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An experimental investigation of spatio-temporal characteristics of
the Portevin–Le Châtelier (PLC) effect in austenitic steel with twin-
ning induced plasticity (TWIP) is presented. Post-processing of
high resolution digital images captured from specimens in quasi-
static, room temperature tensile tests was conducted with a digital
image correlation (DIC) method. This provided direct measurement
of strain fields during all stages of the tests. Variable rate digital
image capture, enabled with a custom image acquisition algorithm,
guaranteed a suitable number of images recorded during serrations
in load–time records. Nucleation, propagation, and morphology of
individual PLC bands in both straight gage and tapered specimens
were quantified with strain rate contours computed with a back-
ward differentiation scheme. Time histories of strain evolution in
the PLC band wakes were extracted from cumulative strain con-
tours. Of the three types of PLC bands, only the continuously prop-
agating Type A bands were observed. Band nucleation, which
occurred at serration crests in flow curves derived from the DIC
results, was not limited to regions of geometry-induced stress con-
centrations. Due to its importance in finite element springback pre-
dictions and to support theoretical model development of inelastic
behavior in TWIP steel, we measured Young’s modulus variation
with strain in periodic loading–unloading tests. Implications of
the experimental results for theoretical modeling of the PLC effect
in TWIP steel are discussed.
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1. Introduction

Twinning induced plasticity (TWIP) steels are austenitic (FCC) steels with a high manganese (Mn)
content, e.g., �15–25 wt% (Larsson, 2007). As part of the family of advanced high strength steels (AHSS
guildelines, 2008; Horvath and Fekete, 2004), TWIP steels exhibit very high strain hardening with a
strain hardening index n > 0.4 (Chen et al., 2007; De Cooman et al., 2008; Allain et al., 2008), strength
levels of 500–1200 MPa, (Frommeyer et al., 2003), and 60–95% elongation to fracture (Chen et al.,
2007; De Cooman et al., 2008; Frommeyer et al., 2003; Grässel et al., 2000). The yield strength of these
materials, which is of the order of 400 MPa, is similar to conventional high strength low alloy (HSLA)
steels and advanced high strength steels (AHSS) such as dual-phase (DP) and transformation-induced
plasticity (TRIP) steels (Krauss, 1990).

Microstructural changes during plastic deformation of high Mn TWIP steels involve twin formation
(see Bayraktar et al. (2004) for images of intergranular twins in a high Mn austenitic steel) due to a low
stacking fault energy (SFE), where 18 mJ/m2 < SFE < 50–80 mJ/m2 (Iker et al., 2007), and planar slip
(Chen et al., 2007; Allain et al., 2004a). Twinning promotes retention of the austenitic microstructure,
but competes with dislocation glide by impeding dislocation motion at twin boundaries, (Bouaziz and
Guelton, 2001; Allain et al., 2004a; Christian and Mahajan, 1995) and other dislocation–dislocation
interactions (e.g., forest hardening) (Scott et al., 2006). Of the few theoretical models of plasticity in
TWIP steels, that due to Shiekhelsouk et al. (2009), in which hardening mechanisms were explored
in a low SFE TWIP steel, is noteworthy. An elastic–viscoplastic polycrystalline model based upon a
rate-dependent constitutive model accounting for elasticity, thermally activated slip and twinning
was developed and correlated with the experimental work of Allain et al. (2004b). It was concluded
that strain hardening in TWIP steel is the result of competing hardening and softening mechanisms
related to twinning. Carbon clustering due to C–Mn interactions is also thought to contribute to hard-
ening in TWIP steels (Chen et al., 2007; De Cooman et al., 2008).

In tensile tests, some austenitic steels exhibit dynamic strain aging (DSA) (Tamhankar et al., 1958;
Cho et al., 2000), which is a form of unstable plastic flow commonly attributed to solute–dislocation
interactions. A microscopic-scale mechanism for DSA was first elucidated by Cottrell (1953) more than
50 years ago and subsequently refined by McCormick (1972) and Van den Beukel (1975). Mobile dislo-
cations can be arrested by obstacles, such as forest dislocations, precipitates and grain boundaries and
await thermal activation to be depinned. During this wait period, the pinned dislocations can be ‘‘aged”
by clouds of solute atoms that diffuse to the dislocation cores under appropriate temperatures and
strain rates (Cunningham, 1999). For steels, a common explanation for DSA involves reaching a critical
strain to produce adequate vacancies that allow C diffusion to pinned dislocation cores (Chen et al.,
2007; Owen and Grujicic, 1998; Kim et al., 1998; Cunningham, 1999). An alternate mechanism based
upon vacancy diffusion was detailed by de Almeida et al. (1998) as a result of elevated temperature
(�200–800 �C) tensile tests of austenitic steels with no significant Mn content. At the lowest and high-
est temperatures, DSA results from reorientation of C- and N-vacancy pairs in regions where disloca-
tions are arrested or are decelerating, while no DSA occurs at intermediate temperatures.

The repetitive aging and depinning of dislocations due to DSA gives rise to Portevin–Le Châtelier
(PLC) bands which are regions of localized plastic deformation associated with discontinuous yielding.
The nucleation and motion of a PLC band is now thought of as a complex spatio-temporal instability
(Kubin et al., 2002) involving the collective motion of large numbers of dislocations (Hähner 1996a,b).
Load–time records and flow curves from tension tests exhibit repeated serrations associated with PLC
band nucleation and propagation in contrast to Lüders bands that are typically associated with a single
set of upper and lower yield points (Tong and Zhang, 2007; Kyriakides and Miller, 2000). Plastic defor-
mation is thus discontinuous or ‘‘jerky”, with a negative strain rate sensitivity (nSRS) of the flow stress
(Brechet and Hutchinson, 2006). Allain et al. (2008) observed that the DSA contribution to work hard-
ening is limited in a Fe-22Mn0.6wt%C steel and that visible defects noted on tensile specimens do not
appear on stampings. Dynamic strain aging and the PLC effect have been the subjects of numerous the-
oretical and experimental studies of steel deformation (Shi and Northwood, 1995; de Almeida et al.,
1998; Jenkins and Smith, 1969; Basinski 1957; Ilola et al., 1999; Bayraktar et al., 2004; Serajzadeh,
2003; Hong et al., 2005; de Almeida and Emygdio, 1994; Cuddy and Leslie, 1972).



2300 P.D. Zavattieri et al. / International Journal of Plasticity 25 (2009) 2298–2330
Portevin–Le Châtelier bands are generically categorized into three ‘‘types.” The Type A band (Pink
and Kumar, 1995; Robinson, 1994), which continuously propagates across the tensile specimen, has
received the most attention from the theoretical community (Faciu et al., 1998; Lebyodkin et al.,
2000; Hähner et al., 2001; Klose et al., 2004a,b; Rizzi and Hahner, 2004; Ananthakrishna and Bharathi,
2004). Band nucleation is commonly thought to occur at the gripper ends of a tensile specimen since a
band intersecting a grip region generates a local stress concentration due to the induced gradients in
plastic strain. This allows another band to nucleate at/near the grip which then propagates away from
the grip into the loaded portion of the specimen. Type B bands (Tong et al., 2005a) tend to discontin-
uously propagate or ‘‘hop” and hence are far less spatially correlated than the Type A bands. The Type
C bands nucleate and vanish with no apparent pattern (i.e., no spatial correlation) (Tong and Zhang,
2007). Theoretical investigations of the very rich physical behavior associated with PLC bands have
no doubt contributed to the extensive literature base on the PLC effect and DSA. However, band prop-
agation rather than band nucleation has been the principle focus of most studies. In practice, DSA has
an undesirable impact on material formability since nSRS limits ductility (Krajewski, 2005). Visual de-
fects in formed parts due to surface roughening in the wakes of propagating PLC bands are often an
issue, particularly in nonferrous alloys, since these surface defects cannot always be completely
masked by painting (Phillips et al., 1952; Hooper, 1952).

Recently, Chen et al. (2007) and De Cooman et al. (2008) investigated PLC bands in tensile measure-
ments of a cold rolled, annealed Fe18Mn0.6C TWIP steel using infrared thermography. The highly
localized strains resulted in local temperature increases that were tracked with an infrared camera.
Tensile strains were measured with a 50 mm mechanical extensometer. Serrated flow curves, which
consisted of plateau regions between stress ‘‘jumps”, were reported beyond 0.45 true strain. The stress
jumps were attributed to the Type A PLC bands at one end of the specimen due to stress concentra-
tions. Band propagation occurred in the intervening plateaus with a small continuous increase in flow
stress which suggested some hardening outside of the bands. At large true strains (i.e., close to the end
of a test), Type B bands appeared and were associated with random serrations in the flow curves (Tong
and Zhang, 2007). Local temperatures increased each time a PLC band passed the measuring point
reaching 110 �C at the later stages of deformation. Using measured temperature data, band strains,
velocities, and strain rates were predicted. Based upon estimates of the band widths, band strain rates
were predicted to be two orders of magnitude higher than the applied strain rate of 0.001 1/s. As
deformation proceeded, band velocities decreased due to higher band strains and lower applied strain
rates (i.e., due to the longer gage length of the specimen after additional deformation).

