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By Alexei Vinogradov,* Evgeny Vasilev, Dmitry Merson and Yuri Estrin
We present a model of deformation twinning based on the idea that twin generation is a stress-driven
process. Using simple, yet sensible, assumptions regarding the grain size distribution, an equation for
the variation of the twin volume fraction with the flow stress is obtained. The model is validated for the
case of Mg alloy ZK60 through measurements of the evolving volume fraction of twins by means of
direct video observation of the specimen surface and by monitoring the acoustic emission signals.
1. Motivation and Background

Dislocation slip and mechanical twinning represent a

with their hexagonal close packed (HCP) structure, including
specific features of their strain hardening behavior and the
classical combination of mechanisms of low-temperature
deformation of many metals and alloys.[1] With the develop-
ment of new structural materials, whose microstructural
evolution and the mechanical response are governed by
deformation twinning, the attention of researchers is turning
to the kinetics of twinning. In particular, recent work has been
addressing the role of twinning in advanced high strength
austenitic steels with TWIP (Twinning Induced Plasticity)[2]

and nanostructured materials,[3] where the twinning activity
has a close connection with the grain size. Among other
structural metals, magnesium and its alloys are in the focus of
the investigations into the mechanical behavior and the
associated twinning activity.[4] The research in this field has
been burgeoning owing to recent developments in the
processing technologies of Mg alloys[4] which are of particular
interest due to their outstanding specific strength. Indeed,
twinning can be regarded as a keymechanism affecting nearly
all aspects of the mechanical behavior of Mg and its alloys,
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asymmetry of the yield strength with respect to tension/
compression, as well as their fatigue and creep properties.[5,6]

It is generally accepted that the strain hardening behavior of
face-centered cubic (FCC) and body-centered cubic (BCC)
metals is governed by the kinetics of dislocation glide. The
details of dislocation accumulation and the relation between
the dislocation density and the flow stress are explicit within
the Kocks–Mecking–Estrin modeling approach which consis-
tently accounts for all major features of the stress–strain
behavior in coarse-[7] and fine-grained materials.[8] In
contrast, the kinetics of twinning is not well understood,
and many questions remain open with respect to both
experiment and theory. Precise and reliable measurements of
the twin volume fraction are still scarce.[9,10] Admittedly,
experimental measurement of the volume fraction (or
number) of the twins in the deformed body is a formidable
task. Transmission electron microscopy provides the highest
resolution of twins, but the area of observation is quite
limited. Scanning electron microscopy equipped with the
electron back scattered diffraction (EBSD) technique offers
more possibilities to observe larger areas more representative
of the entire specimen.[11] However, with the currently
available resolution of EBSD scanning, which is limited by
the scan step size and poor image quality at the grain
boundaries, thin twins, such as nano twins, may stay
undetected even if a high-resolution EBSD version is
employed.[12] Furthermore, as deformation proceeds and
strain increases, the use of the EBSD technique encounters
serious difficulties.

A popular approach to twinning behavior in HCPmetals is
based on a definite value of the critical resolved shear stress
(CRSS) for a given twin variant. While providing a reasonable
description of stress–strain diagrams, the CRSS approach
suffers from serious conceptual difficulties when applied to
thermally activated dislocation slip. Furthermore, experimen-
tal work on twinning CRSS using Schmid’s law, including
erlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (1 of 10) 1600092
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 early studies by Bilby and Entwisle[13] and Bell and Cahn,[14]

has generated debatable outcomes where the scatter of the
measured CRSS can be quite significant (see also refs.[12,15]).
Therefore, concerns have been raised recently whether a
definite constant CRSS value can account for twin nucleation
in HCP polycrystalline metals.[16] An important experimental
fact, which is not accounted for in the CRSS approach, is the
grain size effect on twin nucleation. Indeed, common
CRSS-based models tacitly imply that as soon as the local
stress exceeds the known CRSS value for a given twin variant,
twins will nucleate in all favorably oriented grains, which is
obviously an over simplification.

