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The plastic behavior of Hastelloy X subjected to thermo-mechanical loading was investi-
gated in this work, and the phenomenon of dynamic strain aging was studied under iso-
thermal conditions, using digital image correlation (DIC). The material of interest,
Hastelloy X a Ni-based superalloy, is widely used in high temperature applications. It
was seen that Hastelloy X exhibits serrated plastic flow behavior between temperatures
of 300 �C and 700 �C, as a consequence of the dynamic strain aging effect, which, depending
on temperature, manifests as type A/B or A and B oscillations on the uniaxial tension
stress–strain curve, and is characterized by strain concentration bands propagating along
the length of the specimen. The characteristics of Portevin-Le Chatelier (PLC) band internal
strain distribution in uniaxial tension experiments were also investigated. The bands them-
selves were seen to have internal (sub)bands of two or three smaller strain jumps. An anal-
ysis of the strain increments induced by these bands was performed and clearly illustrates
the inhomogeneous nature of the deformation – both spatially and temporally. In addition
to the uniaxial behavior, biaxial stress states were investigated by studying PLC band for-
mation near a notch in a double notched tensile geometry. Similar macroscopic results to
the uniaxial case were seen while the strain bands themselves were seen to initiate in the
notch region and travel away from the notches.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The demand for high performance materials for structural applications in extreme environments has driven the develop-
ment of new materials like superalloys. To allow realization of functional designs such as structural thermal shields for space
vehicles or pressure vessels for nuclear reactors using advanced materials, an understanding of their mechanical response is
needed. In the case of metallic materials, it is of particular interest to study their behavior in the plastic regime, and uncover
factors causing the observed material response. Many engineering metals exhibit irregular plastic flow, usually manifested
as stress serrations (‘‘jerky flow’’) or strain jumps (‘‘strain staircase’’) in their uniaxial tensile response. Such irregular macro-
scale plastic flow, observed only in limited regimes of strain rate and temperature and sometimes above a critical strain
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(Wagenhofer et al., 1999), is caused by inhomogeneous deformation within various localization bands that can be either static
or propagating along a specimen. The Portevin-Le Chatelier (PLC) effect is characterized by such instabilities in plastic flow and
strain localizations, attributed primarily to a dynamic strain aging effect in which diffusion of solute atoms and dislocation
motion occur over comparable time scales therefore necessitating the dislocations to continuously overcome the obstacles.
Several factors, such as temperature and strain rate influence the occurrence of the PLC effect, which is also affected by the pos-
sible presence of precipitates (Thevenet et al., 1999; Argon, 2008; Liang et al., 2009). The presence of precipitates can cause
rapid plastic flow upon reaching a critical strain energy, thus influencing the strain needed for the onset of a PLC effect. Exten-
sive studies on the PLC effect and dynamic strain aging have been carried out by, among others, Kubin and Estrin (1990), Clausen
et al. (2004), Benallal et al. (2006, 2008), Tong and Zhang (2007), Zavattieri et al. (2009) and Feng et al. (2012). The PLC effect has
been associated with the relative mobility of dislocations and pinning obstacles in a metal (Cottrell, 1953; McCormick, 1971;
van Den Beukel, 1980). For example, Clausen et al. (2004) showed the association between this serrated flow and localized
shearing failure of precipitates in aluminum alloys. Corby et al. (2004) and Zhang et al. (2013), explained the PLC effect in Mag-
nesium alloys. Though a complete understanding of the factors affecting the behavior of serrated plastic flow has not been
established, the reason for serrated flow in the stress–strain curve has been attributed to negative strain rate sensitivity, which
has been observed in different aluminum alloys (McCormick, 1988; Shabadi et al., 2004; Ranc and Wagner, 2005). There has
also been an effort to study instabilities as a consequence of Portevin-Le Chatelier effect and Lüders bands in ferritic steels
(Nikulin et al., 2010; Wenman and Chard-Tuckey, 2010; Chan et al., 2012; Hallai and Kyriakides, 2013).

Most structural components also possess geometrical features such as holes, corners or gaps that are necessitated by
design to accommodate fasteners, joints, or for weight reduction. Under the influence of combined thermal and mechanical
loads, such stress concentration sites may become initiation sites of the dynamic strain aging bands (Swaminathan et al.,
2014). The local strain fields can be highly inhomogeneous in such biaxial, or in general triaxial, loading situations. The effect
of dynamic strain aging in components with geometric features has received far less attention in the literature. Dynamic
strain aging in aluminum alloys with stress concentrators has been studied by Benallal et al. (2008) and Tong et al.
(2011). Both works presented a qualitative analysis of the PLC band formation in the presence of U-notches and V-notches
at room temperature. Additional study in this area is needed to fully characterize the dynamic strain aging effect in condi-
tions other than uniaxial loading.