The present paper is an experimental investigation of spatio-temporal characteristics of the PLC
effect in a commercial TWIP steel with 17.2 wt% Mn. Although other experimental methodologies
such as infrared thermography (Allain et al., 2008), digital speckle interferometry and correlation
(Zhang et al., 2005), and laser extensometry (Hähner et al., 2002) have been used to investigate
the PLC effect, we use a state-of-the-art digital image correlation (DIC) method with a custom image
acquisition algorithm to directly measure strain fields in quasi-static, room temperature tensile tests.
Due to the dearth of quantitative information on PLC band nucleation in TWIP steels, both straight
and tapered TWIP tensile specimens were used in the experiments. The DIC method provided a
quantitative exploration of PLC band nucleation with strain rate contour maps computed on an
incremental basis at high spatial resolutions. Cumulative strain fields in the vicinity of propagating
bands were also displayed as color contour maps. Portevin–Le Châtelier band nucleation events were
identified at specific points on flow curves computed from the strain maps using a uniaxial strain
measure. The image capture algorithm allowed for a variable camera framing rate which guaranteed
that a sufficient number of images of a deforming tensile specimen was recorded when serrations
appeared in the load–time records. Analysis of band kinematics provided a quantitative linkage be-
tween band speed and plastic strain. Due to its importance in springback calculations in sheet
stamping, Young’s modulus was measured with the DIC method in both single loading and periodic
loading–unloading tests to explore its sensitivity to plastic strains (Doege et al., 2002; Hoanga et al.,
2008). The paper concludes with a summary of the major observations from the experiments and
provide some connections between our experimental results and existing theoretical models of
the PLC effect.
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2. Experimental details

2.1. TWIP steel composition

TWIP steel sheet with a high Mn content was acquired from POSCO at a nominal thickness of
1.5 mm. Table 1 lists the elemental constituents by wt%. Hardness testing revealed a Rockwell hard-
ness of 97 using a 1/16th in diameter ball and a 100 kg load.

2.2. Tensile specimen geometries

Miniature tensile specimens, with a 20 mm straight gage length, were cut from the TWIP sheet
material with a precision wire electrical discharge machining (EDM) process. Specimen orientations
were 0�, 45�, and 90� with respect to the rolling direction. The resulting straight gage section geom-
etry, which is bounded by two parallel edges separated by 5 mm, is shown in Fig. 1a. All surfaces were
found to be free of obvious machining defects and no measurable deviations (e.g., tapers) were found
in ancillary measurements with a precision coordinate measuring machine. Fig. 1b is a schematic of
the tensile specimen geometry with a 1� taper (relative to the specimen axis). Our purpose in testing
the tapered specimen geometry was to determine if PLC band nucleation in the TWIP steel under
investigation always occurred at either the gripper end or at the center of the specimen where the
width is smallest. A thin but uniform coat of white spray paint droplets was applied to one surface
of each specimen (with care taken to avoid coating the gripper sections) followed by application of
black paint droplets after a short drying period. This resulted in a suitable gray scale contrast pattern
for post-processing of the image data with the DIC algorithm. Premature fracture and/or delamination
of the paint coating were prevented in all tests by cleaning and polishing each specimen prior to paint
droplet application.

2.3. Miniature tensile stage

Unless otherwise indicated, tests of the straight and tapered TWIP specimens were conducted with
a miniature screw-driven tensile stage manufactured by Kammrath-Weiss. Cross-head loads up to
10 kN can be accommodated with a maximum displacement of 25 mm. The tensile stage cross-head
speed and direction were set with external controller hardware. Analog signals of the load and dis-
placement were monitored (40 Hz) by a second computer with a custom algorithm that controlled
camera image acquisition rates. Once positioned in the grips of the testing stage, a specimen was
clamped with hardened steel ‘‘bite plates,” and elongated to fracture. A fiber optic ring light source
was positioned above each specimen to provide a sufficient illumination level for the camera sensor.
The majority of the tests with the miniature stage were conducted at an average constant cross-head
speed of 13 lm/s which corresponds to a nominal (logarithmic) strain rate in the 0.0005–0.001 1/s
range. To explore effects at a slower cross-head speed, one test was also conducted at 7 lm/s which
corresponds to a nominal strain rate in the 0.00025–0.0005 1/s range. In addition, several tests were
conducted at cross-head speeds in the 0.015–15 mm/min range with an Instron 5582 materials testing
machine to examine nSRS of the material.

2.4. High speed camera and image acquisition process

A Phantom 9.0 high speed digital camera from Vision Research was used to record 1632 � 1200 bit-
map images (each 5.7 MB, 14 lm/pixel resolution) of one entire gage section surface of each tensile
specimen during testing. An image of the experimental configuration is shown in Savic et al.
Table 1
Chemical composition of TWIP steel.

Mn P Si Cr Mo Ni Al Cu Ti V Nb B C S

17.2 0.02 0.12 0.56 0.01 0.23 1.0 0.04 0.002 0.004 <0.002 <0.0002 0.59 0.002



Fig. 1. (a) Straight gage and (b) tapered TWIP steel tensile specimen geometries used in this study. Note that the dashed vertical
line at the center of (b) denotes the thinnest gage section width of 5 mm. Nominal thickness was 1.5 mm.
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(2008). As many as 650 images were captured in the 12 GB camera buffer during tensile tests in which
the specimens were continuously elongated. A Nikon 105 mm telecentric lens set at a 2.8 f-stop was
used for all tests. Three lens extenders provided an adequate field of view of the tensile specimen gage
section through adjustment of the image magnification (about 100�). An image acquisition algorithm
written in the DASYLab code directed the camera buffer to capture images of one surface at a variable
rate. This rate was dictated by a set of user-chosen threshold values for load increment, decrement,
and displacement based upon continuous monitoring of the analog signals from the tensile stage con-
troller. A fourth threshold based upon an internal system clock was also utilized. Images were stored
at a higher rate during periods where the load increment or decrement achieved target threshold val-
ues (e.g., ±50 N). Once an image was captured to the camera buffer, all thresholds were reset to zero
and the process repeated. During periods where the loads changed less rapidly, images were captured
at a lower framing rate according to selected displacement or timing thresholds. This approach to im-
age capture is advantageous from the standpoint that it allows the user to ‘‘tune” image capture rates
to acquire ample data during ‘‘specific events” in the tensile deformation process. For the TWIP steel
investigated herein, a sufficient number of images was captured during serrations in tensile load–time
records since load increments and decrements tended to change more quickly thereby adding images
to the camera buffer at a higher rate than periods between serrations. Further details on the variable
image capture algorithm may be found in Savic et al. (2008).
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2.5. Digital image correlation

Digital images from the camera buffer were input to the DIC algorithm for post-processing. Once a
test was completed, the images were compared in one of two ways. Cumulative correlation involved
comparison of an image captured early in a test with an image captured at a later stage of the test. This
process provided cumulative true strain fields and enabled quantitative study of the extent to which
strains fields changed in the vicinity of a nucleating PLC band and during its subsequent propagation.
Alternatively, incremental correlation resulted from comparison of temporally successive image pairs.
Strain rates computed from incremental correlation enabled study of localized plasticity due to the
band nucleation and propagation. Strain fields were computed from digital grids superimposed on
each image and then displayed as true strain contours or maps in the post-processing DIC step. Each
grid was divided into a set of square pixel subsets (typically 40 � 40) with a grid point at its center.
The image correlation algorithm tracked the location of unique contrast features (i.e., in the spray
paint pattern applied to a tensile specimen surface) corresponding to each grid point in each image,
accounted for the rigid body motion of the system, and computed an average displacement and true
strain value at each grid point. The errors in local in-plane displacements, rigid body rotation, and
strain measurements were estimated to be 0.02 pixels, 0.02�, and 20–30 lstrains, respectively. Cali-
bration tests to determine errors due to camera/stage alignment and DIC analysis of all test results
were performed with the SDMAP3D software detailed in Tong (2005). The DIC methodology used in
this study has previously been applied to: deformation measurement of dual-phase, press-hardened
and fully martensitic steels in quasi-static tensile tests (Tong et al., 2005b; Savic and Hector, 2007; Sa-
vic et al., 2008, respectively); the investigation of Type B PLC bands in an Al–Mg alloy (Tong et al.,
2005a); measurement of strain fields during crack growth (Tong, 2004); and the measurement of dry-
ing-induced strain fields in proton exchange fuel cell membranes (Hector et al., 2007). For additional
references on the DIC methodology, the reader is referred to Tong (1997, 1998), Smith et al. (1998),
and Savic et al. (2008).

