or applied stress (as described in Supplementary Note 1), all dislocation
segments, and solute atoms. In this work, σ is oriented as to make the main (110)
glide plane be the maximum resolved shear stress plane (MRSSP). However,
thermal activation, spatial stress fluctuations, as well as local interactions with
solute atoms, can all contribute to non-MRSSP kink-pair nucleation and glide. In
fact, that our model can naturally capture all this variability is a principal reason
why we can tackle complex problems such as the present one. No intermittent flow
can occur in our simulations from confined-volume plasticity63–67, and thus all
instances of jerky flow can only be caused by dislocation–solute interactions.

For their part, oxygen atoms move throughout the tetrahedral sublattice
according to the following jump rate:

νOx T; σ rð Þð Þ ¼ ν00exp �ΔHOx σ rð Þð Þ
kT

� �
ð3Þ

where ν″ is also an attempt frequency, ΔHOx is the activation enthalpy, itself a
function of the migration energy, Em, the heat of solution, ΔHs, and the mechanical
energy Wm.: ΔHOx ¼ Em þ ΔHs �Wm . All of these also depend linearly on the
stress state σ, with proportionality constants given in ref. 39. Kink translation is
assumed to occur athermally unless kinks interact with solute atoms, in which case
kink de-trapping is also dealt with in a thermally activated fashion with binding
energies between 1.5 and 1.8 eV39.

Data availability
All computational and/or experimental data in CSV format can be provided upon
request.

Code availability
The KMC code is available in open source form at: http://jmarian.bol.ucla.edu/packages/
packages.html (entry #5).

Received: 18 April 2019; Accepted: 17 February 2020;

References
1. Neuhäuser, H. & Hampel, A. Observation of Luders bands in single crystals.

Scr. Metall. 29, 1151–1158 (1993).
2. McCormick, P. G., Vendekasan, S. & Ling, C. P. Propagative instabilities: an

experimental view. Scr. Metall. 29, 1159–1164 (1993).
3. Ananthakrishna, G. Current theoretical approaches to collective behavior of

dislocations. Phys. Rep. 440, 113–259 (2007).
4. Argon, A. S. Strengthening Mechanisms in Crystal Plasticity (Oxford

University Press, 2012).
5. Yoshinaga, H., Toma, K., Abe, K. & Morozumi, S. The Portevin-Le chatelier

effect in vanadium. Philos. Mag. 23, 1387–1403 (1971).
6. Kumar, S., Pink, E. & Grill, R. Dynamic strain aging in a tungsten heavy metal.

Scripta Materialia 35, 1047–1052 (1996).
7. Numakura, H. & Koiwa, M. The snoek relaxation in dilute ternary bcc alloys. a

review. J. de. Phys. IV C8, 97–106 (1996).
8. Wilcox, B. A. & Smith, G. C. The Portevin-Le Chatelier effect in hydrogen

charged nickel. Acta Metall. 12, 371–376 (1964).
9. Koyama, M., Sawaguchi, T. & Tsuzaki, K. Influence of dislocation separation

on dynamic strain aging in a Fe-Mn-C austenitic steel. Mater. Trans. 53,
546–552 (2012).

10. Niinomi, M., Kobayashi, T. & Ikeda, K. Portevin-Le Chatelier effect in Al-Si
binary alloys. J. Mater. Sci. Lett. 59, 847–848 (1986).

11. Li, T. Q. et al. The twin mechanism of Portevin Le Chatelier in
Mg–5Li–3Al–1.5 Zn–2RE alloy. J. Alloy. Compd. 509, 7607–7610 (2011).

12. Mahajan, S., Brasen, D. & Haasen, D. Luders bands in deformed silicon
crystals. Acta Metall. 27, 1165–1173 (1979).

13. Brzeski, J. M., Hack, J. E., Darolia, R. & Field, R. D. Strain aging embrittlement
of the ordered intermetallic compound NiAl. Mater. Sci. Eng.: A 170, 11–18
(1993).

14. Nemat-Nasser, S. & Guo, W.-G. Thermomechanical response of HSLA-65
steel plates: experiments and modeling. Mech. Mater. 3, 379–405 (2005).

15. Park, S. C., Beckerman, L. P. & Reed-Hill, R. E. On the Portevin-Le Chatelier
effect due to Snoek strain aging in the niobium oxygen system. Metall. Mater.
Trans. A 14, 463–469 (1983).

16. Karimi-Taheri, A., Maccagno, T. M. & Jonas, J. J. Dynamic strain aging and
the wire drawing of low carbon steel rods. ISIJ Int. 35, 1532–1540 (1995).

