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A B S T R A C T

An experimental approach based on Digital Image Correlation (DIC) is successfully applied to predict the
uniaxial stress-strain response of 304 stainless steel specimens subjected to nominally uniform temperatures
ranging from room temperature to 900 °C. A portable induction heating device equipped with custom made
water-cooled copper coils is used to heat the specimen. The induction heater is used in conjunction with a
conventional tensile frame to enable high temperature tension experiments. A stereovision camera system
equipped with appropriate band pass filters is employed to facilitate the study of full-field deformation response
of the material at elevated temperatures. Using the temperature and load histories along with the full-field strain
data, a Virtual Fields Method (VFM) based approach is implemented to identify constitutive parameters
governing the plastic deformation of the material at high temperature conditions. Results from these
experiments confirm that the proposed method can be used to measure the full field deformation of materials
subjected to thermo-mechanical loading.

1. Introduction

Determining the mechanical response of materials at elevated
temperatures is a subject of great interest in metal forming as well as
aerospace and aero-engine industries. Measurement of the deforma-
tion response under tensile loading at high temperatures is essential to
establish the thermomechanical and thermophysical properties of
materials as a basis for determining the reliability of a component or
structure exposed to elevated temperatures. However, there are certain
challenges associated with accurate measurement of high temperature
tensile response of materials. Conventionally, high temperature tensile
behavior of an engineering material is obtained by conducting experi-
ments in well-controlled environments while measuring the global
deformation response using extensometers [1,2]. In this context, the
term extensometer refers to either contact or non-contacting methods
that provide an average measurement over a specified gage length.
Although this methodology provides acceptable results and is widely
used in engineering applications, accuracy of the deformation mea-
surements will be highly sensitive to the equipment used in the
experiment. Moreover, in cases where the presence of local phenomena
gives rise to considerable localization of deformation, extensometer-
based strain measurements may not provide quantitative evidence of
such deformation localization phenomena [3]. On the other hand,
temperature-resistant strain gages provide a reliable approach for

strain measurements performed at significantly high temperatures,
with the capability to measure the strain localizations. However, the
application of such temperature-resistant strain gages is limited to
point measurements and relatively lower working temperatures [4–6].

Recent advances in the area of non-contacting full-field measure-
ments have proven to provide reliable alternatives for the conventional
material testing methods. In particular, digital image correlation (DIC)
is one of the most appealing techniques, having the capability of
providing accurate information on the deformation response of mate-
rials subjected to extreme conditions, with the benefit of use of
straightforward specimen preparation [7]. Three dimensional DIC
(3D-DIC) has the capability to adjust the spatial resolution, ability to
take measurements on curved surfaces [8] and on specimens having
different sizes and/or shapes [9–11]. The method has also been shown
to be suitable both for static and dynamic measurements [8,12]. The
first work in this area was performed by Lyons et al. [14] in 1996. In
this study, the authors conducted a series of experiments to assess the
capabilities of 2D DIC in the measurement of full-field deformations at
elevated temperatures. It was found that the variations in the refractive
index of heated air outside the furnace can result in substantial image
distortions. It was also found in this work that the visible thermal
radiation emitted by the material when heated to temperatures above
650–700 °C alters the contrast and the intensity of the speckle pattern,
and consequently introduces significant amounts of errors to the image
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correlation process. More recent works have studied DIC for measuring
strains at temperatures ranging from room temperature to 1200 °C.
Grant et al. [15] presented a method that overcomes the black body
radiation issue by implementation of optical filters and special illumi-
nation sources, providing accurate DIC measurements up to 1100 °C.
In another research, Wu et al. [16] implemented a single-lens 3D-DIC
approach to measure the thermal linear expansion of an alumina
ceramic plate up to a temperature of 1200 °C. In this work, Wu et al.
[16] proposed a calibration-free single lens 3D-DIC system based on
bilateral telecentric lens and a bi-prism to facilitate measurement of
out-of-plane displacements at high temperature conditions.

Another limitation associated with the application of DIC at high
temperatures is due to the deteriorating effect of extreme temperatures
on the speckle pattern. In recent years, the application of novel
speckling methods capable of sustaining integrity and efficiency at
extreme temperatures has been studied. Application of temperature-
resistant coatings such as LSI boron nitride and aluminum oxide-based
ceramic coatings [14], temperature resistant white Y2O3 paint and
other ceramic paints [17] a mixture of black cobalt oxide with liquid
commercial inorganic adhesive [18] and the use of plasma sprayed
tungsten powder as the speckle pattern are examples on novel
speckling methods, facilitating the application of DIC in temperatures
up to 2600 °C [13].