True uniaxial stress was computed from
r ¼ Fee1;5

WT
ð1Þ
where e1,5 is one of two true strain measures derived from the DIC contour maps, F is the cross-head
load, and W and T are initial specimen width and thickness, respectively. Eq. (1) applies provided that
volume constancy of plastic deformation is guaranteed and the stress state is fairly unidirectional. It
has been shown that the stress–strain state in the neck region in most thin metal sheets deviates only
slightly from that of uniaxial tension, despite increasingly heterogeneous strain distributions (Tong
and Zhang, 2001). Eq. (1) is therefore a reasonable approximation of the uniaxial tensile stress–strain
curve beyond uniform elongation to substantially larger plastic strains.

Two definitions of the average axial true strain measures were used in Eq. (1). The first is
e1 ¼ 1
MN

XN

j¼1

XM

i¼1

eði; jÞ; ð2Þ
where e1 is the axial strain averaged over the entire gage section (following the conventional tensile
test methodology), M and N are the total numbers of grid points along the gage length and width
directions, respectively, and e(i, j) is the axial strain at each grid point (i, j) obtained via DIC. The second
strain measure is defined by
e5 ¼ eðM0;N0Þ ¼max
j¼1;N
½eðM0; jÞ�; ð3Þ
where e5 is the maximum axial strain corresponding to grid point (M0,N0) in the gage section. Local
strain heterogeneities are averaged over the entire gage section in e1. The definitions e1 and e5, when
input to Eq. (1), provide uniaxial true stress–strain curves that bound what can be considered to be the
actual representation of the uniaxial true stress–strain behavior. Additional details may be found in
Tong et al. (2007) and Tao et al. (2008).
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3. Results

3.1. Quasi-static tensile properties

Engineering stress (S) and strain (e) curves at cross-head speeds of 0.015, 1.5 and 15 mm/min (from
the Instron 5582 materials testing machine) are shown in Fig. 2 for a straight gage specimen with 0�
orientation at a cross-head speed of 13 lm/s. The relationship between the curves is indicative of nSRS
since a lower cross-head speed or applied strain rate leads to a higher flow strength. A more definitive
demonstration of nSRS would require strain rate change tests. The peak tensile loads were in the vicin-
ity of 7200 N.

Fig. 3 compares true stress–true strain curves from DIC analysis based upon strain measures e1

(red) and e5 (blue dashed) from Eqs. (2) and (3), respectively. These two measures differ to one extent
or another with increasing strain for most metal sheet materials (Tong et al., 2005b; Savic and Hector,
2007; Savic et al., 2008). However, this is not the case here due to very limited necking of TWIP steel
during tensile elongation. Also shown is the engineering stress–engineering strain (black dotted) rela-
tionship. As expected, this deviates from both true stress–true strain curves as strain increases.

Fig. 4 shows true stress–strain curves for selected TWIP specimens with 0�, 45�, and 90� orientations.
Young’s modulus (GPa), 0.1% and 0.2% offset yield stresses, maximum true stress (MPa) and maximum
true strain prior to fracture from e1 for the 0�, 45�, and 90� specimens are listed in Table 2. Specimen
orientation appears to have had some impact on the Young’s modulus as suggested by the Fig. 4 inset
and the values listed in Table 2. However, the data in Table 2 is based on a small number of samples
tested. Although, there is no statistical basis for comparison of values associated with the three differ-
ent orientations, the range of values reported is believed to be representative of the room temperature,
quasi-static tensile properties of the TWIP steel with the chemical composition in Table 1. Ancillary
tests following ASTM E8, which involved larger TWIP tensile specimens with a 0� orientation gave
nearly identical results to those in Fig. 4 from DIC analysis. The inset in the same figure also suggests
that the initial yield stress depends somewhat on the specimen orientation.

Great care must be taken to quantify measurement system errors during elastic loading in tensile
tests. This is especially important for an optical system that is sensitive to small out-of-plane errors in
the motion of the tensile stage. These errors can lead to measured elastic strains that are too small if
Fig. 2. Engineering stress (S) and strain (e) curves at three cross-head speeds. Negative strain rate sensitivity is suggested.



Fig. 3. True stress r (MPa)–true strain from strain measures e1 and e5, Eqs. (2) and (3), respectively, following DIC analysis
compared with engineering stress S (MPa) vs. engineering strain, e. Note that e1 and e5 are essentially identical up to a 0.5 true
strain.

Fig. 4. True stress–true strain (e1, Eq. (2)) curves for specimens tested at a cross-head speed of 13 lm/s. Shown are results for 3–
0�, 2–45�, and 2–90� specimens. The inset shows that the initial yield stress is affected somewhat by the specimen orientation
(see Table 2).
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the camera/specimen distance increases slightly during elastic deformation. In this case, the corre-
sponding Young’s modulus is unrealistically large. Alternatively, measured elastic strains that are
too large result when the camera/specimen distance decreases slightly during elastic deformation,
with the predicted Young’s modulus then being unrealistically small. The true elastic strains, and, sub-



Table 2
Tensile properties of TWIP steel.

Tensile
Specimen
Orientation

Young’s
Modulus
(GPa)

0.1% Offset
Yield Stress
(MPa)

0.2% Offset
Yield Stress
(MPa)

True Strain
at the UTS

UTS
(MPa)

Maximum
True Strain

True Stress
at UTS
(MPa)

Relative to the
Rolling
Direction

From e1 Eq. (1) From e5 Eq. (4)

0� 195.8 ± 26 428 ± 15 454 ± 11 0.501 ± 0.007 1570 ± 22 0.648 ± 0.007 1683 ± 37
45� 202 ± 22 403 ± 3 440 ± 6 0.504 ± 0.002 1526 ± 23 0.770 ± 0.000 1707 ± 23
90� 189 ± 21 392 ± 6 425 ± 1 0.465 ± 0.005 1516 ± 35 0.798a 1611a

a These values were obtained from a single 90� specimen.
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sequently, the Young’s modulus can be more accurately determined by removing the errors from the
‘‘apparent” elastic strains. The Appendix details the steps taken to quantify the ‘‘apparent” elastic
strains and remove the errors associated with them using DIC analysis. This procedure resulted in
the Young’s modulus values in Table 2. Note that errors in the elastic strains do not affect plastic
strains.

3.2. Young’s modulus variation with true strain

The Young’s modulus of TRIP steels has been found to vary with strain in cyclic loading–unloading
tensile tests (Doege et al., 2002; Hoanga et al., 2008). This behavior was attributed to ‘‘microplastic
strains” associated with displacements of mobile dislocations and dislocation line geometry during
inelastic deformation (Perez et al., 2005). Microplastic strains during unloading result from the ‘‘back-
wards” movement of dislocations from regions of dislocation ‘‘pile-ups” (Cleveland and Ghosh, 2002).
Whether such mechanisms are active in high Mn TWIP steels is unknown and additional investigation
of this issue will be necessary. Young’s modulus behavior during elastic unloading at increased plastic
strains is important for springback prediction in steel sheet stamping (Perez et al., 2005).

A series of loading–unloading tests on TWIP specimens cut at a 0� orientation relative to the rolling
direction was conducted to investigate Young’s modulus dependence on prior plastic strain. A sub-
stantial amount of data analysis was required since 1200–1300 digital images were recorded during
each test and subsequently post-processed with the DIC algorithm. Each unloading period was termi-
nated at a true stress ranging from 100 to 125 MPa so as not to risk termination of the image capture
process and to avoid buckling. A small degree of hysteresis was noted between individual loading–
unloading cycles. The extent to which twinning plays a role in the observed hysteresis, the amount
of thermal energy dissipation, and the impact of other microstructural effects is unknown.

The single-sided technique for Young’s modulus measurement detailed in Appendix A could not be
used to compute Young’s modulus values from the loading–unloading test results beyond the elastic
stage. The reason for this is that that strain correction derived from initial loading cannot be applied to
subsequent loading–unloading cycles. This required a second (and more instrumentation-intensive)
measurement technique (detailed in Tong et al., 2008) in which both surfaces of a tensile specimen
were simultaneously imaged with a dual mirror system. The mirrors were set at 45� to each surface
with the camera positioned to look along the thinnest dimension of the specimen. Each surface there-
fore provided a set of Young’s modulus and strain values for each loading and unloading step. Fig. 5
shows the variation of Young’s modulus with strain from a representative test of a specimen with
0� orientation. This involved four loading–unloading steps beyond the initial loading step. Each data
point resulted from averaging the computed stresses and strains from both surfaces of the tensile
specimen during loading. For each cycle, the Young’s modulus was fit to 80% of the peak reloading
stress. The slope of each segment was then determined by linear regression. The trends shown in
the two curves in Fig. 5 are representative of results from 0� specimens. A cubic polynomial,
E(e1) = c1 + c2e

1 + c3(e1)2 + c4(e1)3 was fit to the two data sets. Polynomial coefficients, ci, as well as R2

(goodness of fit) are listed in Table 3. Young’s modulus under unloading decreases faster than that
due to loading beyond �0.085 true strain.