Bouaziz and Guelton[17] suggested that the twinning
kinetics in the high manganese TWIP steels can be derived
using the first order kinetics assumption due to Olson and
Cohen,[18] which was made originally to describe the
deformation-induced martensitic transformation in metasta-
ble austenite as a function of strain e

dF ¼ 1� Fð Þmde ð1Þ

where F is the volume fraction of twins and m is a coefficient
that depends on the stacking fault energy. After elementary
integration (with the initial condition that F¼ 0 at zero strain)
the twin volume fraction is expressed as

F ¼ 1� exp �með Þ ð2Þ

Obviously, a non-zero initial value of F can easily be
considered, as well. Barnett[10] have proposed a similar,
though heuristic, relation between the twinned volume
fraction and strain.
Fig. 1. Successive light microscopy images obtained during in situ tensile testing of the Mg alloy ZK60
with video recording and concurrent AE measurements (loading axis is vertical as shown by an arrow).
F ¼ 1� exp �4 e=e1ð Þn½ � ð3Þ

where n is a rate exponent and e1 is themacroscopic
strain at which the twinning reaction is 98%
complete. This way of expressing the evolution of
the twin volume fraction is very simple and
convenient, and it captures the exponential trend
to saturation in a general manner. However, the
approach itself is to be applied with care. First and
foremost, there are reasons to believe that the
twinningkinetics is stress, rather thanstrain,driven.
This type of kinetics is obviously not covered by
Equation 1 or 3. Therefore, the main purpose of this
work is to develop a microstructure-motivated
phenomenologicalmodel of stress-driven twinning
kinetics and to verify it by in situ observations
performed on magnesium and its alloys. The
concept of twin nucleation driven by stress that
controls the evolution of the twin volume fraction is
implicit in a recentmodel proposed by Shen et al.[19]

for an ultrafine-grained austenitic steel 304. It
goes back to the twin nucleation model of Mahajan
and Chin.[20] Our intended model is different in
1600092 (2 of 10) http://www.aem-journal.com © 2016 WILEY-VCH Verlag GmbH & C
structure from that of Shen et al. In particular, unlike the
model by Shen et al., ours does not consider the direct
contribution of twinning to plastic strain, disregards the
crystallography of twinning, and also uses a different
evolution equation for the twinned volume. In this sense,
our model is simpler and more phenomenological. Yet, it
captures the mentioned salient feature of twinning being a
stress-controlled process. We provide experimental evidence
that this is the case for the magnesium alloy considered. This
evidence is based on an in situ acoustic emission (AE)
technique powered by a statistical cluster analysis and
appropriate calibration procedures, which enables a quanti-
tative evaluation of the kinetics of twinning. The findings of
AE measurements are supported by electron microscopy
observations of twin accumulation. The entirety of the
experimental information obtained is used to validate the
model.
2. Model

Ourmodel is based on the following assumptions. i) A twin
nucleating in a relatively fine grain shoots through the grain
and acquires a length of the order of the grain size D, as is
often observed in experiments,[21] cf. Figure 1. The average
thickness of the nucleated twin, h, is assumed to be grain size
independent. ii) The generated twin is considered to be in
equilibrium, so that Friedel’s formula for the shear stress for
twinning,[22]

t ffi G
2
s
h
D
; ð4Þ
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2017, 19, No. 1, 1600092
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holds, where G is the shear modulus and s is the amount of
shear strain produced by the twin. This approach does not
require a specific defined CRSS for twin nucleation. However,
in what follows we will demonstrate that it is not in
contradiction with the CRSS concept in that the local
orientation distribution can be accounted for naturally, on
the basis of the time-proven Schmid factor formalism. iii) It is
important to stress that in this model twinning is not
considered as the mechanism underlying plastic deformation.
Rather, dislocation glide controlled plasticity is assumed to
give rise to strain hardening. The rising stress engages more
and more grains in the process of twinning, which leads to an
increase in the twin volume fraction. iv) The grain size
distribution in the material is described by a function f(D),
which in practical simulations will be taken to be log-normal.
This choice is supported by our experimental observations
discussed below as well as by numerous examples reported in
the literature.[23] The volume of a twin generated in a grain of
the size D will be proportional to D2h. Grain size D can be
regarded as a continuous random variable with generic
probability density function f(D) defined over the support
Dmin < D < Dmax. The grains with the size in the interval from
D to Dþ dD will, thus, contribute a differential of the twin
volume fraction dF given by

dF ¼ a
hD2

D3
m

f Dð ÞdD ð5Þ

where Dm is the mean grain size obtained as Dm ¼RDmax

Dmin
Df Dð ÞdD and a is a model parameter that contains as a

factor the fraction of grains capable of undergoing twinning.
As such, it may be texture dependent.[24] However, this
dependence will be disregarded in a first approximation.
Texture effects will be considered elsewhere in the model,
namely, when relating the shear stress on the twinning plane
to the axial stress, see below.