With the rapidly growing applications of digital image correlation in
the area of material characterization, further research is required to
establish simpler high temperature DIC techniques that overcome the
previously described limitations. It is also beneficial to devise experi-
mental techniques that employ portable heating systems compatible
with multiple testing machine configurations and for different sample
sizes and geometries, in order to take advantage of the convenience of
the DIC's simple and versatile setup equipment. In light of this, the
present work focuses on the application of a portable high temperature
3D DIC measurement system that can be employed with a wide range
of specimen geometries and sizes. The effectiveness of the system is
verified by successfully conducting tensile experiments at temperatures
up to 900 °C to study the thermomechanical properties of a 304
stainless steel specimens. The advantage of conducting full-field
measurements over the conventional test methodologies are high-
lighted in an analytical study based on the method of virtual fields,
which facilitates the identification of the constitutive response of the
material with acceptable accuracy.

2. Experimental

2.1. Material and specimen geometry

Flat dog-bone specimens are extracted from an as-received plate of
commercially available low-carbon 304 stainless steel. This material is
selected due to its non-magnetic and excellent scaling resistance
characteristics. Tensile specimens are coated with a thin layer of
ultra-high temperature resistant white yttrium oxide spray paint. The
maximum working temperature for yttrium oxide coating used in this
work is reported by the manufacturer as 1500 °C. A high temperature
black silica-based ceramic paint is then applied on top of the white
coating to obtain a fine speckle pattern, used for the image correlation
purposes. Black speckle particles with an average size of 50 µm are
produced in this way. Specimens are kept at room temperature for 24 h
to let the paint fully dry. Fig. 1 illustrates a tensile specimen with a
magnified view of the speckle pattern in the area of interest.

2.2. Tensile experiments

Tensile experiments are initially carried out at room temperature to
obtain the reference stress-strain response of the material. To do so,
the specimen is inserted into hydraulic clamp grips of a conventional
tensile frame. The specimen is then loaded in displacement control

mode at a constant cross-head speed of 10 mm/min. The synchronized
load data is used with the measured strain data to determine the true
stress. True strain and true strain rates are determined using the full-
field strain data obtained from DIC, as discussed in more detail in
forthcoming sections.

To conduct experiments at high temperatures, an induction heating
system is used in conjunction with the tensile frame used in room
temperature experiment. The induction heating system employed is a
portable table-top unit [17,19]. Using the appropriately dimensioned
coil system, the induction heating system is suitable for a wide variety
of specimen geometries and loading systems [19]. The induction heater
is equipped with a water-cooled copper coil system that heats up the
specimen at a rate of 1.6 °C/s and provides relatively uniform
temperature distribution in the heated area. Prior to the onset of the
tensile experiments, a steel specimen is clamped at the bottom grip of
the tensile machine inside the coil and heated to the target tempera-
ture. After a dwell time of several minutes to achieve nominally
uniform conditions at the target temperature, the specimen is clamped
at the top grip and the tensile loading experiment is immediately
initiated. Target temperatures used in this work are 300 °C, 500 °C,
700 °C and 900 °C. The temperature of the specimen is measured
during the tensile experiments using a non-contacting infra-red
thermometer, with a nominal measurement accuracy of ± 1 °C.
Temperature history of the specimen at the location of the area of
interest is recorded at the same sampling rate used for load and image
acquisitions. Reproducibility of the results is ensured by conducting
several experiments per target temperature. Fig. 2 illustrates the
experimental setup in this work. Note that the heating coil system is
positioned such that the maximum temperature is always achieved
inside the area of interest. Due to the fact that the deformation is
mostly localized in areas over which the highest temperature is applied,
the camera system was positioned by making sure the location of the
localized necking would be encompassed inside the area of interest.

2.3. Imaging and digital image correlation

Three-dimensional digital image correlation is utilized to measure
the full-field deformation response of the specimens subjected to
tensile loading at high temperature. To this purpose, a pair of 5 MP
CCD cameras, each equipped with a 100 mm macro lens is used to
acquire stereo images during deformation. Synchronized stereo image

Fig. 1. (a) Tensile specimen geometry with a magnified view of the area of interest
shown in (b). All dimensions in mm.
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pairs are captured at full-field resolution of 2448×2048 pixel2. Stereo
image pairs are acquired continuously at a rate of 1 frame per second
for the 25×12.7 mm2 area of interest shown in Fig. 2b. The region of
interest is located at the center of the specimen surface. The image
acquisition rate is synchronized with the load-cell data sampling rate
via a data acquisition system.