Fig. 5. Young’s modulus vs. true strain (e1, Eq. (2)) from DIC analysis of a periodic loading–unloading test of a straight gage
tensile specimen with 0� orientation. A cubic polynomial was used to fit both the loading data (red solid line) and the unloading
data (dashed green curve). For each cycle, the Young’s modulus was fit to 80% of the peak reloading stress. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Cubic polynomial coefficients (ci) in GPa and goodness of fit (R2) from fits of E(e1) = c1 + c2e

1 + c3(e1)2 + c4(e1)3 to loading–unloading
data in Fig. 5.

Loading Unloading

c1 198.294 233.734
c2 �98.435 �760.456
c3 �285.047 3217.403
c4 1306.539 �4986.818
R2 0.81 1.00
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3.3. TWIP gage section thinning

At long times (e.g., 600 s and beyond), the S vs. e curves in Fig. 2 show small ‘‘humps” or serrations
in what is otherwise a smooth variation of the load with time. The morphology of these serrations is
dramatically different than the saw-tooth serrations commonly observed in Al–Mg alloys (e.g.,
AA5052-H32 in Tong et al., 2005a). Alternatively, the true stress–true strain curves in Fig. 3 (using
e1 and e5 from Eqs. (2) and (3), respectively) display a step-wise behavior just beyond 0.3 true strain.
As we shall demonstrate, this behavior is indicative of localized plasticity associated with Type A PLC
bands. For the present TWIP material, these bands first nucleate over a short period of time, and then
propagate across the gage section. Digital movies of TWIP tensile tests revealed a wave-like motion
running back and forth along the tensile axis concurrent with a gradual thinning of the gage section
width as tensile strain increased. No evidence of diffuse or localized necking appeared until a substan-
tial elongation of each specimen had been attained.

Time-sequential deformation of a TWIP specimen as inferred from DIC analyses is shown schemat-
ically in Fig. 6. The black horizontal arrows denote the tensile load along the x-direction with the ini-
tial geometry shown in Fig. 6a. Note that the vertical scale in each figure has been exaggerated for the
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Fig. 6. Schematics of gage width thinning during PLC band propagation. For illustration purposes, displacements through the
specimen width (along y) are exaggerated to emphasize local deformation. Arrows denote the tensile load. The undeformed
gage section is shown in (a). A band enters the left end of the gage section in (b) which corresponds to the tapered region. A
progressive reduction in the gage width occurs as the band propagates from left to right as shown in (c–e). A uniform reduction
in the gage section width after the band exits to the right is shown in (f).
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purpose of illustration. Fig. 6b shows a transition in the gage section geometry between thinned mate-
rial and material that has not thinned. Uniform thinning continues with an additional increment as
shown in Fig. 6c without diffuse neck formation as the region over which the abrupt change in width
propagates to the right. Thinning of the gage section width continues in a left to right movement as
shown in Fig. 6d and e as the tensile load increases. Finally, the gage section width in Fig. 6f, is uni-
formly narrower than in Fig. 6a. These small changes in the tensile specimen geometry are due to
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the propagation of a single PLC band with increased plastic strain, which, in the case considered in
Fig. 6, originates from the left end of the gage section. Propagation of subsequent bands continues
to narrow the gage section width with no diffuse necking until just prior to fracture.

3.4. PLC effect in straight gage geometry with 0� orientation

3.4.1. Band nucleation and propagation
Direct measurement of band nucleation and propagation was obtained from contour maps of true

strain and true strain rate computed with the DIC algorithm. Unless otherwise specified, contour maps
are displayed in the undeformed system since necking did not occur until much later in the tensile
tests. Contours of constant axial true strain rate, _e (1/s), were computed by dividing the incremental
true strains with the time step between the associated sequential images using a backward differenti-
ation scheme where _et ¼ De=Dt ¼ ðet � et�1Þ=Dt.

Fig. 7a, c, e, and g are DIC-computed strain rate contour maps that show the nucleation of a sin-
gle Type A PLC band near the center of a 0� straight gage tensile specimen with increasing strain.
Note that contour values of _e are listed in the key in Fig. 7i. Fig. 7e and g show that the band actually
consists of crossing shear bands at ±54� angles relative to the tensile axis which runs along the hor-
izontal of each map. This angle is close to the 53.1� measurement reported in Chen et al. (2007)
using infrared thermography. A peak strain rate of 0.005 1/s is denoted by the red contour patches
in the band shown in Fig. 7g. We note that the level of detail associated with the strain rate contour
map containing the crossing shear bands was not observed in all tests since the extent of the central
(red) contour patch typically spanned the entire width of the gage section. A wider tensile specimen
may in fact be required in order to consistently image the crossing shear bands shown in Fig. 7g.
Fig. 7b, d, f and h show corresponding contours of true axial (cumulative) strains, e, resulting from
DIC analysis of tensile specimen images captured at t = 723, 726, 727, and 729 s, and the initial im-
age of the undeformed specimen surface. Contour values of e from the DIC analysis are listed in
Fig. 7j key. Note that blue strain contours in Fig. 7b, d, f, and h appear mostly to the right of the
band as it nucleates in Fig. 7c, e, and g. These blue contours correspond to the smallest true strain
value of 0.4 in Fig. 7j.

Following the nucleation process in Fig. 7, band propagation starts in Fig. 8a, and proceeds to the
right of center of the gage section, as shown in Fig. 8c, e, and g. Interestingly, the blue contour patches
in Fig. 7b, d, f, h, and j are indicative of the direction of band propagation following nucleation. The PLC
band propagation is responsible for the wave-like motion observed in digital movies of straight gage
tensile specimens alluded to earlier. The orange-red true strain contours which increase in lateral ex-
tent from Fig. 8d to Fig. 8g to Fig. 8h show that plastic strains accumulate in the wake of the propa-
gating band. Infrared thermography from Chen et al. (2007) suggests that the orange-red contours
correspond to material that has been heated during band propagation. Note that the gage section
width has decreased between Fig. 8a and g following the schematics in Fig. 6. For this particular case
(depicted in Figs. 7 and 8), Dt is approximately 3 s. Given the band speed of 0.41 mm/s, this gives
incremental steps of Dx � 1.23 mm which is significantly less than the band width of �5 mm (i.e.,
along the horizontal or tensile axis).

It has previously been suggested that band nucleation occurs at the gripper ends (Chen et al., 2007)
due to geometric non-uniformities. However, the behavior shown in Fig. 7a, c, e, and g tends to suggest
otherwise. Although the tensile specimen from which the results in Figs. 7 and 8 were generated had
no taper, the location of band nucleation close to the center of its gage section prompted a more thor-
ough investigation of fracture surfaces and a possible role of inclusions. Common to most of the frac-
ture surfaces analyzed were sporadic inclusions (approximately 2 for each 100 lm2 SEM image) with
diameters ranging from 2 to 5 lm. Each was surrounded by larger voids. Energy dispersive spectros-
copy (EDS), which has previously been used to investigate inclusion morphology and chemistry in
fracture surfaces of press-hardened boron and fully martensitic steels (Savic and Hector, 2007; Savic
et al. 2008), revealed high levels of Al and S along with Ca, Mn, Ti, Si, and Fe. No reasonable link be-
tween inclusions and the location of band nucleation could be established and the underlying causes
of the band nucleation position in Fig. 7a, c, e, and g may be related to material heterogeneities, e.g.,
texture.



Fig. 7. Nucleation of Type A PLC bands near the center of a straight gage TWIP specimen as computed from DIC shown in the
deformed configuration. Incremental true strain rate contours (at increasing times) are shown in (a), (c), (e), and (g).
Corresponding cumulative true strain contours are shown in (b), (d), (f), and (h). Time durations following the start of the test
were 723 s (b), 726 s (d), 727 s (f), and 729 s (h). The contour keys in (i) and (j) show that red contours correspond to peak strain
rates in the incremental maps, and peak true strains in the cumulative maps. Tensile loads associated with (b), (d), (f), and (h)
were 7210, 7232, 7221, and 7209 N, respectively. Load increments associated with the incremental strain rate contour maps
range from DF = 12 to 22 N. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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3.4.2. DIC analysis of serrations
Band propagation in TWIP and other austenitic steels reported in previous work was not thor-

oughly explored in the vicinity of serrations in load–time records and true stress–true strain curves
(Chen et al., 2007; De Cooman et al., 2008; Cuddy and Leslie, 1972; Pink and Kumar, 1995; Cunning-
ham, 1999; Mannan et al., 1983; Chan et al., 1997). The DASYLab image acquisition algorithm, com-
bined with the high speed digital camera, and DIC algorithm used in the present investigation
enabled careful study of band propagation at any point in the tests where the bands appeared.