v) Finally, we assume that there is a critical stress, tc to
trigger twinning. When this stress is reached during loading,
all grains with the size greater than

Dc ffi sh
2
G
tc

ð6Þ

will have produced twins. Accordingly, the twinned volume
fraction given by

Fo ¼ ah
D3

m

ZDc

Dmax

D2f Dð ÞdD ð7Þ

can be considered as a starting volume fraction of twins. As
the stress increases beyond the twin initiation stress tc,
smaller and smaller grains get involved in the generation of
twins.

Recalling that D ¼ D tð Þ is an invertible function of the
stress t according to Equation 4. and applying the statistical
ADVANCED ENGINEERING MATERIALS 2017, 19, No. 1, 1600092 © 2016 WILEY-VCH Ver
change-of-variable technique, the probability density function
of the “twin-triggering” stress s is defined over the support

t Dmaxð Þ < t < t Dminð Þ as gðtÞ ¼ f DðtÞð Þ � dDðtÞ
dt

��� ���.
The rate at which the twin volume fraction is “harvested”

when stress is increased can be expressed as a function of the
axial stress s as

_F ¼ a
hD2ðsÞ
D3

m

g sð Þd _s ð8Þ

This is the desired equation for twin volume generation
rate. Here, the resolved shear stress in the twinning plane, t, is
related to axial stress s through s ¼ Mt where M ¼ h 1

SF Fð Þi is
the Taylor factor and SF is the Schmid factor for a given
twinning system. Here, the brackets denote averaging over
the angleF between the c-axis and the loading axis. It is found
as an integral,

M ¼
Zp=2
0

1
SF Fð Þc Fð ÞdF; ð9Þ

with c Fð Þ denoting the distribution function of the Schmid
factor SF over the Euler angle F.

[10] For a given texture, this
distribution function can be obtained from the orientation
distribution function.

With a given grain size distribution function, f ¼ f Dð Þ, we
can now include the evolution Equation 8 for the twin volume
fraction as a “module” in a constitutive model. As a remark,
one should consider in principle that the grain size
distribution function changes as a grain splits in two once a
twin is generated. This detail, including a new normalization
of the distribution function with further generations of
grains subdivided by twinning, can be taken care of in a
more sophisticated model. In the present work, we confine
ourselves to the simplest first order approximation where
we do not account for the twin-induced changes in the grain
size distribution. Neither dowe distinguish between the twins
operating on different twinning systems.

As mentioned above, grains in polycrystalline aggregates
are commonly distributed log-normally.[25] As amatter of fact,
the log-normal size distribution is one of the most frequently
distributions encountered in nature.[26] This distribution is
also often observed as a result of various crystallization (or
recrystallization) processes involving random nucleation and
growth.[23,25,27] The log-normal distribution in the grain size
can be expressed as

f ðDÞ ¼ 1
DsD

ffiffiffiffiffiffi
2p

p exp � lnðDÞ � mDð Þ2
2s2

D

 !
ð10Þ

where mD and s2
D are the average value and the variance of

the distribution in ln(D).Using Equation 4 and applying the
change-of-variable technique as mentioned above, one
obtains the probability density function for s
lag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com (3 of 10) 1600092
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gðsÞ ¼ 1
ssD

ffiffiffiffiffiffi
2p

p exp � ln MshG
s

� �� mD
� �2

2s2
D

 !
ð11Þ

Finally, by combining Equation 8 and 11, the volume
fraction of twins, F, is obtained as a solution of the following
differential equation:

dF
dt

¼ a

2
h3ðMsGÞ2
D3

msD
ffiffiffiffiffiffi
2p

p 1
s3 exp � ln MGsh

2s

� �� mD
� �2

2s2
D

 !
ds
dt

ð12Þ

This expression can be integrated numerically, provided
the parameters of the grain size distribution are known and
the thickness of the twin is constant.

In what follows, we shall verify the proposed model
predictions using in situ monitoring of twinning kinetics in
Mg alloy ZK60.

