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Investigation of Thermomechanical Coupling
in Inconel 718 at Homologous Temperatures of 0.2
and 0.5

OWEN KINGSTEDT, ANTHONY LEW, MASON PRATT,
SEYYED-DANIAL SALEHI, and SAMEER RAO

A study was conducted to investigate the temperature dependence of thermomechanical
coupling in Inconel 718 (IN718). IN718 was selected as a model material due to deformation
being predominantly accommodated by planar slip. Split-Hopkinson (or Kolsky) tension bar
experiments were conducted at a nominal strain rate of 750 s�1 at room temperature and 450 �C,
representing homologous temperatures (TH ¼ T=Tmelt) of TH ¼ 0:2 and TH ¼ 0:5, respectively.
During deformation, specimen gauge sections were imaged with a high-speed infrared camera.
Using one-dimensional wave analysis, the transient heat conduction equation, and tempera-
ture-dependent specific heat capacity values, the temperature rise as a function of plastic strain
was used to calculate plastic work, thermal work, and the plastic work to heat conversion
efficiency, commonly known as the Taylor–Quinney coefficient (TQC). As expected, a
significant reduction in plastic work was observed during testing at elevated temperatures.
The temperature rise due to plastic deformation was observed to be lower at room temperature
compared to elevated temperature experiments. It is reported here for the first time that the
TQC is a temperature-sensitive quantity. At TH ¼ 0:5, a nearly complete conversion of plastic
work to heat was observed (TQC � 1:0). Under ambient conditions of TH ¼ 0:2, a much lower
efficiency TQC � 0:4 was observed.
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I. INTRODUCTION

WHEN deformed, metals store a portion of the
mechanical work of plastic deformation internally
through the formation of microstructural defects, while
the remainder is converted to heat (e.g., References 1
through 4). The conversion efficiency of plastic work (or
power) to heat is commonly referred to as the Tay-
lor–Quinney coefficient (TQC). Significant efforts have
been expended to move beyond the seminal work of
Taylor and co-workers (e.g., References 1 and 2]), who
reported the TQC to have a constant value of 0.9.
Modern investigations have shown the TQC to be
sensitive to strain,[3,5,6] strain rate,[6,7] loading mode,[8]

grain size,[9–11] and activated deformation
mechanisms.[12]

The TQC is often incorporated in constitutive models
targeted at predicting material behavior in complex
conditions, namely, high-speed machining, ballistic pen-
etration, dynamic fracture, and shear banding (e.g.,
References 13 through 17). Although these applications
involve significant heating, experiments from which
TQC data are extracted have been predominantly
performed at ambient conditions. While it is well
established that initial temperature influences mechan-
ical behavior (e.g., thermal softening), the quantification
of temperature’s effect on self-heating, particularly the
conversion of plastic work to heat, has yet to be
investigated. The presented work is the first to the
authors’ knowledge to experimentally quantify the
conversion of plastic work to heat under non-ambient
temperature conditions.

II. METHODOLOGY

A. Specimen Preparation

Specimens were waterjet cut from a 3.18 mm thick
Inconel 718 (IN718) sheet meeting ASTM B670 to the
dimensions given in Figure 1. IN718 is selected for study
because it does not exhibit solid-state phase
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transformations that would serve as a latent heat
source[18] and its oxidation behavior is well
characterized.[19–21]

B. Dynamic Mechanical Behavior Characterization

High-strain rate deformation was accomplished at
room temperature and at 450 �C using a Joule-heated
split-Hopkinson tension bar (SHTB). The Joule heating
system has been presented in detail in Reference 22.
Thermocouple measurements have shown the duty-cycle
controlled Joule heating in the SHTB to be highly
repeatable (� 2 �C).[22] The SHTB setup consists of 3.658
m long 350C maraging steel incident and transmitted
bars and a striker tube with a length of 457.2 mm. Strain
gauges in a full-Wheatstone bridge configuration are
mounted to the incident and transmitted bars to
measure the elastic waves propagating through the bars.
A pulse width-based trigger signal is sent to a Telops
Fast M3K infra-red (IR) camera. The camera captures
the specimen IR emissions in the gauge region (see
Figure 1) during deformation at a frame rate of
25,000fps with an exposure time of 9.96 ls.