Fig. 9a shows a typical load–time profile at long testing times. Each ‘‘hump” or serration (denoted
by labels A, B, C, D, and E in the plot) occured at intervals of approximately 80 s in this test. Images
were taken at approximately 3.8 s intervals giving a total of 64 images over the time period shown
in Fig. 9a. The peak force levels associated with the five serrations, which fall on the dashed vertical
lines, appear to grow with increasing time only to significantly diminish just before fracture. Fig. 9b



Fig. 8. Propagation of Type A PLC bands following nucleation process detailed in Fig. 7 (also, in the deformed configuration).
Incremental true strain rate contours at increasing times are shown in (a), (c), (e), and (g). Corresponding cumulative true strain
contours are shown in (b), (d), (f), and (h). Time durations following the start of the test are 732 s (b), 738 s (d), 744 s (d), and
750 s (h). Red contours denote peak strain rates in the incremental maps, and peak true strains in the cumulative maps. The
contour keys in (i) and (j) show that red contours correspond to peak strain rates in the incremental maps, and peak true strains
in the cumulative maps, respectively. The loads in (b), (d), (f), and (h) are F = 7199, 7202, 7207, and 7211 N, respectively. The
increments associated with the incremental strain rate contour maps range from DF = 3 to 5 N. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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shows a single serration from a special test in which the camera was triggered only during the time
when the serration appeared in the load-time record. Here, the open circles superimposed on the
curve appear at times at which single images were captured with the variable rate image acquisition
algorithm. Image capture for this single serration was at 0.2 s intervals.

Fig. 10a is an enlarged view of the engineering stress–engineering strain (S and e) curve in Fig. 3
showing step-like serrations. The regions between serrations A and B and B and C show a linear in-
crease in stress, while the regions between serrations C and D and D and E are at a nearly constant
stress. It is because of the linear increase in the flow stress (as shown in the regions between serrations
A and B and B and C in Fig. 10a) that Chen et al. (2007) refer to the associated bands as ‘‘modified” Type



Fig. 9. (a) Enlarged view of a typical load–time record showing humps or serrations that appear at long times. The last serration
(i.e., just before 900 s) is followed by localized necking and fracture. (b) Details of one of the serrations taken from a special test
with a 5 image/s capture rate. Captured images are denoted by the open circles superimposed on the curve.
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A PLC bands (i.e., the stress does not achieve a constant value between all serrations). This is also
shown in Fig. 2a of Chen et al. (2007) and it is indicative of local strain hardening of material due
to a PLC band. Chen et al. (2007) also point out that the ‘‘modified” Type A PLC bands bear some resem-
blance to Lüders bands in low carbon steels. Stress–strain curves are typically flat during Lüders band
propagation as is the case for the regions between serrations C and D and D and E in Fig. 10a. Also note
the apparent yield point phenomenon denoted by the ‘‘spike” in the engineering stress at D (and to a
lesser extent at E). The high frequency oscillations at the highest strains which Chen et al. (2007)



Fig. 10. Enlarged views of the (a) S vs. e in Fig. 3, (b) e vs. time over the same time period as in (a), and (c) the DIC-computed
true stress–true strain (e1, Eq. (2)) curve in Fig. 3 showing the step-increments beyond 0.3 true strain. Five serrations labeled as
A–E appear, with the peak true stress noted at F. Oscillations at the highest strains which correspond to the Type B (or C) PLC
bands observed in Chen et al. (2007) and Allain et al. (2008) do not appear.
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referred to as Type B PLC bands do not appear in this plot and in fact they were not observed in any of
our stress–strain plots. It is possible, however, that the bands observed at the largest strains in Chen
et al. (2007) were Type C. Differences in the specimen geometries and/or TWIP chemistries with those
in the present study and those in Chen et al. (2007) may have influenced the PLC band types observed
in both studies. Fig. 10b shows the evolution of the engineering strain, e, over the same time period
considered in Fig. 10a. Note that the step-like behavior is qualitatively similar to Fig. 2b of Chen
et al. (2007). Fig. 10c shows the DIC-computed true stress–true strain (e1, Eq. (2)) curve in Fig. 3.
The serrations first appear beyond a 0.3 true strain and intermittently appear through 0.54 true strain.

Fig. 11 is a more thorough examination of the spatio-temporal characteristics associated with band
nucleation at, and propagation, from the left gripper end of TWIP tensile specimen. This is the behavior
that is commonly cited in the PLC literature. The load–time record which is the red curve on the left
(i.e., Force vs. Time) of Fig. 11 covers a portion of the total testing time: this shows three serrations.
The axial true stress–true strain (e1, Eq. (2)) is shown on the right. Between the two plots (i.e., running



Fig. 11. Spatio-temporal behavior of the Type A PLC band in a straight gage section test with a 0� orientation where the bands
nucleated at (or near) the left gripper end. The load–time record is shown on the left and the DIC-computed true stress–true
strain (e1, Eq. (2)) curve is shown on the right. The sequence of strain rate contour maps at the center denotes the propagation of
three distinct bands from left to right across the gage section area (rectangular boundary of each contour map) during a tensile
test. Each contour map (plotted in the undeformed configuration) in the sequence has been shrunk from its original size which
is shown in the full-size contour map at the upper right of the figure (labeled ‘‘shrunk in the y-direction). Peak strain rates of
5.3 � 10�3 1/s are indicated by the red contour patches. Solid blue lines connect the peaks of the ‘‘serrations” in the load–time
record with the step-like profile in the true stress–true strain plot. Band propagation occurs at times denoted by the two open
red circles that fall between each serration (step) in the load–time (true stress–true strain) curves. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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down the center of Fig. 11) is a sequence of strain rate contour maps from DIC analysis. These maps are
stacked one on top of the other to show the propagation of three PLC bands moving from left to right
across the gage section (along the x-axis or gage length as indicated beneath the sequence). Note that
time increases from the uppermost to the lowermost of these strain rate contour maps (i.e., from top
to bottom) as indicated by the arrow at the lower right of the sequence. For illustration purposes, each
contour map in the sequence is compressed along the y-direction with the center of each correspond-
ing to the center of the gage section. The original shape (13 mm � 3.3 mm) of each contour map in the
sequence is shown at the upper right. Note that the green arrows indicate how the map was shrunk to
fully display PLC band propagation in the sequence. The band propagation events occur in just under
300 s (i.e., following the time axis in the load–time record to the left of the sequence). The strain rate
contour key at the top of the sequence shows a peak value of the strain rate (red contour patch) of
5.3 � 10�3 1/s. The circles superimposed on the red curve in the load–time plot denote important
events associated with band propagation as quantified in the strain rate contour sequence. The solid
black circles are placed at the peak of each hump or serration in the load–time record. A blue solid line
emanates from each black circle with an arrow at its other end pointing to one of the strain rate con-
tour maps in the sequence. For example, the blue line that emanates from the circle at 587 s (6960 N)
in the load–time record points to the uppermost contour map which is entirely blue since no band has
appeared at this stage of deformation. This strain rate map was computed from incremental correla-
tion of images just before and after 587 s into the test. Specific points at which images were recorded
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are not shown in either plot for the sake of clarity. Hence, the time corresponding to each circle is the
average time between two successive digital images recorded from the tensile specimen surface. Each
contour map in the sequence that is associated with a peak in each serration in the load–time plot is
bounded by thick black borders to distinguish it from other maps. Two open red circles have been
placed between successive black circles in the load–time record. From each of these emanates a red
dashed line with an arrow at its end that points to a specific contour map in the sequence. The red
open circles that fall 20–30 s beyond each black circle are positioned at those times at which a band
enters ‘‘the window” of a contour map from the left end. The red circles that fall 60–100 s beyond each
black circle are positioned at those times where a band has just exited a strain rate contour map. For
example, the first red open circle in the load–time record falls just beyond 610 s (6970 N). The red
dashed line that emanates from this red circle leads to an incremental strain rate map (seventh from
the top of the sequence) with a small region of colored contours at its left end (topmost dashed hor-
izontal line with a red arrow). These contours denote strain rates associated with a band entering the
field of this contour map at this time. The seven maps that follow beneath this map show this band
propagating across the gage section at times corresponding to the open circles between the peaks
of the first two serrations in the load–time record. The second open red circle that falls at 640 s (sec-
ond dashed horizontal line with a red arrow from the top) denotes the point at which the band has
exited the 13 mm � 3.3 mm gage section area. Once the peak of the second serration appears in the
load–time plot at 660 s (7120 N), no band propagation occurs as indicated by the solid arrow that
points to the second DIC map surrounded by a black border. Beyond the second serration, a band ap-
pears once again at 685 s (7116 N) from the left end. The process repeats a third time beyond the third
serration at 743 s (7275 N) in the load–time record. The specimen rapidly necks and fractures just be-
yond the fourth serration in the load–time record (not shown). Fig. 11 shows that band propagation
occurs between the peak loads associated in the load–time record. The peak loads correspond to
nucleation events at or near the left gripper which are not shown in the sequence.