It should be noted that in the present first approximation,
we do not distinguish between the twin variants (e.g.,
extension and compression twinsin magnesium). Further-
more, it is assumed that local stresses and the applied stress
are the same. Accounting for this difference, e.g., in terms of
crystal plasticity, would substantially complicate the model,
which would lose its transparency and simplicity. We rather
subscribe to the time-proven modeling philosophy which
builds upon simple exact models that are enriched with
further detail and complexity at a later stage.
Fig. 2. Electron back scattered diffraction (EBSD) map showing the grain structure of
the as-cast ZK60 alloy (a) and the corresponding grain size distribution fitted by a
log-normal distribution function (b). The loading axis is indicated by an arrow.
3. Experimental Section

The model was validated using Mg alloy ZK60 as a
representative HCP metal whose plastic deformation is
controlled by twinning. Since the twinning behavior of this
alloy exhibits pronounced asymmetry with respect to the
direction of loading,[5,28,29] both tensile and compressive
loading can be used for model verification. Mechanical testing
within situ monitoring of the twinning behavior were
performed using an experimental rig described in detail in
ref.[30,31] The setup included a rigid testing frame equipped
with a light microscope, a high-speed video recording system,
and an advanced acoustic emission unit. In the present study,
hot extruded commercial magnesium alloy ZK60 (nominal
chemical composition Mg–6.0wt% Zn–0.5wt% Zr) with the
average grain size of 73mm was used. Detailed texture
analysis performed in ref.[32] by X-ray and EBSD measure-
ments revealed a nearly random texture with some features
characteristic of hot extruded Mg bars. Specifically, a small
portion of grains had a preferred orientation of the basal plane
nearly parallel to the extrusion direction, which caused a
minor rise of basal pole intensity above a random one, see
Figure 5a in ref.[32]

The specimens with a gauge length of 1mmwere prepared
by spark erosion and then polished mechanically and
electrolytically to a mirror finish. The in situ tests were
complemented with post-mortem ex situ EBSD experiments
aimed at visualizing the twin distribution and identifying the
1600092 (4 of 10) http://www.aem-journal.com © 2016 WILEY-VCH Verlag GmbH & C
twin variants. EBSD observations of the grain structure were
carried out using a high-resolution FE-SEM ZEISS SIGMA
microscope equipped with the EDAX/TSL Hikari-5 orienta-
tion imaging microscopy (OIM) setup. A miniature broad-
band (100–700 kHz) AE sensor PICO (Physical Acoustics,
USA) was mounted securely on an unstrained shoulder part
in close proximity to the gauge part of a tensile specimen. The
signal was amplified by 60dB in the frequency band from
50 to 1 200 kHz and then transferred to the PC-controlled
AE-recording system mounted on a PCI-2 (Physical Acous-
tics) data acquisition board. AE recording was performed in a
threshold-less mode at a sampling rate of 2MHz. Further
details of the specimen preparation and the broadband AE
experimental setup employed can be found in Vinogradov
et al.[31] and Seleznev and Vinogradov,[30] respectively.
4. Results and Model Verification

A typical nearly randomly oriented grain structure
represented by the inverse pole figure OIM map for the
as-received magnesium alloy ZK60 is shown in Figure 2a. By
fitting the log-normal distribution given by Equation 10 (solid
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2017, 19, No. 1, 1600092



Fig. 4. Dependence of the predicted twin volume fraction on the flow stress for different
values of the parameters of grain size distribution. (a) Mean grain size Dm and
(b) Variance sD– in tension (blue lines) and compression (red lines).
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line) to the experimentally observed distribution (bins),
Figure 2b, the values of the two parameters of the function
f ðDÞwere obtained. The mean grain sizeDm corresponding to
the average value of lnðDÞ was found to be 73mm. For
polycrystalline magnesium with random texture the M value
for a given twinning system differs in tension and compres-
sion. For extension 10�12g�

twinning, which is a major
deformation twinning mode in Mg, the M value can be
obtained using the data reported by Barnett,[33] where the
Schmid factor distribution SF Fð Þ entering Equation 9 and
representing the dependence of the SF for the 10�12g�
twinning mode on the inclination angle of the c-axis to the
stress axis, F, was calculated. Assuming randomness of
texture, M was found to be 6.6 and 4.2 in compression and
tension, respectively. Taking for the ZK60 alloy G¼ 17GPa,
s¼ 0.129,[1] sD ¼ 0.45, and mD ¼ lnð73mmÞ, one obtains from
Equation 12 the dependence of F on the flow stress. This
establishes a full description of the twinning kinetics for
different values of the twin thickness h– the only “free”
parameter left. From our optical and transmission electron
microscopy data, h ranged from 0.1 to 4mm when the twins
nucleated. This is in good agreement with the statistical data
reported in Beyerlein et al.[21] The accumulation of twin
volume fraction predicted for two typical h values is seen in
Figure 3. It should be noted that for the same grain size
distribution, the model predicts a pronounced dependence of
the kinetics of twin accumulation on the thickness of twins at
nucleation. Moreover, Figure 4 shows that the model predicts
a strong dependence of the twin volume fraction on the
deformation mode (tension or compression), which is
controlled by the factor M. The twin volume fraction also
depends on the grain size distribution described by the
parameters of the log-normal distribution function mD (orDm)
and sD. As an output, themodel yields very reasonable results
showing that i) the volume fraction of twins F nucleated in
compression is higher than in tension at the same flow stress;
ii) the volume fraction of twins increases with the grain size;
and iii) for a material having a wide variation of grain sizes, a
Fig. 3. Dependence of the predicted twin volume fraction on the flow stress for different
values of the twin thickness h.

ADVANCED ENGINEERING MATERIALS 2017, 19, No. 1, 1600092 © 2016 WILEY-VCH Ver
smooth twin accumulation curve is predicted. For a narrow
grain size distribution, the number of twins grows to a
saturation value more rapidly, in the limit case of uniform
grain size one would expect a step-wise function (of the kind
of the Heaviside function) to describe the transition to
saturation in the twin accumulation kinetics.

The relatively low values of the predicted twin volume
fraction, 4% in compression and 2% in tension, with the
chosen set of model parameters should not be confusing. The
often-reported higher values for F are usually obtained in
post-mortem TEMor EBSD observations, such as those shown
in Figure 5 for the specimens investigated in the present work.
The analysis of the EBSD patterns yields an approximate
value for F of 9.5–10.5% in tension; it is twice as large, i.e.,
18–20%, in compression. We note that the phenomenological
character of the model, allows simple “tuning” to provide
better matching with the observed magnitude of the twin
volume fraction by adjusting the value of a in Equation 12.
Indeed, in essence, the model represents the kinetics of twin
nucleation and does not account for subsequent twin growth
(cf. Figure 1 and 5). It is exactly for this reason that the acoustic
emission (AE) technique was employed in the present study
as a tool for model verification. AE is sensitive specifically to
twin nucleation and insensitive to twin expansion,[34] which
occurs smoothly and is not accompanied with abrupt stress
lag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com (5 of 10) 1600092



Fig. 5. EBSD maps with twins highlighted for specimens of the coarse-grained as-cast
ZK60 alloy deformed to 8% in tension (a) and compression. (b).The loading axis is
indicated by an arrow.
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relaxation.[14] The benefits of AE as a potent means of
monitoring twin nucleation will be discussed below.

It was demonstrated in Estrin et al.[35] that the AE
amplitude is fundamentally associated with the length scale
and the velocity of the AE source, as proposed by Scruby
et al.[36] The AE waveform was calculated as a convolution
integral of the source function and a transfer function of the
medium in which the elastic waves propagate. A shear-type
source in an elastic semi-infinite continuum at a distance r
from the surfacewasmodeled as a dislocation loop expanding
on the shear plane at a velocity v to a final radius a. The
maximum displacement in the direction normal to the surface
as predicted by the model[36] is given by

Uz ¼ c2T
c3L

bav
r

ð13Þ
1600092 (6 of 10) http://www.aem-journal.com © 2016 WILEY-VCH Verlag GmbH & C
where cL and cT are the longitudinal and the shear wave
velocities, respectively, b is the magnitude of the Burgers
vector of the dislocations and r0 is the density of the material.
The AE amplitude Up at the output of a sensor is supposed to
be proportional to Uz. A simple lenticular twin can be
modeled as a pileup of N dislocations with the Burgers vector
b spread out over a distance h equivalent to the thickness of
the twin, N ¼ hs=b.[22,37] For h >> b this implies that a twin is
created by coherent motion of a large number of dislocation
segments. Thus, for the case of mechanical twinning the latter
equation can be converted to