Raw data traces recorded by the incident and trans-
mitted bar-mounted strain gauges, the trigger signal,
and the subsequent timing of IR image captures are
presented in Figure 2. Pulse shaping in the form of four
6.35mm diameter by 0.5mm thick semicircular copper
pieces placed 90 degrees apart on the incident bar flange
was used to mechanically filter high-frequency content
out of the propagating wave pulses. Since pulse shaping

was used in all experiments, a dispersion correction was
not utilized in the analysis.
Assuming one-dimensional wave propagation, strain

gauge signals are reduced to obtain the specimen’s
nominal true stress–strain behavior. For a more
in-depth discussion of SHTB experimentation and
one-dimensional wave analysis, the reader is encouraged
to review References 23 through 25. The specimen’s true
strain is calculated as follows,

etrueðtÞ ¼ ln 1þ
Z t

0

2
c0
Ls

�RðsÞds
� �

; ½1�

where c0 is the bar wave speed, Ls is the specimen
gauge length, �RðsÞ is the reflected wave strain, and t is
the loading pulse width. The specimen’s true stress is
obtained by

rtrueðtÞ ¼
AbarEbar�TðtÞ
tspecwspec

1þ
Z t

0

2
c0
Ls

�RðsÞds
� �

; ½2�

where Abar is the cross-sectional area of the incident or
transmitted bar, Ebar is the bar elastic modulus, �TðtÞ
is the transmitted wave strain, and tspec, wspec are the
specimen gauge section thickness and width, respec-
tively. Lastly, the specimen’s true strain rate is calcu-
lated using,
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C. Taylor–Quinney Coefficient Calculation

The heat generated during deformation processes is
modeled by the transient heat conduction equation, see
Eq. [4],

qcp _T|ffl{zffl}
temperaturerise

¼ K0r2T|fflfflffl{zfflfflffl}
heatconduction

� cT0
Espec

1�2m
_�ekk|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

thermoelasticeffects

þ bdiffrij _�
p
ij|fflfflfflffl{zfflfflfflffl}

thermoplasticeffects

;

½4�

where _T, T, and T0, are the heating rate, temperature,
and initial temperature, respectively, bdiff represents the
plastic power (work rate) to heat conversion rate,[5,26] c,
cp;K0; and m are the coefficient of thermal expansion,
specific heat capacity, thermal conductivity, and Pois-
son’s ratio of the deforming material, respectively, and
_�ekk; _�

p
ij are the elastic and plastic strain-rates.

Multiple simplifications are made to the transient heat
equation. SHTB experiments are adiabatic, eliminating
the need for the conduction term. Thermoelastic effects
are small (on the order of � 0.2 �C in metals[4]),
compared to the temperature rise associated with
plasticity (10’s of degrees). Therefore, thermoelastic
effects are neglected. Finally, the transient heat conduc-
tion equation requires taking the time derivative of
temperature fields to obtain bdiff. Due to the sensitivity

of time derivatives to experimental noise and the limited
number of frames captured during deformation, the

Fig. 2—Representative raw strain gauge data captured during a
pulse-shaped split-Hopkinson tension bar experiment with infra-red
camera trigger and image acquisition timings.

Fig. 1—Geometry of the uniaxial tension specimens. All dimensions
are in mm.
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calculation and reporting of bint is favored (defined
below). Furthermore, bint is thermodynamically
restricted to taking a value between zero and one, while
bdiff has no such restriction. bint represents the conver-

sion of plastic work to heat.[27] Applying the above
assumptions, the transient heat conduction equation
simplifies to,

bintð�; _�Þ ¼
qcpDTR
dWp

; ½5�

where cp is specific heat capacity, q is density, DT is
temperature rise, and Wp is plastic work. Throughout
the remainder of the manuscript bint is reported and is
referred to as the TQC. For room temperature exper-
iments, a constant specific heat capacity of 435 J/kg-C
was used.[11] For non-ambient condition experiments,
specific heat capacity is treated as a temperature-depen-
dent material property. The non-uniform temperature
field occurring as a result of Joule heating necessitates a
pixel-by-pixel assignment of specific heat capacity.
Specific heat capacity values are assigned based on the
IN718 values reported by Basak et al.[28] Thermophys-
ical properties used in calculations are summarized in
Table I. Due to the inability to directly measure low
strain properties of materials using the SHTB (e.g.,
elastic modulus and yield stress using a 0.2 pct strain
offset), the overall mechanical work in Eq. [5] is
approximated as the integral of the entire true stress–
strain behavior.

