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ABSTRACT

Strain induced martensitic transformation is being exploited in many civil and
military applications to increase both the strength and plasticity of steels. In
particular, the so-called transformation induced plasticity, or the TRIP effect, delays
strain localization to larger plastic strains, and therefore effectively improves the
formability and energy absorption capability of the steel. The modern TRIP steels
include low alloy multiphase steels but also highly alloyed stainless steels. In either
case, the microplasticity of the steel becomes highly complex as its microstructure
continuously changes with increasing plastic deformation. This, in turn, can lead to
peculiar mechanical response of the material, such as very high strain hardening rate
but at the same time low or even negative strain rate sensitivity and its complex
temperature dependence. The work presented in this thesis focuses on separating
and quantifying the effects of adiabatic heating and strain rate on the strain induced
phase transformation. This problem has been addressed with various carefully
designed experiments at different combinations of temperature and strain rate. The
amount of deformation-induced adiabatic heating in austenitic stainless steels was
evaluated by measurements of the Taylor-Quinney coefficient in tensile tests
conducted in a wide range of strain rates and by making use of high-speed optical
and infrared photography. It was shown that the Taylor-Quinney coefficient for the
stable austenitic steel AISI 316 varies between 0.5 and 0.6, whereas for the metastable
AISI 301 steel the Taylor-Quinney coefficient is much higher and varies between 0.7
and 0.95 depending notably on strain and strain rate. It was shown that the
exothermic phase transformation in the metastable austenite has a significant effect
on the experimentally determined Taylor-Quinney coefficient, which is why it maybe
should be called ‘apparent Taylor-Quinney coefficient’ in such cases. The phase
volume fractions and the microstructures of the specimens deformed to different
amounts of plastic strain were analyzed using microscopy, electron back scatter
diffraction, and magnetic balance measurements. The results show that the effects
of strain rate and adiabatic heating on the phase transformation rate can be separated
and that the strain rate itself has a noticeable effect on the nucleation and formation
of the strain induced α’-martensite in stainless steels. In fact, it was shown that the
effects of the bulk adiabatic heating on the stacking fault energy and phase
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transformation rate are only modest before necking. However, the electron back
scatter diffraction measurements showed that at low strain rates, where the
deformation conditions are more or less isothermal, the martensite nucleation occurs
in two favorable variants, whereas at high strain rate (adiabatic) conditions, the
nucleation tends to concentrate almost solely to the most favorable variant. As,
however, the phase transformation is a very local phenomenon, it is suggested that
future research concerning the effects of adiabatic heating should address the effects
of local heating at the grain level.



vii

CONTENTS

Abstract ............................................................................................................................................... v

Symbols and abbreviations .............................................................................................................. ix

Original publications ...................................................................................................................... xiii

Author’s contribution ..................................................................................................................... xv

1 Introduction ........................................................................................................................... 1

2 Aims of the research ............................................................................................................. 3

3 Theoretical background ........................................................................................................ 5
3.1 Effects of strain rate and temperature on the mechanical behavior of

metals .......................................................................................................................... 5
3.1.1 Material behavior at different strain rates ........................................... 5

3.2 Adiabatic heating ....................................................................................................... 8
3.3 Strain induced α’-martensite phase transformations in metals ........................ 14

4 State of the Art in high strain rate mechanical characterization of materials ............ 21
4.1 Split Hopkinson Bar Technique .......................................................................... 22
4.2 Full field measurement methods ......................................................................... 29

4.2.1 Digital image correlation .................................................................... 29
4.2.2 Infrared Thermography ...................................................................... 39

5 Experimental methodology .............................................................................................. 41
5.1 Materials and sample geometry ............................................................................ 42
5.2 Mechanical testing .................................................................................................. 43

5.2.1 Low strain rates .................................................................................... 43
5.2.2 Intermediate strain rate experiments ................................................ 47
5.2.3 High strain rate experiments .............................................................. 48

5.3 Full-field measurements ........................................................................................ 51
5.3.1 Optical imaging and Digital Image Correlation .............................. 51
5.3.2 Infrared thermography ....................................................................... 54
5.3.3 Temporal and spatial synchronization of the full-field data .......... 55

5.4 Microstructural analysis ......................................................................................... 57



viii

6 Results .................................................................................................................................. 61
6.1 Adiabatic heating at intermediate strain rates .................................................... 62
6.2 Strain rate jump experiments ................................................................................ 66
6.3 Simulated adiabatic heating experiments ............................................................ 70
6.4 Microstructural analysis ......................................................................................... 72

7 Discussion ........................................................................................................................... 77

8 Summary and research questions revisited ..................................................................... 85

References ........................................................................................................................................ 91

Publications ..................................................................................................................................... 99



ix

SYMBOLS AND ABBREVIATIONS

Cross-sectional area of the bar
Nominal cross-sectional area of the specimen
Cross-sectional area of the slip plane
Speed of sound in the bar material
Heat capacity
Energy stored in the microstructure as defects

→ Release of internal heat due to the martensitic phase
transformation
Result of the correlation criteria for Digital Image Correlation
Heat energy increment
Heat loss to the surroundings
Temperature increment
Mechanical work increment
Distance increment
Plastic strain increment
Youngs’ modulus
External force
Intensity of the subsets in the original or reference frame
Intensity of the subsets in the deformed frame

, Forces acting on the specimen ends of the incident and
transmitted bars
The Boltzmann constant
Length of the specimen
Step size describing the distance between subsets
Subset size
Length of the strain window
Orientation factor or Schmid factor

Md Starting temperature for the strain-induced martensite

𝐴 



x

Ms Temperature at which the austenite spontaneously transforms
to martensite

Ms Starting temperature for the stress-induced martensite
( , , ) World coordinates of a point
( , ) Pixel coordinates of a point on the left camera
( , ) Pixel coordinates of a point on the right camera

Thermal activation rate
Temperature

1, 2 Displacements of the ends of the incident and transmitted
bars, respectively
Volume

, Velocities of the incident and transmitted bars
 and Vectors that identify each subset in the image

( ) Argument for the correlation criteria with the shape function

α’ Martensite phase
Taylor-Quinney coefficient
‘Apparent’ Taylor-Quinney coefficient
Differential form of the Taylor-Quinney coefficient
Integral form of the Taylor-Quinney coefficient
Stacking fault energy of a hexagonal close-packed layer

̇ Strain rate in shear
̇ Material constant

∆ Gibbs energy increment

→ Change in molar Gibbs free energy when the austenite
changes to martensite
Temperature increment

, , and Strain of the incident, reflected, and transmitted pulses as a
function of time in the bars
Plastic strain

̇ Strain rate
Angle between the slip direction and external load



xi

Debye frequency
( , ) Shape function

Density of the material
Molar surface density along the {111}-planes
Interface energy per unit area of the phase boundary
Stress
External, or measured, yield stress
Critical resolved shear stress, i.e., the orientation independent
critical yield strength of the material

∗ Thermal component of the yield strength
Athermal component of the yield strength
Angle between the slip plane normal and external force

AA Aluminum Alloy
AISI American Iron and Steel Institute
AOI Area of interest
BCC Body Centered Cubic
CCD Charge-Coupled Device
DIC Digital Image Correlation
EN European Norms
EBSD Electron Backscattered Diffraction
FCC Face Cubic Centered
FEM Finite Element Methods
FESEM Field Emission Scanning Electron Microscope
IPF Inverted Polar Figure
IR Infrared Radiation
IRT Infrared Radiation Thermography
OSU The Ohio State University
PID Proportional Integral Derivative
SEM Scanning Electron Microscope
SFE Stacking Fault Energy
SHB Split Hopkinson Bar
SSD Sum of Squared Differences correlation criteria



xii

TEM Transmission Electron Microscopy
TRIP Transformation Induced Plasticity
TTL Transistor-to-Transistor Logic
TWIP Twinning Induced Plasticity
UTS Ultimate Tensile Strength
VSG Virtual Strain Gage
XRD X-Ray Diffraction
ZSSD Zero-Mean Sum of Square Differences correlation criteria
ZNSSD Zero-Mean Normalized Sum of Square Differences

correlation criteria



xiii

ORIGINAL PUBLICATIONS

Publication I N. Vazquez Fernandez, M. Isakov, M. Hokka and V.-T. Kuokkala,
"Effects of adiabatic heating estimated from tensile tests with
continuous heating", in Conference Proceedings of the Society for
Experimental Mechanics, Indianapolis, (2017).

Publication II N. I. Vazquez Fernandez, M. Isakov, M. Hokka and V.-T. Kuokkala,
“Strain rate jump tests on an austenitic stainless steel with a modified
tensile Hopkinson split bar”, EPJ Web of Conferences, vol. 183,
(2018).

Publication III N. I. Vázquez-Fernández, T. Nyyssönen, M. Isakov, M. Hokka and
V.-T. Kuokkala, “Uncoupling the effects of strain rate and adiabatic
heating on strain induced martensitic phase transformations in a
metastable austenitic steel”, Acta Materialia, vol. 176, pp. 134-144,
(2019).

Publication IV N. I. Vazquez-Fernandez, G. C. Soares, J. L. Smith, J. D. Seidt, M.
Isakov, A. Gilat, V.-T. Kuokkala and M. Hokka, “Adiabatic Heating
of Austenitic Stainless Steels at Different Strain Rates”, Journal of
Dynamic Behavior of Materials, vol. 5, issue 3, pp. 221-229, (2019).

Unpublished results (included in Chapter 6 – Results)



xiv



xv

AUTHOR’S CONTRIBUTION

In all publications, Naiara Vázquez conducted most of the experimental work,
analysis of the results, and writing of the original manuscripts. In the publications,
the named co-authors participated in the writing process and finalization of the
manuscripts.

In publication II, the numerical modeling of the strain rate jump experiments was
done by Dr. Matti Isakov.

In Publication III, Dr. Tuomo Nyyssönen performed the EBSD measurements
and handling of the obtained EBSD data. The analysis of the results was done by
Naiara Vazquez.

In Publication IV, M.Sc. Guilherme Corrêa Soares contributed to the calibration
of the infrared thermography measurements. Ph.D. Jarrod Smith and Ph.D. Jeremy
Seidt assisted in performing the mechanical tests at intermediate strain rates at The
Ohio State University.

This thesis is presented as a compilation of the four publications and unpublished
results. The summary (compendium) was prepared by Naiara Vázquez, and the
manuscript was commented by the supervisors Professor Veli-Tapani Kuokkala,
Associate Professor Mikko Hokka, and Dr. Matti Isakov.



xvi



1

1 INTRODUCTION

The requirements set by the modern society push the steel industry to improve the
properties of steels beyond the current state of the art. This includes developing
steels with higher ductility and stronger strain hardening capability. However, these
goals are difficult to reach with simple materials and simple microstructures, so more
complex microstructures are therefore being developed. For example, the metastable
austenitic stainless steels offer a good combination of ductility and strength with the
help of the martensitic phase transformation. The phase transformation has a strong
effect on the mechanical properties of the steels, but it also alters and complicates
the material’s temperature and strain rate sensitivities. Overall, the mechanical
properties of most steels are strongly affected by strain rate and temperature, but
especially by their microstructural evolution. This is true in particular for the
metastable austenitic steels, where the strain-induced evolution of the phase
fractions has a significant effect on the mechanical properties.

The favorable mechanical properties of the metastable austenitic steels are largely
due to the strain induced phase transformation of the soft and deformable austenite
to hard and strong α’-martensite. This transformation increases the strain hardening
rate of the steel and postpones the onset of necking. However, the optimal
mechanical performance requires that the phase transformations occur at a suitable
rate, as too little or too much α’-martensite forming during the plastic deformation
will not efficiently improve the ductility of the material. The phase transformation
rate is affected by both the deformation rate (kinetics) and the temperature
(thermodynamics) of the material. If the deformation is fast enough, material
temperature can increase during the deformation due to adiabatic heating. This
happens when the generated heat is not dissipated fast enough from the material
into its surroundings. The adiabatic temperature increase at high strain rates can
lower the phase transformation rate since higher temperatures stabilize the austenite
phase [1]. However, recent research [2, 3]  indicates that also the strain rate itself may
affect the phase transformation rate. So far, no systematic work has been carried out
to study and separate the individual effects of strain rate and adiabatic heating on the
deformation induced α’-martensite transformation. Uncoupling these two effects
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would significantly improve the understanding of the material behavior and its
microstructural evolution. The results may also be used to develop much more
accurate material models to describe the microstructural evolution and mechanical
properties of metastable austenite containing steels.

The work presented in this thesis aims to provide a quantitative evaluation of the
martensitic phase transformation rate in metastable austenitic stainless steel
EN 1.4318, and to uncouple the effects of strain rate and adiabatic heating on it.
These effects were uncoupled by performing carefully designed and tailored
experiments, microstructural characterization of the deformed specimens, and by
thermodynamic stacking fault energy calculations. The effects of the adiabatic
heating and strain rate on the phase transformation were studied from various
perspectives. Full field measurements of temperature and strain were used to obtain
detailed information on the overall thermomechanical response of the studied steels
at various conditions. Strain rate jump tests were carried out to observe the effects
of instantaneous changes in the strain rate during which the temperature of the
specimen does not essentially change. The effect of the adiabatic heating was
experimentally isolated by carrying out quasi-static experiments with external
heating. In these experiments, the specimen was heated continuously during low
strain rate deformation with the same heating rate (with respect to strain) as the
specimen would heat up in a high strain rate experiment. The observed changes in
the mechanical response of the material were linked to the microstructural evolution
with the help of microscopic investigations. Careful analysis of the obtained results
considering both the thermodynamics and kinetics of the phase transformation
revealed that the strain rate itself has a clear and measurable effect on the strain
induced phase transformation rate. The strain rate affects the nucleation of the
martensite: low rate deformation clearly favors nucleation in multiple variants,
whereas high rate deformation favors nucleation in one variant only. The bulk
heating or the consequent change in the bulk stacking fault energy do not explain
the finding adequately. The exact cause of the observed behavior is currently not
known, but the most plausible explanations are discussed in detail in Chapter 7.
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2 AIMS OF THE RESEARCH

The aim of this work was to develop experimental methods to characterize the
mechanical response of metastable austenitic stainless steels with the intention to
quantitatively describe the individual effects of strain rate and adiabatic heating on
the strain induced α’-martensite phase transformation. The main hypothesis of this
work is that the strain rate itself plays a major role in the kinetics of the phase
transformation, and that all current experimental observations cannot be explained
by the adiabatic heating only. This hypothesis was studied by a set of carefully
planned experiments and analysis combining high speed photography, digital image
correlation, infrared photography, and microscopic investigations of the deformed
microstructures. The work focused on the material behavior in tension at quasi-
static, intermediate, and high strain rates. These experiments and the subsequent
analysis of their results and the microstructures were carried out to answer the
following research questions:

1. Is it possible to uncouple the effects of strain rate and adiabatic heating on
the α’-martensitic phase transformation?

2. What is the effect of strain rate on the α’-martensitic phase transformation?
3. What is the effect of adiabatic heating on the α’-martensitic phase

transformation?
4. What is the value of the Taylor-Quinney coefficient during plastic

deformation of a metastable austenitic stainless steel?
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3 THEORETICAL BACKGROUND

This Chapter presents the state of the art on the effects of strain rate and temperature
on the mechanical behavior of metals and introduces the concept of adiabatic
heating, a heating that arises from deformation at high strain rates, and the Taylor-
Quinney coefficient. The Chapter concludes with the mechanical behavior of metals
undergoing strain-induced α’ martensite phase transformations.

3.1 Effects of strain rate and temperature on the mechanical
behavior of metals

Plastic deformation of metals is mainly produced by dislocation motion [4, 5], but
other microplasticity mechanisms, such as phase transformations and deformation
twinning can contribute to the plastic deformation or otherwise interact with the
dislocation motion [6, 7]. The deformation twinning is typically more important for
the hexagonal close packed metals, e.g., magnesium and α-titanium, which have a
limited number of slip systems for the (easy) gliding of dislocations. Phase
transformations can occur in metal alloys that are thermodynamically metastable [8].
The active microplasticity mechanisms and the strength of the metal depend at least
on the stress state [9, 10], strain rate [11, 12], and temperature [13], but also on the
chemical composition [11, 14], grain size [15], and crystal structure of the material
[16].

3.1.1 Material behavior at different strain rates

The shear stress driving the dislocation forward on its slip plane in the slip direction
( ) can be resolved using the Schmidt equation [4]:

=
cos

= cos cos = (1)
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where  is the external force,  is the angle between the slip direction and the
external load, and  is the angle between the slip plane normal and the external force.

 is the cross-sectional area of the slip plane,  the nominal cross-sectional area
of the specimen, and  is the orientation factor or the Schmid factor. As the external
force is increased, the shear stress eventually reaches a critical level when the
dislocations start to move, i.e.:

= (2)

Here  is the external or measured yield stress, and  is the orientation
independent critical yield strength of the material. The yield strength can be divided
into two parts:

= ∗ + (3)

where ∗ and  are called the thermal and athermal components of the yield
strength, respectively. The thermal component is a function of strain rate and
temperature, whereas the athermal component does not depend on either the strain
rate or the temperature. The temperature and strain rate dependence of the flow
stress is caused by the small glide obstacles that the dislocations have to overcome
as they move and produce deformation. Small glide obstacles, or energy barriers,
include solute atoms, impurities, forest dislocations, among others. The larger
obstacles, on the other hand, contribute to the athermal component , including
the grain boundaries, larger and denser dislocation arrangements, and precipitates.
The external shear stress pushes the dislocations forward on the glide planes, but
their motion is intermittently or permanently stopped by the glide obstacles. When
a dislocation stops in front of a small obstacle, it can wait for thermal activation for
a certain time depending on the strain rate. If the temperature is high, the thermal
energy is abundant and the probability of rapid thermal activation is high. On the
other hand, if the strain rate is relatively low, the dislocation has plenty of time to
wait for thermal activation in front of the obstacle, and the likelihood of obtaining
the needed ‘energy boost’ is again high. However, if the temperature is decreased or
the strain rate is increased, the available thermal energy and the probability of the
thermal activation decrease, and therefore the required external load ( ∗) increases if
the strain rate remains constant. The strain rate in thermally activated dislocation
motion can be expressed as [5]:
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̇ = ̇   (4)

where ̇  is the strain rate, ̇  is a material constant that depends on the number of
obstacles, number of gliding dislocations, and average free slip area per activation.

 is the thermal activation rate, which depends on the attempt frequency and the
probability that the momentary thermal energy exceeds the required energy, i.e.:

̇ = ̇      ∆ (5)

where  is the Debye frequency (approximating the attempt frequency),  is the
required energy,  is the Boltzmann constant, and  is the absolute temperature.
According to Equation (5), if the temperature is decreased, then either the strain rate
will decrease or more work must be carried out by the external force, which is seen
as a higher strength of the material. On the other hand, if the strain rate is increased,
then on average there is less time available for the dislocations to wait for the thermal
activation and the overall thermal activation rate drops. This again is seen as an
increase in the strength of the material. Thermal activation is typically the governing
mechanism of dislocation motion up to strain rates close to 103 s-1, above which
dislocation glide is resisted more by the various dislocation ‘drag’ phenomena rather
than the individual glide obstacles [17]. This change in the deformation mechanism
is seen as a steep upturn in the flow strength vs. logarithmic strain rate plot, as
demonstrated in Figure 1.

Yield stress versus strain rate for the 304 stainless steel in compression [18].

∆𝐺
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The drag mechanisms comprise several mechanisms that dissipate the kinetic energy
of the moving dislocation, and therefore, the externally applied stress must increase
to maintain the same dislocation velocity and high strain rate. These mechanisms
involve the loss of mechanical energy due to phonon and electron drag, scattering
of existing phonons and electrons in the structure, and due to the thermoelastic
effect. The high external force makes the rapidly moving dislocation to continuously
accelerate and decelerate as it moves through the crystal. This causes phonon and
electron emissions and excitations of phonons and electrons to higher energy levels
[19]. The phonons can also be scattered by the rapidly moving dislocations, and the
transfer of momentum further hinders the dislocation motion. Finally, the rapidly
moving dislocation compresses the crystal lattice in front of it, and a flow of thermal
energy from the ‘hot’ compressed area to the expanded cooler volume behind the
dislocation introduces further drag on the moving dislocation. The overall
interaction of the dislocation with the lattice and especially with the phonons and
electrons causes viscous drag on the dislocation motion. The viscous drag is
proportional to the dislocation velocity and therefore increases with strain rate [20].

3.2 Adiabatic heating

A thermodynamic process is adiabatic when there is no heat transfer between the
system and its surroundings. In the context of plastic deformation, the process
typically involves heat generation within the deforming sample and heat transfer
away from the sample to the surroundings. Heat can be generated within a deforming
material because of the mechanical work done on the material or because of
deformation-induced internal changes such as chemical reactions or phase
transformations. The rate at which heat is exchanged between the material and its
surroundings (via conduction, convection or radiation) determines whether the
deformation process is isothermal, partially adiabatic or (fully) adiabatic. At very low
strain rates, for example, the heat generated during deformation is effectively fully
transferred away from the material, and the temperature of the material remains
constant. Such deformation can be considered isothermal. With increasing strain
rate, the conditions start to approach adiabatic since the generated heat is not
transferred fast enough from the deforming material. This leads to a temperature
increase within the material during the deformation. Above a certain limiting strain
rate, which depends on the heat transfer characteristics of the system (such as the
conductivity of the material), heat transfer rate is essentially zero. In this case the
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deformation is (fully) adiabatic and material temperature depends only on the
amount of work done to the material and on the internal processes which either
consume energy (such as generation of dislocations) or release energy as heat (such
as exothermic phase transformations).

The temperature rise due to adiabatic heating has been often estimated using the
Taylor-Quinney coefficient [21, 22]. The Taylor-Quinney coefficient defines the
amount of the total mechanical work which is converted to heat [23]. The rest of the
total energy is stored into the microstructure as permanent changes of the structure,
for example, cracks, dislocations, and other crystal defects [24]. Taylor-Quinney
coefficient ( ) is mathematically described as

= (6)

where  is the mechanical work increment and  is the heat energy increment
of the material. The mechanical work increment ( ) corresponds to the amount
of work done by the external forces acting on the material. In a uniaxial stress state,
the mechanical work increment is simply the product of the force ( ) and the
distance of movement ( ). In this case, the work increment can be simplified to
the product of the stress ( ), the deforming volume ( ), and the plastic strain
increment ( ), as shown in Equation (7).

= = (7)

Equation (8) shows the heat energy increment of the system under adiabatic
conditions, which can be calculated as the product of the density of the material ( ),
the heat capacity ( ), the volume ( ), and the incremental change of temperature
( ).

= (8)

By combining the previous equations, the Taylor-Quinney coefficient in adiabatic
conditions can be calculated from the area under the stress-strain curve and the
increase of temperature ( ) measured from the sample as shown in Equation (9).
This equation can be solved with respect to the temperature increase as shown in
Equation (10), and the temperature increase can be estimated if the Taylor-Quinney
coefficient is known.
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=
∫ (9)

= (10)

The early works of Farren, Taylor, and Quinney [21, 22]  in the 1920’s demonstrated
that in copper about 90% of the mechanical work was converted into heat, and only
approximately 10% of the energy was stored in the microstructure of the material.
Ever since, a great deal of the work concerning adiabatic heating has been carried
out with the assumption that the Taylor-Quinney coefficient has a constant value of
approximately 0.9 for many metallic materials, and it has been used to estimate the
temperature increase during high rate deformation of metals [12, 25, 26]. Later, many
scientists have succeeded in measuring the temperature increase during high rate
tests of metals and have calculated the Taylor Quinney-Coefficient [23, 24, 27–31].
Trojanowski et al. [27] developed an infrared radiometer with a time resolution of
1 μs, and Macdougall [28] used that device to measure the temperature increase on
the specimen surface during high strain rate tests and obtained the Taylor-Quinney
coefficients. His results indicated that the Taylor-Quinney coefficient increased with
plastic strain from approximately 0.5 to 0.9 for an aluminum alloy and a titanium
alloy. Hodowany et al. [30] tested the 2024-T3 aluminum alloy and an α-titanium in
compression at strain rates ranging from 10-3 s-1 up to 104 s-1. In the high rate tests,
the temperature was measured with a high-speed photoconductive detector. Figure
2 shows the reported Taylor-Quinney coefficient as a function of plastic strain at the
strain rates of 1 s-1 and 3000 s-1 for both materials. The Taylor-Quinney coefficient
of the aluminum alloy depends on strain (Figure 2a), whereas the Taylor-Quinney
coefficient of α-titanium (Figure 2b) depends on both the strain and strain rate.
Knysh et al. [23] used infrared thermography to measure the local temperature and
temperature gradients in stainless steels, commercially pure titanium, and a titanium
alloy at strain rates ranging from 0.001 s-1 to 0.01 s-1. The tested sample was enclosed
in a vacuum tube to limit the heat transfer away from the sample. The obtained
Taylor-Quinney coefficients ranged between 0.3 and 0.8, decreasing with increasing
plastic strain. The commercially pure titanium showed higher values of the Taylor-
Quinney coefficient than the titanium alloy. Moreover, the Taylor-Quinney
coefficient of the titanium materials was more dependent on the strain rate than the
Taylor-Quinney coefficient of the 303 and 316 stainless steels. Rittel et al. [31]
highlighted the inconsistency in the reported values of the Taylor-Quinney
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coefficient for several materials, and measured the Taylor-Quinney coefficient of
different metals in tension, compression and shear. The results showed that in some
materials the Taylor-Quinney coefficient depends on the loading mode. For
example, for the commercially pure titanium, the Taylor-Quinney coefficient was
higher in compression than in torsion, ranging from 0.7 to 0.95 and from 0.45 to
0.65, respectively. The conclusion from the prior work is that the Taylor-Quinney
coefficient is a function of the stress state, strain, and strain rate. The Taylor-Quinney
coefficient varies from one material to another and is usually lower than 0.9. In
addition to that, one can conclude that the currently available literature concerning
the Taylor-Quinney coefficient is scarce and requires further investigation.

The Taylor-Quinney coefficient ( ) as a function of plastic engineering strain at the strain
rates of 1 s-1 and 3000 s-1 for a) 2024-T3 aluminum alloy, and b) α-titanium [30].

The Taylor-Quinney coefficient described in Equation 9 determines the total
mechanical work converted into heat at a given value of strain from the beginning
of the plastic deformation. This description is the integral form of the coefficient,
which expresses the efficiency of the thermomechanical process Equation (11). The
Taylor-Quinney coefficient has also been used in a differential form as described in
Equation (12), where the dot indicates the time derivative [29, 32]. In this case, the
coefficient involves the rate of plastic work and the rate of heat dissipation at a
certain value of strain, i.e., mechanical power and thermal power, respectively.
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=        →

→ (ɛ) =
∫ (11)

→ (ɛ) =
̇

̇ (12)

One major difference between the integral ( ) and differential ( ) Taylor-
Quinney coefficients is the maximum value they can reach. The integral coefficient
must always be less or equal to one. If all the mechanical work is converted to heat,
the coefficient equals one. In contrast, the differential coefficient can, at least in
theory, have values higher than unity (one). For example, after accumulating a certain
amount of plastic deformation, the material suddenly releases the stored energy as
heat. The differential coefficient corresponds to the instantaneous response of the
material. At the present time, there is still some debate between the two descriptions
of the Taylor-Quinney coefficient, and unfortunately it is not a common practice yet
to specify which of the coefficients is being reported but the value is only referred
to as the Taylor-Quinney coefficient.

As discussed above, there is a strain rate range at which the deformation is neither
fully isothermal nor fully adiabatic. In this range of strain rates, a gradual transition
from fully isothermal to fully adiabatic conditions occurs as the strain rate increases.
If the deformation is not fully adiabatic nor fully isothermal, a part of the heat
produced during the deformation increases the temperature of the specimen, and a
part of the heat is dissipated into the surroundings. Thus, the heat energy increment
of the system,  in Equation (6), and the corresponding temperature increase are
reduced by the heat losses.

The strain rate at which the deformation is fully adiabatic or fully isothermal
depends on the heat transfer characteristics of the entire system, i.e., in the case of a
mechanical material test of the entire test setup. These characteristics are, for
example, the physical and thermal properties of the test material, the geometry of
the specimen, the connection between the specimen and the testing machine, and
the medium which is surrounding the specimen (e.g. air or liquid). Larour et al. [25]
studied the influence of strain rate and sample geometry on the strain induced
α’-martensite phase transformation at quasi-static strain rates for the steel
EN 1.4318. They concluded that, at similar strain rates, slightly more martensite
forms in shorter samples (gage length of 20 mm) than in the larger ones (80 mm)
due to the faster heat dissipation through the grips in the case of shorter samples.
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Isakov [3] ran FEM-simulations to determine the effect of the specimen geometry
on the temperature increase at different strain rates and found similar results: a
smaller sample deforms in near isothermal conditions at higher strain rates than a
larger one due to the faster heat dissipation.

Also other changes in the material’s microstructure during plastic deformation,
such as chemical reactions and phase transformations, can influence the
determination of the Taylor-Quinney coefficient. These changes can involve heat
generation or dissipation within the material, leading to an increase or decrease in its
temperature. The transformation of austenite into martensite is an exothermic
process, and therefore the formation of martensite can also contribute to the
temperature increase of the material, especially in adiabatic conditions. To determine
the Taylor-Quinney coefficient correctly, all sources and losses of heat must be
included in the analysis. Equation (13) describes the factors that contribute to the
heat increase of the system and the corresponding incremental change of
temperature.