Hastelloy X was chosen for the present study as a ‘‘simple’’ high-temperature alloy, with well-known behavior under iso-
thermal high temperature mechanical loading (United States. Dept. of Defense, 2002). Hastelloy X is strengthened by solute
hardening and its response is affected by dynamic strain aging. However, its plastic behavior is actually quite complex, as the
hardening response under certain thermo-mechanical loading cycles was found to be unbounded by the isothermal stress–
strain behaviors at the same test temperatures, i.e., when applying one loading–unloading cycle at elevated temperature fol-
lowed by one loading–unloading cycle at lower temperature the resulting response does not fall between the lower and
higher isothermal stress–strain curves (Miner and Castelli, 1992; Swaminathan et al., 2014). In addition, chromium carbide
precipitation in many Ni-based alloys can produce dynamic strain aging effects during deformation. Sakthivel et al. (2012)
presented the stress–strain curves for Hastelloy X in the temperature range of 300–1023 K, at three different strain rates.
They observed serrated flow at temperatures between 523 K and 927 K. Similar results were seen in Mo et al. (2013) for
Ni-based superalloy 617 and Gao et al. (2013) for Ni–Co superalloy TMW.

The main objective of this work is to investigate the PLC effect that is present during plastic deformation of Hastelloy X
using both far-field measurements based on load and displacement and near-field measurements using two-dimensional,
i.e., single camera, digital image correlation (DIC), and to do so for both homogeneous and nonhomogeneous stress states.
Uniaxial tension samples were used for studying nominally uniaxial stress states, and double notched specimens were used
to induce a bi-axial stress concentration in order to investigate PLC band formation under multi-axial stress states. The DIC
technique allows greater understanding of dynamic strain aging effects as it can provide a wealth of information (e.g., Tong
and Zhang (2007) and Renard et al. (2010)), and has not been used at all in the observation of the phenomenon at high tem-
peratures as is done here. More information about DIC, which uses digital images taken before and after deformation to
extract in-plane displacement and strain on the sample’s surface, can be found in Sutton et al. (2009). From an experimental
point of view characterizing dynamic strain aging and PLC band morphology and behavior (Tong and Zhang, 2007) is made
possible with DIC, at multiple scales and with suitable spatio-temporal resolution. It may then be possible to understand the
micromechanical behavior that affects the continuum scale response of a material that exhibits a PLC effect (Tong, 2005;
Abuzaid et al., 2012). Using DIC it is also possible to determine the behavior in extreme environments where other optical
techniques may be limited due to complex experimental setups or experimental conditions. This work discusses the
response of Hastelloy X at various test temperatures, extends the PLC band formation visualization to temperatures up to
700 �C, and offers an explanation on the interaction between the load history and strain behavior. It also provides some
insight on the PLC behavior of Hastelloy across a range of temperatures in the plastic regime.

2. Experimental methods

2.1. Material and sample preparation

The material used in this study is Hastelloy X which is a solution heat treated Nickel-based superalloy with superior
strength and oxidation resistance up to 1100 �C, making it a material of choice for combustion zone components in aircraft
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and heat shield components in space vehicles (Abotula et al., 2011). The material was obtained from Haynes Corp. and has a
chemical composition, as provided by the supplier listed in Table 1. All experiments in this study were conducted using spec-
imens obtained from the same batch (batch heat number: 2600-1-4793), and the specimens were cut in the rolling direction
of the plate so as not to include an influence of possible material anisotropy. Monotonic uniaxial tension loading experiments
were carried out with the dog-bone specimen shown in Fig. 1(a). The specimens were machined using electro-discharge
machining from a stock 3 mm thick plate which was cut in half in the through thickness direction, to produce samples that
were 1.5 mm thick. The specimen surface was polished with coarse grit, followed by fine grit, polishing papers to ensure a
flat surface for spraying a suitable speckle pattern for use with DIC. Machined double notch specimens, as shown in Fig. 1(b),
were also used to carry out the biaxial stress state experiments while imaging the deformation between the two notches.
This geometry was used to introduce an in-plane biaxial stress state near the notches, while maintaining the same far-field
uniaxial loading conditions. As in the previous case, monotonic loading experiments were conducted at several tempera-
tures, either under isothermal conditions or with temperature jumps.
2.2. Experimental setup