D. IR Camera Data Reduction Process

The IR camera comes with a manufacturer-provided
calibration that assumes the object of interest is a perfect
black body possessing an emissivity (E) of 1. The
emissivity of metals is dependent on their surface
condition. Investigations of the emissivity of IN718
have reported values ranging from 0.1 to 0.9 (e.g.,
References 29 through 37). In the current work, the
surface emissivity of each specimen was determined by
converting raw camera output data in the form of pixel
by pixel in-band radiance (IBR) values to temperature
using Planck’s radiation law (described below). Emis-
sivity-dependent temperature predictions were calcu-
lated for the complete range of reported emissivity
values of IN718 (i.e., E ¼ 0:1 to 0:9). Next, temperature
predictions were compared to known gauge section
temperatures recorded via thermocouple to identify the
specimen emissivity. The standard limit of error of the
thermocouples used to measure the gauge section

temperature is the greater of ± 2.2 �C or 0.75 pct of
the recorded temperature. Thus, at room temperature,
the error is ± 2.2 �C (� � 8 pct). At 450 �C, the error is
± 3.4 �C (0.75 pct). These standard errors correspond to
a change in emissivity of � 0:2 at room temperature and
a change in emissivity of � 0:01 at 450 �C. It is assumed
that the surface emissivity remains constant throughout
deformation. While others have used thin coatings in
efforts to homogenize surface emissivity (e.g., Reference
38) no coatings were used. The current work forgoes
their use to eliminate concerns of delamination caused
by differences in coefficients in thermal expansion and
high heating rates.
The data reduction process from raw in-band radi-

ance (IBR) counts to temperature is the same as that
reported by Pratt et al.[39,40] In the initial step of
calculating the specimen temperature, the camera-ob-
served IBR values must be corrected to remove ambient
contributions and account for the specimen emissivity.
The correction takes the following form and provides
the specimen’s IBR,

IBRspec ¼
IBRcam � IBRRTð1� EÞ

E
; ½6�

where IBRspec is the specimen IBR, IBRcam is the cam-
era-observed IBR, IBRRT is the room temperature
radiance determined from Planck’s radiation law, and
E is the specimen emissivity. Plank’s radiation law is
used to obtain specimen temperature from the speci-
men radiance by integrating the spectral form of
Planck’s radiation law over the IR camera’s wave-
length band,

IBRspecðTspecÞ ¼ 2hc2
Z 5:50lm

3:01lm

1

k5 expð hc
kkBT

Þ � 1
dk; ½7�

where h is Planck’s constant, c is the speed of light in
vacuum, k is the signal wavelength, kB is the Boltzmann
constant, and Tspec is the specimen temperature (K). It is
computationally expensive to use Eq. [7] to solve for
Tspec given IBRspec, due to its inverse creating an
incomplete polylogarithm expression which is approxi-
mated as an infinite sum. Instead, a lookup table was
generated using known temperatures and calculating the
expected IBRspec for given values of Tspec. This lookup
table allows for rapid Tspec computations. An example
of the raw temperature fields obtained from an elevated
temperature experiment (450 �C, TH ¼ 0:5) at increas-
ing levels of strain is shown in Figure 3.

Table I. Experiment Analysis Variables

Experiment Temp. Density (kg/m3) Heat Capacity (J/kg-C) Emissivity

25 �C � 1 8190 435 0.7
25 �C � 2 8190 435 0.8
450 �C � 1 8190 484[28] 0.49
450 �C � 2 8190 484[28] 0.47
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E. Temperature Data Transformation

From Figure 3, it is evident that the temperature field
shifts to the left and stretches during the experiment.
The temperature field shifting and stretching is due to
the specimen translating and deforming while the
camera remains stationary. The temperature field
stretching is proportional to the gauge section plastic
strain. In the room temperature experiments, the tem-
perature field translation and stretching do not pose an
issue as the temperature rise associated with deforma-
tion is determined in reference to a uniform initial
temperature field. Joule heating results in an initial
non-uniform temperature field with a parabolic distri-
bution in the elevated temperature experiments. There-
fore, to determine the position-dependent temperature
rise in elevated temperature experiments, captured
temperature fields must be transformed back to their
initial (i.e., reference) position before calculating the
temperature rise (DT) associated with plasticity.