= = − + → − (13)

where  is again the mechanical work increment,  is the heat loss to the
surroundings, →  is the release of internal heat due to the martensitic phase
transformation, and  is the energy stored in the microstructure as defects, e.g.,
dislocations and twins. The Taylor-Quinney coefficient was originally defined as the
amount of plastic work converted into heat, and therefore in the case when the
system includes also other heat sources or losses than the plastic work, the obtained
coefficient is not exactly the same as originally intended by Taylor and Quinney. In
the cases were other heat sources and losses affect the temperature of the material,
the coefficient should be called measured or ‘apparent’ Taylor-Quinney coefficient.
When the material deforms under adiabatic conditions,  reduces to zero, and the
measured Taylor-Quinney coefficient can be described by Equation (14).

= → = 1 + → −
(14)

Equation (14) shows that the heat release from the phase transformation directly
contributes to the measured value of the Taylor-Quinney coefficient, and it can result
in Taylor-Quinney coefficient values higher than one. Therefore, the measured
Taylor-Quinney coefficient is directly influenced by the evolution of the
microstructure in the material during plastic deformation [24, 33].
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3.3 Strain induced α’-martensite phase transformations in
metals

The transformation induced plasticity, or the TRIP effect, increases the plasticity and
strength of the material. This happens because the soft and malleable austenite
transforms during the deformation into α’-martensite, which is a much stronger and
harder phase. The combination of the two phases results in a much stronger material
with relatively high ductility. The evolution of the fractions of the two phases affects
strongly the mechanical response of the material.

From the thermodynamics point of view, the transformation of the metastable
austenite with a given chemical composition depends on temperature and the applied
external stress. In principle, the austenite can transform to α’-martensite by chemical
driving force alone, such as during quenching of the steel to a low temperature, or
by the combination of chemical and mechanical driving forces. Figure 3 illustrates
the phase transformations at different temperatures. At very low temperatures
(below Ms), the chemical driving force is abundant, and the austenite spontaneously
transforms to martensite. At temperatures between Ms and Ms, the austenite remains
metastable and cannot be transformed to martensite by the chemical driving force
alone. In this temperature region, the stress applied on the material below its yield
strength can contribute to the driving force and thus induce the phase
transformation. Therefore, in this temperature region the phase transformation is
called the stress induced phase transformation. The benefit of the stress induced
transformation on the overall plasticity of the material, however, is very limited, as
the phase transformation occurs ‘too early’ during the deformation and cannot really
influence the hardening rate in the plastic region. Again, at higher temperatures
(above Ms), the austenite is thermodynamically more stable, and a stress below the
yield strength is not sufficient to transform the austenite to α’-martensite. However,
if the external stress exceeds the yield strength of the material, the α’-martensitic
phase transformation can take place with a mechanism called the strain induced phase
transformation. This happens because of two reasons: 1) as the material strain
hardens due to dislocation accumulation, the acting stress increases thus increasing
the mechanical driving force, and 2) the dislocation motion can generate new
nucleation points for the α’-martensite (discussed later on in detail). At even higher
temperatures (above Md), the chemical driving force for the phase transformation is
so low that the mechanical driving force is no longer able to put the phase
transformation into effect.
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Schematic picture of the phase transformation with respect to temperature and the applied
stress.

The thermodynamics of the phase transformation can be quantified using the
stacking fault energy (SFE) of the material. Especially for the face centered cubic
metals, the stacking fault energy is a very important parameter describing the
deformation characteristics of the metal. Consequently, the stacking fault energy can
affect strongly the macroscopic mechanical response of the material [34]. Martensitic
phase transformation and twinning can occur concurrently with dislocation glide, as
is the case in the strain induced phase transformation region shown in Figure 3. The
SFE of the material determines its predominant plastic deformation mechanism. For
materials with high stacking fault energies (>~50 mJ/mm2), the deformation occurs
only by dislocation glide. At intermediate stacking fault energies (20-50 mJ/mm2),
deformation twinning is expected in addition to the dislocation glide, whereas at
stacking fault energies less than approximately 20 mJ/mm2, the deformation induced
phase transformations can replace twinning. On the very elementary level, the
stacking fault energy describes the amount of energy that is stored in the material
when creating a stacking fault. The SFE depends especially on the chemical
composition and temperature of the metal. Several attempts have been made to
quantify the stacking fault energy, but so far, no general solution has been found.
Theoretical and mathematical models have been proposed by various authors [7, 35–
38], and most of them are based on the pioneering work by Olson and Cohen [39].
The model proposed by Olson and Cohen [40, 41]  assumes that the martensite
embryo in the metastable austenite is a thin layer of hexagonal close packed phase
embedded in the austenite matrix. The hexagonal close packed layer, also known as
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ɛ-martensite, is separated from the matrix by phase boundaries on each side of the
martensite embryo, and the stacking fault energy can then be expressed as:

= 2 → + 2 (15)

where →  is the change in the molar Gibbs free energy when the austenite
changes to martensite,  is the molar surface density along the {111}-planes, and
is the interface energy per unit area of the phase boundary. Using this as a starting
point, Curtze et al. [38] compiled a mathematical model that can predict the stacking
fault energy of the material as a function of chemical composition and temperature.
Galindo-Nava et al. [7] studied the volume fractions of α’-martensite, ɛ-martensite,
and twins formed at 20% and 60% of deformation, and presented the dominant
deformation mechanism depending on the stacking fault energy. They proposed a
theory for the deformation mechanisms to predict the flow curves of several TRIP
and TWIP steels. The study also formulated the nucleation rate of martensite in
terms of critical embryo size, density of embryos, and the resolved shear stress.

Experimentally, the stacking fault energy can be measured using X-ray diffraction
and transmission electron microscopy. The experimental determination of the SFE
with XRD is based on the shift of the diffraction peaks of austenite and the line
profile analysis [42, 43]. Transmission electron microscopy (TEM) allows the direct
observation of the two Shockley partial dislocations and the stacking fault. The SFE
of the material can be calculated from the measured width of the stacking fault, i.e.,
the separation of the Shockley partial dislocations [44]. However, despite the
extensive numerical and experimental efforts in predicting and measuring the SFE,
the current understanding of the exact value of the SFE is still somewhat limited. In
engineering materials, the thermomechanical treatments can lead to segregation or
precipitation, which can locally change the chemical composition and stacking fault
energy of the metal. Furthermore, the stacking fault energy is not the only parameter
or variable that affects the microplasticity mechanisms of the metal. For example the
grain size [14], texture [45], stress triaxiality [46], strain rate [9, 47] etc., can affect the
active microplastic mechanisms and their relative magnitude, and therefore the
relationships between the stacking fault energy and the active microplastic
mechanisms are not well understood.

The phase transformation is affected by several factors. According to the
thermodynamics, the increase in temperature should stabilize the austenite and
therefore decrease the phase transformation rate. This was demonstrated by Angel
already in the 1950’s [6]. Larour et al. [25] studied a standard 301LN stainless steel
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and observed that the deformation at room temperature at quasi-static conditions
resulted in a martensite volume fraction of 60%, but increasing the deformation
temperature to 100°C reduced the martensite fraction below 10%. Testing at 200°C
resulted in no martensite formation at all. Similar results have also been reported by
Talonen [48], who studied the transformation rate at the temperatures of -40°C, 0°C,
24°C, 40°C, and 80°C at quasi-static conditions. At the lowest temperature, more
martensite was formed and the phase transformation rate was the fastest. Beese et
al. [46] studied the transformation rate of metastable austenite in the 301LN steel at
different stress triaxialities and found that the stress triaxiality alone cannot describe
the rate of martensite formation. Instead, the relation between the principal stresses,
known as the Lode angle parameter, should also be considered. The uniaxial
compression experiments showed that the transformation rate was lower when the
compression axis was aligned with the rolling direction of the material, and higher
when the compression axis was aligned at 90° with respect to the rolling direction.
In contrast, uniaxial tension experiments showed that the transformation rate was
higher when the tension axis was aligned with the rolling direction of the material,
and lower when the tension axis was aligned at 90° with respect to the rolling
direction. From the experimental results they concluded that increasing both the
stress triaxiality and the Lode angle parameter will increase the stress values normal
to the plane of maximum shear, which are tensile stresses, and favor the phase
transformation. According to Kim et al. [49], this is also true for a TRIP780 steels.
However, these studies focused on the macroscopic stress triaxiality, whereas the
loading conditions at the grain level where the martensite nucleates can be
significantly different. According to Das et al. [50], the direction of the load and the
orientation of the crystal also influence the tendency for the martensitic
transformation to occur in a particular grain. This was studied for a 301 grade steel
by in-situ observation of strain induced formation of martensite within individual
austenite grains using a scanning electron microscope and analyzing the EBSD
images with Digital Image Correlation. However, as most of the research was carried
out at the bulk scale, it is impossible to say whether the stress state defined by the
external loading is the same at the grain level. It seems that the phase transformation
depends on the local stress state and the dislocation activity, resulting in more
martensite forming near the crystallographic boundaries, as pointed out by Isakov et
al. [51].

The size of the grains seems to also have an effect on the phase transformation
rate. It is clear that, according to the thermodynamics, the grain size should not affect
the chemical driving force, but Nohara et al. [14] noticed that a steel with larger
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average grains had a higher bulk transformation rate than a steel with smaller grains.
In contrast, Shrinivas et al. [52] found that in a 304 stainless steel specimens with
larger grains resulted in lower volume fractions of martensite. However, the 304 and
316 steels are rather stable compared to, for example, the 301 steel, and the
conclusions of the example studies may not be generalized to all TRIP steels. Further
work on electron backscatter diffraction studies of deformed specimens have
indicated that in an ultrafine grained austenitic 15Cr-9Mn-Ni-Cu steel the phase
transformation takes place on the grain and twin boundaries, while in coarser
microstructures the martensite forms at shear band intersections [15]. Therefore, it
is not exactly clear how the microstructural features affect the phase transformation
rate. This is at least partly because the material development is largely driven by steel
manufacturing industry, where the particular features of the microstructure of the
steel may not be as interesting as the processing parameters that were used to create
the microstructure. Broad majority of the TRIP steel research is, in fact, focused on
the effect of the processing parameters on the final mechanical properties of the
steel. For example, Xu et al. [53] evaluated the effect of the heating rate during the
annealing process on the mechanical response of the material, showing that a high
heating rate resulted in a higher content of retained austenite, improving the ductility
and formability of the TRIP steel. Similarly, Huang et al. [54] studied the effects of
cold rolling reductions on the mechanical properties of the 301LN steel. They found
out that increasing the cold rolling reduction resulted in higher volume fractions of
strain-induced martensite after rolling. Similar work has been carried out by Larour
et al. [25], who studied the effect of pre-strain on the flow stress of 301LN metastable
austenitic steels. Pre-straining the material results in a higher flow stress for both low
and high strain rates and initiates the TRIP effect faster or at smaller deformations
compared to the as-received material.

It has been shown that the phase transformation rate follows a similar trend as
the strain hardening rate during deformation. Talonen et al. [12], who evaluated the
phase transformation as a function of plastic strain at different strain rates for two
austenitic stainless steels, confirmed that the volume fraction of martensite as a
function of true strain follows an S-shape profile and that the saturation value
decreases with increasing strain rate. Figure 4 summarizes the results of Talonen et
al. for the 301LN-2B (EN 1.4318) steel [12]. The stress-strain curve at the quasi-
static strain rate has a very pronounced S-shape, where the flow stress rapidly
increases at around 0.1 of plastic strain. Also the strain hardening rate increases at
the same strain, as shown in Figure 4. Figure 4c shows the volume fraction of
martensite with respect to plastic strain, which leads to Figure 4d that gives the
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a) true stress – true strain curves, b) work hardening rate, c) volume fraction of
α’-martensite as a function of true strain, and d) rate of the martensitic phase
transformation as a function of strain for a stainless steel (EN 1.4318 2B). After [12].

transformation rate with respect to the plastic strain. At the lowest strain rate, the
phase transformation rate reaches its maximum at around 0.15 of true plastic strain.

The effect of strain rate on the phase transformation rate has been studied by
many researchers. As mentioned before, Talonen [48] found that increasing strain
rate reduces the phase transformation rate (Figure 4d). Similarly, Hecker et al. [9]
showed that increasing the strain rate leads to lower volume fractions of martensite,
whereas testing at lower temperatures seems to favor the formation of martensite. It
has been assumed that the phase transformation is suppressed at high strain rates as
a result of the temperature increase induced by the adiabatic heating [12]. If one
considers only the thermodynamics, then the slower martensitic phase
transformation at higher strain rates could be explained in terms of the adiabatic
heating and the resulting higher stacking fault energy [55]. However, some scientists
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have proposed that the strain rate itself has a direct effect on the formation of
martensite. For instance, Hokka [2] showed that testing at quasi-static and high strain
rates results in different transformation rates even at very small plastic strains, where
very little deformation induced heating yet takes place. Moreover, Isakov et al. [51]
performed strain rate jump tests where the strain rate was suddenly increased by
several orders of magnitude. After the strain rate jump from quasi-static to dynamic
conditions, the strain-hardening rate decreased instantaneously. Consequently, these
studies indicate that the strain rate itself, and not only the adiabatic heating, could
affect the phase transformation rate. Therefore, further research must be done to
uncouple the effects of the strain rate and adiabatic heating in order to better
understand the deformation induced martensitic transformation.

One of the challenges in developing a complete theory and models for the phase
transformation assisted plasticity is related to the fact that the phase fractions are
challenging to determine with high accuracy. The current technology does not allow
easily accessible quantitative in-situ measurements, especially at high strain rates, and
the deformation must be stopped for the measurement of the martensite/austenite
volume fractions. The martensite content can be determined by several different
techniques, such as metallography, scanning electron microscopy, diffraction
methods, and magnetic balance measurements [56]. The martensite and austenite
can be identified from optical or scanning electron microscopy images, and the
volume fractions can be estimated from the phase areas in the images. The electron
backscatter diffraction can be used to identify and quantify the phase fractions on
the surface of a specimen. However, the EBSD in particular is very surface sensitive
and only a layer of a few nanometers thick can be analyzed. On the other hand, the
EBSD has very high spatial resolution and even small martensite particles or islands
can be resolved [45, 50]. The interaction volume in the X-Ray diffraction
measurements is higher, but then again, the X-Ray measurements are more complex
to quantify. Texture, in particular, can cause uncertainties in the measured volume
fractions [57]. The magnetic methods are based on the fact that α’-martensite is a
ferromagnetic phase, while austenite is paramagnetic. Thus, an increase in the
martensite volume fraction will result in a change in the magnetic properties of the
material, and the martensite fraction can be estimated by, for example, measuring
the force required to detach a magnet from the surface of the specimen [58]. The
magnetic methods, however, typically need a calibration, which again requires
samples with known phase fractions. An accurate characterization of the martensite
content might require a combination of techniques that provide the averaged
martensite content and localized information of the phase transformation [59].
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4 STATE OF THE ART IN HIGH STRAIN RATE
MECHANICAL CHARACTERIZATION OF
MATERIALS

Characterization of the mechanical response of materials at a broad range of strain
rates requires various methods. Figure 5 summarizes the testing methods typically
used at different strain rate regimes. At very low strain rates, various constant load
or creep test machines are typically used. In these tests, often only the strain is
measured as a function of time, and one test can take several days or weeks. At
slightly higher strain rates, approximately in the range of 10-4 s-1 to 1 s-1, servo-
hydraulic or screw-driven testing machines are the most common. These devices are
referred to as universal testing machines, as they are very versatile and can be used
for tension, compression, torsion, shear, fatigue, and multiaxial load experiments at
various temperatures. Testing at intermediate strain rates, approximately from 1 s-1

to 200 s-1, is challenging. Experiments can be carried out with special servo-hydraulic
test systems, but the load measurements are usually suffering from severe oscillations
due to the stress waves traveling back and forth in the test machine structure and
inside the load cell causing ‘ringing’. One solution has been presented by Gilat and
Matrka [60], who replaced the load cell in a servo-hydraulic actuator driven loading

Classification of the testing techniques at a wide range of strain rates. Adapted from [61].
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system by a very long instrumented steel bar capable of measuring the load signal
for several milliseconds without overlapping of the stress pulses at the measurement
location. This device, however, requires quite much laboratory space, which may not
be readily available. At strain rates above 200 s-1 and below 104 s-1, the Hopkinson
Split Bar method is most commonly used. In this method both the loading of the
specimen and the measurement of its mechanical response are based on elastic stress
pulses, which can travel nearly interference-free in the test setup. In the next
Chapters this method is described in detail. Even higher strain rates can be reached
with Taylor impact experiments and with various plate impact tests.

4.1 Split Hopkinson Bar Technique

The Split Hopkinson Bar (SHB), also known as the Kolsky bar, is based on the
propagation of elastic waves in the test setup. These waves are used for both loading
of the specimen and measuring its stress-strain response. The governing idea in SHB
is to have a geometrically simple test setup, in which the generation and propagation
of the elastic stress waves within the setup can be analyzed and predicted with a small
number of assumptions. Figure 6a shows a schematic picture of a typical Split
Hopkinson Bar device for compression testing, and Figure 6b shows the stress wave
propagation in the device where the horizontal axis corresponds to the position in
the device and the vertical axis is the time from the impact. The main components
of the setup are the device to generate the loading pulse, the incident and transmitted
(or transmission) bars, and the equipment to record the data. The load pulse is
typically generated with a projectile called the striker that is impacted on the free end
of the incident bar. The impact generates an elastic stress pulse that propagates along
the incident bar towards the specimen. When the stress pulse reaches the bar-
specimen interface, part of the pulse is reflected and part of it is transmitted through
the specimen into the transmitted bar, as shown in Figure 6c. The elastic stress pulses
propagating in the incident and transmitted bars are measured with strain gages and
the signals are recorded with a digital oscilloscope. Figure 6d shows the data recorded
by the oscilloscope for a strain hardening metal specimen.

The bars must be straight and free to move axially on their supports, and they
must be aligned to ensure that the stress state within the pulses is one-dimensional.
The bars can be made of different materials to match the mechanical response of
the specimen, but in all cases the bars must have high enough strength so that they
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a)

b)

c) d)

a) Schematic of a typical Split Hopkinson Bar for compression testing, b) propagation of
the stress pulses in the setup, c) zoom-in of the specimen section of the setup, and
d) typical signals on the oscilloscope for a ductile metal that strain hardens [62].
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remain elastic during the test. The movement of the ends of the bars can be
calculated from the measured stress pulses. The velocities of the incident and
transmitted bars are given by:

= − ( ( ) − ( )) (16)

= − ( ) (17)

where  is the longitudinal speed of sound in the bars (~5900m/s for steels) and ,
, and  are the strains of the incident, reflected, and transmitted pulses as a

function of time. The specimen strain rate can be obtained by dividing the difference
in the velocities of the two bars by the length of the specimen ( ), i.e.:

̇ =
−

= ⋯ =
( ( ) − ( ) − ( ))

(18)

The strain in the specimen is obtained by integrating Equation (18) with respect to
time:

( ) =
( ) − ( )

=
( ) − ( ) − ( )

(19)

where 1 and 2 are the displacements of the ends of the incident and transmitted
bars, respectively. The forces acting on the specimen ends of the incident and
transmitted bar can be obtained by using Hooke’s law:

= ( ( ) + ( )) (20)

= ( ) (21)

where  is the Youngs’ modulus of the bar material and  the cross-sectional area
of the bar. The average of the two forces is divided with the cross-sectional area of
the specimen ( ) to compute the stress on the specimen:

( ) =
( ) + ( )

2
=

( ( ) + ( ) + ( ))
2

(22)



25

In dynamic testing, the specimen is loaded by a stress pulse. The force on the
specimen, therefore, increases unevenly as the stress pulse travels from one side of
the specimen to the opposite side of the specimen. Dynamic equilibrium of force is
typically achieved after a few microseconds or after a few reverberations of the stress
wave inside the specimen [63]. The time to reach the equilibrium depends on the
size of the specimen, and because of this, the specimens in dynamic testing are
typically quite small (short) compared to the standard quasi-static specimens. The
dynamic equilibrium can be evaluated by, for example, using the mean force
difference:

 =  
      −      

+  
2

(23)

According to Ravichandran and Subhash [64], the force equilibrium is adequate if
the mean force difference is less than 10%. Figure 7 shows an example of the forces
on the incident and transmitted bars ends, as well as the mean force difference. As
shown in Figure 7, the mean force is very unstable in the beginning as the forces are
low, but as the forces start to increase, the mean force difference quickly drops to
an acceptable level. In this example, proper force equilibrium is achieved after
approximately 15 microseconds.

Example data of the forces (denoted with P) on the opposite ends of a Kuru granite
specimen in a dynamic compression test with 25 MPa confinement [65].
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If one assumes stress equilibrium, Equations (18) to (22) can be simplified by using:

( ) = ( ) − ( ) (24)

Then stress, strain, and strain rate can be obtained by the so-called one-wave
equations that only include either the transmitted or the reflected wave.

( ) =
( )

(25)

( ) = −
2

( ) (26)

̇ = −
2 ( )

(27)

Compared to compression testing, tension testing using the Split Hopkinson Bar
technique is complicated by 1) the need to fix the specimen into the stress bars and
2) by the generation of the tensile loading pulse. In compression tests, the specimen
can be simply held between the bars by a thin layer of grease, but in a tension test
the specimen must be firmly attached to the bars to be able to apply enough tension
load on the specimen to deform it. Likewise, the generation of the stress pulse in the
compression setup is straightforward and can be done simply by impacting a
cylindrical striker bar to the free end of the incident bar, whereas the generation of
a tension loading pulse is more challenging. In the past decades, various technical
solutions have been proposed for both of these issues.

The sample can be fixed to the stress bars mechanically using for example threads
or pins, or by gluing the specimen to the bars. Mechanical clamping of the specimen
is typically faster and more convenient, but if not executed very carefully, the
mechanical fixtures can cause unwanted oscillations to the stress pulses that are
inherited to the final stress-strain curves. Gluing, on the other hand, significantly
reduces the number of tests that can be conducted in a given time but, at the same
time, improves the quality of the results markedly [66, 67].

To conduct tensile tests with a compression Split Bar setup, Lindholm and
Yeakley [68] used a regular solid incident bar but a hollow tube instead of the regular
transmitted bar. The specimen was a ‘hat shaped’ cylinder, which was placed inside
the transmitted tube, as shown in Figure 8a. The tensile loading was accomplished
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a)

b)

c)

d)

e)

Setups for tensile tests at high strain rates [62]: a) setup with a ‘Hat-shaped’ specimen,
b) generation of a tensile load from the reflection of a compression wave, c) the preload
and clamp release method [69], d) setup to generate a tensile pulse using the kinetic
energy from a rotating disk, and e) setup with a tubular striker and a flange in the incident
bar.
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by pushing the specimen into the tube, thus creating tensional deformation on the
longitudinal sides of the specimen. A similar system developed by Dunand et al. [70]
is still being used for example at ETH in Switzerland. Nicholas [71] created the
tensile pulse by placing an annular wave guide or a collar around the tensile specimen,
as shown in Figure 8b. If the collar is not attached to the bars but simply rests firmly
between the incident and transmitted bars, a compressive stress pulse can be
transmitted through the specimen and the collar from the incident bar into the
transmitted bar without deforming the specimen. As the compressive stress pulse
reaches the free end of the transmitted bar, it is reflected back towards the specimen
as a wave of tension. The tensional stress pulse cannot enter the collar but passes
only through the specimen back into the incident bar deforming the specimen at a
high rate.

In the previous cases, a compression pulse was used to generate the tensile
loading on the sample. However, a tensile pulse can also be produced directly for
loading the sample. Staab and Gilat [72] used a preloading and clamp-release method
for generating the stress pulse, as shown in Figure 8c. In this method, part of the
incident bar is clamped rigidly with a hydraulic press. The part of the bar between
the clamp and the specimen remains unloaded, while the rest of the bar is preloaded
with a second hydraulic press. As the preload reaches the target level of stress, the
clamp is released by breaking a brittle break pin that holds the clamp closed. When
the pin is broken, the preload is released and a tensional stress pulse travels towards
the specimen. The tensile loading of the incident bar can also be achieved by striking
a flange machined at the free end of the incident bar from ‘inside’, i.e., from the
direction where the specimen is fixed to the bar. The flange is hit by an object with
high kinetic energy that will generate a tensile pulse in the incident bar. Kawata et al.
[73] used a rotating disk to generate the kinetic energy, as shown in Figure 8d. When
the disk is rotating at the desired speed, an impact hammer is released from a caging
device on the disk, and its kinetic energy is transferred to the incident bar by hitting
the impact block. The direct tensile loading of the system can also be achieved by
hitting the flange with a tubular striker place around the bar itself. The tubular striker
is launched with a gas gun or a spring system, and it slides on the incident bar towards
the flange at the free end of the bar. This system requires a momentum trap or some
other simple stopping method (such as a cup filled with modeling clay or
‘playdough’) to stop the incident bar in a controlled manner. This setup is shown in
Figure 8e. This approach for generating the tensile pulse is widely used.
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4.2 Full field measurement methods

Traditionally, the deformation of the specimen during a test has been measured using
extensometers or strain gages, and the temperature has been measured with
thermocouples. These techniques provide a single value of the quantity of interest
that corresponds to an average of the response within a volume or to the response
in a very specific location. In contrast, full field measurements can provide detailed
information of the material response over a wide area or volume. The full-field
measurements covered in this work use digital cameras to produce a digital image of
the deforming specimen. The images acquired during the test can be processed to
obtain the evolution of the quantity of interest, such as strain and temperature, over
the gage section of the specimen.

4.2.1 Digital image correlation

Digital Image Correlation (DIC) is a non-contact technique used to determine the
displacements and strains in the region of interest on an object by the mathematical
analysis of digital images obtained during the deformation. The method was
developed in the early 80’s by Sutton et al. [74]. The improvements in the computing
power of personal computers and in digital imaging have made DIC the most
common full field deformation analysis tool during the past 20 years. DIC calculates
the deformations by tracking the motion of small sections of the image, called
subsets, in a sequence of frames and obtaining displacement vectors. The
displacement vectors can be differentiated to obtain strains that are often more
useful quantities especially in materials science.

As noted above, the area of interest (AOI) is divided into smaller areas called
subsets or facets. The displacements vectors are determined by tracking the position
of the subsets in the series of consecutive images. The tracking of the subsets is
carried out using the selected correlation function such as cross-correlation or
different normalized variations of the cross-correlation routine. Figure 9 shows the
basic principles of the subset-based tracking and the full field analysis.

The DIC measurements can be carried out with one or more cameras. If one
camera is used, the displacement vectors can only be determined for planar
specimens, and the vectors only contain displacement information in two
perpendicular directions (in-plane). Also, the optical axis of the camera must be
parallel to the specimen surface normal, or significant errors will be introduced. The



30

Schematic picture of the subset tracking and how to obtain the full field displacement
vectors, where T refers to time [75].

2D DIC is limited to in-plane deformation and motion, and no out-of-plane
movements should occur. In fact, any out-of-plane movements will appear in the
measurements as deformation. Therefore, the 3D or stereo DIC is used for
situations where the previously described conditions are not fulfilled. For the stereo-
DIC at least two cameras are required. In such case, the views of the cameras are
mapped with a mapping function that correlates the world coordinates of a point

( , , ) to the pixel coordinates of the two individual cameras ( , ) and
( , ). Figure 10 shows the mapping of the world coordinates into the

coordinates of the two camera views schematically. Mathematically the mapping
function can be described as

( , , )  → ( , , , ) (28)

The digital image correlation can be implemented in many different ways. There are
several options that the user has to choose from, and the choice of the parameters
has a strong effect on the results. Some of the most important variables, including
the correlation criteria, subset functions, interpolation, aliasing, accuracy, noise, and
spatial and strain resolution are discussed in the following. For a more exhaustive list
of preparations for the image processing measurement the reader is referred to [76],
and for full mathematical description of the methods to Sutton et al. [77].
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Schematic picture of the stereo vision used in a stereo DIC system [78].

The correlation criterion determines how the search of the subsets is carried out.
The search is carried out by minimizing the argument:

=  ‖ ( + ) − ( )‖ (29)

where  is the intensity of the subsets in the original or reference frame,  is the
intensity of the subsets in the deformed frame, and  and  are vectors that identify
each subset in the image. This matching criterion is called the Sum of Squared
Differences (SSD), which may be the simplest matching criterion but has several
challenges and is therefore not very popular. The gray level intensities are not
normalized and therefore any changes in the lighting or reflections on the surface of
the specimen will affect the results. Therefore, more sophisticated matching criteria
have been developed for DIC. For instance, the zero-mean sum of square
differences (ZSSD) accounts for changes in the lighting by an offset, and the zero-
mean normalized sum of square differences (ZNSSD) provides accurate subset
matching between images with big lighting changes in the overall image and in
localized regions. Differences in the brightness between images, as well as localized
intensity changes such as those produced during straining of the specimen, can be
critical in stereo DIC matching of the corresponding image regions.

As the specimen surface deforms, the subsets used for the correlation must
deform accordingly for successful tracking. Mathematically this can be done by
adding a subset shape function to the minimization argument, whereupon
Equation (29) becomes:
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( )  =  ( , ) − ( ) (30)

The shape function ( ) allows the subset to rotate and deform. There are many
different shape functions starting from simple linear to mathematically more
complex descriptions allowing complex and nonlinear deformations of the subset.
Figure 11 illustrates some typical examples: the rigid transformation does not allow
any deformation of the subset, whereas the affine transformation allows rigid body
motion, rotation, and linear tension-compression as well as shear of the subset. The
quadratic and irregular shape functions allow the shape of the subset to change non-
linearly. These functions are particularly useful if the subsets are large compared to
the expected strain gradients in the sample. In those cases, the deformation inside
the subset may become nonlinear or non-uniform, and therefore the linear
estimations with the lower order shape functions can lead to large systematic errors
[79].