Peaks in the serrations of the load–time record correspond to graded ‘‘steps” in the true stress–true
strain curve (where the uniaxial strain measure in Eq. (2) is used). This is shown in the plot to the right
of the sequence in Fig. 11. The dark blue lines that emanate from serrations in the load–time record
continue to the right of the sequence and point to solid black circles in the true stress–true strain plot.
Each of these circles falls at the top of a graded step at which point band propagation is not observed in
the corresponding contour maps of the sequence (i.e., those with the dark borders). Each red dashed
line that emanates from an open red circle in the load–time record is also continued to the right of the
sequence, and points to open red circles superimposed on the true stress–true strain plot. For example,
the two open red circles between 0.37 and 0.405 true strain correspond to the first and second open
red circles in the load–time record at 610 and 640 s, respectively. Hence, band propagation occurs be-
tween the steps in the true stress–true strain plot.

Fig. 12 explores strain accumulation in the wake of the third propagating band (i.e., between 782
and 822 s) in Fig. 11. Fig. 12a and b are representative true axial strain rate and strain contour maps,
respectively, at 806 s. Each has a superimposed black dotted line positioned along its center at
y = y0 = 2 mm. It is along this line that profiles of both the true strain (red) and true strain rate (blue
dashed) are plotted in Fig. 12c–h (at 8 s increments) to explore how the local strain changes during
Type A PLC band propagation. For example, the blue dashed curve in Fig. 12c, which resembles a wave,
is strain rate with position across the gage section and corresponds to the band entering the window
at 782 s (see the second dashed red arrow from the bottom of the sequence in Fig. 11). This curve
moves from left to right in Fig. 12d–h with a very small decrease in the peak strain rate from
0.0061 1/s in Fig. 12c to 0.0058 1/s in Fig. 12h. In Fig. 12b–h, the red curve shows that strains imme-
diately behind the band increase as the band moves across the gage length. This is consistent with
changes observed in the extent of the orange-red contours in Fig. 7d, f, and h. In Fig. 12h, the band
exits the window but leaves strained material in its wake.

Fig. 13a shows the spatial evolution of cumulative axial strain from DIC contours due to propaga-
tion of the three successive PLC bands in Fig. 11 over the same length of gage section. A family of se-
lected curves is shown for each of the three bands. For example, the red curves associated with band 3
correspond to contours in the sequence in Fig. 11 that span the time period ranging from 770 to 827 s,
along with additional curves at both smaller and larger strains just outside of the time frame of band 3.



Fig. 12. Two-dimensional profiles through contours of true axial strain (solid red curves) and incremental strain rate (dashed
blue curves) with position across the gage section. These correspond to the third propagating band event (i.e., at the longest
time) in Fig. 11. Shown at the top are representative strain rate and strain contour maps (in the undeformed configuration) at
806 s with superimposed black dotted horizontal lines at y0 � 2 mm denoting the path along which the profiles in (c–h) are
generated. Cumulative true axial strain e = e(X,Yo) and incremental strain rate _e ¼ _eðX; YoÞ are taken from DIC-computed contour
maps. Band movement, which is left to right, is shown by the blue strain rate curves in (c–h) while true strain profiles are red.
(c) Band entrance at 782 s (e1 = 0.46); (d) 790 s (e1 = 0.465); (e) 798 s (e1 = 0.47); (f) 806 s (e1 = 0.47(5)); (g) 814 s (e1 = 0.48); (h)
band exit at 822 s (e1 = 0.48(4)). Note the increase in strain between (c) and (e) behind the blue curves in these figures. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Propagation of band 3 causes the strain to suddenly increase from point to point across the gage sec-
tion as the curves spread apart. When the curves surrounding those corresponding to band 3 are
bunched up, no propagation occurs. Similar observations apply for the earlier bands associated with
the green and red curves in Fig. 13a. In Fig. 13b, cumulative strain, e (red), and incremental strain rate,
_e (dashed green), from DIC-computed contour maps along the dashed vertical line at X = 3.9 mm in
Fig. 13a are plotted. The blue dashed curve shows the load–time profile from Fig. 11 which is included
for reference. The cumulative axial strain from the DIC contours, e, follows a stepped profile as the
bands pass through X = 3.9 mm. Alternatively, the strain rate profile is a series of discrete ‘‘spikes” each



Fig. 13. (a) Spatial variation of cumulative axial true strain e as three PLC bands pass through the same length of gage section.
Here X corresponds to the undeformed configuration. Strain profiles associated with each of the three bands are labeled
accordingly. (b) Evolution of e (red) at X = 3.9 mm (i.e., at the position denoted by the dashed vertical line in (a)) follows a step
profile, while that of the incremental true strain rate _e (green) is localized into ‘‘spikes” which denote passage of the band at
X = 3.9 mm. The load–time record is shown in blue. Cumulative true axial strain and incremental strain rate are taken from DIC-
computed contour maps. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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of which falls between serrations in the load–time profile, as expected. The peak strain rate is concur-
rent with the mid-point of the strain serration and fluctuates between 0.0048 and 0.0055 1/s. Once the
band passes through X = 3.9 mm, the axial strain increases only slightly up to the point where the next
band appears while _e falls to a nearly constant value.
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We further explore band nucleation and propagation from the gage section center previously con-
sidered in Figs. 7 and 8. Additional bands nucleated (one at a time) near the center of the gage section
in this test and then propagated in either direction shown in Fig. 8 (i.e., center-to-right) or opposite to
it. Fig. 14 explores this behavior in greater detail following the format of Fig. 11 from yet another ten-
sile test where band nucleation occurred near the center of the gage section. Three band nucleation
and propagation events are shown in Fig. 14, over a 340 s time frame, in the sequence of true strain
rate contour maps at the center of the figure. A time axis is included to the right of the sequence.
The first and third bands propagate to the left (as indicated by the positions of the red contour
patches) and the second band propagates to the right of the tensile specimen. Two load–time records
(which are part of the same overall time record) are shown to the left of the strain rate contour se-
quence, with the plot at the top left showing two serrations over a 110 s time frame, and that below
it showing two subsequent serrations that appear with additional tensile strain over the next 110 s.
Corresponding true stress–true strain (e1, Eq. (2)) plots are shown to the right of the sequence. Red
contours in the contour key at the top of the sequence denote a peak strain rate of 0.0021 1/s. Solid
circles are positioned at the peaks of the serrations in the load–time plots. Arrows at the end of the
blue lines emanating from these circles point to contour maps in the sequence that signal the
appearance of green-yellow contours: these denote band nucleation at positions near the center of
the gage section. Band nucleation occurs at the peaks of the load–time serrations, as expected. Simi-
larly, in the true stress–true strain profiles to the right of the sequence, band nucleation occurs at the
peaks of the serrations. It is tempting to attribute band nucleation and propagation from a point near
the center of the straight gage section to the lower strain rates depicted in Fig. 14. However, such
Fig. 14. Spatio-temporal behavior of the Type A PLC band in a straight gage section test with a 0� orientation where the bands
nucleated near the center (rather than at one of the gripper ends) of the gage section. Strain contours corresponding to three
bands are shown in detail with a fourth nucleating at the longest times shown. The frames with thicker borders correspond to
peaks in the serrations of the load–time record (shown in two parts, with filled circles at the peaks of the serrations) at the left
of the strain rate contour sequence. As expected, band nucleation occurs at the peaks of the serrations. The axial true stress–true
strain plot to the right of the sequence (shown in two parts) suggests that band nucleation is concurrent with the highest points
of each step. These are denoted by the filled circles to which point the blue arrows from the strain rate contour sequence. The
horizontal length of each contour map in the sequence is 10 mm.
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behavior was also observed at strain rates comparable to those associated with Fig. 11 and hence such
a conclusion is erroneous.

Fig. 15 explores strain accumulation in the wake of a single band that preceded those shown in
Fig. 14 (i.e., between 952 and 973 s into the test). The analysis is identical to that in Fig. 12. In this case,
however, a period of band nucleation is followed by band propagation to the right of the gage section.
Band nucleation is shown in Fig. 15a and b with the rise in the peak associated with the strain rate
(blue dashed). At t = 958 s in Fig. 15c, the band begins to move to the right, with peak strain rates
increasing in Fig. 15d and e, and then exits the window in Fig. 15f at t = 973 s. The red curve in each
figure shows that as the band nucleates, the cumulative axial true strain increases as well.

The analysis in Fig. 16 for the spatial evolution of the cumulative true axial strain is identical to that
in Fig. 13a. However, Fig. 16 explores the case where four PLC bands nucleate near the center of TWIP
tensile specimen rather than at its left or right gripper end. Band nucleation occurs between 4 and
5 mm (i.e., near the center of the gage section). Bands 1 and 3 propagate to the left, bands 2 and 4
propagate to the right. The strain increases with the nucleation and propagation of each band, but does
so non-uniformly along the gage length in contrast with the nearly uniform increase in strain shown in
Fig. 13a. The strain profiles shown in Figs. 13a and Fig. 16 represent two spatio-temporal signatures of
the TWIP steel deformation history due to band nucleation and propagation.