80 90 100 110

(kT )–1 [eV–1]

10–2

10–3

10–4

150 120 100

0.23 eV

0.15 eV

T [K]

� 
[s

–1
]

·

Fig. 6 Using simulation results to map to engineering design curves.
Color map of the strain rate-inverse temperature diagram obtained from
our simulations. Each pixel in the figure is colored according to the
propensity for jerky flow defined in the text, with red and cyan indicating
high and low propensities, respectively. The dashed lines correspond to two
different fits of the general equation _ε Tð Þ ¼ _ε0exp � ΔE

kT

� �
, with the values of

ΔE given next to them.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15085-3

6 NATURE COMMUNICATIONS |         (2020) 11:1227 | https://doi.org/10.1038/s41467-020-15085-3 | www.nature.com/naturecommunications

http://jmarian.bol.ucla.edu/packages/packages.html
http://jmarian.bol.ucla.edu/packages/packages.html
www.nature.com/naturecommunications


17. Pozuelo, M., Chang, Y. W., Marian, J. & Yang, J. M. Serrated flow in
nanostructured binary Mg-Al alloys. Scr. Materialia 127, 178–181 (2017).

18. Pozuelo, M., Stremfel, J. W., Yang, J.-M. & Marian, J. Strengthening to
softening transition in lath martensite. Materialia 5, 100254 (2019).

19. Picu, R. C. A mechanism for the negative strain-rate sensitivity of dilute solid
solutions. Acta Materialia 52, 3447–3458 (2004).

20. Greco, A., Chuychai, P., Matthaeus, W. H., Servidio, S. & Dmitruk, P.
Intermittent MHD structures and classical discontinuities. Geophys. Res. Lett.
35, L19111 (2008).

21. Papanikolaou, S. et al. Universality beyond power laws and the average
avalanche shape. Nat. Phys. 7, 316–320 (2011).

22. Escobar, J. V. & Pérez Castillo, I. Intermittent dynamics in complex systems
driven to depletion. Sci. Rep. 8, 4825 (2018).

23. Cereceda, D. et al. Unraveling the temperature dependence of the yield
strength in single-crystal tungsten using atomistically-informed crystal
plasticity calculations. Int. J. Plasticity 78, 242–265 (2016).

24. Stephens, J. R. Dislocation structures in single-crystal tungsten and tungsten
alloys. Metall. Mater. Trans. B 1, 1293–1301 (1970).

25. Gibala, R. & Mitchell, T. Solid-solution softening and hardening. Scr. Metall.
7, 1143–1148 (1973).

26. Pink, E. & Arsenault, R. J. Low-temperature softening in body-centered cubic
alloys. Prog. Mater. Sci. 24, 1–50 (1980).

27. Luo, A., Jacobson, D. & Shin, K. Solution softening mechanism of iridium and
rhenium in tungsten at room temperature. Int. J. Refract. Met. Hard Mater.
10, 107–114 (1991).

28. Caillard, D. An in situ study of hardening and softening of iron by carbon
interstitials. Acta Materialia 59, 4974–4989 (2011).

29. Tang, M. & Marian, J. Temperature and high strain rate dependence of tensile
deformation behavior in single-crystal iron from dislocation dynamics
simulations. Acta Materialia 70, 123–129 (2014).

30. Das, J., Sankaranarayana, M. & Nandy, T. K. Serrated flow behavior in
tungsten heavy alloy. Mater. Sci. Eng. 646, 75–81 (2015).

31. Caillard, D. & Bonneville, J. Dynamic strain aging caused by a new Peierls
mechanism at high-temperature in iron. Scr. Materialia 95, 15–18 (2015).

32. Caillard, D. Dynamic strain ageing in iron alloys: the shielding effect of
carbon. Acta Materialia 112, 273–284 (2016).

33. Rubino, G. & Tuffin, B. Rare event simulation using Monte Carlo methods
(John Wiley & Sons, 2009).

34. Martínez, E., Caturla, M. J. & Marian, J. DFT-Parameterized Object Kinetic
Monte Carlo Simulations of Radiation Damage. Handbook of Materials
Modeling (Springer International Publishing AG, 2018). https://doi.org/
10.1007/978-3-319-50257-1_137-1

35. ASM Handbook, Volume 02—Properties and selection: nonferrous alloys and
special-purpose materials. (ASM International, 1990). https://app.knovel.com/
hotlink/toc/id:kpASMHVP07/asm-handbook-volume-02/asm-handbook-
volume-02

36. Bryant, R. T. “The solubility of oxygen in transition metal alloys”. J. Less
Common Met. 4, 62–68 (1962).

37. Stukowski, A., Cereceda, D., Swinburne, T. D. & Marian, J. Thermally-activated
non-Schmid glide of screw dislocations in W using atomistically-informed
kinetic Monte Carlo simulations. Int. J. Plasticity 65, 108–130 (2015).