An Instron 8800 servo-hydraulic load frame was used to load the specimens. Loading was controlled by a computer using
a LABVIEW interface thus allowing different loading ramp type, as well as load magnitude and loading rate, to be set. For
experiments at elevated temperatures, an induction coil connected to a LEPEL induction heater was placed around the spec-
imen. Eddy currents setup in the specimen because of the electric field around the coils heated the specimen. The induction
heater current was set to a constant value once the required specimen temperature was achieved. Fig. 1(c) shows the use of
an induction coil to heat a uniaxial tension specimen to a test temperature of about 750 �C. Note the intense sample glowing.
The specimen surface temperature was measured by welding a K-type (chromel–alumel) thermocouple to the unprepared
surface of the specimen, on the opposite side of the area that would be imaged. The thermocouple was connected to a Micri-
star temperature measurement control and output interface. Experiments with multiple thermocouples along the sample
length and width were first carried out to ensure uniformity (±5 �C at peak of 600 �C) of the temperature within the spec-
imen. In subsequent experiments only one thermocouple was used for temperature control purposes, while the induction
coils were not disturbed form their position (see Table 2 for a list of samples tested).

For the DIC portion of the experiments, the imaging setup consisted of an IMITech CCD camera (16 frames per second,
monochrome) attached to a Navitar 12� zoom lens with a 2� adapter. The 8-bit camera consisted of a 1920 � 1200 pixel
CCD array, and was controlled through an I-1394 rewire I/O interface. The assembly was mounted on a tripod with a
dual-direction translation stage to allow for focusing on the area of interest of the specimen – especially important for
the double notch experiments. Using calibration targets, the field of view was measured to be 4.5 mm � 3 mm at a spatial
resolution of 3.4 lm/pixel. The induction heater coils obscure portions of the specimen (see Fig. 1(c)), so imaging had to be
done at a location between coils. Here the area of interest (4.5 mm � 3 mm) was chosen such that it was located at the center
of the specimen.

Imaging and loading during the experiments were performed using a custom LABVIEW code that allowed simultaneous
control of the camera and load frame, as well as continuous data acquisition from the load cell (cross-head load) and actuator
LVDT from the load frame. The code allowed data acquisition at a constant frequency selected prior to the start of the exper-
iment. Loading was carried out in displacement control (with a nominal applied strain rate of 10�4 s�1 for all experiments)
and unloading was carried out in load control. Applied load from the load cell and cross-head displacement from the load
frame were recorded by the interface every 50 ms. Images were acquired from the LABVIEW-controlled firewire camera
every 2 s. Once an experiment was completed, the images were transferred to a commercial image correlation software
VIC-2D (Correlated Solutions Inc.). The DIC algorithm measures the cumulative displacement and strain components over
the entire area of interest, and uses interpolation for sub-pixel resolution. An initial guess was specified in the reference
image for initiating the algorithm, and a subset size of 51 � 51 pixels with an offset of 5 pixels was used to carry out the
correlations. This subset size and offset were selected after conducting baseline (i.e., no deformation) and rigid body motion
experiments to determine the suitability of the speckle pattern (see next section). In the interest of brevity details of the DIC
technique will not be provided here and the reader is referred to Sutton et al. (2009) for more details. In the next section only
the specific modifications made in this work to apply DIC to elevated temperatures will be discussed.
Table 1
Composition (in wt.%) of the Hastelloy X used in this study, as supplied by Haynes Corp.

Al B C Co Cr Cu Fe Mn Mo

0.10 <0.002 0.075 1.69 21.22 0.10 18.97 0.65 8.40

Ni P S Si Ti W

BAL 0.015 <0.002 0.29 <0.01 0.56
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Fig. 1. (a) Dogbone specimen used in the high temperature uniaxial tension tests; (b) double notched specimen used in the high temperature biaxial
loading tests; (c) specimen being heated by an induction coil. All dimensions are in mm.

Table 2
Table of uniaxial monotonic tension experiments carried out in this work. Dogbone specimen and double notch specimen geometry are shown in Fig. 1(a) and
(b), respectively. Strain rate and applied displacement are far-field measured at the load frame cross head. Loading was done in displacement control, after the
specimen reached the specified temperature.