A multi-step process is adopted to transform temper-
ature fields. This process is illustrated in Figure 4. The
peak of the parabolic temperature distribution achieved
during Joule heating occurs at the center of the specimen
gauge section. As the specimen deforms, thermal soft-
ening leads to regions with greater temperatures
deforming more readily than cooler regions. Therefore,
the parabolic temperature distribution is assumed to
remain parabolic throughout deformation. The temper-
ature distribution obtained from the center line of the
temperature fields previously shown in Figure 3 is
provided in Figure 4(a). A quadratic fit is determined for
the temperature distribution recorded at increasing
levels of strain. The peak of the quadratic fit for the

initial reference temperature distribution and the final
temperature distribution are indicated with square
markers in Figure 4(a). Each temperature distribution
is then shifted to align the peak of their respective
quadratic fits. Next, 19 fiducial marks are identified
from the reference frame (i.e., zero strain). The position
of each fiducial mark is tracked throughout deformation
in subsequent images. Figure 4(b) shows the position of
fiducial marks in the zero strain (red) and maximum
strain (black) temperature fields and their relative
displacements (blue). A quadratic fit is applied to the
fiducial mark displacement for each strain-dependent
temperature field (see Figure 4(c)). The quadratic fit of
the displacement of the fiducial marks is used to
transform the temperature fields to their reference
positions as is shown in Figure 4(d).
Once transformed, the temperature rise, thermal

work, and TQC is determined over the gauge section
as a function of strain. Room temperature experiments
utilize the entirety of the gauge section. Elevated tem-
perature experiments are limited to the central region of
the gauge section with the greatest initial temperatures;
see the white boxed region in Figure 3. This is based on
the assumption that the material at the center of the
gauge section will deform preferentially due to thermal
softening compared to cooler regions near the gauge
section ends. A 3x3 smoothing kernel is employed to
reduce the effects of noise and local variations in
emissivity from biasing results. The averages and stan-
dard deviations of temperature rise, thermal work, and
TQC are determined.

III. RESULTS AND DISCUSSION

A. Stress–Strain Behavior

The temperature-sensitive true stress–strain behavior
of Inconel 718 is reported in Figure 5. There is a
significant 570 MPa reduction in yield strength caused
by thermal softening. The strain-hardening behavior is
minimally impacted in the elevated temperature exper-
iments. The true stress–strain behavior is integrated to
obtain plastic work density as a function of true strain.
The total nominal work density of the room tempera-
ture experiments reaches 12:55� 107 J/m3 while the
elevated temperature work density reaches 6:6� 107 J/
m3, a 48 pct reduction. The separation between the
plastic work density at room temperature and elevated
temperature is significant and is an order of magnitude
larger than the uncertainty associated with SHTB
measurements (reported by Brizard et al.[41] to be � 4
pct).
At elevated temperatures, increased thermal energy

enables dislocations to overcome energy barriers
increasing dislocation climb and glide in the presence
of obstacles. This manifests directly as a reduction in
yield stress. Other processes, such as diffusion, are also
enhanced at high temperatures but are unlikely to be
significant given the short timescales associated with the
specimen heating (< 10 seconds) and high strain rate
deformation (200 ls).

Fig. 3—(a) through (h) Temperature field evolution as a function of
strain for a 450 �C (TH ¼ 0:5) experiment. Boxed regions show the
translation and deformation of the uniform temperature area at the
center of the gauge section. The horizontal dotted line corresponds
with center-line of pixels whose temperature distribution is shown in
subsequent figures.
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B. Temperature Rise During Deformation

Using the center line of pixels from the gauge section,
the temperature rise and thermal work density are
reported as a function of strain for each experiment in
Figure 6 . Black dashed vertical lines indicate the regions
of the temperature distributions used when calculating
the TQC and its variation. Temperature profiles show
similar behavior with plateau-shaped temperature dis-
tributions. Once non-uniform deformation occurs,
non-uniform temperature profiles are recorded, as is
shown by the dashed temperature rise distribution
shown in Figure 6(a). Once deformation becomes
non-uniform, Eq.[4] is no longer valid. Over the strains
achieved, temperature rises under room temperature
conditions are 10 �C (or less). Under elevated temper-
atures, the temperature rises reach up to 18 �C. Thermal
work values scale with the observed temperature rises.
Comparing similar levels of strain, thermal work is 30 to
40 pct higher at TH ¼ 0:5 compared to TH ¼ 0:2.