Radiation from a heated object can significantly alter the intensity
of the images captured by ordinary imaging equipment. The variation
of image intensity is proportional to the spectral energy emitted from a
heated object, whereas the radiation energy is itself a function of
temperature and wavelength, as described by the Planck's radiation law
[18]:

I λ T hc
λ e

( , ) = 2 1
− 1hc λkT

2

5 / (1)

where I λ T( , ) is the spectral radiation energy, λ is wavelength, T is
absolute temperature; h, c and k are Planck's constant, speed of light
and the Boltzmann constant, respectively. Variation of spectral energy
with respect to temperature is plotted in Fig. 3 for three wavelengths in
the range of visible light. It is clearly indicated that the radiation energy
increases substantially at temperatures > 700 °C, while this increase is
more significant at larger wavelengths. It is noted that the energy
variation of the wave with the shortest wavelength is negligible
compared with the other two waves. The shortest wavelength shown
here (450 nm) corresponds to the visible blue light, indicating that the

use of blue light illumination can considerably reduce the error due to
the intensity change.

Since such variations in the intensity of the images at high
temperatures can introduce significant error to the image correlation
process, a method is required to resolve this issue. In this regard, one
approach is to eliminate the unwanted radiative light using appropriate
optical filters and then add in illumination from a separate, stable
source that will provide sufficient illumination for the experiment. To
eliminate the unwanted radiative light, the imaging system should be
equipped with appropriate filters which allow for the transmission of a
specific range of wavelengths consistent with that of the illumination
source and well-removed from the higher intensity radiative illumina-
tion wavelengths. Accordingly, blue band pass filters (BP470, supplied
by Midwest Optical Systems, Inc.) with a wavelength range of 425–
495 nm are used to eliminate the contribution of unwanted wave-
lengths. The other beneficial effect of blue band pass filters is shown
schematically in Fig. 4. As depicted in Fig. 4, the maximum transmis-
sion efficiency of the blue band pass filters takes place in a range of
wavelengths over which the quantum efficiency of the camera is also
highest. To further demonstrate the efficiency of the utilized blue band
pass filter, images captured at 900 °C with and without the blue filter
are shown in Fig. 5. A simple visual comparison of these images shows
that the radiative component at high temperature conditions deterio-
rates image contrast when the filter is not in use.

Images captured during specimen deformation are used as input to
the software Vic-3D (Correlated Solutions, Inc.) for image correlation
and further quantitative analysis. Details concerning the image corre-
lation process are reported in Table 1. Different strain components are
computed using the full-field displacement data employing a Gaussian
filtering and a filter size of 15. Strain rate is calculated over the area of
interest using the full-field strain data and applying a simple central
difference scheme as:

ε t
ε t Δt ε t Δt

Δt
̇ ( ) =

( + ) − ( − )
2yy

yy yy

(2)

where subscript ‘yy’ denotes vertical direction, and Δt is interframe
time (Δt=1 s).

3. Strain measurment performance

To evaluate the strain measurement performance at each tempera-
ture, a set of 9 stationary images were taken from the area of interest in
a strain-free state. In a strain-free condition, full-field strains are

Fig. 2. (a) Experimental setup with a magnification of the area of interest shown in (b).

Fig. 3. Variation of radiation energy with temperature, for three different wavelengths
within the range of visible light.

Fig. 4. Variation of quantum efficiency of the camera and the transmission efficiency of
the utilized band-pass filter as a function of wavelength.
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expected to show zero values over the entire region of interest.
However, due to various strain uncertainty sources, correlated images
taken from strain-free specimens show strain patterns in the form of
randomly distributed noise. To quantify the strain noise in our
measurements, the mean value and standard deviation of the full-field
strain data obtained from the strain-free conditions were obtained.
Fig. 6 shows both the standard deviation (variability) and the mean
value (bias) of the full-field strain data at selected temperature levels.
Mean strain curves indicate negligible non-zero values, confirming that
the data is essentially unbiased. Standard deviation curves shown in
Fig. 6b indicate strain variability on the order of several hundred
microstrains, the value of which increases with temperature.