Specimen type Test temperature (�C) Strain rate (s�1) Applied displacement (mm)

Dogbone specimen Room temperature 10�4 3
Dogbone specimen 300 10�4 3
Dogbone specimen 450 10�4 3
Dogbone specimen 500 10�4 3
Dogbone specimen 600 10�4 3
Dogbone specimen 700 10�4 3
Double notch specimen Room temperature 10�4 .2
Double notch specimen 300 10�4 .2
Double notch specimen 600 10�4 .2
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2.3. High temperature DIC measurements

Although not as widespread as room temperature DIC, high temperature DIC has been successfully used in the past by a
number of researchers (Turner and Russell, 1990; Lyons et al., 1996; Pan et al., 2010; Swaminathan et al., 2014; Hammer
et al., 2014). The DIC technique itself is based on the assumption that there is no change in the intensity values characterizing
a surface speckle pattern (either preexisting or user-deposited) before and after deformation. If the pattern is altered for rea-
sons other than deformation, then erroneous measurements could be made. Beyond issues involved in room temperature
DIC, two phenomena are of concern as potentially affecting surface pattern quality in high temperature DIC: surface oxida-
tion and sample glowing. In order to prevent oxidation of the prepared specimen surface, a coating of VHT� high tempera-
ture white paint was sprayed onto the specimen. The painted surface was then polished with fine grit polishing paper to
ensure a smooth and even layer of paint. A random speckle pattern was subsequently sprayed onto the painted surface using
an Iwata Custom micron B airbrush. The paint media was VHT� high temperature black paint. In this study the speckle pat-
tern was used with high temperature DIC measurements up to 650 �C so sample glowing was not an issue, although in the
past this has been dealt with by performing DIC in the blue light wavelength (e.g., Pan et al., 2010) or more recently with
ultraviolet light (Berke and Lambros, 2014)).

Despite glowing not being an issue in the present experiments, preforming high temperature DIC measurements is more
complex than their room temperature counterpart. Therefore additional means of improving measurement accuracy were
sought. The technique of image averaging (Tong, 2005) was used to investigate whether it is possible to minimize the con-
tribution of random noise on the measured strain fields. Images were acquired at a frame rate of 15 frames per second (fps)
for a period of 5s both at the beginning and end of the loading cycle. (During loading image acquisition rate for all other
experiments was 0.5 fps, i.e., one image every 2 s.) The images were then averaged using a MATLAB image processing toolbox
and a user-developed code. Image averaging reduced the noise inherent in recording the pixel gray level for a given CCD
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camera array. Fig. 2 shows the effect of averaging a series of images on the sensor noise present in the image, by varying the
number of images averaged in each case. The image on the left corresponds to a randomly selected single image acquired at
room temperature. The middle and right hand images in Fig. 2 show the average of 10 and 25 images recorded in a sequence,
respectively. Below each image in the figure is its corresponding intensity count histogram. It can be seen that the histogram
of intensity distribution is considerably smoother when averaging is used.

A dogbone specimen was loaded in uniaxial tension at 600 �C and images were recorded throughout the deformation pro-
cess. Displacements and strains were then obtained through DIC analysis. In addition, images obtained at the start and end of
the experiment were used for the image averaging as described above. Fig. 3 shows a line scan perpendicular to the loading
direction of the strain component parallel to the loading direction. The results of the two correlations, with and without
image averaging, show that there is little difference in the computed strain fields with the averaged result being only slightly
below the non-averaged values while exhibiting the same spatial variation along the line scan.
3. PLC behavior under isothermal uniaxial loading conditions

Engineering stress and strain data were computed in two ways: (i) from the far-field load and far-field displacement data,
thus providing a purely macroscopic measure of strain, and (ii) from the far-field load but the average strain computed using
Unaveraged Averaged set of
10 Images

Averaged set of
25 Images

a b c

Fig. 2. Noise reduction in digital images by means of image averaging. Averaged images (a) 1, (b) 10, (c) 25.

Strain from Averaged Images 
Strain from Unaveraged Images 

Fig. 3. Engineering strain along a line-scan at the end of load cycle for a high temperature monotonic tension experiment. The profile of strains obtained in
the averaged case closely matches the case without averaging. In the averaging process 20 images have been used (specimen: Dogbone).
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near-field DIC over the field of view of 4.5 mm � 3 mm for the optical setup used here, thus providing a more local measure
of strain. Strains extracted from displacements recorded by the load-frame LVDT were corrected to account for machine
compliance (Swaminathan, 2012). The uniaxial tension stress–strain response at different temperatures is shown in
Fig. 4. Fig. 5, which is a close-up of the region marked by the box in Fig. 4, shows the variation in serrated flow behavior with
increasing temperature. The PLC effect is evident at temperatures above 300 �C in Figs. 4 and 5. It is observed here that the
strain level for the onset of the PLC effect remains nearly unchanged across temperatures at a strain level just after the initial
yield region in Fig. 4. Similar results were observed by Sakthivel et al. (2012). Recall that the data acquisition time at the
macroscale is one point every 50 ms. The stress strain response obtained from the DIC-averaged strain is shown in Fig. 6.
Fig. 4. Stress–strain curves obtained from macroscopic load–displacement data for Hastelloy X. Onset of serrated flow is observed around 300 �C and is
seen to reduce at higher temperatures. Close-up of inset red box is shown in Fig. 5 (specimen: Dogbone).