Illustration of different subset shape functions for DIC.

The subpixel displacement resolution is based on the interpolation of the
displacement vectors between the integer pixel locations. In principle, the
interpolation allows the displacement vector to be calculated with the resolution of
1/100 of a pixel. However, there are several practical limitations that will reduce the
resolution. Linear or cubic interpolation methods can cause strong bias towards the
integer pixel locations. In practice, this means that the displacement vectors are
rounded up towards the closest integer pixel location instead of the actual subpixel
location. Figure 12a shows the interpolation error of the displacement vector
between two integer pixels. The lower order interpolants create strong bias in strain
towards the integer pixel locations, since the bias in strain is proportional to the slope
of the displacement bias. The higher order interpolants, on the other hand, give
much less biased results for displacement, and therefore their respective strain biases
are considerably smaller. The full field strains resulting from a strongly biased
interpolation typically have striations or lines of high and low strains, as shown in

𝒙,
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a) b)

a) Errors associated with different interpolants [80], and b) examples of the effect of the
interpolation error on the full field strains [81].

The bias error and variance as a function of the subset size [82].
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Figure 12b, where the interpolant in the upper image is of a lower order compared
with the lower image. The striations are caused by the differentiation of the biased
displacement vectors [82–84]. The interpolation bias is also affected by the subset
size. Smaller subsets contain less image data and are therefore more prone to
interpolation bias. Likewise, the lower quantity of image data lowers the signal-to-
background ratio, and this increases the variance or scatter of the results, as shown
in Figure 13.

Aliasing is caused by spatially undersampled image data [85]. In other words, if
the contrast pattern is too fine or the pixel resolution of the camera is too low, the
pattern is not digitized properly [86]. A dot that appears in the pattern should appear
as a dot also in the digital image, but if the dots are too small, in theory less than two
pixels in size, the shape of the digitized dot on the CCD sensor is not represented as
a dot. Instead, the dot appears as a smeared object that spans across several pixels.
If there are two or more of these small dots within the two pixels radius, they will
appear as one smear instead of two individual dots. Figure 14 illustrates the
digitalization of dots with different sizes. If the dot of the pattern appears exactly in
the middle of the pixel (centered), then the digitized dot is actually quite well
identified as well. However, if the dot appears on the vertex or in between the pixels,
the shape is no longer a dot but the intensity spreads across several pixels. During
the experiment, the small dot that appears centered in one image may appear on the
vertex in the next image. Furthermore, if there are two or more small dots in close
proximity of each other, they will not be resolved as individual pixels. This will cause
problems and add uncertainties to the image correlation [84]. In theory, the
minimum size of a dot or any feature in the contrast pattern is two pixels of white
area and two pixels of black between adjacent pixels, but in practice the smallest
feature in the image should be at least three pixels with a minimum of three pixels
between two adjacent features [87–89].

Since aliasing is caused by undersampling of the data, it cannot be removed by
any digital image post-processing. Therefore, aliasing must be accounted for already
when preparing the surface pattern and selecting the camera optics. However, if the
images are aliased despite proper preparations, filtering may mitigate the effect of
the aliasing [90].
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Digitalization of different sized speckles [86].

Figure 15 illustrates the concepts of accuracy and precision. The accuracy of the
digital image correlation studies is most often unknown. This is simply because if we
define the accuracy as the difference between the measured value and the correct
value, the latter one is rarely known and not easy to obtain. Therefore, it is more
typical to quantify the error sources and the uncertainties they cause. If one has a
good understanding of the error sources, it may also be easier to minimize the
uncertainties and improve the quality of the measurements.

Illustration of the concepts of accuracy and precision.

Optical photography and digitalization of the images always include noise. The noise
may be caused by thermal vibrations of the air between the camera and the specimen
[91], vibrations of the test setup, self-heating of the cameras [92], or both. Finally,
the cameras, data transfer, and all other electronics related to the image acquisition
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and digitalization introduce some random electronic noise to the obtained images
[93]. The noise causes the gray levels to vary as a function of time. This shows as
displacements and strains even if the specimen would be nominally still. The lighting
conditions and the contrast of the pattern also influence the magnitude of the
background noise [82]. Figure 16 shows an example of the effect of intensity noise
and image contrast on the measurement errors. The two image pairs correspond to
two images (left and right) taken from the same area of an object that remained still.
The intensity noise (upper images) is higher on the left than on the right, being 1.26%
and 0.68%, respectively. Poor lighting on the left-hand side image produces a lower
contrast compared to the right-hand side image, which can be observed by
comparing the outer areas of the lower images. High intensity noise combined with
low image contrast results in higher measurement errors, as shown by the
displacement vectors in the lower left image. In contrast, low intensity noise
combined with higher image contrast results in lower intensity errors, as shown in
the lower right-hand side image where the displacement vectors are closer to zero
than on the left-hand side image.

An example of the effect of intensity noise and lighting conditions on the measurement
errors obtained for the same speckle pattern of an undisturbed object. Left image: high
noise level and poor lighting results in higher measurement errors. Right image: low noise
level and high image contrast result in lower measurement errors [82].

Image noise is also at least partly inherited to the determined displacements and
strains. The noise in the obtained displacements and strains is also a function of the
subset size [94]. Larger subsets include more image data, and therefore the matching
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of the subsets and the calculation of the displacement vectors becomes more precise.
The increase in the precision, however, typically saturates relatively fast, as shown in
Figure 17.

Strain error as a function of the subset size, shown as spatial resolution, in pixels [75].

The spatial resolution depends notably on the speckle pattern, as the speckle
pattern influences the choice of the subset size. As a rule of thumb, the subset should
have at least three identifiable features or speckles to allow the matching algorithm
to find correspondence in the consecutive images. Therefore, the finer the speckle
pattern, the smaller the usable subset. However, too small speckles and subset size
may lead to aliasing and higher noise. Therefore, the measurement parameters must
be optimized as a whole. The spatial resolution can be estimated using the Virtual
Strain Gage (VSG) size. The VSG can be thought as analogous to a physical strain
gage, which would average the strain under its area. The VSG is also the size of the
pattern from where the strain reading is obtained. The VSG in pixels can be obtained
as:

  = ( − 1) +   (31)

The length of the VSG depends on the strain window ( ), which describes
the length in data points over which the strain is calculated. If the strain is calculated
between every adjacent subset (i.e., data point), the corresponding strain window will
be two, but if the strain is calculated between every second subset, then the strain
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window would be three, and so on.  is the step size describing the distance
between subsets, and  is the subset size. Figure 18a shows a schematic picture
of the Virtual Strain Gage. In addition to the strain window, step size, and subset
size, the strain resolution depends also on any possible smoothing or other
preprocessing of the image. On the other hand, the shape function has also a strong
effect on the spatial resolution. According to Schreier et al. [79], the higher order
shape functions, such as the quadratic shape function in Figure 18b, lead to lower
errors, improving the spatial resolution. If the subset size is increased, the spatial
resolution does not drop as fast with the quadratic shape functions as with the affine
shape functions (Figure 18b).

a) b)

a) Schematic picture of a Virtual Strain Gage [75], and b) spatial resolution as a function of
the subset size for two different shape functions [95].

The strain resolution of the DIC calculations depends on the size of the subset.
Again, larger subset contains more image data, and therefore the strain can be
obtained more precisely. However, if the strain is localized, a large subset may not
be a good choice. Also, too large step size may undersample the strain data in the
vicinity of a strain localization. The magnitude of the strain localization is
underestimated by a large subset, especially if the strain localization fits inside the
subset. Then the large subset will contain image data from the strain localization and
from the surrounding regions, where the strain is lower. Therefore, to accurately
measure localized strains, the subset must be small enough so that the subset or
preferably several subsets fit inside the strain localization. However, with decreasing
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subset size also the noise increases, as explained before. Therefore, the choice of the
processing parameters will be a compromise between accuracy, precision, spatial
resolution, and computational effort [80, 93, 96, 97].

4.2.2 Infrared Thermography

Infrared radiation (IR) is part of the electromagnetic radiation ranging from 700 nm
to 1 mm, occurring at longer wavelengths than the visible light. Infrared
thermography (IRT), in turn, is a technique that detects the infrared radiation
emitted by an object with 2D spatial resolution and converts the intensity values of
the radiation into temperature [98]. The wavelength of the radiation reaching the
sensor is directly related to the energy of the photon emitted by the material. Thus,
some cameras collect photons of a certain wavelength only, while other cameras
provide an intensity value of radiation by counting the number of photons over a
wider range of wavelengths, regardless of their particular energy. The conversion of
the measured intensity into the source temperature is not straightforward, and many
factors influence the conversion. These factors involve both the experimental
conditions and the object material. The amount of photons reaching the detector
depends on the distance between the specimen and the sample [99], the medium
through which the radiation travels (in case the atmosphere absorbs the infrared
radiation emitted by the sample), the orientation of the sample with respect to the
optical axis of the camera, and the emissivity of the specimen. The emissivity is a
value between 0 and 1 and it indicates how effectively the material can emit energy
in the form of infrared radiation. Most camera detectors are calibrated to provide
the values of temperature directly from the images assuming that the target object
has an emissivity of 1, but some camera software have the option to change the
emissivity value. However, the emissivity of a specimen depends on the material
itself, the temperature of the specimen [100], and the optical characteristics of the
sample surface, such as its roughness [101], that can also vary during the test [29, 30,
102, 103]. Thus, a quantitative analysis of the infrared images usually requires a
calibration that converts the intensity values to temperature.

A commonly used calibration method consists of either heating or cooling the
specimen while simultaneously recording its temperature with the IR camera and
thermocouples. Figure 19 shows the setup used by Smith [104] to calibrate the
infrared camera for aluminum and titanium specimens. In this setup, the specimen
is heated on a hot plate to an elevated temperature, where the specimen is held for



40

several minutes to ensure uniform temperature of the specimen prior to the
measurements. The radiometric temperature or the in-band radiance obtained from
the infrared camera measurements is then plotted as a function of the thermocouple
reading. A simple mathematical equation is then used to convert the IR measurement
to the actual temperature. Yang et al. [105], in turn, carried out the calibration
measurements during the cooling of Zr-based bulk metallic glass specimens. In this
case, the temperature of the specimen was increased to a certain value with a heat
gun and then let cool in air.

A setup for temperature calibration. The specimen is on top of a hot plate and the IR
camera is viewing the specimen from above. Two thermocouples are attached to the
sample surface to measure the temperature [104].

Macdougall [28] and Cholewa et al. [106] used paints and coatings with known
emissivity in their IRT measurements. This, however, causes difficulties for
simultaneous DIC measurements on the same area of interest of the specimen, as
DIC requires a high contrast pattern on the surface while IRT requires a surface with
homogeneous and constant value of emissivity. Cholewa et al. [106] evaluated several
high temperature black and white paints to obtain a coating suitable for both DIC
and IRT, and measured the deformation and temperature simultaneously from the
same area of interest of the specimen. However, the coating can become even a
bigger problem in high rate testing because the heat of the specimen needs time to
diffuse through the coating, and consequently the temperature obtained from the
surface of the coating may underestimate the true temperature of the specimen.
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5 EXPERIMENTAL METHODOLOGY

This Chapter describes the studied materials, the conducted tests, and the data
analysis used for the characterization of the materials within the scope of this
doctoral dissertation. The materials were tested in tension at a wide range of strain
rates, from 10-4 s-1 up to 1500 s-1, for which several test setups were needed. The
tests can be classified into four series, for which Table 1 summarizes the main
characteristics. Most of the tests were performed at Tampere University, while the
tests at intermediate strain rates were carried out at the Dynamic Mechanics of
Materials Laboratory of the Ohio State University (OSU). Since the requirements for
the sample geometry varied between the different test setups, three different sample
geometries (dimensions presented later) were used. However, the gage section
geometry was kept as similar as possible to obtain comparable results from the
different setups.

Table 1 Equipment used for different experiments.

TEST SERIES Equipment Strain measurement Temperature
measurement

Simulated adiabatic
heating tests

Publications I and III
Instron 8800 Extensometer Thermocouples

Low strain rate tests
Publication IV Instron 8800 3D-DIC low speed IR camera

Intermediate strain
rate tests (OSU)

Publication IV

Intermediate
strain rate

device
2D-DIC high speed IR camera

Strain rate jump tests
– series 1

Publication II

Tensile Split
Hopkinson

Bar

3D-DIC low speed
&

3D-DIC high speed
-

Strain rate jump tests
– series 2

*Unpublished results

Tensile Split
Hopkinson

Bar

3D-DIC low speed
&

2D-DIC high speed
IR camera
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5.1 Materials and sample geometry

Two grades of stainless steel were studied: the metastable austenitic stainless steel
EN 1.4318 (AISI 301 LN) and the stable austenitic stainless steel EN 1.4420
(AISI 316), both tested in the as-received condition. The metastable AISI 301 steel
was obtained from two batches with different cold rolling conditions, 2B and 2H,
which also had slightly different chemical compositions. In the 2B condition, the
steel was cold-rolled, heat-treated, pickled, and skin-passed. The 2H condition had
the same thermomechanical treatment as 2B with an additional step, in which the
steel was work-hardened by cold rolling that resulted in the standard strength level
of C850. The steel AISI 316 was tested only in the 2B condition. Table 2 shows the
chemical compositions of the tested steels and their corresponding delivery
conditions. All the materials were manufactured by Outokumpu Stainless and
provided as 2 mm thick metal sheets. The samples were laser cut so that the rolling
direction was parallel to the loading direction. Figure 20 shows the geometries used
in the different experiments. For all geometries, the gage length was 8 mm and the
fillet or shoulder radius was 2 mm. The width of the gage section was 4 mm for
geometries a) and c), and 2.9 mm for geometry b). The smaller gage width had to be
used in the intermediate strain rate tests carried out at OSU due to the limited
maximum force of the test setup. Prior to the tests, the exact gage dimensions of
each specimen were measured with a digital caliber (width, length) and micrometer
(thickness).

Table 2 Chemical compositions in wt-% of the metastable austenitic stainless steel EN 1.4318
(AISI 301 LN) and the stable austenitic stainless steel EN 1.4420 (AISI 316).

Material C Si Mn P S Cr Ni N Mo Fe

301 2B 0.023 0.48 1.19 0.030 0.0003 17.4 6.5 0.138 0.10 Bal.

301 2H
/ C850 0.017 0.50 1.27 0.027 0.0010 17.8 6.44 0.117 0.06 Bal.

316 2B 0.018 0.47 1.77 0.027 0.0020 20.3 8.6 0.180 0.64 Bal.
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Sample geometries used in the tensile tests a) with external heating, b) intermediate strain
rate tests, and c) high strain rate tension tests. All dimensions are in millimeters.

5.2 Mechanical testing

5.2.1 Low strain rates

For the lowest strain rates, up to 1 s-1, the materials were tested with a servo-
hydraulic universal testing machine Instron 8800 equipped with a 100 kN load cell.
The materials were tested mostly at room temperature, but the simulated adiabatic
heating experiments involved also external heating of the sample.

i. Experiments at room temperature

The tests at room temperature were performed using the hydraulic grips of the
machine. Figure 21 shows the test setup (the sample geometry for these tests is
shown in Figure 20b). The specimen strain was obtained with DIC.
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Setup for the low strain rate tests at room temperature: a) the universal testing machine,
b) sample mounted in the device, and c) an overview of the optical cameras for strain
measurements (in the front) and the thermal camera (in the back).
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ii. Simulated adiabatic heating experiments

The tests with continuous external heating required some modifications in the
regular experimental setup. Instead of using the hydraulic grips, the specimen was
fixed to custom-made pull rods with pins. The experiments in this test series were
performed inside an insulated environmental chamber (Figure 22a), including the
experiments conducted at room temperature. The chamber contained one set of
resistive heating elements fixed to an aluminum ring, as shown in Figure 22b. The
specimen was located in the center of the aluminum ring so that the six heating
elements heated the air surrounding it. A second set of resistive heating collars was
placed over the pull-rods holding the sample (Figure 22c). The set of heating
resistors attached to the aluminum ring and the second set of resistors mounted on
the pull-rods were controlled independently by two PID controllers. The
combination of the two resistor sets allowed accurate control of the specimen
temperature during the test. Thus, the temperature increase of a sample deforming
at adiabatic conditions in a high rate test could be experimentally reproduced in a
low rate test. The temperature of the sample in this “simulated” adiabatic heating
experiment was measured with 0.1 mm thick K-type thermocouples spot-welded on
the gage section of the specimen. The sample temperature was monitored at three
points: at the center and at the upper and lower parts of the gage section. The data
was recorded with an analog multilogger at a frequency of 1 Hz. Preliminary
measurements were done to evaluate the temperature gradients between the three
thermocouple locations. However, no significant differences were observed.

In this test series, the deformation of the specimen was measured with an
extensometer with a 6 mm gage length instead of DIC, since the sample was
enclosed in the insulated chamber. The metastable stainless steel 301 was tested at
room temperature at strain rates ranging from 2x10-4 s-1 (isothermal conditions) up
to 1 s-1 (adiabatic conditions). The temperature increase due to adiabatic heating at
the highest strain rate was estimated using Equation (10) with the following
parameters values: density 7900 Kg/m3, heat capacity 500 J/(Kg K), and Taylor-
Quinney coefficient 0.95. Then, the two PID controllers supplying power to the
heating resistors were programmed so that the temperature-strain history of the
sample tested at the low strain rate corresponded to the calculated temperature-strain
history of the high strain rate experiment. Thus, with this procedure the test at the
low strain rate had macroscopically similar thermal conditions as the high strain rate
(adiabatic) test. The heating was synchronized with the tensile deformation so that
the sample temperature started to increase immediately after the elastic part. Earlier,
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Setup for the low rate tests with external heating: a) load frame, insulated chamber
(composed of two parts attached via hinges on the back side) and PID controllers,
b) heating resistors on the aluminum ring (view on the left part of the heating chamber),
and c) the sample and the extensometer (view on the right part of the heating chamber)
and the annular heating resistors attached to the pull-rods below and above the specimen.
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Soltani carried out preliminary experiments using the same procedure on a stainless
steel 301 [107]. Also Kendall et al. [108] have previously used a similar approach for
the testing of polymer composites, demonstrating that it is possible to study the
behavior of the material at high strain rate adiabatic conditions by conducting low
strain rate experiments with continuous heating and proper control of the
temperature.

In addition to the tests carried out until sample fracture, some of the tests in the
series were interrupted at the strains of 0.05, 0.10, 0.15, 0.20, and before necking
(0.26). The purpose of these tests was to study in detail the differences in the
microstructures when testing was conducted at different strain rates at room
temperature and under quasi-static conditions with external heating. A detailed
description of the experimental setup and examples of the results can be found in
ref. [109].

5.2.2 Intermediate strain rate experiments

The tests at intermediate strain rates were carried out at the Dynamic Mechanics of
Materials Laboratory at The Ohio State University. Figure 23 shows a photograph
of the device. More technical details of the device can be found in ref. [60], and only
a brief description is given here. In this device, a fast hydraulic actuator loads the
specimen by pulling or pushing the piston at the speed defined by the user. As a
result, the piston generates a tensile or compressive pulse that transmits through the
specimen to the transmitted bar. The stress pulse is recorded by semiconductor
strain gages near the bar-specimen interface on the transmitted bar. The transmitted
bar is about 40 m long and made of stainless steel with a diameter of 22.23 mm. The
long transmitted bar allows the loading pulse to be recorded without any overlapping
with the pulse reflected back from the far end of the bar. The specimen is attached
to the hydraulic actuator and to the transmitted bar using sample holders. The
specimen is fixed to the sample holder with a pin through the hole in the grip area
of the sample (Figure 23b). The sample holders are connected via threads to the
piston of the actuator and to the bar. The piston of the actuator has a free motion
(“slack”) long enough for the actuator to reach a constant speed without causing any
prior deformation to the sample. The actuator can move at any desired constant
speed between 2 m/s and 5 m/s for a distance of 100 mm, which is right in between
the capabilities of the Instron 8800 universal testing machine and the Tensile Split
Hopkinson Bar.
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a) Test setup for intermediate strain rates at the Dynamic Mechanics of Materials
Laboratory of The Ohio State University, and b) high speed cameras for DIC and IR
thermography.

5.2.3 High strain rate experiments

The tests at high strain rates were carried out with a Tensile Split Hopkinson Bar
(Tensile SHB). This setup was designed and constructed at the Laboratory of
Materials Science of Tampere University of Technology (since 1.1.2019, Tampere
University). The setup consists of an incident bar, a transmitted bar, a striker, and a
shock absorber. The incident bar and the striker are made of a high strength steel
(AISI 4340), while the transmitted bar is made of an aluminum alloy (AA 2007). The
incident and transmitted bars have a length of 6000 and 3000 mm, respectively. The
length of the striker tube is 1600 mm. The bars are mounted on a rail that allows a
correct alignment of the bars to ensure uniaxial tensile loading of the sample. Both
bars have a 2 mm wide slit machined to the specimen end of the bar, to which the
sample is glued with Loctite 480 cyanoacrylate adhesive. As shown in Figure 8e and
Figure 24a, the incident bar has a flange machined at the free end. The striker is a
cylindrical tube, which is impacted to the flange of the incident bar to generate a
tensile pulse. The tensile pulse travels through the incident bar and is transmitted
through the sample to the transmitted bar. The resulting elastic strains in the bars
are measured with strain gages using Wheatstone half bridges. The signals from the
strain gages are amplified with Kyowa CDV-700A signal conditioners and recorded
with a Yokogawa DL708E digital oscilloscope. More technical details of the setup
can be found, for example, in ref. [2]. For the tests at high strain rates, the sample
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had a gage length of 8 mm and a gage width of 4 mm with the geometry shown in
Figure 20b.

In the strain rate jump tests performed in this thesis work, the sample initially
deforms at a low (quasi-static) strain rate. After reaching a certain user-defined
amount of deformation, the strain rate is instantaneously increased up to the dynamic
regime, reaching strain rates above 1000 s-1. Figure 24a shows a schematic picture of
the test setup. For further details the reader is referred to ref. [110]. This test
technique requires some modifications to the conventional Tensile SHB setup to
first carry out the low rate deformation of the specimen before commencing the
actual SHB test. These modifications include an electric motor for pulling the
incident bar with a mechanism connecting the pulling motor to the incident bar
(Figure 24b), the mechanisms to mount the specimen to the bars (Figure 24c), and
a clamping system in the transmitted bar preventing the bars from moving during
the low strain rate tensile test (Figure 24d).

As noted above, in conventional Tensile SHB testing the sample is attached to
the slits in the bars with a cyanoacrylate glue (Loctite 480). However, during the
quasi-static loading phase of the strain jump tests, the creep strength of the glue joint
is insufficient to carry the load. Therefore, in the jump test setup both the incident
and transmitted bars have a hole machined at 20 mm from the bar ends, and the
sample is attached mechanically to the bars with a bolt that passes through the holes
in the grip section of the sample (Figure 24c). The bolts are made of the same
material as the bars to minimize acoustic impedance mismatches. The bolts are
tightened to clamp the sample to the slits in the bars. In addition to the bolts, the

a) A schematic picture of the experimental setup for the strain rate jump tests, b) electric
motor, spindle, and shock absorber, c) the sample attached to the bars with bolts, and
d) transmitted bar clamping mechanism, adapted from [111].
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cyanoacrylate glue is still used in the slits similar to the regular tests. With this
method, the sample is fixed firmly to the bars so that sufficient load carrying capacity
is achieved and the mechanical disturbances during the high strain rate part of the
test are minimized.

The transmitted bar is clamped at the furthest possible distance from the sample
(Figure 24d) so that the clamp itself would not interfere with the stress pulses during
the measurement. The electric motor pulls the incident bar via spindle at a constant
speed, allowing deformation of the sample at strain rates as low as ~2x10-4 s-1 in the
Tensile SHB setup. The strain rate is suddenly increased by firing the striker tube as
in a normal Tensile SHB test. Finally, the quasi-static pulling mechanism collapses
in a controlled manner so that the momentum of the incident bar is absorbed by the
shock absorber at the end of the test.

Figure 25 shows an example of the bar strain gage signals for the strain rate jump
setup without and with quasi-static pre-straining. It is worth mentioning that with
this setup, the signal quality decreases slightly compared to a normal high strain rate
experiment. The high frequency oscillations increase in the beginning of the incident
pulse as well as in the reflected and transmitted pulses. The increased oscillations in
the incident pulse can be related to the slight distortion of the tensile wave generation
caused by the connecting bolt between the incident bar and the quasi-static pulling
system. However, the effect of these oscillations in the incident pulse quality was
considered negligible, since the oscillations are small compared to the overall
incident wave amplitude. The reflected and transmitted pulses are evidently affected
also by the bolts used to connect the sample to the stress bars. However, as noted
above, the bolts were necessary to ensure a sufficient load carrying capacity during
the low rate part of the test. It should, therefore, be noted that in the strain rate jump
tests the measurement accuracy is somewhat impaired during the initial stages of the
high rate loading because of the bolts used for attaching the specimen, when
compared to the measurement accuracy in the ‘ordinary’ tensile SHB tests where the
specimens are only glued to the bars [110]. In the strain rate jump tests, the strain
gage signals of both the incident and transmitted bars at the beginning of the
dynamic loading are above zero since the bars are already being quasi-statically
loaded. The exact moment for the strain rate jump is estimated from the transmitted
bar strain gage reading. For this, a quasi-static experiment at a constant low rate was
first carried out to establish the relationship between the amount of specimen
deformation (or strain) and the voltage reading of the transmitted strain gage. Then,
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the jump could be executed at the targeted amount of quasi-static pre-strain using
the transmitted strain gage reading as a manual trigger point.

Signals recorded from the incident and transmitted stress bars of the SHB jump setup
shown in Figure 24 a) in a test without pre-straining and b) in a test with low strain rate
pre-straining.

5.3 Full-field measurements

5.3.1 Optical imaging and Digital Image Correlation

The commercial Digital Image Correlation software DaVis8 and DaVis10 from
LaVision LTD were used to calculate the strains in the specimen. The image
acquisition was carried out with different camera and optical systems depending on
the test strain rate. In the following paragraphs, the cameras and the optics used for
the imaging of the specimen are described. The parameters used for the calculation
of the displacement vectors, such as subset size, step size, etc., are given in the results
section. Prior to each test, a high contrast speckle pattern was applied on the sample
surface using either a fine spray or a marker pen with a 0.4 mm tip, depending on
the resolution of the cameras.

· Low speed imaging: The tests at low strain rates (below 10-1 s-1) were
recorded using two 5 MPix (2456x2058 pixels) E-lite cameras with 100 mm
Tokina lenses. The same cameras were used with 200 mm Nikon lenses to
observe the quasi-static loading of the specimen in the strain rate jump tests.
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· Intermediate speed imaging: The tests at intermediate strain rates were
imaged using a Photron SA1.1 high-speed camera with a 180 mm lens. The
full resolution of this camera is 1024x1024, but the images during the tests
were cropped to1024x240 pixels to increase the acquisition rate to 20 kHz.
Only one camera was used in this setup, and thus only in-plane displacements
were calculated. In this case, a white base coat was applied on the sample
surface to increase the contrast of the speckle pattern made with black spray
paint. The setup is shown in Figure 23.

· High speed imaging: Photron SA-X2 high speed cameras with 100 mm
Tokina lenses were used for recording the images of the specimen in the
Tensile Split Hopkinson Bar experiments. These high-speed cameras have a
full resolution of 1024x1024 pixels, but the images were cropped down to the
resolution of 256x120 pixels to achieve acquisition rates up to 180 kHz.

· Imaging of the strain rate jump tests: The strain rate jump tests required
the use of two separate imaging systems, and the setup is shown in Figure 26.
One system recorded the images during the low strain rate loading, and the
other system the images during the high rate loading. Both systems have been
described above. There are slight differences in the imaging between the two
strain rate jump test series; in the first series the acquisition frame rate for the
high rate part was 180 kHz and two cameras were used, while for the second
series the frame rate was reduced to 90 kHz and only one camera was used.
Furthermore, the second test series included a high-speed infrared camera
recording the specimen from the opposite side to the optical camera. In
Series 1, two Decocool halogen lights were used during the entire test, while
in Series 2, cold LED lights were used to avoid any infrared radiation from
the light source. However, the very short exposure time needed in the high-
speed system (5 μs) required using two different light sources in Series 2. The
low strain rate part of the test was illuminated with one linear flash LED
illumination unit from LaVision, whereas Ultra-Bright LED modules from
Visual Instrumentation Corporation were used in the high frame-rate
imaging. In both test series, the strain was calculated with the same
procedure. In the beginning of each test, an image of the sample was acquired
with both low and high-speed systems prior to any deformation. This image
was used as a reference to calculate the strains in the subsequent images in
each system, i.e., the specimen strains calculated in the low and in the high
speed DIC analysis are related to the same initial state of the specimen. In
these tests, the engineering strain was first obtained from the E-Lite camera
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Camera setup for the full-field measurements in the strain rate jump tests: a) Series 1 and
b) Series 2.
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images until the strain rate jump, and then the remaining strain was calculated
from the Photron high-speed images. To combine the two strain datasets into
a full stress-strain plot, the strains had to be taken from the same physical
location of the specimen in both image sets. This was done by placing virtual
extensometers in the same location of the sample surface in both reference
images as carefully as possible. After obtaining the engineering strains for
both low and high rate parts of the test, the strains were converted to true
strains separately for both parts. Finally, the true strain-true stress data from
both parts of the test were combined to obtain the full stress-strain data.