38. Zhao, Y. & Marian, J. Direct prediction of the solute softening-to-hardening
transition in W-Re alloys using stochastic simulations of screw dislocation
motion. Model. Simul. Mater. Sci. Eng. 26, 045002 (2018).

39. Zhao, T., Dezerald, L. & Marian, J. Electronic structure calculations of oxygen
atom transport energetics in the presence of screw dislocations in tungsten.
Metals 9, 252–266 (2019).

40. Jiang, D. E. & Carter, E. A. Diffusion of interstitial hydrogen into and through
bcc Fe from first principles. Phys. Rev. B 70, 064102 (2004).

41. Sanchez, J., Fullea, J., Andrade, M. C. & De Andres, P. L. Ab initio molecular
dynamics simulation of hydrogen diffusion in α-iron. Phys. Rev. B 81, 132102
(2010).

42. Lüthi, B., Ventelon, L., Rodney, D. & Willaime, F. Attractive interaction
between interstitial solutes and screw dislocations in bcc iron from first
principles. Computat. Mater. Sci. 148, 21–26 (2018).

43. Schoeck, G. & Seeger, A. The flow stress of iron and its dependence on
impurities. Acta Metall. 7, 469–477 (1959).

44. Rickman, J. M., LeSar, R. & Srolovitz, D. J. Solute effects on dislocation glide in
metals. Acta Materialia 51, 1199–1210 (2003).

45. Veiga, R. G. A., Perez, M., Becquart, C. S., Clouet, M. & Domain, C.
Comparison of atomistic and elasticity approaches for carbon diffusion near
line defects in α-iron. Acta Materialia 59, 6963–6974 (2011).

46. Veiga, R. G. A., Goldenstein, H., Perez, M. & Becquart, C. S. Monte Carlo and
molecular dynamics simulations of screw dislocation locking by Cottrell
atmospheres in low carbon Fe–C alloys. Scr. Materialia 108, 19–22 (2015).

47. Martínez, E., Schwen, D. & Caro, A. Helium segregation to screw and edge
dislocations in α-iron and their yield strength. Acta Materialia 84, 208–214
(2015).

48. Rodary, E., Rodney, D., Proville, L., Bréchet, Y. & Martin, G. Dislocation glide
in model Ni (Al) solid solutions by molecular dynamics. Phys. Rev. B 70,
054111 (2004).

49. Olmsted, D. L., Hector, L. G. Jr & Curtin, W. A. Molecular dynamics study of
solute strengthening in Al/Mg alloys. J. Mech. Phys. Solids 54, 1763–1788
(2006).

50. Deo, C. S., Srolovitz, D. J., Cai, W. & Bulatov, V. V. Kinetic Monte Carlo
method for dislocation migration in the presence of solute. Phys. Rev. B 71,
014106 (2005).

51. Deo, C. S., Srolovitz, D. J., Cai, W. & Bulatov, V. V. Stochastic simulation of
dislocation glide in tantalum and Ta-based alloys. J. Mech. Phys. Solids 53,
1223–1247 (2005).

52. Marian, J. & Caro, A. Moving dislocations in disordered alloys: connecting
continuum and discrete models with atomistic simulations. Phys. Rev. B 74,
024113 (2006).

53. Leyson, G. P. M., Curtin, W. A., Hector, L. G. Jr & Woodward, C. F.
Quantitative prediction of solute strengthening in aluminium alloys. Nat.
Mater. 9, 750–755 (2010).

54. Wang, Y., Srolovitz, D. J., Rickman, J. M. & Lesar, R. Dislocation motion in
the presence of diffusing solutes: a computer simulation study. Acta
Materialia 48, 2163–2175 (2000).

55. Marian, J., Cai, W. & Bulatov, V. V. Dynamic transitions from smooth to
rough to twinning in dislocation motion. Nat. Mater. 3, 158–163 (2004).

56. Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys.
Rev. B 47, 558 (1993).

57. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953–17979
(1994).

58. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758–1775 (1999).