Since the measured strain variability is considerably smaller than
the actual applied strains, both the magnitude and overall trends in the
measurements are consistent with the actual specimen response.
However, in cases where these levels of noise are important, e.g. in
case of measuring elastic modulus at high temperature conditions [14],

Fig. 5. Gray level images acquired at (a) room temperature, (b) 900 °C with bandpass filter and (c) 900 °C without filter.

Table 1
Image correlation details used in the present study.

Full-field measurement technique 3D DIC (Vic-3D)

Subset 25×25 pixel2

Step 6 pixel
Magnification factor 20 µm/pixel
Strain filtering (filter size) Gaussian (15)
Matching criterion Normalized squared differences
Interpolation Optimized 8-tap interpolation
Shape function Affine

Strain variability 350 °C 110 µε
600 °C 324 µε
800 °C 360 µε
900 °C 400 µε

Fig. 6. Variation of (a) mean and (b) standard deviation in stationary images captured at strain-free conditions in different temperatures.
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then approaches such as image averaging may be necessary to
minimize the noise. Another approach is to perform spatial smoothing
of the strain data to reduce strain variability [12]. Spatial smoothing
can be readily achieved in several ways; large strain filters [7] and two-
dimensional surface fitting. Owing to the insignificant influences of
strain noise levels in our final results, no spatial smoothing is
performed in the present work.

4. Identification of visco-plastic constitutive response

The objective in this work is to utilize the virtual fields method
(VFM) in conjunction with our full-field measurements to identify the
visco-plastic constitutive response of the examined material over a
temperature range of 25 °C to 900 °C. To this purpose, the constitutive
response of the material is first considered to take the general form of
the Johnson-Cook model [1] as:

σ A Bε C ε T= ( + )(1 + ln *̇)(1 − * )p
n m (3)

where σ and εp are flow stress and effective plastic strains, respectively;
ε*̇ denotes plastic strain rate normalized with the reference quasi-static
strain rate; and T* denotes the homologous temperature, defined as:

T T T
T T

* = −
−M

0

0 (4)

in which T0 and TM represent reference temperature (298 K) and
absolute melting temperature (1700 K) of the material, respectively.
Parameters A, B, n, C and m in Eq. (3) are material constants that need
to be identified experimentally. The first three constants, i.e. A, B and
n, can be readily obtained from the quasi-static stress-strain curve
extracted at reference strain rate and temperature conditions and by
the use of simple curve fitting. Fig. 7 shows the experimental true
stress-strain curve plotted at reference strain rate and temperature.
Accordingly, parameters A, B and n are identified as 393 MPa,
743.1 MPa and 0.568, respectively, at a reference strain rate of
4.7×10−4 s−1.

The main idea here is to identify the other material parameters C
and m using the method of virtual fields. In quasi-static deformation,
the principle of virtual work can be written as:

∫ ∫ ∫σ ε dV T u dS f u dV i j− * + * + * = 0 ( , ) = (1, 2, 3)
V

ij ij
S

i i
V

i i
V (5)

where σij and Ti denote the components of stress tensor and traction
vector, respectively; fi is the body force vector; V is the volume over

which the equilibrium is written; SV represents the boundary surface of
V; u*i denotes the components of a “virtual displacement field”; ε*ij are
the components of the virtual strain tensor derived from u*i . In
comparison with the magnitude of the tensile load applied on the
specimen, volume forces are neglected in this work. Eq. (3) remains
valid for any specimen in quasi-static equilibrium as long as a
kinematically admissible virtual displacement field is incorporated.
For the specific case of uniaxial tension, the virtual displacement field
suggested by Avril et al. [20] is adopted in this work. Accordingly, the
virtual displacement and strain components are expressed as:

⎪

⎪

⎧
⎨
⎩

⎧
⎨⎪

⎩⎪
u
u y

ε
ε

ε

* = 0
* =

* = 0
* = 1
* = 0

x

y

xx

yy

xy (6)

The virtual field described in Eq. (6) is defined over the area of
interest used in full-field measurements. The area used in this study is
shown schematically in Fig. 8.