Uz ¼ c2T
c3L

hsDmv
r

ð14Þ

Mechanical twins propagate very fast, at a velocity which is
a substantial fraction of the velocity of sound. As conventional
piezo-ceramic sensors can pick up surface displacements as
small as 10�14m,[38] an estimate based on Equation 14
suggests that for twin sources Uz is by orders of magnitude
larger, and thus even the finest twins inMg can be detected. By
contrast, the twin growth occurs far too slowly to be detected
by conventional AE means.[29,34]

The in situ observations showed that most commonly
twins originate at grain boundaries, cf.[12,21,39]; they then
propagate quickly through the entire grain (at least in the
range of grain sizes between 5 and 100mm observed). This
observation is used in the present work as a basic model
assumption, which is also corroborated by the statistical
analysis of AE amplitudes. Indeed, the distribution of AE
peak amplitudesUp reproduces the distribution of grain sizes
obtained by EBSD quite well. Both distributions appear to be
log-normal with good accuracy.[31] Longer twins generate
greater elastic surface displacements at the sensor location, cf.
Equation 14 and higher AE amplitudes. With the sensor used
in the present work, the mean AE amplitude hUpi of 1.28mV,
which was obtained from the statistical distribution of AE
amplitudes during the tensile test, cf.,[31] statistically corre-
sponds to the average grain size Dm of 73mm. Moreover,
essentially the same result was reproduced with a good
accuracy in independent in situ experiments with coupled AE
and rapid video recording of twin nucleation. For video
recording, a self-made setup based on the Photron FASTCAM
SA3 high-speed video camera triggered by the AE signal was
employed in order to establish a one-to-one correspondence
between the observed twins and their AE response as
described by Seleznev and Vinogradov.[30] A fragment of
this kind of direct video recording is shown in Figure 1. We
used an original image processing routine, which compares
the successive frames pixel-by-pixel and subtracts the
previous frame from a current one. The result of implemen-
tation of this algorithm is illustrated in Figure 6 where the
frame with the freshly emerged twin is shown in (a) and the
binarized differential frame is shown in (b). Thus, with this
technique, the evolving twins were identified in the images
and the number and length of the twins were evaluated in this
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2017, 19, No. 1, 1600092



Fig. 6. Illustration of the automated procedure for in situ twin identification and twin
length measurements: (a) optical microscopy image with a freshly emerged twin marked
by a red circle, (b) binarized representation of the same area after the image subtraction
procedure, (c) the waveform of the AE transient signal corresponding to twin initiation,
and (d) the waveform fragment representing the continuous AE signal which is typical
of dislocation slip in Mg ZK60 alloy during tensile deformation.

Fig. 7. Linear relation between the twin length and acoustic emission amplitude
obtained from in situ measurements of AE signals concurrently with direct video
observations. The validity of Equation 14 is thus confirmed experimentally.
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way.On this basis, a direct correspondence between the length
of the emerging twin and its AE transient response, Figure 6c,
was established in the form of a linear relation predicted by
Equation 14. This linear dependence is illustrated in Figure 7,
which provides a calibration for analysis of the AE data in
terms of the characteristics of the generated twins, (see
Vinogradov et al.[40] for further details). A link between theAE
energy and the twin volume fraction can now be established
as follows. The AE amplitude Up from the twin source is
proportional to the grain size D; the twin volume scales with
the square of the grain size as hD2. Hence, the AE power, PAE,
ADVANCED ENGINEERING MATERIALS 2017, 19, No. 1, 1600092 © 2016 WILEY-VCH Ver
which is proportional to U2
p, is expected to be proportional to

the twin volume fraction. Sincewe do not distinguish between
the extension and contraction twins in the model, in what
follows we evaluate the integral contribution of twin sources
in the AE flux; in doing so we do not attempt to discriminate
between the signals stemming from extension or contraction
twins.

Typical examples of AE time-series represented by the AE
peak amplitudes as a function of strain during tension and
compression loading are shown in Figure 8.