5.3.2 Infrared thermography

The infrared images of the specimen were recorded with a high-speed thermal
camera. The infrared images provided the temperature data for a selected area on
the sample surface. Two different high-speed IR cameras were used in this work; the
experiments at the intermediate strain rates performed at the OSU were recorded
with a Telops Fast-IR-MFA-00083-101 camera, and the low and high strain rate
experiments performed at Tampere University were recorded with a Telops Fast-IR-
M2K camera. The acquisition frame rate and resolution of the images varied in
different tests. These details are provided later in the Results Section. For all tests,
the infrared camera was placed on the opposite side of the sample as the optical
cameras, thus the surface observed was the non-painted side of the sample. The
radiometric temperatures obtained with the infrared cameras were converted to the
true surface temperatures of the specimen. For the conversion, a test specimen was
externally heated with a hot plate, and the temperature was acquired with three
thermocouples attached to the surface. The hot plate was covered with aluminum
foil, except in the area where the specimen is placed to block the infrared radiation
coming from the hot plate and to avoid heating of the air between the specimen and
the camera. The heating and cooling of the specimen was recorded with the thermal
camera, which was placed above the specimen at the same distance as in the tests
and at approximately the same angle with respect to the normal of the sample
surface. The raw data acquired by the infrared camera was calibrated against the
readings of the thermocouples attached on the sample surface. The calibration was
performed with both infrared cameras for the two materials.
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5.3.3 Temporal and spatial synchronization of the full-field data

The temporal synchronization was achieved using a waveform generator to trigger
the cameras at the same time, so the optical and infrared images were taken
simultaneously. The schematic chain of events in the experiments and the data
acquisition is described in detail for the strain rate jump tests, as it includes the
procedure for the other test series involving infrared imaging:

- Take images of the two-side calibration plate with the three imaging systems
to perform the spatial calibration.

- Prior to the test: take the image of the specimen prior to loading with the
three imaging systems. Start the waveform generator to synchronize the
optical and thermal cameras for the high rate part of the test.

- Start the pulling device to load the specimen. The strain rate is in the order
of 10-4 s-1. The load is obtained from the strain gage signal mounted on the
transmitted bar. For the test Series 1 and 2, the load data was recorded on a
second oscilloscope, and on the DaVis system through an Analog Digital
Converter, respectively.

- After reaching the desired amount of deformation, the striker is launched to
perform the high rate part of the test, reaching strain rates above 1000 s-1.

- The data acquisition system is triggered when the incident stress pulse reaches
the strain gage. At that time, the optical and thermal cameras start recording
images at the selected frame rate simultaneously.

- A high-speed oscilloscope records the signals of:
o Strain gages on the incident bar.
o Strain gages on the transmitted bar.
o TTL pulse sent by the waveform generator to synchronize the two

sets of high-speed cameras.
o Output signal of the thermal camera, i.e., a TTL signal for each frame

acquisition event.
- The TTL pulses from the waveform generator and the output of the thermal

camera are recorded for checking the synchronization of the systems.
- The images were analyzed with the DaVis software to extract the full-field

data of strain and temperature. The data from the strain gages was analyzed
using a Matlab code.

The optical and infrared images were calibrated in the same coordinate system using
a two-sided calibration plate. For that purpose, the calibration plate was placed in
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the position of the specimen, and the calibration images were taken with the three
imaging systems. The DaVis10 software (LaVision Inc.) was used to transfer both
the visible and thermal images into the same spatial coordinate system.

The amount of plastic strain and temperature increase of the material are needed
for the calculation of the Taylor-Quinney coefficient. The set of thermal images
requires some processing to obtain the temperature increase in a specific location of
the sample, since the material coordinates change at every consecutive image. That
is, the unprocessed temperature data describes the temporal evolution of the
temperature at fixed pixel locations, whereas the subsequent analysis requires the
temperature evolution at specific sample points, which move during the test. In other
words, the temperature imaging gives the temperature of the specimen in Eulerian
coordinate system, but the strains are given in Lagrangian coordinates. The image
processing is illustrated in Figure 27 for a specimen after failure. Figure 27a and
Figure 27b show the unprocessed images from the optical and infrared cameras,
respectively. The displacement vectors obtained with DIC (Figure 27c) were applied
to the consecutive images to return the specimen to its original dimensions as in the
first image. This process is called image reconstruction. As a quality control of the
process, the image reconstruction was applied to the optical images (Figure 27d). In
the reconstructed optical images, the speckle pattern on the sample surface remained
practically unchanged through the consecutive images with respect to the reference
image, as expected. Since the optical and thermal data have the same spatial
coordinates (through the spatial calibration), the infrared images were deformed, i.e.,
reconstructed, following the same procedure (Figure 27e). After this step, the
temperature at any location can be related to the coordinates of the original
undeformed sample. The white arrows in Figure 27 emphasize the translation of the
failure point from the raw images to the reconstructed images for both optical and
infrared images.
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An example of the data processing of an image after final failure, where a) raw data from
the optical camera, b) raw data from the thermal camera, c) displacement vectors obtained
with DIC, d) image reconstruction applied to the optical image, and e) image
reconstruction applied to the thermal image.

5.4 Microstructural analysis

The microstructures of the metastable austenitic steel 301 specimens deformed in
the simulated adiabatic heating tests were characterized with the following methods:

i. Magnetic balance method

The ferromagnetic α’-martensite phase in an otherwise non-magnetic austenitic steel
can be detected non-destructively using the magnetic balance method [58]. In this
work, the fraction of α’-martensite in the samples was evaluated before and after
deformation with a test setup shown in Figure 28. In this method, a permanent
magnet attached to the sample surface is slowly pulled away and the force required
to detach the magnet is measured with a load cell. The measurements were
performed with a universal testing machine (Instron 5967) with a 5 N load cell. A
non-magnetic sample holder with two X-Y manipulators allowed positioning of the
sample precisely under the tip of the permanent magnet. The permanent magnet had
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a needle-like shape with a tip of 1.5 mm diameter. The force was measured in the
center of the gage section and in two more points near the center. Three repetitions
were done in each location and in general, the standard deviation of the force
measurements was less than 2%. Since the measured force depends on the absolute
amount of α’-martensite in the steel, i.e., not on the volume fraction, this method
requires calibration to convert the force value into the α’-martensite phase fraction.
In this work, the calibration was carried out at Outokumpu Inc. using Ferritoscope
and Satmagan measurements. Figure 29 shows the calibration curve used for the
magnetic balance measurements. The calibration can be considered linear up to 50%
of α’-martensite content, after which the force depends nonlinearly on the
α’-martensite volume fraction.

Experimental setup for the magnetic balance method; a) sample holder and X-Y
manipulators, and b) a close-up of the magnetic needle on a sample.

Calibration of the magnetic balance method.
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ii. EBSD

The microstructures of the specimens deformed in the simulated adiabatic heating
experiments were studied with electron backscattered diffraction (EBSD). The
EBSD data was collected using a field emission scanning electron microscope
(FESEM, ULTRAplus, Zeiss) equipped with an EBSD system (HKL Premium-F
Channel with Nordlys F400 detector, Oxford Instruments). The acceleration voltage
was 20 kV, the working distance 16 mm, the tilt angle 70 degrees, and the step size
0.2 μm. The gage section was cut from the tensile specimens with a laboratory
cutting machine and mounted in epoxy resin. Then the samples were ground,
electropolished with Struers A2 electrolyte, and carefully removed from the epoxy.
Before the EBSD measurements, the samples were plasma cleaned and mounted on
a SEM specimen holder. The EBSD analyses were performed on the surface parallel
to the loading direction, which corresponds to the horizontal direction in the EBSD
images presented in the Results chapter.
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6 RESULTS

This Chapter presents the key results of this thesis work, focusing on the metastable
austenitic stainless steel 301. The stable austenitic stainless steel 316 was used in
some of the tests as a reference material. More results, figures, and tabulated data are
provided in the attached articles. The Chapter starts with an overview of the
mechanical response of the materials in the 2B state at different strain rates. Then,
the determination of the Taylor-Quinney coefficient is presented, followed by the
results of the strain rate jump experiments. As the last part of the mechanical tests,
the results of the simulated adiabatic heating experiments, where the metastable steel
was tested in the 2H condition, are presented. The Chapter concludes with the
results of the microstructural analysis for the simulated adiabatic heating
experiments. As discussed in the theory, this work focuses on the α’-martensite and,
hereafter in this thesis, the phase transformation relates to α’-martensite unless
otherwise specified.

Figure 30 shows the true stress - true strain curves and the corresponding strain-
hardening rate curves for the metastable 301 and stable 316 steels in the 2B state.
The specimens were tested in uniaxial tension at strain rates ranging from 2.5x10-4 s-1

to 85 s-1. The true stress – true strain curves were calculated from the engineering
values until the end of uniform elongation, i.e., when the specimen reaches the
ultimate tensile strength (UTS). For both materials, the yield strength increases with
strain rate and the strain at which necking starts decreases with increasing strain rate.
Furthermore, the corresponding engineering curves showed that the UTS of the
AISI 301 steel decreases with increasing strain rate, revealing the strong negative
strain rate sensitivity at higher plastic strains typical for this material. The shape of
the stress strain curves is different for the two materials. For the metastable 301, the
shape of the stress-strain curve depends on the strain rate. At strain rates below
10-2 s-1, the stress-strain curve has a distinct S-shape and the flow stress starts to
increase faster at around 0.10 of true strain. Between the strains of 0.10 and 0.25, the
material strain hardens strongly. After that, the hardening rate starts to decrease, as
can be seen from the corresponding strain-hardening rate curve. Increase in the
strain rate reduces the strain hardening rate of the material, and the S-shape of the
stress-strain curve is reducing until it finally disappears at strain rates higher than
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10-1 s-1. Many scientists have studied this behavior, and the S-shape has been proved
to be the consequence of the martensitic phase transformation. Increasing strain rate
decreases the phase transformation rate, and consequently decreases the strain-
hardening rate of the material [12]. For the stable austenitic AISI 316, however, the
stress-strain curve is parabolic or almost linear at all studied strain rates, the flow
stress increases with increasing strain rate, and the shape of the stress-strain curve
and the corresponding strain-hardening rate remain constant.

True stress – true strain and strain hardening rate curves at the strain rates of 2.5×10-4 s-1,
10-3 s-1, 10-2 s-1, 10-1 s-1, and 85 s-1 for the a) metastable austenitic stainless steel 301-2B,
and b) stable austenitic stainless steel 316-2B. (Publication IV).

6.1 Adiabatic heating at intermediate strain rates

Figure 31 shows the strain and temperature maps of the metastable 301-2B steel
when the sample has been deformed at the strain rate of 85 s-1 until engineering
strains of 5%, 15%, 25%, and 38% (end of uniform elongation). The image shows
that the strain localization matches with the temperature localization on the sample
surface. The shear bands formed in the material are clearly visible in both the
temperature and strain maps, even though the images were obtained from the
opposite sides of the specimen. Similar shear band formation was observed also in
the strain and thermal data for the stable 316-2B steel. It therefore seems that the
sample is thin enough for the deformation and temperature to be uniform across the
thickness of the specimen.
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Full-field strain and temperature data for the metastable 301-2B steel deformed at the
strain rate of 85 s-1 to engineering strains of a) 5%, b) 15%, c) 25%, and d) 38%
(Publication IV).

The full-field temperature maps were used to evaluate whether the deformation of
the specimen was adiabatic or (quasi) isothermal at different strain rates. Figure 32
shows the full field temperature maps just before necking of the metastable 301-2B
steel specimens deformed at different strain rates ranging from 2.5x10-4 s-1 to 85 s-1.
The temperature increases evenly along the gage section in the specimens deformed
at the strain rate of 85 s-1, and no temperature increase is observed in the grip
sections. Therefore, at the strain rate of 85 s-1 and higher, it can be assumed that the
deformation is adiabatic and no heat is conducted from the gage section to the
surroundings. At the strain rate of 10-1 s-1, however, heat is transferred away from
the gage section to the grip sections of the specimen, which are not deforming
plastically. This heat transfer results in a temperature gradient along the gage section
from the center to the grip sections. Thus, it is evident that the specimen is not
deforming in fully adiabatic conditions and some heat is lost to the surroundings of
the specimen. Based on the infrared data, however, temperature increases uniformly
until necking in the area near the final failure point. Therefore, it can be assumed
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that adiabatic conditions are achieved locally near the center of the specimen, where
the failure occurs. This spatial location was used in the subsequent analysis for the
determination of the temperature increase (assuming adiabatic conditions). At lower
strain rates, the temperature increase is reduced as there is more time for the heat to
be transferred away from the gage section. At the strain rate of 2.5×10-4 s-1, the
temperature of the specimen remains constant along the gage section during the
uniform deformation of the sample. That is, the strain rate is so low that the heat
produced by the phase transformation and by the plastic work is transferred to the
surroundings and the specimen deforms at isothermal conditions.

Temperature maps just before necking of the metastable 301-2B steel specimens
deformed in tension at the strain rates of a) 85 s-1, b) 10-1 s-1, c) 10-2 s-1, and d) 2.5×10-4 s-1

(Publication IV).

The average temperature for each image frame was determined from a small area of
0.5 mm by 0.5 mm between the center of the gage section and the failure point.
Figure 33 shows the average temperature increase (ΔT) as a function of true plastic
strain at all studied strain rates for both materials in the 2B state. At the lowest strain
rate, 2.5×10-4 s-1, the temperature increase is zero during the test, as expected for an



65

isothermal test. At higher strain rates, the temperature increases with plastic strain.
For the metastable 301 steel (Figure 33a), increasing of the strain rate from quasi-
static conditions to 10-1 s-1 results in a larger measured temperature increase at all
plastic strains. Increasing of the strain rate from 10-1 s-1 to 85 s-1, in contrast, results
in a larger temperature increase only at strains lower than 0.12 of true strain. After
further deformation, however, the temperature increase at the strain rate of 85 s-1 is
smaller than the temperature increase at the strain rate of 10-1 s-1. At the strain rate
of 10-1 s-1, the temperature of the 301 steel increases fastest at around 0.25 of true
strain, which is about the same strain at which the strain hardening rate has its
maximum (Figure 30a).

Temperature increase (ΔT) as a function of the true plastic strain at strain rates ranging
from 2.5×10-4 s-1 to 103 s-1 for the a) metastable 301-2B steel and b) stable 316-2B steel
(Publication IV).

The Taylor-Quinney coefficient was calculated from the measured temperature
increase and plastic work done using Equation (11). Figure 34a shows the stress-
strain curves and the temperature increase used for the calculations of the measured
Taylor-Quinney coefficient, which is presented in Figure 34b as a function of strain
for both materials at the strain rates of 10-1 s-1 (dashed line) and 85 s-1 (solid line).
The calculation of the Taylor-Quinney coefficient can be significantly affected by
the noise-to-signal ratio of both mechanical and thermal data, especially at low strains
when both quantities are very small. Therefore, the calculation of the Taylor-
Quinney coefficient in this work starts at the true plastic strain of 0.07.
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a) Stress-strain curves and temperature increase as a function of true plastic strain for the
metastable 301-2B (red) and stable 316-2B (black) steels at the strain rates of 10-1 s-1

(dashed line) and 85 s-1 (solid line), and b) the corresponding measured Taylor-Quinney
coefficients as a function of true plastic strain. (Publication IV).

6.2 Strain rate jump experiments

Figure 35 shows an example of the waterfall plots obtained from the strain rate jump
tests, where the strain rate suddenly increases from 2x10-4 s-1 to above 103 s-1. The
waterfall plot shows the results for the metastable 301 steel in the 2B condition
where the strain rate jump occurred at 0.23 true plastic strain. Each curve of the
waterfall plot shows the strain distribution along the gage section of the specimen.
The strains are obtained from the images obtained during the high rate loading, i.e.,
after the jump. The time increments for each line are shown in the legend. The lowest
dashed line corresponds to the moment just before the jump, and the necking starts

Waterfall plot of the strain rate jump at 0.23 of plastic strain for the metastable 301 steel in
the 2B condition (Publication II).
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211 μs after the strain rate jump (indicated by the asterisk). As concluded in
Publication II, the deformation following the rapid increase in the strain rate is still
uniform along the gage length, and no unexpected strain localizations are observed
as a consequence of the jump. Both materials, the metastable 301-2B and the stable
316-2B steels, showed similar results and only the results of one test is presented
here for the sake of brevity. Therefore, the overall material response can be safely
analyzed from the obtained stress-strain plots.

Figure 36 shows the true stress-true strain curves and the strain hardening rate
for the strain rate jump tests for the metastable 301-2B steel (on the left) and the
stable 316-2B steel (on the right). Figure 36a and Figure 36b show the results for the
two materials at the constant strain rates of 2x10-4 s-1 and 1300 s-1. At the lower strain
rate, the stress-strain curve of the metastable 301 has the characteristic S-shape
accompanied by the pronounced increase of the strain hardening rate. At the higher
strain rate, both the S-shape of the stress-strain curve and the corresponding increase
in the strain hardening rate are no longer observed. The flow stress of the stable 316
increases with strain rate while the strain hardening rate is not much affected. The
following images in Figure 36 show the stress-strain and strain hardening curves for
the strain rate jumps at the pre-strains of 0.10 (c-d), 0.20 (e-f), and 0.30 (g-h). For
the metastable 301 steel, the sudden increase of strain rate lowers the strain
hardening rate when the jump occurs at the pre-strains of 0.20 and 0.30, but the
effect is very small if the jump occurs at the pre-strain of 0.1. In contrast, the strain
rate jump seems to have very little effect on the strain hardening rate of the stable
316 steel at any studied pre-strain.
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True stress - true strain curves and strain hardening rates of the metastable 301-2B steel
(on the left) and the stable 316-2B steel (on the right) at the constant strain rates of
2x10-4 s-1 and 1300 s-1 (a-b), and strain rate jumps at the true strain of 0.10 (c-d), at the
true strain of 0.20 (e-f), and at the true strain of 0.30 (g-h) (unpublished results).
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Figure 37 shows the strain and temperature increase during the high strain-rate
loading of the strain rate jump experiments for both the metastable 301-2B and
stable 316-2B steels. Each data point in Figure 37 corresponds to the data obtained
from a single image taken every 11 μs (i.e., at 90 kHz). The high rate loading starts
between the first two frames (frames zero and one), or between 0 μs and 11 μs in
Figure 37. The amount of pre-strain can be seen from the strain data in Figure 37a
and Figure 37b (i.e., the amount of strain at 0 μs). After the jump, the temperature
of the specimens increases first rather slowly, and after 55 μs the highest measured
temperature increase is 12 K. At this point, the true strain of the specimens has
increased by less than 0.05 mm/mm during the high rate loading. From Figure 37 it
is also evident that the temperature increase is faster in the experiments where the
strain rate jump occurs at larger plastic pre-strains, which is readily explainable by
the increased strength of the specimen due to work hardening and thus higher input
of mechanical energy into the specimen.

Strain and temperature increase with respect to time for a) the metastable 301-2B steel
and b) the stable 316-2B steel (unpublished results).
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6.3 Simulated adiabatic heating experiments

The simulated adiabatic heating experiments discussed in this Section were
performed on the AISI 301 steel with 2H finish (cold worked after the cold rolling
process for improved strength). Since the mechanical response of the material is
somewhat affected by its cold rolling state [12, 54], the results from the simulated
adiabatic heating tests were compared with the results obtained for a steel with the
same finish (2H). Figure 38a shows the true stress - true strain curves at the strain
rates of 2x10-4 s-1, 1 s-1, and 1400 s-1 at room temperature, and at 2x10-4 s-1 with the
external heating simulating the thermal conditions from adiabatic heating. Figure 38b
is a close-up of a selected region of the stress-strain curves obtained at the lowest
and highest strain rates tested at room temperature and the curve obtained from the
simulated adiabatic heating experiment. The corresponding strain hardening rates
are shown in Figure 38c. Increasing strain rate increases the yield strength of the
metastable 301-2H steel but decreases its ultimate tensile strength, similar to the
results obtained for 301-2B shown in Figure 30a. Increasing strain rate also reduces
the strain hardening rate of the material (Figure 38c).

The sample tested at the quasi-static strain rate (2x10-4 s-1) was continuously
heated during the test to reproduce the temperature increase caused by the adiabatic
heating taking place at higher strain rates. Figure 38d shows the stress-strain curve
for the low strain rate test with continuous external heating. The target heating rate
was calculated from the tension tests carried out at the strain rates of 1 s-1 and
1400 s-1. The calculated temperature increase as a function of plastic strain was
almost the same for both strain rates. The temperature increase was calculated
assuming a Taylor-Quinney coefficient of 0.95, a value that overestimates the results
shown in the previous Section. These experiments, however, were carried out before
the infrared camera results were available, and therefore a conservative
approximation was used. Nevertheless, the temperature of the specimen in the
simulated heating experiments was measured during the test, and the measured
temperature was approximately 5 degrees below the calculated target temperature.
At the strain rate of 2x10-4 s-1, the stress-strain curve of the specimen tested with the
external heating is very similar to that of the specimen tested at constant room
temperature (Figure 38b). Also, the strain hardening curves overlap until a true strain
of about 0.08 (Figure 38c). Thus, the mechanical response is very similar for the
specimens deforming at the same strain rate but at different thermal conditions,
which is expected since the temperature increase is still very modest at the early
stages of the deformation. The temperature increase is only less than 10 K. After the
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a) b)

c) d)

a) Stress strain curves for the AISI 301-2H steel at three strain rates at room temperature
and at the strain rate of 2x10-4 s-1 with continuously increasing external heating, b) close-
up of the stress-strain curves for the lowest and the highest strain rates, c) the strain
hardening rates calculated from the curves in a), and d) stress-strain curve at the strain
rate of 2x10-4 s-1 with continuously increasing external heating, the measured temperature
increase of the specimen, and the calculated temperature increase of the specimen
deformed at the strain rates of 1 s 1 and 1400 s-1 (Publications I and III).

strain of 0.08, both the flow stress and the strain hardening rate of the specimen with
simulated heating starts to notably diverge from the specimen tested at the same
strain rate but at constant room temperature. Further deformation of the specimen
results in clear differences in the mechanical behavior of the two specimens
deforming at different thermal conditions. The gap between the two flow stress
curves increases, and the strength of the heated sample is lower than the strength of
the specimen deforming at constant room temperature. Furthermore, the strain
hardening rate of both samples reaches the maximum at about 0.10 of true strain,
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but the maximum strain hardening rate of the heated sample is lower than that of
the specimen deforming at constant room temperature. However, the strain
hardening rate of the heated sample tested at 2x10-4 s-1 is clearly higher than that of
the specimen deformed at the strain rate of 1 s-1 or 1400 s-1, even though the samples
were subjected to similar macroscopic thermal conditions.

6.4 Microstructural analysis

The microstructural analysis was performed on the metastable 301-2H steel. Some
tensile tests were stopped after a predetermined amount of strain, and the
microstructure of the specimen was analyzed with the magnetic balance method and
EBSD. The microstructural analysis was performed on specimens deformed at
different strain rates and thermal conditions.

Figure 39 shows the α’-martensite content measured with the magnetic balance
method. The as-received material contains less than 5% of martensite that was
formed during the cold rolling of the steel sheet. In the samples tested at room
temperature, increasing strain rate results in a decreasing formation of α’-martensite
at all plastic strain levels. The evolution of the martensite content is also different
for the samples tested with and without external heating at the quasi-static strain rate
of 2x10-4 s-1. As seen in Figure 39, external heating of the specimen reduces the
amount of forming martensite, but not to the same extent as seen in the tests
conducted at the higher strain rates.

α’-martensite content as a function of true strain at different testing conditions in the
metastable 301-2H steel (Publications I and III).
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A literature survey confirms that the α’-martensite volume fraction of austenite
containing steels as a function of strain typically follows an S-shaped curve [3, 7, 12].
The S-shaped curve usually has a linear part near the inflexion point. For the
metastable austenitic stainless steel studied in this work, the linear section was
observed between the plastic strains of 0.10 and 0.26, where the fraction of the
α’-martensite was approximated to a linear function. Table 3 shows the slopes of the
linear trendlines fitted to the data shown in Figure 39 at plastic strains between 0.1
and 0.26.

Table 3 Average phase transformation rates between the true plastic strains of 0.10 and 0.26
(Publication III).

Test conditions [ % / [mm/mm]]

2x10-4 s-1 without external heating 278

2x10-4 s-1 with external heating 220

1 s-1 at room temperature 143

1400 s-1 at room temperature 167

Electron backscatter diffraction (EBSD) measurements were used to provide
quantitative evidence of the microstructural evolution of the specimens and to
explain the observed differences in the phase transformation rates. Figure 40 shows
the austenite phase identified from the EBSD analysis of the samples deformed to
the true strain of 0.10 at different strain rates and thermal conditions. Figure 41
shows the corresponding EBSD maps for the martensitic phase, which complements
the previous images. The blue lines in the maps correspond to the identified σ-3
boundaries (twin boundaries). A considerable amount of thermal twinning has
occurred during the austenitization of the steel, as can be seen from the orientation
map of the as-received specimens (Figure 40e and Figure 41e). The as-received
material shows also some α’-martensite laths, which most likely had formed during
the final cold working after cold rolling of the material (in the 2H finish, the material
is not annealed after the final cold working). The small amount of α’-martensite
found in the EBSD analysis in the as-received samples is not significant compared
to the deformation-induced phase transformation observed even at the early stages
of straining. The amount of α’-martensite decreases with increasing strain rate
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EBSD images showing the IPF ND colored austenite phase overlaid on the band contrast
background for a) true strain of 0.10 at 2x10-4 s-1 without heating, b) true strain of 0.10 at
2x10-4 s-1 with external heating, c) true strain of 0.10 at 1 s-1, d) true strain of 0.12 at
1400 s-1, e) as received material, f) color key for the IPF orientation coloring (Publication
III).

(Figures 40a, c and d), i.e., the phase transformation rate is decreased, as shown also
by the magnetic balance measurements. Furthermore, the external heating during the
tensile test at the strain rate of 2x10-4 s-1 decreases the phase transformation rate
(Figure 40a and Figure 40b). For all samples, the results from the EBSD analysis are
in good qualitative accordance with the magnetic balance measurements.

Based on the presented EBSD measurements, the block and packet structures of
α’-martensite were investigated in the specimens deformed to around 0.10 true strain
in the above discussed four conditions. Publication III explains in detail the
procedure for obtaining the block and packet structures, and for the sake of brevity,
only the results are presented here. A detailed description of the method and the
Matlab algorithm used for the data processing are also available in the recent
literature [112, 113]. In short, the orientation pixels indexed as FCC and BCC phases
in the EBSD orientation maps were identified as austenite and α’-martensite,
respectively. The original structure prior to the phase transformation could be
deduced from the orientations of the detected austenite and α’-martensite grains and
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EBSD images showing the IPF ND colored α’-martensite phase overlaid on the band
contrast background for a) true strain of 0.10 at 2x10-4 s-1 without heating, b) true strain of
0.10 at 2x10-4 s-1 with heating, c) true strain of 0.10 at 1 s-1, d) true strain of 0.12 at
1400 s-1, e) as received material. The color key for IPF orientation coloring is the same as
in Figure 40 (Publication III).

the known austenite-martensite orientation relationships, which were further refined
based on the misorientations observed between austenite and transformed
martensite. The misorientations between transformed martensitic variants were then
analyzed to determine whether the neighboring variants shared the same habit plane,
i.e. whether they belonged to the same martensitic packet. In other words, it was
analyzed whether the transformation takes place in several habit planes within a
single austenite grain, or whether only one habit plane per grain is preferred for the
nucleation.

The preferred variant combination in the studied steel is a V1/V2 (see
Publication III, Table 3) type combination, irrespective of the testing conditions.
There is a clear increase in the packet boundaries with a decrease in the strain rate
from 1400 s-1 and 1 s-1 to 2x10-4 s-1 without heating. This increase is an indication of
the activation of α’-martensite nucleation on another habit plane in the same prior
austenite grain at the lower strain rates. When the external heating is applied at a
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strain rate of 2x10-4 s-1, the fraction of the packet boundaries similarly decreases
compared to the sample tested at the strain rate of 2x10-4 s-1 without heating
(although to a lesser extent), indicating that the α’-martensite primarily nucleates
along the preferred habit plane. These observations are in line with the observed
mechanical behavior and the microstructural analysis showing the general decline in
the amount of α’-martensite when increased strain rate or external heating are
applied.
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7 DISCUSSION

By considering all the experimental results and observations on the microstructural
evolution of austenitic stainless steels, it is possible to evaluate how the deformation-
induced phase transformations are reflected in the adiabatic heating, strain hardening
rate, and measured Taylor-Quinney coefficient of the studied materials. Or the other
way around, how the adiabatic heating and strain rate affect the phase transformation
rate and the corresponding material properties and mechanical behavior. The latter
one can be discussed from the thermodynamics point of view, but also by addressing
the kinetics of the phase transformation and the nucleation of α’-martensite. The
following discussion summarizes the findings of this work and addresses the
questions mentioned above.

How is the α’-martensitic phase transformation reflected in the adiabatic heating and in the
Taylor-Quinney coefficient of the studied stainless steels?