59. Clouet, E., Ventelon, L. & Willaime, F. Dislocation core energies and core
fields from first principles. Phys. Rev. Lett. 102, 055502 (2009).

60. Ventelon, L., Willaime, F., Clouet, E. & Rodney, D. Ab initio investigation of
the Peierls potential of screw dislocations in bcc Fe and W. Acta Mater. 61,
3973–3985 (2013).

61. Dezerald, L. et al. Ab initio modeling of the two-dimensional energy landscape
of screw dislocations in bcc transition metals. Phys. Rev. B 89, 024104 (2014).

62. Dezerald, L., Rodney, D., Ventelon, L., Clouet, E. & Willaime, F. Plastic
anisotropy and dislocation trajectory in BCC metals. Nat. Commun. 7, 11695
(2016).

63. Chmelík, F. et al. Investigating the Portevin–Le Chatelier effect in strain rate
and stress rate controlled tests by the acoustic emission and laser
extensometry techniques. Mater. Sci. Eng. A 462, 53–60 (2007).

64. Kubin & Estrin The Portevin-le Chatelier effect in deformation with constant
stress rate. Acta Metall. 33, 39747 (1985).

65. Maass, R., Wraith, M., Uhl, J. T., Greer, J. R. & Dahmen, K. A. Slip statistics of
dislocation avalanches under different loading modes. Phys. Rev. E 91, 042403
(2015).

66. Cui, Y., Po, G. & Ghoniem, N. Controlling strain bursts and avalanches at the
nano to micrometer scale”. Phys. Rev. Lett. 117, 155502 (2016).

67. Sparks, G. et al. Avalanche statistics and the intermittent-to-smooth transition
in microplasticity. Phys. Rev. Mater. 3, 080601R (2019).

Acknowledgements
We acknowledge support by the National Science Foundation under Grant DMR-
1611342 and the US Department of Energy’s Office of Fusion Energy Sciences, Project
DE-SC0012774. This work was also supported by the French State through the program
“Investment in the future” operated by the National Research Agency (ANR) and
referenced by ANR-11-LABX-0008-01 (LabEx DAMAS). Computer time allocations at
UCLA’s IDRE Hoffman2 supercomputer are acknowledged. Part of this research was also
performed using HPC resources from GENCI-CINES and TGCC from CEA under
Grants 2016-097647, A0020910156, and A0040910156, as well as from PRACE (Part-
nership for Advanced Computing in Europe) access to the AIMODIM project. We thank
S. He and S. Huang for valuable help with various aspects of the code and the figures.

Author contributions
Y.Z. developed the kMC code that includes solute-dislocation interactions and performed
all the stress-controlled simulations. L.D. and J.M. designed the DFT calculations. Y.Z.
and L.D. performed the DFT calculations. M.P. carried out the experimental tests in Fe at
different strain rates, and assisted with figures and formatting. X.Z. implemented the
strain-control extension into the kMC code and carried out all strain rate-controlled
kMC simulations. J.M. designed the overall research framework, supervised all stages of
the work, and wrote the paper. All authors revised and agreed to the final version of the
manuscript.

Competing interests
The authors declare no competing interests.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15085-3 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:1227 | https://doi.org/10.1038/s41467-020-15085-3 | www.nature.com/naturecommunications 7

https://doi.org/10.1007/978-3-319-50257-1_137-1
https://doi.org/10.1007/978-3-319-50257-1_137-1
https://app.knovel.com/hotlink/toc/id:kpASMHVP07/asm-handbook-volume-02/asm-handbook-volume-02
https://app.knovel.com/hotlink/toc/id:kpASMHVP07/asm-handbook-volume-02/asm-handbook-volume-02
https://app.knovel.com/hotlink/toc/id:kpASMHVP07/asm-handbook-volume-02/asm-handbook-volume-02
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15085-3.

Correspondence and requests for materials should be addressed to J.M.

Peer review information Nature Communications thanks Chaitanya Deo and the other
anonymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,

distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in
a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15085-3

8 NATURE COMMUNICATIONS |         (2020) 11:1227 | https://doi.org/10.1038/s41467-020-15085-3 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-15085-3
https://doi.org/10.1038/s41467-020-15085-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Simulating the mechanisms of serrated flow in�interstitial alloys with atomic resolution over�diffusive timescales
	Results
	Energetics of oxygen atoms in W crystals containing a screw dislocation
	KMC simulations of dislocation–nobreaksolute coevolution
	Strain rate-inverse temperature diagrams and connection to DSA

	Discussion
	Methods
	DFT calculations
	KMC simulations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