To obtain the kinetics of twin accumulation in the bulk of
the deforming sample, the raw AE signal needs to be purified
from noise and the signals from twinning should be
discriminated from those of dislocation slip. Indeed, fine
traces of basal dislocation slip are discernible in Figure 1b.
This task is challenging yet tractable, since different AE
sources generate different waveforms and therefore different
Fourier power spectra at the sensor output. As proposed by
Pomponi and Vinogradov,[41] the quantitative AE signal
categorization can be performed by means of the adaptive
sequential k-means (ASK) procedure using the Kullback–
Leibler divergence as a measure of similarity/dissimilarity
between the power spectral density functions of AE realiza-
tions. Applying the ASK algorithm with a 4096-point sliding
window to the raw streaming data during monotonic tension
and compression of the ZK60 alloy, the kinetics of twinning
was determined for both loading modes. The resulting twin
volume fraction obtained by the cluster analysis of AE time
series after separation of signals corresponding to twinning
from those emitted by dislocation glide is presented in
Figure 8 and 9 as a function of strain and stress, respectively,
for experiments performed in tension and compression (cf. the
results of similar signal categorization analysis for other
Mg alloys[31,34,42] and TWIP steels[43]). Dislocation slip and
twinning generate AE with different characteristic features,
and their relative contributions evolve during deformation in
lag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com (7 of 10) 1600092



Fig. 8. Examples of acoustic emission amplitude time-series synchronized with
the loading curves for Mg alloy ZK60 tested in tension (a) and in compression
(b) with nominal strain rate of 10�2 s�1.

Fig. 9. Comparison of model predictions with experimentally observed variation of the
twin volume fraction in dependence of the loading direction. The twin volume fraction
was evaluated by integral measurements of the acoustic emission (a) (here AE data
represented by the cumulative AE power PAE are the same as in Figure 8) and by direct
in situ local video observations of the mechanical twins at the specimen surface (b). The
same trends can be seen in (a) and (b). The difference between the AE results and direct
video observations stem from the fact that video observations are usually performed on a
small fraction of the specimen surface with the middle grain size while twining and
concurrent AE commences in the largest favorably oriented grains in the bulk, which is
very unlikely to be in the same area of observation.
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distinctly different ways. Salient differences between these
two mechanisms are commonly associated with both the
shape of AE waveforms and the amplitude and power of
the AE signals (low amplitude/low power AE with a broad
spectrum and pronounced low-frequency component for
dislocation slip as opposed to high amplitude/high power AE
with a predominant high-frequency component in the spectral
density for twinning). With regard to the tension–compression
asymmetry of the deformation behavior of Mg alloys, the AE
data presented in Figure 8 appear to be consistent with many
earlyresults, e.g., refs.[34,44–47]Bohlenetal.[44] foundthata rather
slow decrease in AE activity occurs after an initial rise until
fracture of a Mg AZ31 sample. During compression testing a
higher and broader maximum peak was observed, which was
then followed by a more rapid decrease in the AE activity.
Louet al.[45] andMuranskyet al.[46] also showed that in strongly
textured Mg alloys, the AE power in compression can be an
order of magnitude higher than that in tension. Recent AE
results[42] as well the present data, show convincingly that the
microstructural response of the specimens, even those with a
weak texture, depends strongly on the direction of the first
loading excursion.

The agreement between the AE data-based assessment of
the twinning kinetics and the model prediction shown in
Figure 9 and 10 for different loading directions and grain
sizes, respectively, is remarkably good. The model prediction
was made by setting h¼ 1.8mm. This value agrees well with
1600092 (8 of 10) http://www.aem-journal.com © 2016 WILEY-VCH Verlag GmbH & C
our in situ microscopy observations. It is also consistent with
the statistical data for true twin thickness in pureMg reported
by Beyerlein et al.[21] Direct video observations show that twin
accumulation follows a sigmoidal curve in both tension and
compression, Figure 9b, in fair agreement with the AE
measurements shown in Figure 8 and 9, themodel predictions
and the literature data.[48] However, some discrepancy
between the observed twin volume fraction and that
predicted by the model and the AE data is obvious in
Figure 9. This variance is explainable straight forwardly as AE
captures all twinning-related events in the deforming volume,
while the direct video observations are restricted to a small
part of the observed surface. Extending the results of local
observations to the entire specimen is, of course, a crude
approximation. Still, these results are seen as a validation of
the twinning modeling approach based on stress-driven twin
generation. The same conclusion can be drawn from a
comparison of model predictions and AE data, which reflect
the effect of the grain size for the Mg alloy ZK60. This
comparison is shown in Figure 10. The experimental details of
specimen preparation, microstructure, and AE measurement
data are given in Vinogradov et al.[31] As could be reasonably
expected, the model predicts a reduction in the twin volume
fraction at the same flow stress with a decrease in the mean
grain size. It should be mentioned that in the fit of the
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2017, 19, No. 1, 1600092