Fig. 5. Close-up of boxed region in Fig. 4 showing serrated flow of Hastelloy X. As temperature increases, there is a transition in the type of serrated flow.

Fig. 6. Stress–strain curves obtained from far field load and local averaged strain measured using DIC (specimen: Dogbone).



Fig. 7. Strain evolution of Hastelloy X during uniaxial tension at different temperatures. There is evidence of reducing dynamic strain aging at higher
temperatures as seen by a decrease in strain jumps (specimen: Dogbone).

Fig. 8. Strain and load history curves for Hastelloy X at 300 �C. The DIC-recorded strain jumps occur where there are small kinks in the machine load data.
The portion of the plot within the box is shown in Fig. 9(a) in greater detail.

ba

Fig. 9. Loading history and strain evolution showing a change in the loading amplitude, and a corresponding jump in strain, at (a) 300 �C ranging from 70 to
100 s, and (b) 450 �C ranging from 100 to 150 s.
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Fig. 10. (a) Mean strain accumulation over time at 500 �C. Discrete peaks are characteristic strain jumps at a particular time period. Certain peaks coincide
with bands that can be captured with DIC. The PLC band observed during the period shown in the red box is shown in Fig. 11. (b) Strain increment behavior
at room temperature showing constant strain accumulation due to absence of a PLC effect.
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In this case jumps appear to be larger, but this is only an artifact because (a) the field of view of the DIC measurement is only
a small part of the gauge section, and (b) the data point acquisition time is one point every 0.5 s (rather than every 50 ms as
in Fig. 4).

Different types of serrated flow behavior are seen in Fig. 5. The DIC data for the same experiments are shown in Fig. 6.
Type A flow is seen to have continuous serrations of the same amplitude, with the stress oscillating about the mean stress.
It does not disappear at large strains. The stress–strain curve shows periodic hardening in the form of localized kinks that are
followed by a strain relaxation after a jump. Type B flow shows serrations of smaller amplitude than those of type A, but have
large drops that occur occasionally. This type of flow usually exists at lower regimes of plastic strain. The strain jumps in this
case correspond to the larger change in stress as the material is loaded. For Hastelloy X, tests in the range of 300 �C–500 �C
show serrations of type A which occur at strain intervals. Above 500 �C, there is a transition to type A + B and B, which are
characterized by low amplitude serrations in the stress–strain curve.

Though the PLC effect in Hastelloy X has been studied recently by Sakthivel et al. (2012), the ability to capture the PLC
effect in Hastelloy X at high temperatures with the technique of DIC is unexplored, and is dealt with in detail in this work.
DIC allows a more local analysis of the strain fields, establishing a multiscale approach of evaluating the PLC phenomenon,
and capturing localization effects at high temperature. This is necessary as the macroscale response alone does not provide
sufficient data that can be used towards the development of material models. The DIC-averaged local strain evolution with
time for all the tension experiments corresponding to the far-field data of Fig. 4 is shown in Fig. 7. It can be seen that there
are distinct strain jumps recorded over the averaged strain results in the 4.5 mm � 3 mm field of view. These jumps in strain
reduce at temperatures above 600 �C leaving an almost linearly increasing strain with time, indicating that the PLC effect in
this material diminishes as temperature increase beyond 600 �C. In fact this diminishing can also be seen in the reduced
oscillations in the stress–strain curves of Fig. 4. As will be seen below, these strain jumps are associated with passage of
strain bands through the DIC field of view and are related to corresponding excursions in load.

Fig. 8 shows the macroscale load history together with the local DIC-averaged strain for a 300 �C experiment and Fig. 9(a)
shows a closer view of the portion of Fig. 8 highlighted by the dotted red box. The loading history shows occasional small
dips, marked in Fig. 9(a) by arrows, as the loading progresses, and results in a corresponding relaxation of the specimen, fol-



Fig. 11. DIC post-processed images of engineering strain contours showing strain band propagating downward observed at 500 �C. Images captured at 384–
390 s at a resolution of 3.60 lm/pixel. The set of images corresponds with the jump in strain denoted by the dashed box in Fig. 10(a).