Assuming that the surface measurements remain valid through the
thickness of the specimen, after substituting the virtual displacement
and strain fields in Eq. (3) the equilibrium equation can be rewritten in
the simple form:

⎡
⎣⎢

⎤
⎦⎥∫t σ τ dS P τ L− ( ) + ( ) = 0

S
yy

(7)

where P is the measured far-field tensile load; t and L represent
thickness and length of the area of interest, respectively; S is the area
on which full-field measurements are performed; τ is time. In case of
uniaxial tension, the equivalent stress σ is equivalent to the vertical
component of the stress tensor σyy. Therefore, Eq. (7) can be further
simplified as:

∫ σ ε ε T C m τ dS P τ L
t

( , *̇, *, , , ) = ( )
S

p (8)

Note that the constants A, B and n are already identified at this
point. Thus, the only unknown parameters in Eq. (8) are material
constants C and m. Due to the presence of experimental noise in the
load and full-field deformation measurements, the unknowns in Eq. (8)
may not be directly evaluated. Instead, to determine the constants C
and m, an iterative solution algorithm is implemented in which a cost
function,Φ, is minimized with respect to the unknown parameters:

Fig. 7. Experimental and model curves obtained at reference temperature (T0=298 K)

and reference strain rate 4.7×10−4 s−1. Fig. 8. Schematic of the tensile specimen with the dimensions of the area of interest on
which full-field measurements are conducted.

G. Valeri et al. Optics and Lasers in Engineering 91 (2017) 53–61

57



⎛
⎝⎜

⎞
⎠⎟∫∑ ∑Φ C m

S
σ ε ε T C m τ dS P τ L

St
( , ) = 1 ( , *̇, *, , , ) − ( ).

i

N

τ τ

τ τ

S
p

=1 =

= 2f

0 (9)

Eq. (9) defines the cost function Φ as the quadratic deviation
between the average flow stress measured from the average plastic
strain, strain rate and temperature within the area of interest and the
stress measured from the far-field tensile load, summed up over the
duration of the experiment. The termsτ0 and τf in Eq. (9) denote the
instants of plastic deformation initiation (yielding) and plastic instabil-
ity (necking), respectively. The parameter N denotes the total number
of experiments conducted at different temperatures ranging from room
temperature to 900 °C, and at various strain rates. The advantage of the
application of such a cost function over the traditional finite element
model updating (FEMU) is explained in [20].

Note that the integral term in Eq. (9) can be approximated as the
average flow stress of the material at area S. To evaluate average σ in S,
spatial averaging of εp, ε*̇ and T* can be conducted within area S, and
the integral term can be simplified as:

∫ σ ε ε T C m τ dS σ ε ε T C m τ w L( , *̇, *, , , ) ≈ ( , *̇, *, , , ). .
S

p p (10)

where underline denotes the spatially averaged value over the entire
area of interest. Spatial averaging in this case is possible only on
condition that the spatial variabilities of strain, strain rate and
temperature on the specimen in the area of interest are negligible. In
cases where considerable variability in these variables is present, the
procedure detailed in [20,21] can be adopted. Fig. 9 depicts typical
strain maps extracted at different strain magnitudes for a tensile test
initiated at 900 °C. Relatively uniform distribution of axial and lateral
strain components in the area of interest is clearly evidenced, confirm-
ing the possibility to conduct spatial averaging of strain (and strain
rate) in this work.

As a final remark, it must be emphasized that the Johnson-Cook
model describes the constitutive response of a material in plastic
deformation regime; therefore, the first step is to separate the elastic
and plastic components of strain. Different approaches have been
proposed for this purpose. For instance, Sutton et al. [22] developed an
approach based on incremental plasticity to determine the stresses and
the associated elastic and plastic strains from total strain data
measured on a surface. In the present work, considering the simple
uniaxial state of stress in our experiments, and assuming strain rate

and specimen temperature do not vary significantly before yielding, the
inelastic portion of the stress-strain curves is separated by first
identifying the elastic limit stress in each curve. Elastic limit stress is
determined here using common 0.2% offset method. Effective strain
field corresponding to the elastic limit stress is regarded as the elastic
strain field and is subtracted from the total strain field developed
within the area of interest. The resultant strain field is taken as the
inelastic portion of the total strain and is used in the constitutive model
identification process.