For the metastable stainless steel EN 1.4318 in the 2B state (AISI 301LN-2B),
the phase transformation rate is highest at true strains around 0.25. When the
transformation rate is highest, the heat release from the phase transformation
contributes notably to the temperature increase. Increasing the strain rate reduces
the phase transformation rate and, for example, the maximum value of the strain
hardening rate is smaller at the strain rate of 85 s-1 than at 10-1 s-1. This indicates that
the martensite transformation rate at the strain rate of 85 s-1 is lower than that at
10-1 s-1. Therefore, the specimen can actually heat up more at lower strain rates as is
the case in Figure 33a on page 65. For the stable stainless steel (316-2B steel) (Figure
33b), the temperature increase is always higher for the higher strain rate at any given
strain. Contrary to the metastable 301 steel, there are no phase transformations (or
only very little) in the stable austenitic stainless steel, and the heating of the specimen
is only due to the mechanical work.

The measured Taylor-Quinney coefficients for both materials are below 0.9,
which is the typical literature value that has been widely used for most metals [12,
21, 22, 25, 26, 55]. At the strain rate of 85 s-1, the Taylor-Quinney coefficient of the
stable 316 steel increases from 0.50 at 0.1 true plastic strain to about 0.57 throughout
the uniform elongation (Figure 34b on page 66). The coefficient does not seem to
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depend strongly on the amount of strain. The measured Taylor-Quinney coefficient
of the metastable steel, on the other hand, has a minimum value of 0.69 at 0.10 true
plastic strain and increases up to 0.82 at the end of the uniform elongation. As can
be deduced from the strain hardening curves (Figure 30a), the phase transformation
rate is lower at the strain rate of 85 s-1 compared to the lower strain rates. The stress-
strain curve of the metastable 301 steel at the strain rate of 85 s-1 has an almost linear
shape similar to what is observed for the stable 316 steel. At the strain rate of 85 s-1,
the measured Taylor-Quinney coefficient increases similarly with strain for both
steels, although the measured Taylor-Quinney coefficient of the metastable 301 steel
is higher at all strains. In principle, a higher value of the Taylor-Quinney coefficient
means that more mechanical energy is converted to heat in the metastable 301 steel
than in the stable 316 steel. Decreasing the strain rate down to 10-1 s-1 seems to have
almost no effect on the measured Taylor-Quinney coefficient of the stable 316 steel.
Both the amount of plastic work and the temperature increase are smaller at the
strain rate of 10-1 s-1 than at the strain rate of 85 s-1 (Figure 34), and therefore the
Taylor-Quinney coefficient, or the ratio of the energy converted to heat and the
energy used for mechanical work, remains constant. For the metastable 301 steel, in
contrast, the measured Taylor-Quinney coefficient at the strain rate of 10-1 s-1

increases from 0.71 at true plastic strain of 0.10 to a maximum of 0.95 at 0.25 true
plastic strain. At larger strains, the measured Taylor-Quinney coefficient decreases
slightly reaching 0.91 just before necking. The strain at which the measured
Taylor-Quinney coefficient reaches its maximum (Figure 34b) corresponds to the
strain where the strain hardening rate (Figure 30a) and the phase transformation rate
are at maximum [12]. At the strain rate of 10-1 s-1, both steels have similar values of
flow stress (Figure 34a dashed lines), while the metastable 301 steel releases much
more heat. The heat release from the phase transformation could cause the higher
temperature increase in the 301 steel, adding to the total heat release within the
material. At present, the heat released by the exothermic phase transformation
cannot be distinguished from the heat generated by the dislocation motion. Thus, if
determined in the way described above, the value of the measured Taylor-Quinney
coefficient in a metastable material depends on the total heat generation as a
consequence of external loading, i.e., on the direct conversion of the external work
to heat as well as the heat generated by the martensitic transformation ‘catalyzed’ by
the external energy. As a result, the measured Taylor-Quinney coefficient could even
exceed the value of 1, thus exceeding the amount of plastic work done to the
material. For this reason, it could be asked if for materials with exothermic (or
endothermic) deformation-induced reactions (or transformations) the original
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definition of Taylor-Quinney coefficient, i.e., ‘the amount of the total mechanical
work which is converted to heat [23]’, is fulfilled, or should the obtained value be
called something else, such as the ‘apparent’ Taylor-Quinney coefficient’ ?

How does the phase transformation affect the material’s strain rate sensitivity and response to a
sudden change in strain rate?

The strain-hardening rate of the 301 steel at higher strain rates is significantly
lower than that observed at lower strain rates (Figure 36a). The strain rate sensitivity
of strain hardening of the metastable steel is therefore clearly negative. The
difference in the material response at the two strain rates is so significant that the
flow stress of the material at large plastic strains is higher in the low strain rate tests
than in the high strain rate tests, i.e., also the strain rate sensitivity of the flow stress
of the 301 steel becomes negative at higher strains. The stable 316 stainless steel
(Figure 36b), on the other hand, does not undergo a phase transformation and shows
the same strain hardening rate at both strain rates. According to Hecker et al. [9] and
Talonen [48], the strong increase in the strain-hardening rate of the 301 steel (also
seen in Figure 36) after approximately 0.15 at low strain rates can be explained by
the increased martensitic phase transformation rate. Based on the current opinion in
the literature [9, 10, 12, 26, 48, 114–116], the adiabatic heating during the high strain
rate deformation stabilizes the austenite and reduces the phase transformation rate,
resulting in a lower strain hardening rate.

The phase transformation and strain hardening rates of the 301 stainless steel
have been observed to decrease immediately after a sudden increase of the strain rate
[51, 117]. In this work, the strain rate jump at 0.10 caused an immediate increase in
the flow stress to approximately the same level as in the monotonic high strain rate
experiment. The strain hardening rate decreases as well to a level close to what is
observed in the monotonic high rate tests. This behavior is expected since the
microstructure of the specimen at 0.10 pre-strain is still mostly austenitic [26, 48, 51,
117]. The change in the strain hardening rate following the jump at 0.10 pre-strain,
however, is not very large as also the strain hardening rates in the monotonic high
and low strain rate experiments are still rather similar at 0.10 plastic strain. However,
in the jump test at the pre-strains of 0.20 and 0.30, the flow stress again increases
but the decrease in the strain-hardening rate is now significant. The additional strain
hardening caused by the phase transformation during low strain rate deformation
decreases (or even disappears) immediately after the strain rate jump. As mentioned
before, this could be argued to be caused by the adiabatic heating during the high
rate loading. However, the bulk temperature increases gradually and rather slowly
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after the strain rate jump, as shown in Figure 37. The temperature of the specimen
increases a maximum of 12 K during the first 0.05 true strain after the jump (Figure
37a). However, the strain hardening rate decreases significatively immediately after
the jump, and therefore it is difficult to believe that the observed very small change
in the bulk temperature of the specimen could cause such a dramatic change in the
observed strain hardening rate.

How is the phase transformation affected by the adiabatic heating and by the strain rate?
The overall thermal softening effect caused by the adiabatic heating and the

consequent increased thermal activation of the dislocation motion cannot explain all
the observed differences in the mechanical response of the metastable stainless steel.
As seen in the simulated adiabatic heating experiments (Figure 38d on page 71), the
temperature of the specimen after 10% of high-rate plastic deformation has
increased only by about 15-20 °C. The temperature increase is very small compared
to the melting temperature of the steel, but still the strain hardening rate and overall
strength at larger plastic strains drop significantly with increasing strain rate (Figure
38b and 38c). The most likely explanation to the decreasing strength and strain
hardening rate are the changes in the thermodynamics of the phase transformation
during the deformation. In fact, the Md temperature (see Figure 3 on page 15) of the
material is only slightly above room temperature, and therefore even a modest
increase in the specimen temperature can have a strong effect on the phase
transformation rate [48]. However, as shown in Figure 38c, external heating of the
specimen for simulating the adiabatic conditions of a specimen deformed at a low
strain rate does not lead to similar strain-hardening behavior as observed in the
specimens tested at high strain rates. This indicates that other strain-rate dependent
effects might also be present in addition to the adiabatic heating. A cautionary
remark should, however, be made; the results and discussion presented here are
based on macroscopic material heating, i.e., the possible effects of adiabatic heating
at the grain level cannot be reproduced with the current tests.

Even though in terms of the flow stress the stress-strain curves measured at
2x10-4 s-1 with and without external heating (Figure 38 on page 71) seem to coincide
at the true strain of 0.08, there are notable differences in the strain hardening rates
(slope of the stress-strain curve) after this point. It is clearly seen that the addition
of external heating in the low strain rate experiment has only a minor effect when
compared to the room temperature curve, whereas increasing the strain rate
decreases the strain hardening rate. It is pointed out that the instantaneous flow
stress of a material is a function of the microstructure and microstructural
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deformation mechanisms, i.e., the type and amount of obstacles to dislocation glide,
thermal activation kinetics, etc., whereas the strain hardening rate depends on the
way the microstructure evolves during plastic deformation. The strain hardening rate
is influenced by many factors, and currently no straightforward relationship between
the strain hardening rate and the phase transformation rate can be shown. However,
it is reasonable to assume that the most important microstructural changes, in this
case the changing volume fractions of the austenite and α’-martensite phases, are
responsible for the observed differences in the strain hardening rates in the tests at
different strain rates and/or thermal conditions.

The phase transformation rates were measured using the magnetic balance
method for specimens deformed at different strain rates and thermal conditions. The
results are presented in Table 3 on page 73. At strains between 0.1 and 0.26, external
heating of the specimen decreases the phase transformation rate by approximately
21% with respect to the sample tested at room temperature. However, increasing of
the strain rate by four orders of magnitude (from 2x10-4 s-1 with heating to 1 s-1)
while keeping the macroscopic thermal evolution the same decreases the
transformation rate by 35%. Comparing of the phase transformation rate at the
strain rate 2x10-4 s-1 without heating to the one observed at 1 s-1 corresponds to a
change in both the strain rate and the thermal conditions. In this case, an
approximately 50% reduction in the phase transformation rate is observed. Based
on these measurements, however, it is still unclear what kind of relationship could
properly describe the α’-martensite formation rate as a function of plastic strain,
strain rate, and temperature. Nevertheless, these results show quantitatively that the
strain rate itself, and not only the adiabatic heating, has a strong effect on the phase
transformation rate. The results also show that the effects of strain rate and
temperature can be uncoupled, and with further work a fundamental quantitative
description of the complex dependence of the phase fractions on the loading
conditions and amount of strain could be generated.

What is the thermodynamic effect of adiabatic heating on the stability of austenite?
The mechanisms controlling and affecting the plastic deformation can change

depending on the Stacking Fault Energy of the material (SFE), which again depends,
among other things, on temperature. The prevailing mechanism controlling plasticity
depends on the stacking fault energy in the following manner:

SFE (phase transformation) < SFE (twinning) < SFE (dislocation glide)

which means that with increasing temperature, the mechanisms that control the
plastic deformation can change from stress/strain induced phase transformations to
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mechanical twinning and finally to slip of perfect dislocations at high SFE. Curtze et
al. [38] developed a model based on thermodynamics to calculate the SFE of
austenitic steels as a function of temperature and chemical composition. In the
experiments that were carried out in this thesis, the temperature change (increase) of
the material is quite small. However, the consequent change in the SFE needs to be
evaluated. The room temperature stacking fault energy of the studied metastable
steel calculated using the model developed by Curtze et al. [38] is 20.7 mJ/mm2.
Figure 42 on page 83 shows how the SFE changes as a function of strain due to
adiabatic temperature increase calculated from the stress-strain response at the strain
rates of 1 s-1 and 1400 s-1. The temperature increase was calculated assuming a
Taylor-Quinney coefficient of 0.95 and, therefore, the SFE values are slightly
overestimated, giving a conservative value of the increase in SFE. In the tension
experiments at 2x10-4 s-1 with external heating and in the test at 1 s-1, the stacking
fault energy reaches just above 30 mJ/mm2 before necking. In the test at the highest
strain rate (1400 s-1), the SFE at necking is around 35 mJ/mm2. The higher stacking
fault energy could support mechanical twinning instead of the martensitic
transformation. However, no extensive twinning was observed in the EBSD studies
carried out for the specimens deformed to the true strain of 0.10 (Figure 40 and
Figure 41). However, twinning may commence at higher strains than the ones
studied in this work. Furthermore, phase transformation from austenite to
α’-martensite during uniform deformation was observed in all samples. Therefore, it
can be concluded that the increase of the stacking fault energy up to 30 mJ/mm2

does not suppress the phase transformation completely, but only reduces the phase
transformation rate. It is highly likely that there is no exact threshold value for the
stacking fault energy at which the austenite becomes completely stable and only
twinning will occur. Or more precisely, the bulk stacking fault energy may not
describe the situation at the microstructural level, where segregation and other local
effects may change the chemical composition locally. Therefore, the change from
one microplastic deformation mechanism to another occurs gradually and likely
locally in the microstructure. The increasing temperature and the consequently
increasing stacking fault energy, as well as the increasing strain rate all reduce the
phase transformation rate. However, the effect of the stacking fault energy is weaker
compared to the effect of the strain rate at small strains. At small strains, the
temperature of the specimen has not yet increased too much because of adiabatic
heating. The active deformation mechanisms, including twinning, phase
transformation and dislocation glide, and their relative strengths are influenced also
directly by the strain rate. At higher strain rates, the reduced thermal activation and
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the drag effects coming into play make the dislocation glide increasingly more
difficult, whereas the stress required for twinning is not so much influenced by the
strain rate [118]. Therefore, twinning can become even easier than dislocation glide
at high strain rates at low plastic strains even when the adiabatic heating has not yet
raised the temperature and the stacking fault energy of the material too much.

a)  b)

True stress vs. true strain curves for adiabatic conditions and the corresponding stacking
fault energy as a function of strain for a) strain rate of 1 s-1 and b) strain rate of 1400 s-1

(Publication III).

The above discussion focuses on the thermodynamic aspects of the phase
transformation. However, at least as important are the kinetics of the martensitic
phase transformation. The quantification of the kinetics and especially the driving
force of the phase transformation can be divided into mechanical and chemical
driving forces [39, 119]. For the studied metastable steel, the SFE, however, has the
strongest effect in the lower temperature region. According to Talonen et al. [42],
this holds true at least up to 80°C, which was the highest studied temperature in his
work. There is enough chemical driving force even at 80°C for the phase
transformation to occur. Furthermore, the nucleation of the near-BCC martensite in
this steel happens through repeated nucleation of martensite embryos [120] and it is
known to be connected to partial dislocation activity (stacking faults, microtwins and
ɛ-martensite) [10, 39, 42, 121]. It is, therefore, very likely that the strain rate itself
affects the nucleation process, for example by increasing the required stress for the
partial dislocation glide in the shear band intersections, which is required for the
martensite nucleation. It is also possible that at higher strain rates the adiabatic
heating in the microstructure increases the temperature of the material locally
focusing on certain suitable martensite nucleation sites. The local heating could
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prevent further nucleation of the martensite embryos at those locations, which
would in isothermal conditions be otherwise favorable. This view is supported by
the fact that martensite tends to form in clusters via repeated nucleation near the
previously nucleated martensite laths, and that strain induced martensitic
transformation is exothermic and involves local heat release and local dislocation
activity. These factors could favor the formation of local “hot spots” near the newly
formed martensite. The experimental verification of this hypothesis is challenging,
and so far only preliminary simulations have been carried out [122]. The work
presented in this manuscript is the first step in the direction of quantifying the effects
of strain rate on the phase transformation kinetics, and substantial studies including
in-situ characterization of microstructures and micromechanical simulations are
required to reach full understanding of the problem.



85

8 SUMMARY AND RESEARCH QUESTIONS
REVISITED

The aim of this thesis was to develop experimental methods to characterize and
analyze the strain rate dependent mechanical behavior and the strain induced
martensitic transformation of metastable austenitic steels. Prior to this work, the
general opinion in the literature has been that the changes observed in the phase
transformation rate during high strain rate deformation are due to adiabatic heating
effects only. However, there are preliminary experimental results that cannot be
adequately explained by the adiabatic heating effects alone, for example [2, 51]. Thus,
the driving hypothesis of this thesis is that the strain rate influences also directly the
strain induced martensitic phase transformation. The work carried out in this thesis
focuses on the quantitative measurement of the individual effects of strain rate and
adiabatic heating on the strain induced phase transformation.

This thesis is based on the mechanical characterization of metastable and stable
austenitic steels at broad range of strain rates using various experimental methods.
Most of the experiments were carried out at room temperature, but some
experiments were also carried out at a continuously increasing temperature,
simulating the adiabatic temperature rise observed in high strain-rate tests in low
strain rate experiments that would otherwise be isothermal. Strain rate jump tests
were also carried out at different amounts of plastic pre-strain. In these tests the
strain rate was very rapidly increased by several orders of magnitude. During the
mechanical tests, optical and infrared high-speed photography was used to
characterize the local deformation and local adiabatic heating of the specimen. From
this data, the Taylor-Quinney coefficient was calculated and used to evaluate the
contribution of the phase transformation to the adiabatic heating of the steel. In
addition, the microstructures of the deformed samples were characterized by using
a magnetic balance method to evaluate the macroscopic α’-martensite/austenite
phase fractions. Electron Back-Scatter Diffraction analysis and parent austenite grain
reconstruction, in turn, were used to evaluate the effects of the adiabatic heating and
strain rate on the nucleation of the strain induced martensite.
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The novel contributions of this work can be summarized as follows:

1. New methodology was applied to experimentally separate the direct strain rate
and adiabatic heating effects. The method is based on the external heating of the
specimen during a low strain rate test so that the macroscopic temperature
evolution of the specimen is similar to an adiabatic high strain rate test. This
method requires a good estimate or a measurement of the adiabatic heating of
the material during high strain rate loading, as well as precise control of the
specimen temperature during the low rate test. The experiments carried out with
this method show that the strain hardening rate in the low strain rate external
heating test is somewhat lower, but still relatively close, to the strain hardening
rate observed in the low rate isothermal test. That is, the notable decrease in the
strain hardening rate with increasing strain rate cannot be reproduced with
external heating of the material during low rate deformation. Thus, based on
these results, one can claim that the bulk adiabatic heating alone cannot fully
explain the effect of strain rate on the strain hardening behavior of the test
material.

2. Characterization of the microstructural evolution was carried out for specimens
deformed at a wide range of loading conditions including low strain rates (with
and without external heating), intermediate strain rates, and high strain rates. The
bulk α’-martensite volume fraction was measured with the magnetic balance
method, whereas the α’-martensite formation at the microlevel was analyzed with
electron back scatter diffraction. The microstructural characterization data was
supplemented with a numerical reconstruction of the original parent austenite
structures, as well as with thermodynamic stacking fault energy calculations.
Based on the results, it can be said that the phase transformation rate depends
strongly on both the strain rate and adiabatic heating. However, the
thermodynamic calculations reveal only a modest change in the stacking fault
energy due to adiabatic heating. Therefore, all observations cannot be explained
by the adiabatic heating and the change in the stacking fault energy. The analysis
of the electron back scatter diffraction data with the parent austenite
reconstruction algorithm revealed that the strain rate itself has a clear effect on
the martensite nucleation. Therefore, the observed changes in the phase
transformation rate are explained by a combination of strain rate and adiabatic
heating effects, which affect both the thermodynamics and kinetics of the strain
induced α’-martensite transformation.
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3. The Taylor-Quinney coefficients of stainless steels at intermediate and high strain
rates were measured using high-speed visible light and infrared cameras. The
current setup and data analysis allow the strain and thermal fields on the specimen
to be analyzed simultaneously. Shear bands in the specimen can be observed in
both the strain and temperature fields. This indicates that good spatial and
temporal synchronization is obtained between the two measurement techniques.
With the presented full-field temperature measurements, it can be determined
whether the sample is tested under fully adiabatic conditions or not. This allows
a distinction to be made as to whether the Taylor-Quinney coefficient can be
determined with the simple analysis of adiabatic heating conditions or whether
the heat transfer through the sample and to its surroundings has to be accounted
for. This work focuses on strain rates involving fully adiabatic deformation
conditions (i.e., at and above 10-1 s-1), while the determination of the Taylor-
Quinney coefficient at lower strain rates is left for future studies.

4. High speed imaging was used to observe the material behavior and specimen
heating in a sudden change of strain rate from quasi-static (isothermal) to dynamic
strain rate (adiabatic). The strain rate jump experiments were carried out with a
modified Tensile Split Hopkinson Bar setup. The stress-strains curves for the
jump tests show a clear effect of the sudden strain rate increase on the strain
hardening behavior of the material. The deformation of the sample remains
uniform within the gage section following the sudden increase of strain rate. This
shows that the test method is feasible for analyzing material plasticity in tension,
and especially for evaluating the instantaneous strain rate sensitivity of the
material. Infrared thermography was used to evaluate the temperature increase
after the sudden increase of strain rate. The results show that the temperature
increases gradually after the jump. Further deformation of 0.05 true strain after
the jump results in a maximum temperature increase of 12 K. The strain
hardening rate decreases immediately after the strain rate jump. It is argued that
the measured bulk temperature increase due to adiabatic heating is not sufficient
to explain the decrease in the strain hardening rate.
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In Chapter 2, four specific research questions were presented for this thesis. Most
of the aspects regarding the questions have already been answered and discussed in
the previous Chapters, but to formally fulfill the requirements for the doctoral
dissertation, each research question is once more revisited and answered in the
following:

1. Is it possible to uncouple the effects of strain rate and adiabatic heating
on the α’-martensitic phase transformation?

The effects of strain rate and adiabatic heating on the strain induced martensitic
phase transformation can be uncoupled. The results of this thesis show that the
effects can be qualitatively uncoupled with well-designed experiments. However, the
exact quantification or physical modeling of the effects still requires more work. The
main contribution of this thesis is the extensive mechanical and microstructural
characterization of the adiabatic heating and the phase transformation rate at
different loading conditions. From these results it can be concluded that strain rate
itself definitely has a measurable effect on the phase transformation rate. The
discussion related to this topic presents two hypotheses that should be explored in
more details to find out what is the true physical reason for the observed changes in
the nucleation behavior of the martensite. This, however, requires in-situ
observations of the phase transformation during high rate loading. If such a
measurement can be carried out, it would be possible to distinguish whether the
nucleation of the martensite and the local adiabatic heating together induce too much
heating locally, or if the phase transformation is inhibited by other strain rate effects,
such as reduced thermal activation.

2. What is the effect of strain rate on the α’-martensitic phase
transformation?

Increasing strain rate lowers the bulk phase transformation rate. At low strain rates,
the α’-martensite nucleates in both preferred and second most favorable variants of
the parent austenite grains, whereas at higher strain rates the nucleation favors the
preferred variant only. Both increasing strain rate and increasing temperature
decrease the fraction of packet boundaries, although the effect of strain rate seems
to be stronger. The nucleation of the martensite is a very local phenomenon, and
therefore it is somewhat difficult to judge from the macroscopic or bulk
measurements what is the exact quantitative effect of strain rate on the phase
transformation. It is possible that the strain rate affects the dislocation slip near the
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nucleation sites, i.e., stacking faults, shear bands etc., and therefore the strain rate
alters the local mechanical driving force for the strain-induced phase transformation.
This, however, remains speculative as the results in this thesis cannot verify nor
disprove the hypothesis. Further experimental and numerical research is therefore
required at the microscale of the material.

3. What is the effect of adiabatic heating on the α’-martensitic phase
transformation?

Adiabatic heating changes the temperature and stacking fault energy of the material.
However, it was demonstrated in this work that the effect of bulk heating on the
phase transformation is modest. The bulk stacking fault energy does not change
dramatically due to the adiabatic heating in tension (before necking), and this alone
cannot explain the observed changes in the bulk phase transformation rate. The
research concerning the effects of the adiabatic heating should next address the local
heating at the grain level. As noted above, it should be quantitatively determined,
whether localized heating near the nucleation sites is notably higher than the bulk
heating and can thus change the local thermodynamic balance of the material.

4. What is the value of the Taylor-Quinney coefficient during plastic
deformation of a metastable austenitic stainless steel?

In principle, the Taylor-Quinney coefficient describes how much of the plastic work
is converted to heat and how much is stored in the material as permanent changes.
However, this classical interpretation is challenged if the system has more heat
sources than only the plastic work. The exothermic phase transformation generates
excess heat during the deformation, which affects the material temperature during
adiabatic deformation. This fact affects the measured or ‘apparent’ Taylor-Quinney
coefficient, which does not distinguish between the different heat sources within the
material. For the studied steels, the value of the measured Taylor-Quinney
coefficient increases with plastic strain, and the values are clearly below the
traditionally assumed 0.9. The measured Taylor-Quinney coefficient for the stable
austenitic steel AISI 316 is significantly lower than the corresponding value for the
metastable austenitic steel AISI 301. If it is assumed that the evolution of the
microstructure in both steels, AISI 316 and AISI 301, is quite similar except for the
phase transformation taking place in the metastable steel AISI 301, it can be
concluded that the differences in the measured Taylor-Quinney coefficient are
caused by the exothermic phase transformation taking place in the metastable
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material. The measured Taylor-Quinney coefficients of the stable steel varies
between 0.5 and 0.6 for all studied strain rates, whereas the measured Taylor-
Quinney coefficient of the metastable steel varies between approximately 0.7 and
0.95, depending notably on the strain and strain rate. Therefore, the phase
transformation appears to have a substantial effect on the measured Taylor-Quinney
coefficient.
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ABSTRACT 

The mechanical behavior of metastable austenitic stainless steels is strongly influenced by the strain induced phase 
transformation of austenite into martensite. The phase transformation rate is significantly affected by the strain rate and by the 
adiabatic heating at higher strain rates. Uncoupling of the effects of strain rate and adiabatic heating can lead to a better 
understanding of the strain-induced martensitic transformation and allow more accurate material modeling. This paper presents 
a preliminary analysis of the effects of adiabatic heating during a tensile test. The adiabatic heating as a function of strain was 
calculated from the stress-strain curves obtained in adiabatic conditions. Then the tensile tests were carried out at a lower strain 
rate while continuously heating the specimen at the same rate as obtained in the adiabatic conditions. With this method, the 
thermal conditions of the adiabatic tests were reproduced in the low rate conditions, which would normally be isothermal 
without the external heating. The martensite fraction was evaluated using the magnetic balance method. In this paper, we 
present a detailed description of the experimental procedure and discuss the observed changes in the mechanical behavior and 
microstructure of the studied steel. 

Keywords: stainless steel, adiabatic heating, martensite transformation, metastable austenite, magnetic balance method 

 

INTRODUCTION 

The successful product development in the steel industry is strongly linked with a proper understanding of the microplastic 
deformation mechanisms of the material. Many applications require materials with optimal mechanical properties, such as high 
strength, good weldability, good corrosion resistance, and good formability. To obtain the desired properties, many modern 
steels have multiphase microstructures so that a suitable mixture of the mechanical properties of the different phases in the 
steel fulfills the overall requirements. However, some microstructures can undergo phase transformations due to the elastic and 
plastic deformations. These microstructures are often very complex and their behavior usually changes significantly during the 
deformation as the phase fractions evolve.  

In recent years, many researchers have focused their attention on the phase transformations in austenite containing steels. Xu 
et al. [1] and Huang et al. [2] studied the effects of heat treatments and cold rolling reductions on the mechanical behavior of 
different steels. These studies focused on the effects of the initial microstructures and processing parameters on certain 
properties. However, their work did not provide many details on the microplastic deformation mechanisms and the 
microstructural changes during the deformation. Therefore, further investigations are needed to understand the microplasticity 
and its mechanisms, which depend on many factors including local chemical composition, temperature, amount of deformation, 



and strain rate. Regarding the strain rate, it has been shown by Hecker et al. [3] that higher strain rates result in less martensite 
formation. Moreover, lower deformation temperatures enhance the martensitic phase transformations. This can be explained 
by the thermodynamics of the transformation, as the driving force for the phase transformation is higher at lower temperatures. 
Significant adiabatic heating occurs usually at strain rates above ~0.5 s-1  [4], when the heat induced by the plastic deformation 
cannot dissipate fast enough from the material into the surroundings and, therefore, the temperature of the material increases. 
However, many scientists [3-7] have suggested that also the strain rate could have a direct effect on the martensitic 
transformation rate. Hokka [8] demonstrated that the phase transformation rates in the quasi-static conditions are different from 
those in the dynamic conditions even at small plastic strains. Furthermore, Isakov [9] discovered that the strain hardening rate 
after a strain rate jump from quasi-static to dynamic conditions decreases instantaneously following the jump. These two studies 
indicate that the phase transformation rate changes already at very low strains where the adiabatic heating has not yet increased 
the temperature of the material notably. 

The temperature change can be estimated from the stress-strain curves using the Taylor-Quinney coefficient. This coefficient 
describes the fraction of the energy applied to the material that is converted into heat, as well as the amount of energy that is 
permanently stored in the (defect) structure of the material. However, the formation of martensite is an exothermal process. 
Thus, the temperature increases also due to the phase transformation itself, not only because of the plastic deformation. 
Consequently, the temperature increase produced by the phase transformation is complex and difficult to estimate precisely 
during high strain rate deformation. Moreover, Rusinek et al. [10] investigated the effect of adiabatic heating and concluded 
that the Taylor-Quiney coefficient varies with plastic deformation between 0.82 and 1.00, implying that the fraction of 
mechanical energy converted into heat changes during the deformation process of the material.  