Fig. 12. Axial strain component vs. position along the dashed line shown in the four DIC images in Fig. 11 during uniaxial tension at 500 �C. A strain jump
corresponding to the passage of the PLC band at 386 s is seen. There is no further strain accumulation until the next strain jump as seen in the strain
increment plot of Fig. 10(a).
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lowing a strain jump. Dotted lines marked in Fig. 8 indicate the strain jumps corresponding to the load variations. Fig. 9(a)
shows the closer view of a portion of Fig. 8, in the range of 70–100 s and illustrates the relation between the load change and
strain jumps more clearly. At 450 �C, a close up of the response for which is shown in Fig. 9(b), the loading exhibits more
serrated flow, when compared with the behavior at 300 �C. One possible explanation for this is changing effects of solute
drag on the dynamic strain aging processes. In austenitic steels solute drag effects have been seen to originate because of
carbon at temperatures around 300 �C. However as temperature increases in the 450–700 �C range, solute drag effects have



Fig. 13. Strain and load history curves for Hastelloy X at 700 �C. Although initially present, no observable strain jumps are seen as the extent of plastic strain
increases beyond 200 s. However, there are periodic load drops even after that time.

Fig. 14. Mean strain accumulation over time at 700 �C. Strain jumps show decreasing amplitude, eventually showing very small increments that are
characteristic of high temperature plastic flow.

1 mm 

B 

B A 

A C 

C 

Fig. 15. Full field DIC-measured axial strain showing a PLC band composed of at least two segments. The band is seen propagating diagonally downward.
Line scans along A–A, B–B and C–C shows the band morphology (Fig. 16), indicating the strain increase in multiple steps corresponding to the two branches
of the band.
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Fig. 16. Line scan of strain along A–A, B–B and C–C (from Fig. 15). The difference between the initial and final strain states is the strain jump caused by the
propagation of the PLC band.
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been seen to originate primarily from the presence of chromium, thus changing the nature of the oscillations in the stress–
strain curve (Jenkins and Smith, 1969). Although we do not have direct evidence of this here, it is possible that the effect of
different solute induced drag is what is responsible for the different serration behavior at different temperatures in Hastelloy
X as well.

Though it is not always possible to capture the band propagating through the somewhat limited region of DIC observation
at the temporal imaging rate used here, it is possible to ascertain whether a band did pass through and result in a strain jump
by looking at the increment of DIC-averaged strain. As was mentioned earlier, the induction heater coils obscure a large part
of the specimen and the camera system has to be focused onto the sample through a gap in the coils limiting the field of view
and hence making it impossible to visualize the band propagating along the entire gage length. The average strain measured
by DIC was computed over the region of observation, and the increment between mean strains in successive images was cal-
culated and is plotted as a function of time in Fig. 10(a) for the 500 �C case. Unlike the continuous strain accumulation seen
during the room temperature experiment (Fig. 10(b)), in the 500 �C experiment, discrete peaks show that strain jumps occur
in the region of DIC observation as the applied displacement increases. A trend of greater strain increments is also seen at
greater plastic strains. There is a prolonged effect due to dynamic strain hardening with increasing strain, which is seen even
at 400 s of testing at strain rates of 10�4 s�1.

Since the magnification used here is much higher than that used in Tong and Zhang (2007), the field of view is much smal-
ler. Therefore, only a portion of the band was recorded in our experiments whenever it happened to enter the DIC field of
view. One such band is shown in the sequence of four successive DIC images presented in Fig. 11 which correspond to
the load jump highlighted by the dashed rectangle in Fig. 10(a). A clear region of lower strain is seen, along with an angled
band, which causes an increase in the local strain as it propagates through the specimen (Zavattieri et al., 2009). At time
t = 382 s (t = 0 s corresponds to the beginning of loading) the strain field is fairly uniform and averages to the far-field value.
At 386 s, i.e., the immediately successive frame acquired, a part of the inclined strain concentration band appears in the
upper left portion of the imaged area. In the next frame at t = 388 s, the inclined band has traveled downwards and has envel-
oped most of the image. Finally, at t = 390 s, the band has left the area of observation and a uniform strain field is again estab-
lished but at a higher strain level.