3.4.3. PLC band kinematics
The cumulative strain contour maps in Fig. 8d, f, and h show that strains increase in the wake of a

propagating band. It is of interest to investigate whether the band speed reaches a steady state, and
Fig. 15. Two-dimensional profiles through contours of cumulative true axial strain (solid red curves) and incremental strain
rate (dashed blue curves) with position across the gage section corresponding to a time period preceding that of Fig. 14.
Cumulative true axial strain e = e(X,Yo) and incremental strain rate _e ¼ _eðX;YoÞ are taken from DIC-computed contour maps.
Band nucleation: (a) 952 s (e1 = 0.31(3)); (b) 955 s (e1 = 0.31(4)); (c) 958 s (e1 = 0.31(5)). Band propagation to the right: (d) 961 s
(e1 = 0.31(6)); (e) 967 s (e1 = 0.31(8)), (f) 973 s (e1 = 0.32). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



Fig. 16. Spatial variation of cumulative true axial strain e as four PLC bands nucleate near, and propagate from the center of the
gage section. Here X corresponds to the undeformed configuration. Strain profiles associated with each of the four bands are
labeled accordingly. Nucleation of each band occurs between X = 4 and 5 mm. Bands 1 and 3 propagate to the left, bands 2 and 4
propagate to the right. No band nucleation and propagation occurs when the curves are closely spaced. Cumulative true axial
strain is taken from DIC-computed contour maps.
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the extent to which increasing strains in the band wakes impact the motion of subsequent bands.
Fig. 17a shows the time variation of band travel distance Dx (mm) relative to the nucleation point near
the center of the gage section (in the deformed configuration) as shown in the two inset figures. The
red and blue curves correspond to separate tests at applied cross-head displacement rates of _dApp ¼ 7
and 13 lm/s. Each point denotes the point of maximum strain rate in the corresponding strain rate
contour maps. The applied strain and applied strain rate are defined as eApp = log(L/L0) and
_eApp ¼ deApp=dt, where L0 is initial gage length and L = L0 + d (with d being the applied or cross-head dis-
placement). As expected, the band in the test with the higher cross-head speed travels a greater dis-
tance in a comparable period of time compared with that in the slower 7 lm/s test. Fig. 17b relates the
band speed, v = dx/dt (in mm/s) relative to nucleation time for the same two tests. After (approxi-
mately) 10 s beyond nucleation, the band in the 7 mm/s test reaches a steady state at an average speed
of 0.16 mm/s. Alternatively, the band in the 13 lm/s test accelerates over nearly twice the time as the
7 lm/s band reaching an average speed of 0.41 mm/s.

Fig. 18 shows the variation of m= _dApp with eApp. Data from two tests conducted at a 13 lm/s cross-
head speed (open and solid red circles) and one at 7 mm/s (green triangles) are shown. The data points
correspond to the peak strain rate (DIC-computed) contour values associated with many bands trav-
eling across the gage sections as the applied strain, eApp, is increased. We note that a linear trend in the
data denoted by the dashed line suggests that the band strain increases with increasing applied strain.
This makes sense from the standpoint that successive bands must pass through increasingly strained
material which subsequently reduces their speeds. An analysis similar to that in Fig. 18 revealed that
band speed (or band strain) is only very weakly dependent upon _eApp. In addition, Figs. 10b and Fig 13a
suggest that band strain increases with each band, and hence confirms Eq. (3) of Chen et al. (2007) in
which v= _dApp ¼ 1=f ðebÞ, where f(eb) is an increasing function of the band strain, eb.

Fig. 19 shows the normalized steady-state peak band strain rate _est
peak= _eApp with eApp from three tensile

tests. The peak band strain rate _epeak is defined as the maximum strain rate value in the entire DIC win-
dow. When a band nucleates, _epeak increases from zero up to _est

peak, which is defined as the steady-state



Fig. 17. (a) Travel distance Dx relative to the center of band nucleation vs. time for two representative cases. The case with
lower applied displacement rate shows a slower band speed. (b) Band speed, v = dx/dt. After nucleation, the bands essentially
reach a steady state during which they propagate at nearly a constant average speed through the gage length until exiting the
DIC window. Distances and velocities are measured in the deformed configuration.
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value. Each group of points (connected by dashed lines) corresponds to individual bands. For example,
the inset figure in Fig. 19 shows the evolution of the peak strain rate for a single band (for _dApp ¼ 7 lm=s)
from nucleation until it reaches the steady-state value that is being reported in the main figure. Chen



Fig. 18. Normalized steady-state band speed, m= _dApp , with applied strain, eApp, for three separate tensile tests at cross-head
speeds of _dApp ¼ 7 and 13 lm/s.

Fig. 19. Normalized steady-state peak PLC band strain rate, _est
peak= _eApp , with applied strain, eApp. The peak strain rate of the bands

increases from zero and then reaches a steady-state value. Inset: Evolution of the strain rate peak with eApp for a typical band.
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et al. (2007) estimated that the peak strain rates in the bands were as high as 100 times of _eApp. However,
Fig. 19 suggests that the peak strain rates in the bands computed with the DIC method are only 10–15
times _eApp.
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3.5. PLC effect in 1� taper geometry with 0� orientation

The interesting, although unusual behavior of the Type A PLC band nucleation and propagation
events displayed in Figs. 7, 8, and 14 could not be explained on the basis of local tensile specimen
geometry alone. To further investigate the effect of tensile specimen geometry on PLC band nucle-
ation, a set of ancillary tests was conducted with TWIP specimens having the tapered geometry in
Fig. 1b. Representative results from DIC post-processing are shown in Fig. 20. Fig. 20a shows a strain
rate contour map with a nearly fully nucleated PLC band 5 mm to the right of the center of a tapered
tensile specimen (i.e., the 5 mm ‘‘narrowest” gage width in Fig. 1b). This map is superimposed on top
Fig. 20. (a) A strain rate contour map superimposed on digital image 353 of a tensile specimen with the 1� taper geometry in
Fig. 1b. This is near the end of the nucleation of a Type A PLC band 5 mm to the right of center of the specimen. The image in (a)
occurred at 640 s into the test. The vertical dashed line denotes the center of the specimen where the width is thinnest. (b) The
band nucleation sequence (consistent with the displays in Figs. 11 and 14) leading up to the band in (a), which is denoted by the
upper arrow, followed by band propagation towards both gripper ends. The taper is at the center of each strain rate contour
map. Note that the second band nucleation event near the bottom of the sequence at 680 s occurs at the gage center where the
width is smallest. This is denoted by the lower arrow.



Fig. 21. (a) Strain rate contour plot superimposed on digital image 447 (i.e., the last image prior to fracture of the test from
which Fig. 20 was computed) showing that PLC band propagation ends at the center of a tensile specimen with the 1� taper
geometry in Fig. 1b. (b) The corresponding cumulative axial strain field at image 447 showing �0.65 peak true strain at the
specimen center.
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of digital image 353 (out of 447) of the deforming tensile specimen surface. Fig. 20b is a sequence of
strain rate contour maps that shows the nucleation events prior to 640 s that lead to the band in
Fig. 20a followed by band propagation towards both gripper ends. The topmost arrow denotes the im-
age in Fig. 20a. The center of the tensile specimen (i.e., along the dashed vertical line in Fig. 1b) cor-
responds to the center of each map which has been compressed following the style of the strain rate
contour sequences in Figs. 11 and 14. Band nucleation occurs neither at the center of the specimen nor
at either of the gripper ends. This suggests that the Type A PLC bands may nucleate at heterogeneities
in the TWIP steel microstructure (e.g., local texture fluctuations). As the band propagates toward the
left gripper end, the peak strain rates intensify (i.e., the contours become redder) as they approach the
center of the specimen. Interestingly, a second band nucleation event can be seen in the bottom two
maps in the sequence in Fig. 20b. This event, which is denoted with the lowermost arrow, occurs very
close to the center of the gage section center.

Fig. 21a is a strain rate contour map superimposed on image 447 of the test detailed in Fig. 20. Note
that this is the final digital image recorded prior to fracture. This image shows that PLC band propa-
gation terminates at the center of a tensile specimen with the 1� taper. Fig. 21b shows the correspond-
ing cumulative strain contour map with a peak axial strain of �0.65.