5. Results and discussion

The presence of localized deformations can result in significant
deviations between the stress-strain curves extracted using conven-
tional extensometry and by full-field measurements. In these studies,
the authors observed considerable deformation localization in our
tensile experiments due to the local heating of specimens within their
gage area. Fig. 10 shows photographs of an undeformed and a fractured
specimen. The fractured specimen indicates considerable localized
deformation occurred, resulting in the formation of a necked area at
the heated zone of the specimen. The application of DIC in this case
facilitates the averaging of strain data over an area of interest which
encompasses the localized necking zone, thus giving a more accurate
measure of the extent of deformation applied on the specimen. It must
be noted that, if the strain measurement based on cross head
displacement is used, the measurements would significantly under-

Fig. 9. Strain maps showing the distribution of (a) εxx and (b) εyy over the area of interest at different stress magnitudes (T=900 °C). “y” denotes the direction of the applied tensile load.

Fig. 10. Photograph of (a) undeformed and (b) fracture specimen tested at 900 °C.
Location of the necking zone has been magnified in (c).
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estimate the localized strain concentration by smearing out the effect of
locally-developed strains. This is shown in Fig. 11, where a comparison
has been made between the stress-strain curves plotted using the cross-
head displacement and the DIC measurements.

To determine the Johnson-Cook parameters C and m, experimental
stress-strain curves are considered. The plastic portion of the stress-
strain curves is first extracted following the approach discussed earlier.
Fig. 12 shows the yield stress determined by this method at each
temperature condition.

Fig. 13 illustrates true stress-strain curves plotted in the plastic
region along with their corresponding temperature history curves. It is
clearly seen that the temperature of the specimen at the location of the
area of interest undergoes a constant decrease during the experiment.
A contributing factor to the slow decrease in temperature is believed to
be an increase in the distance between the specimen and the coils due
to Poisson's effect. Consequently, the efficiency of induction heating is
continuously decreased. Another factor contributing to the decrease in

temperature observed here might be associated with the specimen
thinning, a phenomenon that increases the rate of heat transfer by
promoting convection. Continuous temperature decreases that oc-
curred during the experiment can be superimposed on the strain
hardening response of the material, resulting in progressive hardening
of the specimens over the duration of the experiment. In addition,
although the same cross head speed is used in all experiments, the local
strain rate is found to have varied during each experiment; the
evolution of strain rate is shown in Fig. 14, indicating variations of
up to two orders of magnitude in the strain rate values applied to
different specimens. The reason for the trends observed in Fig. 14 is
not fully understood, but the authors attribute such behavior to the
complex deformation mechanisms that are activated at different
temperatures during the loading process. Though the variations shown
in Fig. 14 are not initially planned, in fact the observed changes in the
temperature and strain rate history curves can be turned into an
advantage. Specifically, the results provide the necessary baseline data

Fig. 11. Engineering stress-strain curves obtained using cross-head displacement and
DIC (T=900 °C).

Fig. 12. Yield stress versus temperature using the 0.2% offset method.

Fig. 13. Experimental stress-strain curves obtained at varying temperatures.

Fig. 14. Measured strain rate vs. plastic strain results.
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for identification of a single thermo-visco-plastic constitutive law over a
wide range of temperature and strain rates while using a minimum
number of experiments. In this regard, the Johnson-Cook parameters
C and m can be identified by taking into account the entire population
of data points obtained in this work. Once the material parameters C
andm are identified, experimental stress-strain curves can be corrected
and replotted at constant temperature and strain rate conditions.

Specifically, the following approach is used to identify the material
constants C and m:

1) Collect the entire population of data points obtained from tensile
experiments. Each data point within this collection contains a
unique set of load, strain, strain rate and temperature information
obtained at a given time.

2) Select initial values for the unknown Johnson-Cook parameters C
and m. Calculate the flow stress, σ , using the initial values of C and
m, along with the strain, strain rate and temperature values
collected in step 1. Note that other model parameters A, B and n
are already known at this point and can be directly substituted into
Eq. (3) to calculate σ . The initial values of C=0 and m =0 are
considered as the starting point in this work.

3) Evaluate the cost function Φ (Eq. (9)) using the computed σ and the
measured far-field tensile load P.

4) Update C and m, and repeat steps 2 and 3 for the updated values of
these constants. In the present work, updating the temperature
parameter m is conducted by constantly increasing m from m=0 to
m=1 at increments of 0.02. Similarly, C is updated over a range of
0–0.4 in increments of 0.05. It should be noted here that the range
of values selected for the unknown parameters m and C must be
reasonable [21]. The lower bound values (m, C=0) are selected
based on the fact that metallic materials generally show stress
softening at elevated temperatures and stress hardening at higher
strain rate conditions; thus m and C may not take negative values.
The upper bound values (m=1, C=0.4) are chosen such that the
range of these parameters would include the previously documen-
ted values for a number of different steel alloys [23–25].