A line scan of the vertical (axial) strain for the four different time instances along the dashed line illustrated in Fig. 11, and
running parallel to the band at an inclination of 28�, is shown in Fig. 12. Both at 384 s and 386 s, the strain level is around
0.03 and corresponds well to the far-field nominal strain at that time instant measured by the load frame. Although the
strain is expected to uniformly increase with time when the loading is homogenous, Fig. 12 shows a jump in strain between
386 s and 388 s, and then a stabilization of strain at the new level. This confirms that the passage of the band seen in Fig. 11 is



Fig. 17. (a) Vertical strain (eyy) obtained from DIC analysis indicating an inhomogeneous strain field with stress concentration near the notch tip, (b)
transverse strain (exx), (c) shear strain (exy) and (d) specimen with speckle pattern and the window over which strain evolution is averaged.
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associated with an increase in strain increment, as was seen in the average strain increment measurements of Fig. 10(a). The
dynamic straining behavior described here is observed to be similar in the 300–500 �C range and also agrees with the mac-
roscale observations of Sakthivel et al. (2012).

As temperature increases further there is a transition from the A type to A + B type of serrations at temperatures above
500 �C. There is no observable trend in the strain increment, and in fact it is found to diminish at higher strains (after 300 s of
loading), as the PLC effect disappears. At 700 �C, there is diminishing A + B type of serrations with increasing strain. On the
strain–time curve for 700 �C (Fig. 13), the serrations are more widely spaced, and do not show continuous serrated flow after
3% strain. This is consistent with previous findings (Miner and Castelli, 1992; Sakthivel et al., 2012) that show the PLC effect
in Hastelloy X disappearing at temperatures around 900 K (630 �C). There is material relaxation at periodic intervals, char-
acterized by load drops, but material flow resumes immediately. The strain jumps are much smaller in magnitude than at
other test temperatures and no strain jumps are observed after a certain plastic strain level is reached. The mean strain accu-
mulation behavior at 700 �C (Fig. 14) also exhibits reduced strain accumulation that is approaching closer to the behavior at
room temperature (compare Fig. 14 to Fig. 10(a) and (b)). After 4% strain (200 s), there is a large drop in the strain peaks, and
this corresponds to the nearly linear strain evolution behavior.
4. PLC band morphology

The PLC band itself consists of a high strain front, propagating at an angle between 55–65� to the loading axis. The bands
are usually about 0.1–0.2% higher than the mean strain previously calculated over the same area. Fig. 15 shows the DIC-mea-
sured profile of a strain band at 500 �C seen at t = 242 s (see Fig. 10(a)). Unlike the observations of Tong and Zhang (2007), the
band is highly non-homogenous and is actually comprised of multiple bands that propagate together. When viewed at the



Fig. 18. Strain history at different temperatures under the influence of the notch. There is evidence of dynamic strain aging at 300 �C and 600 �C. (a) Axial
strain along loading direction, (b) shear strain, (c) transverse strain and (d) loading history showing load drops at higher temperatures.
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length scale used in this work, the band exhibits a gradual increase along the front, reaching a maximum, and then reducing
to a far-field value that is greater than the strain prior to the passage of the band. It can be seen that the band is highly
branched, suggesting a possible dependence on local microstructure.

Fig. 15 shows that the strain band is made of multiple segments propagating together through the region of the specimen
under observation. In this case the strain field shows two band segments that propagate together at the same velocity. Each
segment contributes to a strain increment, and there is relaxation (most likely unloading of a part of the elastic strains) after
each segment of the band passes through. There is also a gradual increase in strain between the segments. Multiple vertical
line scans of the specimen strain along the band in the direction of the propagation, plotted in Fig. 16 along lines A–A, B–B
and C–C of Fig. 15, reveal a large contribution of the first segment passing through the region, followed by smaller incre-
ments as the successive segments travel through. Since the total band is inclined, certain areas of the field of view along
the same horizontal line show greater strain, as the band propagates. The scan along A–A shows that the band has passed
through completely, whereas C–C shows the second branch contributing to the strain.
5. PLC behavior under isothermal biaxial loading conditions

Using DIC allows us to study the localized plastic strain evolution in the vicinity of a notch where biaxial conditions will
be present. This will shed light into the evolution of the PLC effect in the presence of stress concentrators as was studied for
the room temperature response of an aluminum alloy in Tong et al. (2011). By conducting similar experiments to those
described above, but using the double notch geometry shown in Fig. 1(b) we can obtain a full field measure of strain in
the region around the notches. Fig. 17(a)–(c) shows the measured full field strain along the axial direction (direction of load-
ing), the in-plane shear component and the transverse component, respectively, of a monotonic tension experiment at
600 �C. As expected, there is a strain concentration at each notch tip, which decreases as the center of the specimen between
the two notches is approached. The strain fields are generally symmetric, but show small variations locally in the DIC mea-
surement. This can be attributed to a combination of underlying grain structure and the presence of the notch. Thus, the
average strain in a small region between the two notches, highlighted as the red3 area in Fig. 17(d), was computed in order
to study strain history evolution. The region is selected such that it is centered about both the loading and notch axes. Fig. 18(a)
shows the spatially averaged axial (loading direction) strain history in this region for different temperatures. The corresponding
3 For interpretation of color in Fig. 17, the reader is referred to the web version of this article.