The aforementioned studies were qualitative and demonstrated that the martensitic phase transformation rate is influenced by 
both adiabatic heating and the strain rate. However, more work is needed to understand the true effects of strain rate and 
adiabatic heating on the micromechanisms of plastic deformation and martensitic transformation in austenitic stainless steels. 
Therefore, this work presents an experimental method for uncoupling the effects of adiabatic heating from the effects of strain 
rate on the mechanical behavior of the metastable austenitic steel EN 1.4318 using a tensile test with continuous heating. The 
preliminary results presented in this paper give good examples of how the described experiments can help to deepen the 
understanding of the effects of deformation induced phase transformations in this material.  

 

EXPERIMENTAL PROCEDURE 

The test material is a metastable austenitic stainless steel EN 1.4318 (AISI 301LN) manufactured and supplied by Outokumpu 
Stainless. Table 1 shows the chemical composition of the material. The samples were laser cut from a cold rolled (2H/C850) 
sheet with a thickness of 2 mm. Fig. 1 describes the geometry of the specimens used in the mechanical testing, where RD is 
the rolling direction. 

Table 1 Chemical composition of EN 1.4318 in wt-% 

C Cr Ni Mn Si Cu N Co Mo P S Fe 
0,017 17,8 6,44 1,27 0,5 0,18 0,117 0,08 0,06 0,027 0,001 Bal 

 

 

Fig. 1 Geometry of the sample used in the tensile tests. The dimensions are in mm 

 



The material was tested at room temperature at the strain rates of 2x10-4 s-1, 10-2 s-1, and 1 s-1. The tests at the lowest strain rate 
are essentially isothermal, the tests at 10-2 s-1 are quasi-isothermal and the temperature change is modest, while the tests at the 
highest strain rate are more or less adiabatic. The increase of the specimen temperature during the high strain rate test was 
estimated using Equation 1: 

 ∆𝑇 (ԑ) =  
1

𝜌 ·  𝑐
 ∫ 𝛽𝑇  𝜎  𝑑𝜀𝑝 (1) 

 

where  = 7.9 Kg/m3 and c = 500 J/(Kg K) are the density and the heat capacity of the material, respectively, ΔT is the 
temperature increase, and is the Taylor-Quiney coefficient, for which a value of 0.95 was used. Finally, the data obtained 
from Equation 1 (temperature increase vs. strain) was used to estimate a target heating rate for a low strain rate test with 
continuous heating. With this heating rate, the test at the low strain rate had macroscopically similar thermal conditions as the 
high strain rate (adiabatic) test. The heating was synchronized with the tensile test so that the sample temperature starts to 
increase immediately after the elastic part. Kendall et al. [11] have previously used a similar approach for testing polymer 
composites, demonstrating that it is possible to simulate the performance of the material at high strain rate adiabatic conditions 
by conducting low strain rate experiments with continuous heating and proper control of the temperature. 

The low strain rate tests were carried out with and without the continuous heating to various final strains. Fig. 2 shows the 
experimental equipment used in this study. The tests were performed using an Instron 8800 servohydraulic machine with a load 
cell of 100 kN (Fig. 2a). The hydraulic grips of the Instron were replaced with pull rods where the sample could be mounted 
with pins (Fig. 2c). An extensometer with a gage length of 6 mm was used to measure the deformation. 

   

Fig. 2 Equipment used in the tensile tests: a) servohydraulic testing machine Instron 8800 with an insulated heating chamber 
and PID controllers; b) aluminum ring with the heating resistors, c) heating resistors mounted on the pull rods with the 

sample and the extensometer ready for a test 

The tests with the continuous heating were carried out inside an insulated chamber (Fig. 2a). In the chamber, the sample was 
heated by two sets of heating resistors, which were independently controlled and heated to match the calculated heating rate of 
the specimen. The first set of resistors (Fig. 2b) was fixed to an aluminum ring holding six individual resistors at a fixed distance 
around the specimen. The temperature of the resistors was adjusted by a Eurotherm 2208 PID controller. The annular resistors 
(Fig. 2c) were placed on the pull-rods and controlled by a Eurotherm 2408 PID controller. The temperature of the sample was 
measured with 0.1 mm thick K-type thermocouples spot-welded on the gauge section of the specimen. The temperature was 
monitored at three points: the center and the upper and lower parts of the gage section. The data was recorded with a multilogger 
at a frequency of 1 Hz. Preliminary measurements were done to evaluate the temperature gradients between the three 
thermocouple locations. However, no significant differences were observed.  

A magnetic balance method was used to evaluate the martensitic phase fractions after the deformation. This method relies on 
measuring the force required to detach a permanent magnet from the sample [12]. In this study, the permanent magnet was a 
needle with a tip diameter of 1.5 mm. The martensite fractions were measured using an Instron 5967 machine with a load cell 



of 5N. The setup is shown in Fig. 3. The sample was placed on a non-magnetic sample holder, and two x-y manipulators (Fig. 
3a) were used to position the sample so that the magnetic needle was pointing exactly to the area under examination. The load 
cell measured the force required to detach the magnetic needle from the sample surface, when the actuator frame was moving 
upwards away from the sample (Fig. 3b). The force was measured at three locations along the gage section to check whether 
the martensite phase fractions were homogeneous. The magnetic scale method requires a calibration to convert the force values 
into martensite phase fractions. In this work, the calibration was obtained with a Ferritoscope and Satmagan measurements 
carried out at Outokumpu Inc. The calibration values are presented in Fig. 4. A linear calibration between the martensite fraction 
and the magnetic force can be used up to 50% martensite content, while above this a nonlinear calibration is required. 

  

Fig. 3 Experimental setup for the magnetic balance method; a) sample holder and the x-y manipulators, and b) a close-up of 
the magnetic needle 

  

Fig. 4 Calibration used for the magnetic balance method 

 

RESULTS AND DISCUSSION 

Fig. 5 shows the true stress - true strain curves for the austenitic stainless steel EN 1.4318 at three different strain rates of    
2x10-4 s-1, 10-2 s-1, and 1 s-1, as well as the corresponding strain hardening rates. At the lowest strain rate (isothermal), the 
material has a yield strength of 610 MPa. As the strain rate is increased to 1x10-2 s-1 and 1 s-1, the yield strength reaches             
640 MPa and 720 MPa, respectively. In contrast, the ultimate tensile strength decreases as the strain rate increases (Fig. 5a). A 
very interesting feature in these plots is the shape of the curve, which differs from a standard ductile material curve at the 
beginning of the plastic regime. The rapid hardening that starts after about 8% of plastic strain is due to the phase transformation 
occurring in the material. The phase transformation induces a change in the mechanical properties of the material, especially 
in the strain hardening rate and consequently the strain rate sensitivity at higher plastic strains. According to previous studies 
[7], the phase transformation rate from austenite to martensite decreases with increasing strain rate due to the adiabatic heating 
and, therefore, the strength of the material decreases as well. This behavior can be more clearly analyzed from the strain 
hardening rates (Fig. 5b), where the strain hardening rate decreases with increasing strain rate because the adiabatic heating 
slows down the phase transformation rate.  



  

Fig. 5 Results of the tensile tests at three different strain rates at room temperature; a) stress-strain curves, and b) strain 
hardening rates 

Fig. 6 shows the true stress – true strain curve for the sample tested at the strain rate of 2x10-4 s-1 with the external heating, the 
measured temperature of the sample, and the target temperature, which was calculated using Equation 1 based on the stress-
strain data obtained at the strain rate of 1 s-1 (presented in Fig. 5). As can be seen in Fig. 6, the material temperature resulting 
from the external heating is very close to the target temperature, having a maximum difference of approximately five degrees. 
For all strains, the actual measured temperature of the specimen is either the same or lower than the target temperature. 

 

Fig. 6 Stress-strain curve obtained at the strain rate of 2x10-4 s-1 with external heating, and the target and measured specimen 
temperatures 

Fig. 7a shows the stress - strain curve with the continuous heating at the strain rate of 2x10-4 s-1 and the stress - strain curves at 
room temperature at the strain rates of 2x10-4 s-1, 1x10-2 s-1, and 1 s-1. The corresponding strain hardening rate curves are 
presented in Fig. 7b. It can be clearly seen that up to 10% of true strain the sample with the continuous heating has a similar 
stress-strain response as the sample tested at the same strain rate at room temperature, which is expected since the difference 
in the material temperature between the specimens is only modest at this stage. It is also noteworthy that after 10% strain the 
strain hardening rate of the externally heated material is clearly higher than that of the material deforming in the adiabatic 
conditions (strain rate 1 s-1). In fact, the external heating in the low rate conditions seems to have only relatively small influence 
on the strain hardening rate. The overall strain-hardening behavior of the sample with the continuous heating is relatively close 
to that observed at the strain rate of 10-1 s-1, but notably different from that of the strain rate 1 s-1, which was the basis of the 
heating calculations. The thermal softening effect through increased thermal activation of dislocation motion cannot explain 
all the observed differences in the mechanical response. The temperature of the specimen at 10% of plastic strain has increased 
only by about 15-20 °C, which is very little compared to the melting temperature of the steel. Furthermore, at higher strain 
rates the dynamic recovery of dislocations is typically reduced leading to a higher hardening rate. This is also not evident in 
the stress - strain curves. Therefore, the most likely explanation to the observed changes are the changes in the phase 
transformation kinetics during the deformation. In fact, the Md temperature of the material is only slightly above room 
temperature, and therefore even a modest increase in the specimen temperature can have a strong effect on the phase 
transformation rate. However, as shown in Fig. 7b, the considerable external heating subjected to the material does not lead to 
similar strain-hardening behavior as observed in the adiabatic deformation conditions. This indicates that there might be also 



other strain-rate dependent effects present in addition to adiabatic heating. A cautioning remark should, however, be made; the 
tests presented here are based on macroscopic material heating, i.e., the possible effects of adiabatic material heating in the 
grain level cannot be reproduced with the current tests. 

  

Fig. 7 Results of the tensile tests with and without continuous heating a) the true stress – true strain curves, and b) the strain 
hardening rates 

Table 2 shows the results of the magnetic balance measurements. The as-received material contains some martensite that had 
formed already during cold rolling, and therefore the magnetic force obtained for the as-received sample is not zero. The phase 
fractions measured from the sample deformed at the strain rate of 2x10-4 s-1 with the continuous heating were compared with 
the phase fractions measured from the sample deformed at the same strain rate at room temperature. The sample tested with 
the continuous heating was deformed up to 21% of true strain. Unfortunately, reaching exactly the same amount of true 
deformation in a test was challenging and the samples had somewhat different amounts of deformation. However, the measured 
phase fractions are considerably different, which clearly indicates that the phase transformation rate in the room temperature 
test is much higher. Moreover, two tests with external heating were carried out at the strain rate of 2x10-4 s-1 to the final 
deformations of 10% and 16%, corresponding to the maximum strain hardening rate and the downward slope following the 
peak value.  At 10% of deformation, the martensite phase fractions are 45% and 51% for the samples with and without the 
heating, respectively. This is in agreement with the stress-strain behavior shown in Fig. 7. The phase fractions evolve during 
the next 6% of deformation, and the martensite fraction increases to 60% in the sample deformed with the continuous heating. 
However, further deformation from 16% to 21% of strain increases the martensite fraction only to about 65%. The phase 
transformation rate is clearly decreasing, which is also evident in the hardening rate that decreases rapidly after 10% of 
deformation. However, the hardening rate has a fairly constant downward slope between the maximum and the end of the test 
at 21%. Based on the magnetic balance measurements, the phase transformation rate decreases similarly to the strain hardening 
rate. The hardening rate is influenced by other factors as well, such as increased thermal activation and dynamic recovery, both 
of which decrease the hardening rate, and therefore the decrease in the hardening rate does not correspond exactly to the phase 
transformation rate. In fact, if one estimates the slope of the hardening rate vs. strain plot after the maximum value, the slopes 
are quite similar for all stress strain curves, whereas the upward slopes are significantly different for all cases. Therefore, it 
seems that the microstructural changes that occur before approximately 15% have the strongest effect on the macroscopic 
behavior of the material. 

Table 2 Results of the magnetic balance measurements 

Strain rate  True strain Thermal conditions Magnetic force (N) Martensite fraction 
- (as-received 0 %) - 0.0484 < 5 % 

2x10-4 (s-1) 10 % Adiabatic heating simulated 
from the test at 1 s-1 

0.455 ~45 % 

2x10-4 (s-1) 10 % Room temperature 0.514 ~51 % 
2x10-4 (s-1) 16 % Adiabatic heating simulated 

from the test at 1 s-1 
0.585 ~60 % 

2x10-4 (s-1) 21 % Adiabatic heating simulated 
from the test at 1 s-1 

0.604 ~65 % 

2x10-4 (s-1) 26 % Room temperature 0.723 ~100 % 



CONCLUSIONS 

This work presents an experimental method for evaluating the effects of adiabatic heating on the mechanical behavior and 
microstructural changes of a metastable austenitic stainless steel. The mechanical behavior of the studied material is strongly 
affected by the strain rates that involve adiabatic heating, which affects the phase transformation rate. The method used in this 
work allows experimental simulation of the adiabatic heating produced in a high strain rate test by applying the same heating 
rate in a low strain rate test. The results show that the low strain rate hardening behavior of the studied steel in a tensile test 
with external heating is between the observed isothermal and adiabatic mechanical behavior of the material. The 
characterization of the phase fractions with the magnetic scale method shows that the external heating in a low strain rate test 
somewhat decreases the martensitic phase transformation rate in the microstructure. It is noteworthy that based on the 
preliminary results presented in this paper, adiabatic heating alone cannot fully explain the effect of strain rate on the hardening 
behavior of the test material. There exists, therefore, clearly a need for future research on the topic. 
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Abstract. This paper presents an improved experimental setup for high strain rate testing based on 
the modified Tensile Hopkinson Split Bar device developed previously at TUT. The test setup can 
be used to study the effects of a sudden large change in the strain rate on the stress flow of the 
material. The setup allows deforming the sample at a low rate and at isothermal conditions before 
the high rate loading. During the strain rate jump, the deformation rate is rapidly increased by 
approximately six orders of magnitude. In this work, the low and high rate deformation of the 
specimen was recorded with a combination of low and high-speed digital cameras and analyzed 
using the Digital Image Correlation technique. The measurement provides information about the 
effects of the strain rate jump on the macroscopic response of the material and allows accurate 
observation of the deformation of the sample just before, during, and immediately after the strain 
rate jump, when the conditions change from isothermal to adiabatic. In this paper, we present the 
results for a metastable austenitic stainless steel and discuss the effects of the strain rate jump on the 
strain-hardening rate, compare the experimental results with numerical results from a 
thermomechanical model, and evaluate the effects of the preceding deformation at a low strain rate 
on the strain localization. We conclude that the strain rate jump results in a clear decrease in the 
strain-hardening rate, the deformation following the jump is uniform along the gauge section, and 
that the strain localization is not significantly affected by the strain rate or the amount of pre-strain 
in the studied conditions.

1 Introduction  
Various requirements set by the modern society demand 
the steel industry to improve the properties of steels. 
This includes higher ductility and stronger strain 
hardening capability. However, these goals are difficult 
to reach with simple materials and microstructures, and 
structures that are more complex are therefore being 
developed. For example, the metastable austenitic 
stainless steels produce a good combination of ductility 
and strength with the help of martensitic phase 
transformation. The phase transformation has a strong 
effect on the mechanical properties of the steels, but it 
also increases the material’s temperature and strain rate 
sensitivities.  

Many scientists [1-5] have focused their efforts on 
explaining the effects of the martensitic phase 
transformation on the resulting microstructure and 
mechanical properties at a wide range of strain rates. The 
strain rate, temperature, and adiabatic heating influence 
the active microplastic mechanisms that govern the 
overall mechanical behavior and plasticity of the steel. 
Higher strain rates typically slow down the formation of 
martensite. In the literature [6-10], this behavior is 

typically explained by the adiabatic heating of the 
material at higher strain rates. Most of the recent work 
involves testing only at constant strain rates and studying 
the mechanical properties and microstructural changes 
only after the deformation. In contrast, Ghosh [11], and 
Klepaczko and Chiem [12] highlighted the importance of 
the deformation history on the material response. In 
general, the overall strain rate sensitivity includes both 
the instantaneous and the evolutionary effects of the 
loading rate on the material behavior. Materials 
undergoing a phase transformation have a microstructure 
that evolves considerably during plastic deformation, 
and therefore it is crucial to distinguish between the two 
above mentioned loading rate effects. Following this 
approach, Isakov et al. [13] performed strain rate jump 
experiments on a metastable austenitic stainless steel, 
and observed that both the strain-hardening rate and the 
phase transformation rate decreased instantaneously after 
the jump. Furthermore, a monotonous low strain rate test 
revealed a notable increase in the strain-hardening rate at 
around 0.15 of true strain, in comparison with the high 
strain rate test, where the strain-hardening rate was more 
or less constant with respect to the amount of strain. The 
martensitic phase transformations occurring after 0.15 of 
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true strain become crucial for the material hardening. 
Thus, analyzing the material behavior around that 
amount of strain can reveal meaningful information 
regarding the martensitic phase transformation. 

Isakov et al. [14] also developed a phenomenological 
material model that describes the strain rate dependent 
plasticity of this material. This model predicts the flow 
stress of the material while the deformation is uniform, 
i.e., until the strain starts to localize. The strain 
localization and neck formation are also interesting 
features of the material behavior. However, the 
evaluation of post necking behavior is difficult since the 
simple equations for uniaxial stress-strain testing are no 
longer valid. The equations assume that the specimen 
gauge section is deforming uniformly and under one-
dimensional stress state, which no longer holds when the 
specimen necks. Furthermore, localized deformation 
within the neck cannot be easily measured with 
traditional techniques. Digital Image Correlation allows 
overcoming some of those issues. This technique is 
becoming a standard practice in experimental mechanics, 
and it enables the evaluation of the full field deformation 
and strains on the sample surface during the entire test, 
including the neck formation. 

This work aims to deepen the understanding of the 
effects of strain rate on the martensitic phase 
transformation and the overall mechanical behavior of 
metastable austenitic stainless steels. Tensile tests were 
performed at both constant strain rate and with a sudden 
increase of strain rate after a certain pre-strain. The 
monotonous low strain rate results show an increase in 
the strain-hardening rate at around 0.15 true strain that 
does not occur in the monotonous high strain rate tests. 
The increase in the strain-hardening rate is caused by the 
martensitic phase transformation. Based on these results, 
the strain rate jumps were performed at the pre-strains of 
0.10 and 0.23 of true strain, corresponding to the 
beginning and the end of the strong phase transformation 
period observed in the low rate results.  

2 Experiments and methods

2.1 Material

The designation of the material tested in this work is EN 
1.4318-2B, which is a metastable austenitic stainless 
steel provided by Outokumpu Stainless LTD 
(composition: Cr = 17.4%, Ni = 6.7%, Mn = 1.18%,     

Si = 0.38%, N = 0.151%, C = 0.022%, Fe = bal.). The 
samples were laser-cut from a 2 mm thick sheet. The 
width of the gauge section of the specimens was 4 mm, 
the length was 8 mm, and the fillet or shoulder radius 
was 2 mm. The speckle patterns for the digital image 
correlation were painted with a permanent marker 
directly on the sample surface without using any base 
coat. 

2.2 Testing equipment

The tests were performed using the modified Tensile 
Hopkinson Split Bar (TSHB) device previously 
developed at Tampere University of Technology. The 
setup comprises a tension SHB device combined with a 
low speed screw-driven actuator device. An electric 
motor pulls the incident bar at a constant speed, while 
the far end of the transmitted bar is clamped. Thus, the 
sample can be deformed at a low strain rate (~2x10-4         

s-1) before the high strain rate loading (~103 s-1). The 
high strain rate part of the test is carried out normally at 
any desired moment by impacting a striker tube against 
the flange machined at the end of the incident bar. Figure 
1 shows a schematic picture of the setup. For further 
details, see ref. [15]. 

The deformation of the sample was analyzed by two 
separate Digital Image Correlation setups. The low strain 
rate part of the test was observed by two 5 MPix E-lite 
cameras with 200 mm Nikon lenses, while the high 
strain rate part of the test was imaged using two Photron 
SA-X2 high speed cameras with 100 mm Tokina lenses. 
The images were recorded at 1fps to cover the low strain 
rate part of the loading, and at 180 kfps to cover the high 
strain rate loading. The size of the obtained images 
during the low strain rate loading was 2456x2058 pixels, 
whereas significantly lower resolution images of 
256x120 pixels were obtained during the high rate 
loading. The recorded images were analyzed using the 
LaVision StrainMaster (DaVis) 3D-DIC software. The 
low strain rate tests were analyzed using a subset size of 
55 pixels and a step size of 27 pixels, whereas the high 
strain rate tests were analyzed with a subset size of 11 
pixels and a step size of 5 pixels. 

The strain was calculated by comparing the deformed 
images to the non-deformed images. The reference 
image was taken prior to loading of the sample with all 
four cameras. 

A 5 mm virtual extensometer was used to obtain the 
engineering strain on the sample gauge section in the 

Fig. 1. A schematic picture of the experimental setup.



3

EPJ Web of Conferences 183, 02026 (2018) https://doi.org/10.1051/epjconf/201818302026
DYMAT 2018

loading direction. The position of the extensometer 
becomes crucial for the samples involving a strain rate 
jump, as there are two sets of image data for the strain. 
Therefore, the virtual extensometer for the high speed 
DIC was placed as close to the same position as possible 
as in the low speed DIC reference image. As a result, 
both low and high rate data can be taken to refer to the 
same reference condition. Then, the engineering strains 
were converted to true strains for the low and the high 
strain rate parts of the test before combining the true 
strain and true stress data for the complete jump tests. 
The necking behavior was analyzed by evaluating the 
longitudinal strain along a horizontal line where the 
extensometers were placed. 

2.3 Material model

The predictions of the model developed by Isakov et al. 
[14] were compared with the experimental results of the 
monotonous and jump test experiments. A short 
summary of the model is first presented in the following. 

The model relies on both instantaneous and 
evolutionary effects contributing to the flow stress (σY) 
of the material as shown in Equation 1: 

σY = σth + σa  (1) 

The thermal component (σth) corresponds to the 
instantaneous strain rate and temperature sensitivities of 
the material, i.e., the response of the material to a sudden 
change of strain rate and/or temperature at a constant 
microstructure. The athermal component (σa) describes 
the flow stress of the material at reference conditions, 
i.e., the material properties in the static regime. 
However, this flow stress component is also dependent 
on the strain rate and temperature through its evolution 
equations. Those equations reflect the temperature and 
strain rate dependence of the microstructure evolution 
during deformation. This is mathematically shown in
Equations 2 and 3, where f α’ is the volume fraction of 
martensite and dεpl is the increment in plastic strain. The 
athermal component of the flow stress depends on an 
internal variable δ (Equation 2), which evolves during 
plastic deformation (Equation 3). This variable can be 
interpreted as the macroscopic representation of glide-
obstacles in the microstructure. The effect of the 
martensitic transformation is two-fold. Firstly, it 
contributes directly to the flow stress (Equation 2) via 
so-called dynamic softening effect [16], i.e., at low 
volume fractions the martensitic transformation may 
operate as an additional deformation mechanism. 
Secondly, the martensitic transformation contributes 
notably to the strain hardening of the material by 
affecting the internal variable δ by increasing the amount 
of glide-obstacles.  

σa = f (δ, df α’ / dεpl )  (2) 

dδ  / dεpl = g (δ, f α’, df α’ / dεpl ) (3) 

Thus, the flow stress at a given value of plastic 
deformation is calculated by means of a few internal 

state variables that result from solving the thermo-
mechanical problem, in which the strain-induced phase 
transformation is accounted for. The martensitic phase 
transformation is based on the model originally 
presented by Olson and Cohen [17], with an addition of 
direct strain rate sensitivity of the transformation [14].  

It is important to note here that the model does not 
involve an explicit equation between the flow stress and 
the current value of plastic strain. Instead, this 
relationship is obtained implicitly by integrating the state 
variables over the plastic deformation path. In this 
context, the integration is carried out over a variable 
strain rate and temperature history. Therefore, the model 
is well suited for describing the strain rate jump 
experiments discussed in this paper. 

Moreover, due to the strong temperature dependence 
of the martensitic transformation and the deformation-
induced heating taking place at high strain rates, the 
model is thermo-mechanically coupled, i.e., one needs to 
solve the temperature of the deforming material. In 
general, this involves heat transfer calculations. In the 
cases studied in this paper, however, this challenge can 
be solved analytically by noting that during the low 
strain rate part of the test the conditions can be assumed 
fully isothermal, i.e., the temperature is constant. Since 
during the high rate loading the conditions are fully 
adiabatic, there is no heat transfer so the material 
temperature increases according to the heat release that 
takes place during the deformation. Therefore, the model 
predictions can be calculated with a simple numerical 
integration, in which the material temperature during 
high rate loading is analytically obtained between the 
integration steps. The integration is based on the plastic 
work and heat release from the martensite transformation 
that took place at the previous step. It should be noted 
that this calculation approach is only valid for strain 
rates in the fully isothermal and fully adiabatic regimes. 
At intermediate strain rates, one needs to use, for 
example, the Finite Element Method to solve the heat 
transfer between the specimen and its surroundings.

The calibration of the model involves measuring 
stress-strain curves in monotonous (constant strain rate) 
and strain rate jump tests, in the strain rate and 
temperature regimes of interest, including the 
quantification of the corresponding phase 
transformation. In this work, the experimental data is 
compared with numerical calculations based on the 
model and parameters published in reference [14] 
(parameter set “Batch A”). 

3 Results and discussion 
Figure 2 presents both the experimental and numerical 
true stress-strain curves of all the tests. The Figure also 
shows the simulated stress-strain curves obtained with 
the material model. Fig. 2a shows the tests performed at 
constant strain rates of 2x10-4 s-1 and 103 s-1. The tests 
involving a sudden change of strain rate are shown in 
Fig. 2b. The low strain rate part of the jump tests was 
carried out at the strain rate of 2x10-4 s-1 up to the 
deformation of 0.10 or 0.23 of true strain, where the 
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strain rate was suddenly increased to 103 s-1. The quality 
of the stress data was not optimal due to artifacts 
introduced by the mechanical clamping of the specimen. 
Despite that, the trend of the results is still clearly 
visible. As can be seen, the numerical calculations from 
the model overlap the experimental data. 

The monotonous curves presented above are 
associated with two different regimes of the mechanical 
behavior: the deformation at the lower strain rate 
corresponds to a quasi-static test where deformation 
takes place under isothermal conditions, whereas the 
deformation at the higher rate is adiabatic and occurs 
without heat transfer away from the sample. As can be 
seen in the curves in Fig. 2b, the change in the strain rate 
and the consequent change in the thermal conditions
result in a change of the strain-hardening rate. As 
mentioned by Hecker et al. [6] and Talonen [8], the 
strong increase of the strain-hardening rate observed 
after approximately 0.15 low strain rate deformation can 
be explained by the martensitic phase transformation. In 
Fig. 2a, the slope of the stress vs. strain curve also 
changes significantly after approximately 0.15 of 
deformation. The adiabatic heating occurring at high 
strain rates reduces this effect, and typically [6, 8, 9] the 
slope of the stress vs. strain curve decreases. In Fig. 2a, 
the strain-hardening rate of the material at the higher 
strain rate is significantly lower than at the lower strain 
rate. The difference is so significant that the flow stress 
of the material at large plastic strains in the low strain 
rate test is higher than in the high strain rate test. So, 
based on monotonous tests, the strain rate sensitivity of 
the steel actually becomes negative at higher strains.  

The phase transformation rate has been observed to 
decrease immediately after a sudden increase of strain 
rate, leading to an immediate decrease in the strain-
hardening rate of the material [13, 14]. To further study 
this effect, the strain rate jumps were performed at 0.10 
and 0.23 of true strain, i.e., before and after the large 
change in the strain-hardening rate observed in the 
constant low strain rate test.  The strain rate jump at 0.10 
causes an immediate increase in the flow stress to an 
approximately same level as observed in the monotonous 
high strain rate test. In addition, the strain-hardening rate 
(slope of the stress-strain curve) also decreases 

immediately to a value close to that of the monotonous 
test. This behavior is expected since the microstructure 
at this stage is mostly austenitic regardless of the strain 
rate history [8, 9, 13, 14]. In the jump test after a pre-
strain of 0.23, the sudden increase of strain rate leads to 
a behavior similar to that observed in the jump after 
0.10. The flow stress increases, but the strain-hardening 
rate of the material right after the jump is similar to the 
strain-hardening rate observed in the monotonous high 
strain rate test. This suggests that the strain rate jump 
decreases the strain-hardening rate caused by the 
martensite formation by immediately decreasing the rate 
of further phase transformation. 