Fig. 10. Comparison of model predictions with experimentally observed variation of the
twin volume fraction in dependence of the grain size (parameters of the model are taken
as h¼ 2mm, Dm¼ 73 and 17mm, sD¼ 0.45 and 0.56, a¼ 0.5 and 1, respectively).
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calculated curves to the experimental ones, somewhat
different values of the standard deviation sD in the log-
normal distribution in Equation 10–12, 0.45 and 0.56, had to be
used for the average grain size values of Dm¼ 73 and 17mm,
respectively. In addition, the value of the parameter a had to
be adjusted (a¼ 0.5 and 1, respectively). We note again that
the magnitude of the measured volume fraction of freshly
nucleated twins is relatively small, not in excess of 2%, which
agrees with the calculated F value for the Mg alloy ZK60. The
reasons for this have been discussed above. This magnitude
of the twin volume fraction is also smaller than the level
considered in the Bouaziz–Guelton[17] model, which was
devised to describe massive twinning in TWIP steels.
However, a qualitative trend to saturation characteristic of
the Bouaziz–Guelton model and the general shape of the
functional dependence of F on stress is clearly recognizable in
the sigmoidal shape of the FðsÞ curves on Figure 4 and 7. We
would like to re-iterate that, given the correct functional FðsÞ
dependence the model predicts, it can easily be fine-tuned to
experiments showing larger saturation values for F. This
would require introducing just a single scaling factor that
would account for growth of twins beyond their initial size on
nucleation. Even without such tuning, the model shows good
qualitative agreement with experimental results. A more
realistic model would require a separate kinetic equation for
the twin growth. This will be done as a next step in model
development to be reported elsewhere. Again, our point is
that a robust and simple model of the kind we presented in
this paper does have its merits and advantages over more
sophisticated and elaborate ones.

Moreover, while twin growth is important inmagnesium, it
is less pronounced or negligible in titanium or low stacking
fault energy steels, e.g., TWIP steels. Even thoughwe used the
magnesium alloy to illustrate the capacity of the model, it
should be emphasized once again that themodel as such is not
specific tomagnesium.Without accounting for twin growth, it
can be applied in the present form to other materials straight
forwardly and a good, at least qualitative, agreement with
ADVANCED ENGINEERING MATERIALS 2017, 19, No. 1, 1600092 © 2016 WILEY-VCH Ver
abundant literature data for twinning in FCC metals can be
noted.
5. Conclusions

In conclusion, we considered deformation twinning, as
exemplified by HCP Mg alloy ZK60, as a stress-driven
process. A simple and robust model was developed on that
basis. The model assumes a distribution in grain sizes, with
smaller and smaller grains getting involved in twinning
activity as the stress increases. It should be emphasized that in
this model twinning is not considered as the lead mechanism
of plasticity. As demonstrated experimentally, the deforma-
tion behavior of the Mg alloy ZK60 is consistent with the
model, in which twinning is as a secondary effect to the
dislocation glide controlled plasticity. In the course of strain
hardening, a growing fraction of grains get engaged in twin
nucleation, thus leading to growth of the twin volume
fraction. The growth stage is not considered explicitly and is
accounted for through ‘“re-scaling” of the predicted twin
volume fraction based on Equation 14. A particular advantage
of the present model is that due to its simplicity, an analytical
expression for the twin volume was obtained. The twin
volume fraction calculated on this basis is described by a
sigmoidal curve akin to the one given by the Bouaziz–Guelton
model.[15] Yet, as distinct from the latter model, the present
one treats the twin volume fraction as a function of stress,
rather than strain. A significant progress was alsomade on the
experimental side. In addition to the direct video monitoring
of twinning, a potent technique for analysis of acoustic
emission was applied. Both the direct surface observation and
the AE signal data confirmed the model predictions for ZK60
in a very convincing way. The model proposed is not specific
to magnesium alloys and may potentially be applicable to
other HCP and FCC metals exhibiting deformation twinning,
as well. Thus, we believe that the model can be adopted in a
more general context of constitutive modeling for metals and
alloys in which deformation twinning occurs.
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