5) Identify the pair of C andm values that minimizes the cost function.

Fig. 15 depicts the variation of cost function with the unknown
model parameters C and m. Inspection of Fig. 15 shows that the cost
function is well conditioned and is most sensitive to variations in m,
with a relatively wide range of C values giving similar values for Φmin.
Results from our studies result in a unique minimum for C=0.18 and

m=0.36. Accordingly, the final Johnson-Cook model parameters for the
examined 304 stainless steel are listed in Table 2.

Experimental stress-strain curves shown earlier in Fig. 13 can now
be corrected and replotted at constant temperature and strain rates.
Fig. 16 illustrates a comparison between the experimentally obtained
and corrected stress-strain curves. The difference between the two
curves is more significant at higher plastic strains. In addition, the
maximum relative difference is observed for the case of the specimen
tested at 900 °C, where larger variations in strain rate and temperature
(see Figs. 13 and 14) occurred during tensile loading of the specimen. It
is also clearly seen in Fig. 16 that the slope of the corrected curves is
smaller than the uncorrected curves for all temperatures above 20 °C.
This observation is consistent with previous statements concerning the
higher rate of work hardening in cases where a constant decrease in
temperature and/or a continuous increase of strain rate takes place
during high temperature tensile experiments.

As shown in Fig. 16, the overall slope of the stress-strain curves
decreases at higher temperatures, indicating a lower rate of work
hardening. This can also be shown by plotting the work hardening rate
versus plastic strain at constant strain rate but different temperatures.
In this regard, the rate of work hardening, θ , can be calculated by
differentiating flow stress with respect to plastic strain, as:

θ σ
ε

nBε C ε T= ∂
∂

= (1 + ln *̇)(1 − * )
p ε T

p
n m

*̇, *

−1

(11)

Fig. 17 shows the variation of θ with respect to plastic strain plotted
at different temperature conditions.

As a final remark, it is worth noting that the approach proposed in
this work to obtain the stress-strain curves for constant temperature
and strains rate conditions is of particular significance in conventional

Fig. 15. Normalized cost function as a function of C and m.

Table 2
Johnson-Cook model parameters obtained for 304 stainless steel.

A (MPa) B (MPa) n Ca mb

393 743.1 0.568 0.18 0.36

a Strain rates range: 4.7×10−4–1.2×10−2.
b Temperature range: 20–900 °C.

Fig. 16. Experimental and corrected stress-strain curves. Corrected curves are plotted at
constant temperature and constant strain rate of 10−3 s−1.
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hot deformation studies. Note that even under nearly ideal experi-
mental conditions, maintaining the specimen temperature and strain
rate at constant levels is extremely challenging. Even when nominally
insulated specimen conditions are present, specimen temperatures can
undergoes significant variations due to heat generation resulting from
plastic deformation [26,27]. This temperature rise certainly affects load
measurement and eventually reduces the efficiency and reliability of
the obtained data. The approach proposed here can be regarded as an
easy-to-implement method to increase the accuracy level of experi-
mental data conventionally collected assuming constant temperature
and strain rate conditions during a high temperature deformation
experiment.

Finally, as highlighted in these studies, temporal variability of
strain rate and specimen temperature during testing can actually be
considered as an advantage. In this regard, novel test protocols can be
devised so that strain rate and temperature are intentionally varied
during a single test, such that the identification of high temperature
viscoplastic constative response of the material can be carried out with
a minimum number of experiments. This can be achieved through full-
field measurements in conjunction with identification analyses such as
the Virtual Fields Method utilized in this work.

6. Conclusions

A series of tensile experiments is performed on 304 stainless steel
material exposed to temperatures from 25°C to 900 °C using a 3D-DIC
methodology. The full-field strain measurement is used in conjunction
with the VFM to identify the visco-plastic constitutive response using a
general form of thee Johnson-Cook constitutive model.

Using the measured variations in temperature and strain rate on
the specimen during the tensile loading process, a least square metric
using the measured strain data is developed to identify the unknown
parameters in the Johnson-Cook model obtained over a wide range of
temperature and strain rates. The experimental stress-strain curves
obtained from the DIC were successfully obtained for conditions of
constant temperature and strain rate.
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