Fig. 19. A half band is seen to originate at the left notch corresponding to the strain jump at 240 s for the 600 �C experiment. The band ceases to propagate
beyond the notched section, due to a large area change.
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load is shown in Fig. 18(d). At room temperature, the response shows uniform and smooth strain evolution (i.e., no PLC effect
present), but at higher temperatures, jumps in strains are evidence of localized serrated plastic flow. At 300 �C, the strain jumps
are more continuous, and of lower amplitude than at 600 �C, where the flow is interrupted by large jumps in between smaller
strain jumps. Since all experiments were carried out under displacement control (constant strain rate of 10�4 s�1), the serrations
are a consequence of load drops, which are visible in Fig. 18(d) as the temperature increases. Fig. 18(b) and (c) shows the evo-
lution of the transverse and the shear strain components in the same region shown in Fig. 17(d), which also exhibit some,
though less, non-uniform strain accumulation than their axial counterpart in Fig. 18(a).

A closer analysis of the strain evolution shows evidence of serrated flow that is caused as a result of dynamic strain aging.
Fig. 19 shows DIC measured strain concentration bands observed originating at the notch root during a 600 �C experiment.
The bands propagate either upwards or downwards, away from the notch section, although the specific propagation direc-
tion cannot be ascertained from these images. It is seen that the regions of largest strain are not at the area of least cross
section, i.e., the area between the notch tips. Instead, the bands originating at an angle to the horizontal axis cause the strain
to be concentrated away from the notch tip, and the band has a curved profile. Fig. 19 corresponds to a strain jump observed
at 240 s, and a half band is initiated at the notch tip. A half band is seen to originate at each notch tip simultaneously, but
with the opposite sense of inclination, i.e., the right band originates at 60� to the loading axis, whereas the left band is seen at
�60�. The band propagation is restricted to the notch root due to the large change in cross-sectional area of the specimen.
Results from a second jump later on (at 340 s) during the same 600 �C experiment, shown in Fig. 20, illustrates similar,
though not identical results. A full band, indicating interaction of both notches, contributes to the localized strain jump.
The strain state after propagation of the band is also shown in the sequence of images. The band morphology is similar
to the PLC bands observed in the uniaxial tension experiments, with the bands showing localized branching. However,
the strain in the bands is much higher in the presence of stress concentrations, causing a jump of 0.2–0.4% (compared to
0.1–0.2% in uniaxial tension experiments without stress concentration), suggesting a connection between the local geometry
and the PLC effect.



Fig. 20. Progression of a PLC band showing strain accumulation around the notches. The strain fields correspond to 336 s, 338 s, 340 s and 342 s for the
600 �C experiment.
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6. Conclusions

Isothermal tension experiments at constant strain rate were conducted to obtain the response of Hastelloy X material at
different temperatures. The stress strain curves showed the existence of serrated flow behavior in the temperature range of
300–700 �C. At lower temperatures (300–450 �C), continuous serrations of constant amplitude were observed, whereas at
higher temperatures (above 500 �C) regions of small serrations were seen between periodic large jumps in the load. These
jumps were associated with strain bands propagating through the specimen, causing local shearing and a jump in strain.
Closer observation of the PLC bands revealed that each band comprised of multiple band fronts, each contributing to the
strain increase. The effect of dynamic strain aging under a biaxial state of stress was also studied. The PLC bands initiated
around a stress concentration causing further jumps in local strain above what the concentrations would produce. This work
provides additional insight into how this process occurs in Hastelloy X at elevated temperatures.

The present study has used the technique of digital image correlation (DIC) to study and characterize the dynamic strain
aging process in Hastelloy X at temperatures between 300 �C and 700 �C in detail. The strain increment behavior over a small
window showed the non-continuous nature of strain increase, with a certain time period of specimen relaxation, that cor-
responds to the time interval between two bands passing through the same region. The results produced from this study
have provided an increased knowledge of the effects of dynamic strain aging on the plastic deformation behavior of Hastel-
loy X. DIC measurements allowed a link between the macroscale load–displacement or stress–strain response and strain
measured over a more local area of the material. They also allowed characterization of the serrated flow behavior over
the entire field of view.
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