4. Summary remarks

The experimental investigation detailed in this paper provided a quantitative view of spatio-tem-
poral characteristics of the Portevin–Le Châtelier effect in an austenitic TWIP steel. Digital images
were recorded from the surfaces of both straight and tapered specimens during quasi-static, room
temperature tensile tests in a miniature tensile stage. Ancillary tests of straight gage TWIP specimens
at higher strain rates provided results that are suggestive of nSRS. Post-processing of the images from
each test with a DIC method provided direct measurement of strain fields. Care was taken to ensure
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that a suitable number of images was recorded during serrations in load–time records. This was
enabled through continuous monitoring of load and displacement data from the tensile stage control-
ler electronics with a custom image acquisition algorithm. The algorithm effectively coupled image
capture by a high speed digital camera with user-chosen load and displacement gradients. Of the three
common PLC band types, only the Type A continuously propagating bands were observed via strain
rate contour maps computed with a backwards differentiation scheme. Band velocities, when scaled
by the applied displacement rate, show a nearly linear decrease with applied strain. Strained material
in the wakes of earlier bands slows the movement of bands nucleated at later times. Type A PLC band
nucleation, which occurred at the crests of serrations in true stress–true strain curves exhibited a
quixotic nature. In straight gage specimens, band nucleation was found to occur either at a gripper
end or at (or near) the gage section center beyond 0.3 true strain. In all cases, band propagation com-
menced at the end of each nucleation event as straining continued. Alternatively, Type A band nucle-
ation was observed to occur between the gage section center and a gripper end in a tensile specimen
with a 1� taper. These observations suggest that band nucleation is not limited to regions of geometry-
induced stress concentrations (e.g., the gripper ends of a straight gage tensile specimen or the gage
section center in a tapered tensile specimen). Rather, material heterogeneities that are a fraction of
the specimen thickness may in fact play a crucial and as of yet poorly understood role in band nucle-
ation. A more definitive investigation aimed at exploring the effects of such factors as TWIP steel tex-
ture evolution, other defects, and the possible roles of twinning and Mn on band nucleation will be
required.

Some comments regarding implications for theoretical modeling of the intriguing TWIP PLC band
nucleation and propagation behavior observed in this study are warranted. While it is not clear if any
theoretical framework for the PLC effect in the open literature is adequate for TWIP steel, that due to
Kok et al. (2002) is noteworthy. Here, a phenomenological PLC constitutive model due to Kubin and
Estrin (1990) and McCormick and Ling (1995) is used in a polycrystal plasticity framework. Kok
et al. (2002) avoid introducing ‘‘artificial” inhomogeneities that have been imposed in other models,
such as those due to geometry (McCormick and Ling, 1995), an initial stress heterogeneity (Zhang
et al. 2001), or perturbation of a strain hardening parameter (Becker, 1999). Rather, instabilities in
the Kok et al. (2002) model arise due to spatial variations in the polycrystalline texture. Contour plots
of plastic strain rate were computed for an Al–Mg alloy that show PLC band propagation. We believe
that the PLC band behavior suggested in the Kok et al. (2002) model is qualitatively consistent with
our experimental results. An additional issue of interest from a theoretical standpoint is whether or
not their PLC constitutive model can be improved not only for the Al–Mg alloy investigated in their
work but also for TWIP steel. Recent mechanistic models of DSA due to Curtin et al. (2006) and Soare
and Curtin (2008) clearly suggest that the answer is yes. The impact of twinning (Oberson and Ankem
2005, 2008 and Proust et al., 2008) and Mn additions on the PLC constitutive model also require fur-
ther exploration.
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Appendix A. Measurement system error analysis for Young’s modulus determination

Accurate Young’s modulus values are vital to linear static analyses of vehicle structures, e.g., noise
vibration and hashness. Determination of Young’s modulus from a tensile test in which data is ac-
quired from a precision optical system and a screw-drive tensile stage is particularly challenging
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due to the small displacement range over which strains must be measured. It was found that Young’s
modulus values computed from the elastic portion of true stress–true strain values with the system
described in Section 2 are artificially high. The reason for this pertains to the high sensitivity of the
imaging system to very small out-of-plane displacements of the tensile specimen (i.e., relative to
the camera lens) during elastic loading. In other words, as the tensile specimen begins to elongate un-
der elastic loads, its surface has a subtle vertical displacement that cannot be detected visually (similar
behavior occurs in larger testing systems). Such displacements are inherent to the testing equipment
and are not unique to the equipment used in this research. This leads to smaller ‘‘apparent” or ‘‘as-
measured” elastic strains since the associated errors are comparable to the ‘‘true” elastic strains re-
quired for determination of Young’s modulus. The smaller apparent strains lead to an inaccurate
Young’s modulus.

To address this problem, we express the Young’s modulus, E, as follows:
E ¼ r
e�

ðA1Þ
where r is the tensile stress, and e* is the measured or ‘‘effective” elastic strain taken directly from DIC
measurements. The effective elastic strain is
e� ¼ ee þ dee ðA2Þ
where dee is the error in true elastic strain from the measurement system. Once dee is measured, then ee

is computed from Eq. (A2). Since the Young’s modulus without this correction was larger than what
we expected (for the present measurement system), we anticipated that dee is negative (i.e., the spec-
imen undergoes a tiny displacement away from the camera lens during elastic loading) and proceed to
prove this.

Two separate tests were run to determine errors in the strain measurement that are intrinsic to the
measurement system (imaging system and tensile stage). Prior to the tests, two small sheets of a stiff
paper, each with a small grid pattern, were placed near the gripper ends of the specimen such that
they remained within view of the camera lens. This is shown in Fig. A1.

The first test involved DIC strain analysis of two static images of the grids. For this test, the camera
was directed to take two images of the same grid pattern without any intentional movement of either
the tensile stage or the camera. This was repeated many times and ultimately an intrinsic error in the
20–30le range (resulting from tiny vibrations in the optical system, for example) was revealed. This
small error was determined not to have any effect on Young’s modulus.

The next test involved loading the tensile specimen into the plastic range, gathering about 100
images, and then manually terminating the test. The purpose of this test was to determine if either
or both grids undergo displacements towards the camera or away from the camera during the earliest
stages of the tensile test (the small rotations of each grid as the tensile specimen is stretched have no
effect on the measured strains, and the thickness of the tensile specimen itself does not decrease).
These displacements are indicative of subtle errors in the measurement system. The error in the true
elastic strain, dee, is determined via DIC analysis of each grid pattern once the test terminates. The ori-
gin of the errors that this process quantifies can be explained with the following analogy. If one holds a
Fig. A1. TWIP straight gage tensile specimen with small calibration grids placed at either end.



Fig. A2. Strain errors due to movement of the left grid pattern in Fig. A1 during a tensile test. The downward portions of each
curve represent the loading phase. The upward portions resulted from manual unloading of the tensile specimen.
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small piece of paper about 25 mm from one’s eyes, and then moves it away at arm’s length, there is a
perceived de-magnification of the paper. In the absence of any knowledge of arm movement away
from the face, this outward displacement of the note is comparable to application of uniform compres-
sive strains (along x and y, i.e., the major axes of the paper) that effectively ‘‘shrink” its size (without
wrinkling it). Clearly, any ‘‘shrinkage” of either grid pattern without an applied compressive stress (as
the specimen is elongated) is truly an artifact of the measuring system. This artifact is exactly what the
DIC technique detects if in fact either or both grids undergo vertical displacement once the tensile
specimen begins to elongate.

Indeed dee was found to be negative from DIC analysis of the grid pattern images. This is shown in
Fig. A2, which displays computed axial (i.e., along the tensile axis) and transverse (i.e perpendicular to
the tensile axis) strains, dee

x and dee
y, respectively, with image number from the left grid pattern in

Fig. A1 (the errors from both grid patterns were nearly identical). Both strains are negative due to
downward movement of each grid relative to the camera lens during elastic loading. We note that
the errors in the elastic strains are around 600le and these will adversely affect determination of
Young’s modulus. The apparent ‘‘noisiness” in both curves resulted from inherent noise in the grids
shown in Fig. A1 (e.g., poor edge quality between black and white features, noise from the printing
process, etc.). Although this noise could be dramatically reduced with high precision calibration grids,
the general linear trend during loading was sufficient to fit a function to one or both of the curves. The
strain errors turn around near image 100 and move back toward zero. This resulted from manual
unloading which was required to terminate the test.

An average profile was generated from the decreasing portions of the two curves in Fig. A2, dee. We
further assume first that dee is related to the Fe force (from the tensile stage load cell) via a ‘‘stiffness”
K2 and a small error due to any existing compressive load at the outset of straining denoted by K1.
Hence, the error due to displacement of the grids during straining of the tensile specimen in Fig. A1
is conveniently estimated by
dee ¼ K1 þ K2Fe ðA3Þ
A fit of Eq. (A3) to dee from Fig. A2 gives
K1 ¼ �8:98� 10�5 ðA4Þ
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and
K1 ¼ �2:23� 10�7N�1 ðA5Þ
The true elastic strains are computed by correcting the ‘‘apparent” strains computed from DIC analysis
of a tensile test via
ee ¼ e� � dee ðA6Þ
Since dee is negative, ee > e*, and a smaller Young’s modulus value will result.
The correction to the elastic strains in Eqs. (A3), (A4), (A5) pertain only to the TWIP steel straight

gage tensile specimens investigated in this research. It is highly likely that these coefficients will
change for a material other than TWIP steel or if the sheet thickness changes. Hence, the tests detailed
in this Appendix must be conducted for each material tested and for each sheet gage.
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