Figure 3 shows waterfall plots of the true strain in the 
loading direction. Fig. 3a shows the sample in the non-
deformed condition. In Figures 3b to 3e, the legend 
shows the time corresponding to each profile. The strain 
profiles for the high strain rate part of a jump test start 
from the sudden increase of strain rate, and the low 
strain rate parts are not shown here for better visual 
readability of the Figure. The sign (*) indicates the 
moment at which the deformation is no longer uniform. 
The tests performed at a monotonous strain rate have a 
uniform deformation up to 0.39 true strain, while in the 
tests with a strain rate jump the strain localization starts 
at 0.42 true strain. The Figures show extensive 
deformation in the specimens outside the gage section of 
the specimens. This is a well-known fact typically 
observed for materials with a relatively low yield 
strength but a high strain-hardening rate. Inside the gage 
section, the deformation of the specimen is uniform until 
the onset of necking. It is very clear from the results that 
the sudden change of strain rate does not affect much the 
strain distribution along the gage section of the 
specimen, and the profiles obtained immediately after 
the jump are similar to those observed for the 
monotonous strain rate tests. The onset of plastic 
instability or necking seems also to be quite insensitive 
to the sudden change of strain rate. The uniform 
elongation does not change much even when the strain 
rate is increased during the test. The sizes of the necks or 
the width and overall shape of the strain profiles shown 
in Figure 3 are not significantly affected by the strain 
rate nor the sudden change of strain rate. 

a) b) 
Fig. 2. Experimental and numerical true stress vs. true strain curves for: a) monotonous strain rate tests at low and high strain rates        
and b) tests with a sudden increase of strain rate.  
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It is important to point out that only the sample with 
a pre-strain of 0.23 reaches failure with the first incident 
wave. The other samples, instead, break after 
consecutive reflections of the loading wave, and the 
analysis of strain is considered only until the end of the 
first incident wave. Consequently, the last profiles in 
Figures 3c and 3d do not reflect the strain profile before 
the final failure but correspond simply to the strain at the 
moment when the incident pulse ends, and therefore, the 
exact comparison of the full localization behavior is 
difficult. Furthermore, more jump tests should be carried 
out to study also the sensitivity of the material to rapid 
changes in the strain rate at pre-strains close to 0.15, 
where the martensitic transformation rate is highest. 

4 Concluding remarks  
In this work, a modified Tensile Split Hopkinson 
Pressure Bar device was used to study the effects of a 
sudden increase in the strain rate at different plastic 
strains on the mechanical behavior of a metastable 
austenitic stainless steel. The main findings of the study 
can be summarized as follows: 

- The stress-strains curves for the jump tests show a 
clear effect of the sudden strain rate increase on the 
strain hardening behavior of the material. 

- The previously published numerical model [14] can 
predict the results of the strain rate jump test 
realistically. 

- The deformation of the sample remains uniform 
inside the gage section following the sudden increase 
of strain rate. This shows that the test method is 
feasible for analyzing material plasticity in tension, 
and especially for evaluating the instantaneous rate 
sensitivity of the material. 

- The strain localization observed in these tests was not 
influenced much by the strain rate, the sudden change 
of strain rate, or the low strain rate deformation 
preceding the strain rate jump.  

This work was funded by Academy of Finland under the grant 
number 294845. 
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austenitic stainless steels combine excellent mechanical properties
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tance and aesthetically appealing surface quality. The excellent
mechanical properties of these steels are largely due to the strain
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l as to much more accurate material models describing the
rostructural evolution and mechanical properties of metastable
enite containing steels.
he martensitic phase transformation in metastable austenitic
ls is a very complex phenomenon. Previous work [4e9] has
wn that the mechanical behavior and the phase transformation

depend on many different factors, including chemical
position, initial microstructure and grain size, heat treatments,
cold rolling reductions. In addition to these factors, tempera-
and strain rate have a strong effect on the plasticity and overall
hanical response of these steels. As far as temperature is con-
ed, it is well known that an increase in the temperature sup-
ses the martensitic phase transformation [10]. Many scientists
e studied the characteristics of the phase transformation in
enite containing steels at different temperatures to explain the
hanical and strain-hardening behaviors and to determine the
ve deformationmechanisms [11e13]. Among them,Martin et al.
measured the temperature ranges at which the deformation
hanism changes from martensite formation to twinning and
her to dislocation gliding for a high-alloy austenitic CrMnNi
l. They also established a connection between the active
rmation mechanisms and the stacking fault energy of the
erial at different temperatures. Most of the studies mentioned
iously, however, involve tests performed at quasi-static strain
s. In most austenite containing steels, increasing the strain rate
the quasi-static to the dynamic region leads to a higher

tility and toughness. This has been previously associated with
temperature increase due to the adiabatic heating of the ma-
al. Hecker et al. [15] showed that higher strain rates result in
er amounts of transformed martensite, whereas lower testing
peratures seem to favor the martensitic transformation. Thus, it
ed that the adiabatic heating produced at high strain rates

presses the phase transformation [16] and, therefore, the phase
sformation could be explained in terms of the thermodynamics
stacking fault energy [17]. Nevertheless, some scientists have
osed that the strain rate itself is an important factor affecting
martensitic phase transformation. For example, Hokka [2]
wed that the rates of martensitic transformation are different at
si-static and high strain rates even at small plastic strains,
re no deformation induced heating yet takes place. Moreover,
ov [18] performed tests where the strain rate was suddenly
nged. After the strain rate jump from quasi-static to dynamic
ditions, the strain-hardening rate decreased instantaneously.
sequently, these studies reveal that the strain rate affects the
se transformation rate even without changes in the sample
perature. Therefore, further research must be done to under-
d better the deformation induced martensitic transformation
to uncouple the effects of the strain rate and adiabatic heating.
ncoupling of the effects of strain rate and adiabatic heating on
phase transformation rate can be attempted by evaluating the
nge in the temperature of the specimen during a high strain rate
batic test, and reproducing a similar temperature conditions in
w strain test that otherwise would be isothermal. This approach
been previously used for the evaluation of the effect of adiabatic
ting for polymers [19]. The temperature change can be esti-
ed from the true stress - true strain curves using the
oreQuinney coefficient, which defines the fractions of the
hanical energy that are converted to heat or permanently
ed in the structure of the material. The TayloreQuinney coef-
nt is history dependent as its value depends not only on the
unt of strain, but also on the strain rate and temperature at
ch the strain was achieved [20]. Despite of that, this coefficient
ften used as a constant value to simplify the numerical evalu-
n of the adiabatic temperature rise, which can lead to over-
mation of the adiabatic heating [21]. For the metastable
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he temperature increase due to adiabatic heating
by the phase transformation itself, because the
ensite is an exothermal reaction. Therefore, the
ase during high strain rate deformation is highly
mes difficult to estimate precisely. An example is
ek et al. [22], who concluded that the
oefficient of the high strength steel TRIP800
2 and 1.00 during the deformation. Overall, the
olution in multiphase steels is an extremely
nd the detailed quantification of the amount of
gy permanently stored in the microstructure re-
esearch efforts [22,23].
en [24] made the firsts steps towards explaining
e mechanical behavior and microplastic defor-
ble austenitic steels by proposing a theory that
se transformation rate with the temperature. In
and Cohen considered that the nucleation of
early stages of deformation depends on the

rgy of the material. The stacking fault energy in
ic (FCC) metals becomes an important parameter
ative strength of the microplasticity mechanisms
rdening behavior [25]. Subsequently, many sci-
ributed to the improvement of this model and
the phase transformation [26]. Among them,

formulated a thermodynamic model that allows
stacking fault energy of austenitic steels as a
cal composition and temperature. Galindo-Nava
d a mechanism for the formation of martensite
d twin bands and a model for the corresponding
he model was used to predict the flow curves of
steels. However, none of the thermodynamic
the effects of the deformation kinetics on the
se transformation. Therefore, it is not possible to
of strain rate on the microstructural evolution
based on the existing models.
s to provide a quantitative evaluation of the
transformation rate in metastable austenitic

nd to uncouple the effects of strain rate and
on it. These effects are uncoupled by performing
tests at a controlled continuously increasing
lating the internal heating of a specimen at the
c conditions. After the tensile tests, the samples
y different techniques to evaluate their a0-
t. The phase content obtained by the magnetic
scopy support the measurement results of the
nse of the material. The mechanical testing in-
rences between the samples tested at different
ase fractionmeasurements quantify the influence
rain rate on the microstructural evolution, and
d EBSD data and thermodynamic stacking fault
s explain the new findings.

procedure

udied in this work was the metastable austenitic
1.4318 (AISI 301LN) provided by Outokumpu
samples for mechanical testing were laser cut

with a thickness of 2mm. The steel sheet was in a
which the steel was cold-rolled, heat-treated,
d and, finally, work-hardened by additional cold
ed in the standard strength level C850. This is a
in which the steel is used in many applications.
f the specimens was 4mmwide and 8mm long,
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and the loading directionwas parallel to the rolling direction of the
material. Table 1 shows the nominal chemical composition of the
test material.

2.2. Mechanical testing

Tensile tests at room temperature were carried out at the strain
rates of 2� 10�4 s�1, 10�2 s�1, 1 s�1, and 1400 s�1 until failure. The
mechanical work (dW) done to the material can be calculated from
the stress-strain curves. In a uniaxial case, the product of the force
(F) and distance (dx) is an increment in the mechanical work (dW).
The increment of mechanical work can also be calculated by
multiplying the stress (s), the plastic strain increment (d 3p), and the
volume (V) of the element as shown in Equation (1).

dW ¼ F,dx ¼ s,V,dεp (1)

The TayloreQuinney coefficient (bT ) defines the fraction of the
plastic work (dW) that is converted into heat (dQ), as shown in
Equation (2):

dQ ¼bT,dW (2)

At the strain rate of 1 s�1 and higher, the plastic deformation can
be assumed adiabatic, where no heat is being transferred to the
surroundings. In these cases, the increment of the heat released by
the material per unit volume can be calculated by multiplying the
density (r), the heat capacity (c), and the incremental change of
temperature (dT):

dQ ¼ r,c,V,dT (3)

Combining the previous Equations, the temperature rise (DT)
due to plastic work can be estimated by Equation (4):

DT ðεÞ ¼ 1
r $ c

ð
bT s dεp (4)

where r and c are the density and heat capacity of thematerial with
values of 7.9 g/cm3 and 500 J/(Kg∙K), and bT is the TayloreQuinney
coefficient, for which a constant value of 0.95 was used in the
calculations. In the literature, the TayloreQuinney coefficient has
typical values between 0.9 and 1.0, and for this case, the selected
value of 0.95 represents a compromise between the typical litera-
ture values, and it can take into account the additional modest
temperature increase caused by the exothermic phase trans-
formation. Equation (1) gives an estimate for the temperature rise
due to adiabatic heating as a function of strain. To study the effect of
(internal) adiabatic heating on the material behavior, the estimated
temperature increase during a high strain rate test was applied in a
low strain rate test using external heating. Consequently, the
samples tested at the strain rate of 2� 10�4 s�1 experienced similar
thermal conditions as the ones tested at a higher strain rate of 1 s�1.
A thorough description of the experimental setup with details and
examples can be found in Ref. [30]. In brief, the tests at low strain
rates were carried out using an Instron 8800 servohydraulic ma-
chinewith a load cell of 100 kN, and the deformationwasmeasured
by an extensometer with a gage length of 6mm. The sample and
the extensometer were enclosed in an insulated heating chamber
to carry out the tests with continuous heating. The sample was
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Table 1
Chemical composition of EN 1.4318 in wt-%.

C Cr Ni Mn Si Cu N

0,017 17,8 6,44 1,27 0,5 0,18 0,117
g two sets of heating resistors inside the heating
th resistor sets being individually controlled by PID
everal testswere interrupted at selected strains so that
uctures of the samples at different strains could be
d compared. The high strain rate tests were performed
ile Split Hopkinson Bar (TSHB) designed and con-
he Laboratory of Materials Science of Tampere Uni-
nical details of the device can be found, for example, in

uctural characterization

composition of the samples was measured using the
ance method, while the microstructure was studied in
he electron backscatter diffraction (EBSD) technique.
nsite phase fractions were obtained by measuring the
d to detach a permanent magnet from the sample, as
Ref. [31]. The measurement was performed using an
materials testingmachinewith a load cell of 5 N, and a
agnet with a needle-like tip of 1.5mm in diameter.
of the measurement are given in Ref. [30]. The force
d for each sample three times at three different loca-
y the uniformity of the phase fractions along the gage
standard deviation of the force measurements was less
method requires a calibration to convert the magnetic
e phase fractions. The calibration was carried out at
Inc. using Ferritoscope and Satmagan measurements.
ing electron microscope used for the EBSD measure-
he Zeiss Ultraplus UHR FEG-SEM system operating at
ion voltage of 20 kV, working distance of 16mm, tilt
and step size of 0.2 mm. The samples were prepared by
age sections of the tensile test specimens, mounting
ns in epoxy resin, grinding the samples and electro-
em with Struers A2 electrolyte, and removing the
the epoxy. Finally, the samples were cleaned with a
er before inserting them into the microscope. The
rved in the microscope was parallel to the loading di-
e EBSD images shown in Chapter 3.3, the loading di-
rizontal.

nd discussion

cal testing

ows the true stress - true strain curves of the samples
ut external heating until failure at the strain rates of
1� 10�2 s�1, 1 s�1, and 1400 s�1. Fig. 1b, in turn, shows
rdening rates obtained from the stress-strain curves
. 1a. At the lowest strain rate (isothermal and quasi-
ions), the material has a yield strength of 610MPa
e yield strength increases with strain rate, reaching
the sample tested at the strain rate of 1 s�1. In contrast
ultimate tensile strength (UTS) values decrease with
rain rate, showing a strong negative strain rate sensi-
er plastic strains typically observed for this material.
seen, the shape of the stress-strain curves at low strain
significantly from the typical stress-strain curve of a
l. This peculiarity can be seen even more clearly in the

019) 134e144
Co Mo P S Fe

0,08 0,06 0,027 0,001 Bal



stra
rate
stra
obs
crea
(140
in t
con
com
rate
a0-m
mat

F
2�
sisto
rate
ture
carr
the

ces a
e de
re o
ocou
pera
hem
e of
f th
imum
ess-s
ition
the
itio
ffere
ith t
e sa

at roo

Fig. 2
heati
coup
1400

N.I. V�azquez-Fern�andez et al. / Acta Materialia 176 (2019) 134e144 137
in hardening curves (Fig. 1b). At low strain rates, the hardening
increases rapidly at around 0.05 of true strain, while at higher
in rates the upturn in the hardening rate is weaker. The peak
erved in the strain hardening rate at strains of around 0.10 de-
ses with increasing strain rate, and at the highest strain rate
0 s�1), no clear peak is anymore observable. The rapid increase
he strain hardening rate observed at low strain rates is a
sequence of the intense martensitic phase transformation that
mences at plastic strains close to 0.05 [32]. When the strain
is increased, the phase transformation rate from austenite to
artensite is reduced and, consequently, also the strength of the
erial, including its UTS, will be decreased [33].
ig. 2 shows the stress-strain curve obtained at the strain rate of
10�4 s�1 while the specimen was heated using the heating re-
rs to ‘mimic’ the adiabatic heating of the specimen at the strain
of 1 s�1 (solid line). Fig. 2 also shows the calculated tempera-
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Fig. 1. (a) true strain e true stress curves and the (b) strain hardening rate
increase (Equation (4)) as a function of true strain for the test
ied out at the strain rate of 1400 s�1 (grey line), which is almost
same as for the strain rate of 1 s�1. This indicates that strain rate

expected because
are almost the sam
sample with con
sample tested wi
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3.2. Microstructur

Fig. 4 shows
deformed to diffe
thermal condition
forms at high stra
martensite conten
the tests than the

. The stress-strain curve obtained at the strain rate of 2� 10�4 s�1 with external
ng, the specimen temperature increase measured during the test with thermo-
les, calculated temperature increase of the tests at the strain rates of 1 s�1 and
s�1.
pproximately equal amount of heat as a function
formation at 1400 s�1. During the low rate test,
f the sample was continuously measured with a
ples spot welded on the sample surface. The
ture as a function of strain is also shown in Fig. 2
easured temperature of the sample deformed at
2� 10�4 s�1 matches well with the calculated
e specimen deformed at the strain rate of 1 s�1,

difference is only approximately 5 K. Fig. 3
train plots obtained at different strain rates and
s. The response of the material at isothermal
strain rate of 2� 10�4 s�1 and at simulated

ns at the same strain rate of 2� 10�4 s�1 shows
nces. Until the true strain of approximately 0.1,
he continuous heating has a similar strain-stress
mple tested without the heating, which is to be
the temperatures of the samples at small strains
e. However, beyond the plastic strain of 0.10, the
tinuous heating has lower strength than the
thout external heating at the same strain rate,
the strain hardening rate of the specimen tested
ithout heating is higher than that of the heated
ever, the strain hardening rate of the sample at
0�4 s�1 with continuous heating is notably higher
amples tested at the strain rates of 1400s�1 and
st in principle experience similar thermal condi-
een from Fig. 2, the measured temperature in-
cimen tested at 2� 10�4 s�1 with continuous
10 to 15 K at the strain of 0.10, so the deformation
at that value of strain is still quite modest.
rnal heating seems to have only a small effect on
ng rate of the material, leading to the assumption
rence in the strain hardening behavior is due to
rate.

al characterization

the a0-martensite content of the specimens
rent plastic strains at different strain rates and
s. Based on the measurements, less a0-martensite
in rates. At the strain rate of 2� 10�4 s�1, the a0-
t is lower for the samples that are heated during
a0-martensite content observed in the samples

m temperature until failure.
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tested without heating. However, the a0-martensite fraction in the
samples tested at 2� 10�4 s�1 with continuous heating is not
similar to that in the samples deformed at the strain rates of 1 s�1

and 1400 s�1, for which the thermal conditions should be essen-
tially similar. At the strain of 0.10, the a0-martensite content of the
heated sample is about 45%, while the a0-martensite content of the
sample deformed at the same strain rate without heating is 52%.
However, the a0-martensite content of the sample deformed to 0.10
of true strain at the strain rate of 1 s�1 is 31%, whereas the a0-
martensite content of the sample deformed at 1400 s�1 to 0.10 of
true strain is only 17%. At the true strain of 0.20, the difference in
the a0-martensite content for the samples deformed at 2x10�4s�1

with and without heating is suddenly smaller, but at higher strains
the difference increases again. True strains of 0.26 or more at the
lowest strain rate (for both with and without heating) result in a0-
martensite volume fractions over 80%. At strains higher than 0.26,
the a0-martensite content measurements are not comparable since
the deformation along the gage length is no longer uniform.

The literature shows results where the a0-martensite content as
a function of plastic strain seems to follow an S-shaped curve

leads to a
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Fig. 4. a0-martensite content as a function of true strain.

Table 2
Linear p

Test co

2� 10
2� 10
1 s�1 a
1400 s
ically, the S-shape curves reveal a linear part near the
nt. For the material studied in this work, a short linear
erved between 0.10 and 0.26 of plastic strain, and the
e content as function of strain was approximated by a
on within that range. Table 2 shows the slopes of the
lines fitted to the data shown in Fig. 4 at plastic strains
and 0.26. The values of the slope correspond to the

raction in percentage per unit of strain. The slopes of
vide an estimate for the linear phase transformation
testing condition.
performed at 2� 10�4 s�1 show that external heating
men decreases the linear phase transformation rate
220% (or by 21%). Similarly, increasing the strain rate
s of magnitude (from 2x10�4 s�1 with heating to 1 s�1)
e linear transformation rate from 220% to 143% (or by
the thermal conditions are similar. Comparing the
transformation rate at the strain rate 2� 10�4 s�1

ting to the one observed at 1 s�1 corresponds to a
oth the strain rate and the thermal conditions. This
nge in the linear phase transformation rate from 278%
eduction of approximately 50%. Based on these simple
ts, however, it is still not clear which kind of mathe-
ions and relationships could explain the a0-martensite
h respect to strain, strain rate, and temperature.
, these results provide a quantitative evidence that the
self and not only the adiabatic heating has a strong
phase transformation rate, and demonstrate that the
ain rate and temperature can be uncoupled.
above, even though in terms of flow stress the
ess-strain curves seem to coincide at the true strain of
e notable differences in the strain hardening rates
stress-strain curve) at this point. It is clearly seen that
rain rate decreases the strain hardening rate, whereas

ating and (b) the corresponding strain hardening curves.
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addition of external heating at the low strain rate has only a
or effect when compared to the room temperature curve. It is
ted out that the current flow stress of a material is a function of
microstructure and microstructural deformation mechanisms,
is, type and amount of obstacles to dislocation glide, thermal

vation kinetics, etc., whereas the strain hardening rate de-
dents on the way the microstructure evolves during plastic
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ently there is no clear relationship to present between the
in hardening rate and the phase transformation rate. However,
reasonable to suggest that the microstructural changes, in this
most importantly the evolving volume fractions of austenite
a0-martensite phases, are responsible for the observed differ-
es in the strain hardening rates in the tests with different strain
s and/or thermal conditions at plastic strains around 0.10.

Electron backscatter diffraction analysis

he electron backscatter diffraction was used to explain the
erved differences in the linear phase transformation rates. Fig. 5
ws the austenite phase identified from the EBSD analysis of the
ples deformed to true strain of 0.10 at different strain rates and
mal conditions. The blue lines in the maps correspond to the
tified S¼3 boundaries (twin boundaries). A considerable
unt of thermal twinning has occurred during austenitization,
an be seen in the orientation map of the as-received specimens
. 5e). The as-received material shows some a0-martensite laths

qualitative acc
Based on

packet structu
the strain rate
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were investig
orientationm
components
unresolved or
described in d
angular tolera
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performed. Ea
tation betwe
assumed that
centered cubi
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martensite bo
for the orie
martensite, fo
most likely had formed during the cold rolling of the material,

e the material is in the 2H state and has not been annealed after
final rolling. The small amount of a0-martensite found in the
D analysis in the as-received sample is not significant compared
he phase transformation observed even at the early stages of

O�1
g Oa0 ¼ PiTK�SC

In Equation (5

. EBSD images showing the IPF ND colored austenite phase overlaid on a band contrast background for: (a) true
t 2� 10�4 s�1 with external heating, (c) true strain of 0.10 at 1 s�1, (d) true strain of 0.12 at 1400 s�1, (e) as r
amount of austenite in the samples increases
rain rate (Fig. 5 a, c and d), i.e., the phase trans-
ecreased, as expected also based on themagnetic
ents. Furthermore, the external heating at the
0�4 s�1 decreases the phase transformation rate
g. 6 shows the corresponding EBSD maps for the
, which complements the previous images. For all
results from the EBSD measurements are in

ance with the magnetic balance measurements.
presented EBSD measurements, the block and
of a0-martensite in the specimens deformed at
� 10�4 s�1 with and without heating, as well as
ormed at the strain rates of 1 s�1 and 1400 s�1,
. Following a digital cleaning procedure, the
as spatially decomposed into a list L of connected
hboring orientation measurements), omitting
ation pixels. The digital cleaning procedure is
in Ref. [34], inwhich the grains detected with an
of 10� and smaller than two pixels in size were
ne-step dilatation of non-indexed pixels was
omponent in the list L describes the misorien-
the neighboring measurements. It was then
orientation measurements indexed as a body-
ase represent a0-martensite transformed from
isorientation corresponding to an austenite/a0-
ary was then used to determine an average value
ion relationship between austenite and a0-
ing Equation (5):
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), Og and Oa’ stand for quaternions representing

strain of 0.10 at 2� 10�4 s�1 without heating, (b) true strain of
eceived material, (f) color key for the IPF orientation coloring.
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Fig. 6. EBSD images showing the IPF ND colored a0-martensite phase overlaid on a band contrast back
strain of 0.10 at 2� 10�4 s�1 with heating, (c) true strain of 0.10 at 1 s�1, (d) true strain of 0.12 at 1400 s�1,
Fig. 5.
the orientations of the austenite and a0-martensite, respectively. TK-
S represents the rotation necessary to bring an austenite orientation
into the reference frame of a0-martensite, here assumed as the
Kurdjumov-Sachs orientation relationship. Pi and Ci stand for cubic
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Table 3
24 variants of a0-martensite as defined by Morito et al. [35].

Variant Plane parallel Direction parallel Ro

No. ½g� k ½a’� Ax

V1 ð111Þg k ð011Þa’ �
101

� k �
111

�
-

V2
�
101

� k �
111

�
[-0

V3
�
011

� k �
111

�
[-0

V4
�
011

� k �
111

�
[-0

V5
�
110

� k �
111

�
[-0

V6
�
110

� k �
111

�
[-0

V7
�
111

�
g k ð011Þa’ �

101
� k �

111
�

[-0

V8
�
101

� k �
111

�
[-0

V9
�
1 10

� k �
1 11

�
[-0

V10
�
1 10

� k �
111

�
[-0

V11 ½011� k �
1 11

�
[-0

V12 ½011� k �
111

�
[-0

V13
�
111

�
g k ð011Þa’ �

011
� k �

111
�

[-0

V14
�
011

� k �
111

�
[-0

V15
�
101

� k �
111

�
[-0

V16
�
101

� k �
111

�
[-0

V17 ½110� k �
1 11

�
[-0

V18 ½110� k �
111

�
[-0

V19
�
111

�
g k ð011Þa’ �

110
� k �

111
�

[-0

V20
�
110

� k �
111

�
[-0

V21
�
011

� k �
1 11

�
[-0

V22
�
011

� k �
111

�
[-0

V23 ½101� k �
1 11

�
[-0

V24 ½101� k �
111

�
[-0
nd for: (a) true strain of 0.10 at 2� 10�4 s�1without heating, (b) true
s received material. Refer to the color key for IPF orientation coloring in
perators, which were determined by rigorously
very combination of Pi, Ci and TK-S with each experi-
erved Og-Oa’ type misorientation and taking the op-
ting in the smallest angular deviation. The orientation

tation from Variant 1

is (indexed by martensite) Angle [deg.]

-

.5435 0.5715 0.6148] 60.06

.5215 0.4603 0.7184] 59.03

.4734 -0.0000 0.8809] 8.14

.4603 0.5215 0.7184] 59.03

.7054 0.0689 0.7054] 52.27

.5961 0.5378 0.5961] 52.92

.6528 0.3843 0.6528] 7.35

.6533 0.2030 0.7293] 51.69

.4384 0.5488 0.7118] 51.93

.3443 0.0565 0.9371] 12.93

.5877 0.3498 0.7295] 57.70

.0565 0.3443 0.9371] 12.93

.5488 0.4384 0.7118] 51.93

.2557 0.6579 0.7084] 58.28

.6899 0.2191 0.6899] 17.40

.6661 0.3354 0.6661] 51.49

.3140 0.6259 0.7139] 50.93

.2030 0.6533 0.7293] 51.69

.3498 0.5877 0.7295] 57.70

.1630 0.0000 0.9866] 17.04

.6529 0.3140 0.7139] 50.93

.6579 0.2557 0.7084] 58.28

.4199 0.0000 0.9076] 18.30
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tionship was then recalculated from all experimentally
erved misorientations using Equation (6):

a0 ¼ P�1
i O�1

g Oa0C�1
i (6)

he mean of all the recalculated Tg/a' was then taken as an
age value representing the orientation relationship between
enite and a0-martensite. The process was iterated three times
nsure that the orientation relationship was correctly deter-
ed, with Tg/a’ taking the place of TK-S in iterations 2 and 3. The
ntation relationship Tg/a’ was then used to generate a list
esponding to the 24 possible misorientations between
tensitic laths originating from the same prior austenite grain
36]. The list follows the notation proposed by Morito et al. [35]
is shown in Table 3 as determined for the specimen deformed
e strain rate of 2� 10�4 s�1 without heating.
ach misorientation in the list L corresponding to a martensite-
tensite misorientationwas then compared to the list of possible
orientations to determine the block and packet structure. A

The preferr
type combina
clear increase
rate from 140
without heati
activation of a
same prior au
external heati
the fraction of
to the sample
heating (Fig. 7
martensite pr
These observ
behavior and
decline in the
rate or extern

3.4. Thermody

N.I. V�azquez-Fern�andez et al. / Acta Materialia 176 (201
le austenite and ferrite orientation map with a field of view of
� 65 mm measured at a step size of 0.2 mm was analyzed for
deformation condition. The results are shown as histograms in
7, showing the fraction of boundary length for each misorien-
n type. A representative image of the block and packet struc-
is shown in Fig. 8.

The EBSD resul
material can exp
formation from a
depend on the str
controlling the pl
Stacking Fault Ene

. Variant pairing distributions in a0-martensite for the specimens (a) deformed to the true strain of 0.1 at a strai
of 0.1 at a strain rate of 2� 10�4 s�1 with external heating, (c) deformed to the true strain of 0.1 at a strain rat

of 1400 s�1.
ariant combination in the studied steel is a V1/V2
, irrespective of the testing conditions. There is a
e packet boundaries with a decrease in the strain
1 (Figs. 7d) and 1 s�1 (Fig. 7c) to 2� 10�4 s�1

(Fig. 7a). This increase is an indication of the
rtensite nucleating on another habit plane in the
ite grain at the lower strain rates. When the
applied at a strain rate of 2� 10�4 s�1 (Fig. 7b),
packet boundaries similarly decreases compared
ted at the strain rate of 2� 10�4 s�1 without
lthough to a lesser extent), indicating that the a0-
rily nucleates along the primary habit plane.
s are in line with the observed mechanical
microstructural analysis showing the general

ount of a0-martensite when an increased strain
ating are applied.

ic stacking fault energy modeling
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ts presented above demonstrate that the studied
erience a mechanically induced phase trans-
ustenite to a0-martensite, the details of which
ain rate and thermal conditions. The mechanism
astic deformation can change depending on the
rgy of the material (SFE), which again depends,

n rate of 2� 10�4 s�1 without heating, (b) deformed to the true
e of 1 s�1 and (d) deformed to the true strain of 0.12 at a strain
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among other things, on temperature. The prevailing plasticity
controlling mechanism depends on the stacking fault energy in the
following manner:

SFE (phase transformation)< SFE (twinning)< SFE (perfect
dislocation glide) which means that with increasing temperature,
the mechanisms controlling the deformation can change from
phase transformation to twinning to slip of perfect dislocation.
Curtze et al. [37] proposed a thermodynamic model to calculate the
SFE for austenitic steels in awide range of temperatures. In the tests
conducted in the current work, the temperature change (increase)
is quite small, but the consequent change in the stacking fault en-
ergy can be significant and needs to be evaluated. Using the model

weaker c
the adiab
material
twinning
relative s
higher st
difficult
whereas
by the s
become
when th
the mat
essential

The d
aspects o
are the
quantific
phase tra
driving f

Fig. 8. Band contrast image of a specimen deformed to the true strain of 0.1 at a strain
rate of 2� 10�4 s�1 without heating overlaid with a grain map of austenite with IPF ND
coloring (for the color key, refer to Fig. 5). The prior austenite grain boundaries are
shown in black, the packet boundaries in red, and the block boundaries in green. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
of Curtze et al. [35], the room temperature stacking fault energy of
this material is 20.7mJ/mm2. Fig. 9 shows how the SFE changes as a
function of strain in the case of adiabatic deformation at the strain

Energy, how
region. Accor

Fig. 9. True stress e true strain curves for adiabatic conditions and the corresponding stacking fault energy
1400 s�1.
and 1400 s�1. In the tests at 2� 10�4 s�1 with heating
st at 1 s�1, the stacking fault energy reaches just above
hen necking begins, whereas in the test carried out at
stacking fault energy at necking is slightly higher.

e higher stacking fault energy supports twinning
artensitic transformation. In this work, no extensive
s observed in the EBSD studies carried out for samples
the true strain of 0.10 (Figs. 5 and 6). However, this
ean that twinning would not commence at higher
ermore, phase transformation from austenite to a0-
as observed in all samples at all strains up to the
in. Therefore, it can be concluded that the increase of
fault energy up to 30mJ/mm2 reduces the phase

on rate, but it does not suppress it completely. It is
that there is no exact threshold value for the stacking
at which the austenite becomes completely stable and
g will occur. Clearly, this change in the microplastic
mechanisms is gradual, and the effects of increasing
t energy and strain rate both reduce the phase trans-
te. However, the effect of the stacking fault energy is
ared to the effect of strain rate at small strains, where
heating has not yet increased the temperature of the
much. The active deformation mechanisms, including
ase transformation, and dislocation glide, and their
gths are influenced also directly by the strain rate. At
rates, the dislocation glide becomes increasinglymore
to the reduced thermal activation and drag effects,
stress required for twinning is not so much influenced
rate. Therefore, at higher strain rates twinning can

er than dislocation glide even at lower plastic strains
iabatic heating has not yet raised the temperature of
l too much, and the stacking fault energy is still
nchanged.
ssion presented above focuses on the thermodynamic
e phase transformation. However, at least as important
etics of the martensitic phase transformation. The
n of the kinetics and especially the driving force of the
rmation can be divided into mechanical and chemical

019) 134e144
ever, has the strongest effect in the low temperature
ding toTalonen [39] this holds true at least up to 80 �C,

as a function of strain for (a) strain rate of 1 s�1 and (b) strain rate of
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ch was the highest temperature in his work. There clearly is
ugh chemical driving force up 80 �C for the phase trans-
ation to occur. Furthermore, the nucleation of the near-BCC
tensite in this steel happens through repeated nucleation of
tensite embryos [40] and it is known to be connected to partial
ocation activity (stacking faults, microtwins and 3-martensite)
39,41,42]. It is, therefore, very likely that the strain rate prob-
affects the nucleation process for example by increasing the
ired stress for the partial dislocation glide in the shear band
rsections, which is necessary for the martensite nucleation. An
rnative theory would be that, at higher strain rates, the adia-
c heating in the microstructure increases the temperature of
material locally focusing on certain suitable martensite nucle-
n locations. This could inhibit further nucleation of martensite
ryos on locations that would otherwise in isothermal condi-
s be favorable. This view is supported by the fact that
tensite tends to form in clusters via repeated nucleation near
old martensite laths and that strain induced martensitic
sformation involves local heat release and local dislocation
vity. These factors could favor the formation of local “hot spots”
r the newly formedmartensite. The experimental verification of
hypothesis is challenging, and so far only preliminary simula-
s have been carried out [43]. The work presented in this
uscript is the first step in the direction of quantifying the ef-
s of the strain rate on the phase transformation kinetics, and
stantial studies including microstructure and micromechanical
ulations are required to reach full understanding of the
lem.

ummary and conclusions

he effects of adiabatic heating, temperature, and strain rate on
phase transformation rate in a metastable austenitic stainless
l were studied using mechanical testing and microstructural
racterization. The adiabatic heating in the high strain rate tests
estimated using a constant TayloreQuinney coefficient of 0.95,
the same thermal conditions were reproduced in a low strain
test. Based on the results and presented discussion, the
wing conclusions could be drawn:

he experimental simulation of adiabatic heating in a low strain
ate (isothermal) test is an effective method to study the indi-
idual effects of adiabatic heating and strain rate.
oth the strain rate and adiabatic heating individually affect the
train induced phase transformation rate, microstructure evo-
ution, and mechanical behavior of the metastable steel.
he effects of strain rate and temperature can be uncoupled.
owever, based on this study only, the current theories on the
elated phenomena of the uncoupling remain limited and more
esearch is needed.
he effect of strain rate on the phase transformation rate is
aused at least partly by the changes in the a0-martensite
ucleation. At low strain rates, the a0-martensite nucleates on
oth primary and secondary slip systems of the parent austenite
rains, whereas at higher strain rates the nucleation favors the
rimary slip system only. Both increasing the strain rate and
emperature decrease the fraction of packet boundaries,
lthough the effect of strain rate seems to be stronger.
he thermodynamic stacking fault energy calculations indicate
nly a modest increase of the stacking fault energy due to the
diabatic heating during a high strain rate test, which alone is
ot enough to explain the differences between the observed
inear phase transformation rates of a low strain rate isothermal
est and the adiabatic high rate test. The active deformation
echanisms depend on the stacking fault energy, but also the

strain rate
deformatio
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Abstract
This work focuses on the effect of strain rate on the mechanical response and adiabatic heating of two austenitic stainless 
steels. Tensile tests were carried out over a wide range of strain rates from quasi-static to dynamic conditions, using a hydrau-
lic load frame and a device that allowed testing at intermediate strain rates. The full-field strains of the deforming specimens 
were obtained with digital image correlation, while the full field temperatures were measured with infrared thermography. 
The image acquisition for the strain and temperature images was synchronized to calculate the Taylor–Quinney coefficient 
(β). The Taylor–Quinney coefficient of both materials is below 0.9 for all the investigated strain rates. The metastable AISI 
301 steel undergoes an exothermic phase transformation from austenite to α’-martensite during the deformation, which results 
in a higher value of β at any given strain, compared to the value obtained for the more stable AISI 316 steel at the same 
strain rate. For the metastable 301 steel, the value of β with respect to strain depends strongly on the strain rate. At strain 
rate of 85 s−1, the β factor increases from 0.69 to 0.82 throughout uniform elongation. At strain rate of  10−1  s−1, however, 
β increases during uniform deformation from 0.71 to a maximum of 0.95 and then decreases to 0.91 at the start of necking.

Keywords Dynamic testing · Hopkinson bar · Digital image correlation · Thermal imaging · Taylor–Quinney coefficient · 
Austenitic stainless steels · Strain-induced phase transformation

Introduction

Austenitic stainless steels have an excellent combination 
of mechanical properties, weldability, and corrosion resist-
ance that makes them suitable for a wide range of engi-
neering applications. In particular, AISI 301 (EN 1.4318) 
has recently attracted attention because of its lower nickel 
content and excellent strain hardening properties. This 
steel grade is less stable than other widely used austenitic 
stainless steels, and its microstructure can transform from 
face-centered-cubic (FCC) austenite to near body-cen-
tered-cubic (BCC) α’-martensite [1, 2]. Throughout this 
paper the term “martensite” is used to refer to the above 
mentioned near BCC α’-martensite. In contrast, AISI 316 
(EN 1.4420) is a stable austenitic steel. The mechanical 
properties of these commercial steels have been widely 
studied at quasi-static strain rates [3], but their thermo-
mechanical behavior at intermediate and high strain rates 
still requires further studies. One reason for this is the 
difficulty of quantifying the effects of adiabatic heating 
on the material’s response at high strain rates. Adiabatic 
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heating takes place when the energy used for deforming 
the material turns into heat, but this heat cannot dissipate 
fast enough to its surroundings, so the temperature of the 
material increases. This temperature rise can affect the 
microstructural evolution and change the active deforma-
tion mechanisms and, consequently, have a strong effect on 
the mechanical response of the material [4, 5]. Moreover, 
the strain rate that causes a temperature rise high enough 
to influence the microstructural evolution depends on 
the thermal and physical properties of the material. The 
temperature rise can also be affected by a strain-induced 
phase transformation, which also releases heat and can 
thus affect the microstructural evolution [6]. The effects of 
strain rate and temperature on the mechanical response of 
the material are therefore strongly coupled [7–9].

Measuring the temperature of the sample simultane-
ously with stress and strain allows the calculation of the 
Taylor–Quinney coefficient [10–12], also called the β fac-
tor, in adiabatic conditions. This coefficient defines the 
fraction of the total plastic work that is released as heat 
instead of being stored in the microstructure of the speci-
men as dislocations and other permanent defects. Deter-
mining β is a challenging but very important task for 
understanding the effects of strain rate and temperature on 
the mechanical behavior of materials. The β factor of many 
metallic materials is typically assumed to be constant with 
a value of approximately 0.9. However, recent studies have 
shown that the β factor varies with plastic strain and that, 
in many cases, its value is much lower than 0.9. For exam-
ple, Trojanowski et al. [13] and Macdougall [14] measured 
the surface temperature of a titanium alloy and an alu-
minum alloy using an infrared radiometer to calculate the 
β factor during high strain rate Split Hopkinson bar tests. 
The thermal data was validated with a fast response ther-
mocouple, and their results showed that β increased with 
strain from 0.5 to 0.9. Recent developments in technology 
enable measuring the thermal full-field data by infrared 
thermography at high speed, and combining the data with 
the full-field strain obtained with digital image correla-
tion (DIC) [15, 16]. Knysh et al. [17] obtained the β factor 
for some steels and titanium alloys with local measure-
ments of temperature with an infrared camera and using 
DIC for the strain analysis. The alloys tested by Knysh 
et al. indicated a wide range of values for β, from 0.3 up 
to 0.8. Rittel et al. [18] highlighted the current disagree-
ment in the β values reported in the literature for several 
materials, and showed that the value of β depends on the 
loading mode. Whatever the case may be, β is influenced 
by the microstructural evolution of the material, which is 
typically not constant during plastic deformation [19, 20]. 
Therefore, β is also a quantifiable measure of the evolution 
rate of the microstructure and can be used for describing 

how much and how fast the microstructure changes during 
deformation.

The β factor can be expressed as the ratio of the heat 
energy increment of the system, dQ, and the mechanical 
work increment, dW, as shown in Eq. 1:

In turn, the mechanical work increment is calculated in an 
uniaxial case by multiplying the force F and the distance 
moved by the acting point of the force (dx), which is equiva-
lent to multiplying the stress, σ, the plastic strain increment, 
dɛp, and the volume, V, of the element as shown in Eq. 2. 
Under adiabatic conditions, the released heat can be esti-
mated as the product of the density, ρ, the heat capacity, c, 
and the incremental change of temperature (dT) as shown 
in Eq. 3.

By combining the above Equations, β can be calculated from 
the stress–strain curve and the temperature increase of the 
sample, as in (4):

The value used for the heat energy must take into account 
all sources and losses of heat. In metastable stainless steels, 
more heat is generated by the exothermic martensitic phase 
transformation. Furthermore, at lower strain rates, some 
heat can dissipate to the surroundings leading to heat losses, 
which, in contrast, in adiabatic conditions reduces to zero. 
These two statements can be written as:

where dQl includes the heat losses to the surrounding and 
dH�→�′ is the internal heat release. The last component of 
Eq. 5, dEs, is the amount of energy stored in the micro-
structure as defects, such as dislocations. Accordingly, the 
Taylor–Quinney coefficient of a material deforming at adi-
abatic conditions is given by Eq. 6. This Equation shows an 
important result; in the case of a metastable microstructure, 
the heat from the (exothermic) phase transformation directly 
adds to the value of β.

In this work, the effects of strain rate and adiabatic heat-
ing on the metastable AISI 301 steel were studied in detail, 
whereas the stable AISI 316 steel was used as a reference. 
These two steels have similar initial microstructures and cold 
rolling state, but they differ in their chemical compositions, 

(1)� =
dQ

dW

(2)dW = Fdx = �Vd�p

(3)dQ = � cVdT

(4)� =
� c dT

� d�p

(5)dQ = dW − dQl + dH�→�� − dEs

(6)� = 1 +
dH�→�� − dEs

dW
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and therefore the stacking fault energies are different. The 
evolution of their microstructures with plastic strain is also 
different due to their distinct deformation mechanisms. The 
higher stacking fault energy of the stable 316 steel allows 
easier cross slip of the dislocations and it also retains its 
austenitic structure during deformation, whereas the low 
stacking fault energy of the AISI 301 restricts the glide of 
dislocations to planar slip. The AISI 301 can also undergo 
strain-induced martensitic phase transformation during 
deformation. The phase transformation (austenite to mar-
tensite) is an exothermal reaction, i.e., it releases heat. The 
heat produced by this phase transformation will add to the 
adiabatic heating during deformation at high strain rates, 
and, as discussed above, this additional heat may contribute 
to the measured value of the Taylor–Quinney coefficient. 
The goal of this work is to quantitatively measure the Tay-
lor–Quinney coefficient as a function of strain for the two 
steel grades and to evaluate the results based on the discus-
sion presented above.

Experimental Setup and Procedure

Materials and Sample Geometry

Table 1 summarizes the nominal chemical compositions of 
the two studied steels. Outokumpu Stainless LTD provided 
both steels in the same cold rolling state (2B). Both materi-
als initially had an austenitic microstructure. The tension 
specimens were laser-cut from 2 mm thick sheets so that 
the rolling direction is parallel to the loading direction. The 
materials were tested in as-received condition. Figure 1 
shows the specimen geometry.

Mechanical Testing

For each material, one uniaxial tensile test was carried out at the 
strain rates of 2.5 × 10−4  s−1,  10−3  s−1,  10−2  s−1,  10−1  s−1, and 
85 s−1 using two different experimental setups. Both setups are 
shown in Fig. 2. The tests at the strain rates up to  10−1  s−1 
were performed using a servohydraulic Instron 8800 testing 
machine at Tampere University (Fig. 2a), whereas the ten-
sile tests at the strain rate of 85 s−1 were carried out at the 
Dynamic Mechanics of Materials Laboratory, in The Ohio 
State University. These latter tests were carried out using 
an intermediate rate tensile bar system where a hydraulic 
actuator loads the specimen (Fig. 2b). In this setup, the load 
on the sample is measured on a very long transmitted bar, 
of about 40 m, using semiconductor strain gages near the 
bar-specimen interface. The long transmitted bar allows the 
loading pulse to be recorded without the pulse reflected at 
the back end of the bar overlapping the measured load sig-
nal during the intermediate strain rate test. The sample is 

Table 1  Chemical composition 
(wt %) of the steels tested in 
this work

Material C Si Mn P S Cr Ni N Mo

316 0.018 0.47 1.77 0.027 0.0020 20.3 8.6 0.180 0.64
301 0.023 0.48 1.19 0.030 0.0003 17.4 6.5 0.138 0.10

Fig. 1  Specimen geometry for both the high and low strain rate tests. 
Dimensions are in mm

Fig. 2  Experimental setup for the experiments at the strain rates a below  10−1  s−1 performed at Tampere University, and b at 85 s−1 performed at 
Ohio State University
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attached mechanically to both the bar and to the hydraulic 
actuator piston using pins that pass through the hole in the 
sample and sample holders attached to the bar and to the 
piston. Further details of the setup can be found in [21].

Simultaneous Full‑Field Strain and Temperature 
Measurements

The full strain fields were calculated from the images of the 
deforming specimen using a commercial Digital Image Cor-
relation software program (Lavision, Davis10). The images 
at the strain rates below  10−1  s−1 were recorded using two 
5MPix E-lite cameras with 100 mm lenses, whereas the 
tests at the strain rate of 85 s−1 were recorded using a Pho-
tron SA1.1 high-speed camera with a 180 mm lens. In this 
setup, the strain field was only 2D, whereas in the lower-rate 
tests, the use of two cameras allowed 3D displacements to 
be computed. The front surface of the samples was painted 
with a white background base color, and fine black speckles 
were sprayed on top to produce a high contrast pattern. The 
thermal images were obtained at the same frequency as the 
visible images from the opposite (non-painted) side of the 
sample. The thermal images during the tests at low strain 
rates were recorded using a Telops Fast-IR-M2 K camera, 
while at the strain rate of 85 s−1 the images were recorded 

with a Telops Fast-IR-MFA-00083-101 camera. The true 
surface temperatures of the sample were obtained by cali-
brating the raw data acquired by the Telops cameras against 
thermocouple measurements carried out on an externally 
heated unloaded specimen.

The Davis10 software (Lavision Inc.) was used to match 
both the visible and thermal images into the same spatial 
coordinate system. Table 2 summarizes the parameters used 
for the visible imaging, the infrared imaging, and for per-
forming the DIC analysis.

Results and Discussion

Figure 3 shows the true stress–strain curves and the cor-
responding strain-hardening rate curves for both materials 
at all the tested strain rates. These curves were plotted until 
ultimate tensile strength (UTS), after which the equations 
used for obtaining the true-strain and true-stress are no 
longer valid as the deformation in the specimen is not uni-
form. The stress–strain curves for the stable austenitic AISI 
316 steel show a parabolic or almost linear stress–strain 
response at all the strain rates (Fig. 3a). For this material, 
the flow stress increases with the increasing strain rate, and 
the shape of the stress–strain curve and the corresponding 

Table 2  Experimental parameters for the data acquisition and data processing of DIC and IR imaging

Strain rate 
 (s−1)

Equipment Frame rate  
(Hz)

Optical image resolution and 
scale

DIC subset size DIC step size IR image resolution and 
scale

2.5 × 10−4 to  10−1 Instron 0.2 to 25 1000 × 1000 pix 48.19 pix/mm 21 pix 7 pix 320 × 256 pix 4.05 pix/mm
85 Intermediate 

rate tensile bar 
system

20000 1024 × 240 pix 44.97 pix/mm 17 pix 5 pix 128 × 44 pix 6.27 pix/mm

Fig. 3  True stress and strain hardening rate as a function of the true strain at the strain rates of 2.5 × 10−4  s−1,  10−3  s−1,  10−2  s−1,  10−1  s−1, and 
85 s−1 for the a stable austenitic stainless steel 316, and b metastable austenitic stainless steel 301
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strain-hardening rate remain constant. In contrast, the shape 
of the stress strain curves of the metastable austenitic AISI 
301 steel change with increasing strain rate (Fig. 3b). At the 
quasi-static strain rate of 2.5 × 10−4  s−1, the flow stress of the 
material increases significantly at around 0.1 true strain, and 
the strain-hardening rate increases until it reaches a maxi-
mum at around 0.25 true strain, after which the hardening 
rate starts decreasing. The increase in the strain-hardening 
rate can be related to the phase transformation of austenite 
to martensite, i.e., the transformation of a soft phase into 
a much stronger phase [22, 23]. Increasing the strain rate 
decreases the phase transformation rate, and consequently 
decreases the strain-hardening rate of the material [24]. At 
the strain rate of 85 s−1, the shape of the stress–strain curve 
of the AISI 301 steel is very similar to the one observed for 
the stable 316 steel.

Figure 4 shows the full-field temperature images obtained 
from the specimen at UTS for the metastable 301 steel at 
several strain rates. From these images, one can observe that 
at the strain rate of 85 s−1 the deformation is fully adiabatic, 
as the temperature field on the gage section is homogene-
ous, and there is no temperature increase in the grip sec-
tions. An increase of temperature in the grip sections would 
indicate a heat flow away from the deforming gage section, 
which should not happen if the deformation is adiabatic. 
At the strain rates of  10−1  s−1 and  10−2  s−1, however, the 

temperature of the gage section is not constant, and a maxi-
mum temperature can be observed in the middle of the gage 
section. The temperature along the gage section slowly drops 
towards the grip sections, and thus, evidence that heat is 
being conducted from the gage section to the grips. There-
fore, the deformation is not fully adiabatic although the tem-
perature of the sample clearly increases. At the strain rate 
of 2.5 × 10−4  s−1, the temperature does not increase along 
the gage length during uniform deformation as the heat pro-
duced by the phase transformation and by the plastic work is 
transferred to the surroundings so fast that the temperature 
of the sample remains constant. Based on measurement data 
not shown here for the sake of brevity, similar conclusions 
can be drawn for the stable 316 steel.

Figure 5 shows the full field strain and temperature image 
pairs of the metastable 301 steel at different strains for the 
test at the strain rate of 85  s−1. Both the strain and the ther-
mal images show the shear bands formed in the material just 
before necking. The strain and thermal fields correspond to 
the opposite sides of the sample. Despite this fact, the shear 
bands observed in the strain fields match the shear bands 
observed in the thermal full-field data. Shear bands were 
similarly observed in the stable 316 steel in both the strain 
and thermal data.

Figure 6 shows the temperature increase (ΔT) as a func-
tion of true plastic strain at all studied strain rates for both 
materials. In the lower strain rate tests, heat is conducted 
away from the gage section to the grip regions, and therefore 
averaging the temperature of the whole gage section would 
give values influenced by the heat transfer. This error is min-
imized by evaluating the increase of the temperature (ΔT) in 
a small area near the center of the gage section. That is, the 
temperature increase was obtained from the failure point of 
the sample. The ΔT for both materials increases with plastic 
strain for all the strain rates, except for the quasi-static strain 
rate of 2.5 × 10−4  s−1, for which the temperature increase is 
zero, as expected. For the stable 316 steel, higher strain rate 
leads to higher temperature increase at any given true plastic 
strain. For the metastable 301 steel, ΔT increases with strain 
similarly to the 316 steel for all the strain rates until 0.10 true 
strain. After that, however, the temperature of the 301 steel 
increases faster at the strain rate of  10−1  s−1 than at 85 s−1. At 
the strain rate of  10−1  s−1, the temperature increases fastest at 
the plastic strains close to 0.25, which is approximately the 
same plastic strain at which the maximum strain hardening 
occurs. The phase transformation rate is also the highest at 
those plastic strains, i.e., true strain of 0.25 [24]. The exo-
thermal phase transformation produces excess heat in the 
301 alloy, which increases the temperature of the material 
during deformation. The phase transformation takes place 
more readily at lower strain rates, and therefore, the samples 
heat up more at lower strain rates even though the amount 
of mechanical work is higher at higher strain rates and heat 

Fig. 4  Temperature maps of the tensile specimen of the metasta-
ble 301 steel at the UTS for the strain rates of a 85 s−1, b  10−1  s−1, c 
 10−2  s−1, and d 2.5 × 10−4  s−1
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Fig. 5  Full-field strain and temperature data for the metastable 301 steel at the strain rate of 85 s−1 at engineering strain values of a 5%, b 15%, c 
25%, and d at the end of uniform elongation (38%)

Fig. 6  Temperature increase (ΔT) as a function of true plastic strain for the a stable 316 steel and b metastable 301 steel at different strain rates
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transfer away from the specimen may take place at the lower 
strain rates.

Figure 7 presents the β factor for both materials at the 
strain rate of 85 s−1 (solid line) and at the strain rate of 
 10−1  s−1 (dashed line), and Fig. 8 shows the true stress and 
temperature as a function of true plastic strain, comprising 
the data used to obtain β in Fig. 7. Since the calculation 
of the β factor at low values of strain is highly sensitive 
to the noise-to-signal ratio of both stress and thermal data, 
the values for the β factor presented in this work start from 
true plastic strain values of 0.07. At the strain rate of 85 s−1 
(solid lines), the deformation is fully adiabatic for both mate-
rials, and values of β are clearly below the 0.9 value that 

has been widely used for metals [17]. In fact, the β factor 
increases with increasing strain. For the stable 316 steel, 
β increases from 0.50 at true plastic strain of 0.1 to about 
0.57 throughout uniform elongation. The β factor for the 
metastable 301 steel has a minimum value of 0.69 at the 
true plastic strain of 0.10, and the β factor increases up to 
0.82 at the UTS. At the highest strain rate, the temperature 
increase is so high that the phase transformation is signifi-
cantly reduced. At this strain rate, the β factor of the meta-
stable 301 steel behaves similarly to what is observed for the 
316 steel, but it has higher values at all strains. In principle, 
the differences in the β factor mean that more energy is con-
verted to heat in the metastable 301. At the strain rate of 
 10−1  s−1 (dashed line), the temperature data was obtained 
from the final failure location, where the thermal conditions 
were assumed to be adiabatic for both materials  (dQl is zero 
in Eq. 5). As discussed earlier, it is evident that at this strain 
rate the whole specimen gauge length was not deforming 
adiabatically, but some heat transfer took place near the grip 
sections (see Fig. 4b). Based on the IR measurements, how-
ever, the temperatures in the vicinity of the final failure point 
were evolving uniformly until necking, indicating that adi-
abatic deformation conditions were locally achieved at this 
point. The β of the stable 316 steel is not affected by strain 
rate, although both the flow stress (and thus the amount of 
plastic work) and temperature increase are lower at the strain 
rate of  10−1  s−1 than at the strain rate of 85 s−1. At strain rate 
of  10−1  s−1, the β of the metastable 301 steel increased from 
0.71 at the strain of 0.1 to the maximum of 0.95 at strains 
close to 0.25, and then decreased to 0.91 at the end of uni-
form deformation. The maximum value for β was observed 
at the same strain as for both the maximum strain-hardening 
rate and the maximum phase transformation rate [24]. The 
two steels have similar mechanical responses at the strain 

Fig. 7  β as a function of true plastic strain for the two austenitic steels 
at the strain rate of 85  s−1 (solid line) and at the strain rate of  10−1 
 s−1 (dashed line). The specimen temperature was measured at the 
final failure location, where adiabatic deformation conditions were 
assumed for the calculation

Fig. 8  Stress strain curves and temperature increase (ΔT) for the two materials at the strain rates of a 85 s−1 and b  10−1  s−1. The data is the same 
as in Figs. 3 and 6. The usage of solid and dashed lines is the same as in Fig. 7
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rate of  10−1  s−1 (Fig. 8b), but the temperature increase is 
greater in the metastable 301 steel. The higher temperature 
increase in the metastable 301 steel can be explained by the 
exothermic strain-induced martensitic transformation, which 
adds to the total heat release within the material. The two 
sources of heating, i.e., heat release from the dislocation 
motion and heat release from the phase transformation, can-
not be measured separately in situ with the current methods. 
Therefore, the determined values of β for the 301 steel do 
not indicate the classical dislocation theory-based relation 
between heat generation and the external work. Instead, 
for the metastable steel, β indicates the net heat generation 
within the material when it is subjected to external loading. 
A direct consequence of this reasoning is that, in princi-
ple, the momentary value of β could exceed 1.0, if the heat 
released from the phase transformation exceeds the amount 
of plastic work stored in the microstructure. It is, however, 
unclear, whether such a case would occur in practice.

As is evident in Fig. 4, at lower strain rates the sample 
does not deform in adiabatic conditions and the β factor can-
not be calculated with the current method. At those strain 
rates, there is heat transfer during the test within the sample 
and to the surroundings (air, test machine), so determining 
β would require either incorporating numerical heat transfer 
calculations to the analysis or carrying out the experiments 
with a completely thermally-isolated sample. The former 
method would be inherently inverse in nature and involve 
several uncertainties related to the accurate modeling of 
the experiment, such as the heat transfer coefficients of the 
various free and contact surfaces as well as heat conduc-
tion through several components. The latter method could 
in principle, give accurate results, but in practice, it is very 
challenging to carry out an experiment, in which the sample 
is fully thermally isolated and at the same time subjected to 
high mechanical forces. Therefore, the determination of β 
below the strain rate of  10−1  s−1 is beyond the scope of this 
paper.

Conclusions

In this work, the mechanical behavior of two austenitic stain-
less steels was analyzed in terms of mechanical response 
and temperature evolution. Simultaneous full-field measure-
ments of strain and temperature were carried out in tensile 
tests at a wide range of strain rates, ranging from quasi-static 
to dynamic conditions. The main conclusions of this work 
can be summarized as the following:

– The current setup and data analysis allow the strain and 
thermal fields on the specimen to be analyzed simultane-
ously. Shear bands in the specimen can be observed in 
both the strain and temperature fields. This indicates that 

good spatial and temporal synchronization is obtained 
between the two measurement techniques.

– With the presented full-field temperature measurements, 
it can be determined whether the sample is tested under 
fully adiabatic conditions or not. This allows a distinc-
tion to be made as to whether the Taylor–Quinney coef-
ficient (β) can be determined with the simple equation for 
adiabatic heating conditions or whether the heat trans-
fer through the sample and to its surroundings has to be 
accounted for. This work focuses on strain rates involving 
fully adiabatic deformation conditions (i.e. at and above 
 10−1  s−1), while the determination of β at lower strain 
rates is left for future studies.

– For the studied steels, the value of the β coefficient var-
ies during the test, increasing with increasing strain, 
and is below the traditionally assumed value of 0.9. The 
β coefficient for the stable austenitic steel AISI 316 is 
significantly lower than the corresponding value for the 
metastable austenitic steel AISI 301. If it is assumed that 
the evolution of the microstructure in both steels, AISI 
316 and AISI 301, is similar except for the phase trans-
formation occurring in the metastable steel AISI 301, it 
can be concluded that the difference in the β coefficient is 
due to the exothermic phase transformation taking place 
in the metastable material.
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