Fig. 4—Transformation process to account for specimen translation and deformation. (a) The center-line temperature distribution as a function
of strain. Dashed lines are quadratic fits of the respective temperature profiles. Square markers indicate the peak of the quadratic fit. (b)
Aligning of temperature profiles at zero true strain (red) and 14.1 pct true strain with respect to the quadratic fit peak position and tracking of
fiducial marks between images. The blue trace shows the relative displacement of fiducial marks with respect to their initial position. (c) Fiducial
mark displacement as a function of strain. (d) Transformed temperature profiles showing positive feature alignment.

Fig. 5—Temperature-sensitive true stress–strain behavior (black) and
plastic work density (red) of IN718 at room temperature (TH ¼ 0:2)
and 450 �C (TH ¼ 0:5).
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C. Taylor–Quinney Coefficient

The TQC determined for each strain level shown in
Figure 6 is reported in Figure 7. Due to the inability to
resolve the early stages of deformation using the SHTB,
there are significant fluctuations in the calculation of the
TQC at low strains. For clarity, dotted lines are used
when reporting low-strain data (i.e., �<0:02). For both
room temperature experiments, the conversion of plastic
work to heat converges to bint ¼ 0:4. Elevated temper-
ature experiments exhibit TQC profiles approaching one
(bint ¼ 1:0).

For each experiment, over the gauge section regions
similar to those shown in Figure 8, the mean and
standard deviation of the TQC are determined as a
function of strain. Values are reported in the form of an
errorbar chart where the error bar whisker represents
one standard deviation from the mean. Mean TQC

values are indicated by a circular or square marker. A
clear temperature dependence on TQC is revealed. The
conversion of plastic work to heat at room temperature
(TH ¼ 0:2) is less than half that at TH ¼ 0:5.
In the case of the room temperature experiments, the

TQC (and temperature) fields showed high levels of
uniformity with limited variations over the specimen
surface prior to the onset of deformation heterogeneity.
The mean TQC and standard deviation of the TQC are
reported in Figure 9. The mean values increase until
roughly 5 pct strain after which a relatively constant
TQC value of bint ¼ 0:37 is observed with average
standard deviations on the order of r ¼ 0:07: Elevated
temperature experiments were more susceptible to
exhibiting non-uniformity. Similar to the room temper-
ature experiments for strains greater than 5 pct the TQC

Fig. 6—Temperature rise as a function of horizontal pixel coordinate position for (a, b) room temperature (TH ¼ 0:2) and (c, d) a 450 �C
experiments (TH ¼ 0:5). Deformation is constrained to the center region of the specimen, resulting in a rise in the plateau-like temperature
distribution. The vertical black dashed lines provide the bounds of the region over which statistics of reported values are obtained.
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is relatively constant with an average value of bint ¼ 0:96
with a standard deviation of r ¼ 0:14:

The variation of the TQC fields shown for the
elevated temperature experiment in Figure 8 is due to
two compounding sources. The first is the quadratic fit
used when mapping between the deformed configuration
and the reference configuration. Future work should
look to leverage digital image correlation to obtain the
exact mapping instead of the approximated mapping
used herein. For example, by using the approaches
recently published by Soares and Hokka.[42] The second
is the possibility of local variations in emissivity that
result in over (or under) predictions of temperature rise.
As was stated previously, the surface emissivity on
IN718 can vary significantly. At 450 �C, a change in
emissivity of 0.01 results in a 3 �C difference in
temperature which is � 20 pct of the total temperature
rise. It is recommended that future efforts attempt to
quantify individual specimen emissivity as a function of

the testing condition investigated using a suitable ap-
proach (i.e., ASTM C835[43]).
Figure 10 shows the impact of the SHTB and

thermocouple measurement uncertainty on reported
values. Filled markers represent data calculated using
specimen emissivities based directly on thermocouple
measurements (assumes no error). Open markers repre-
sent data obtained using the thermocouple standard
error. For clarity, open markers are shifted slightly to
the left and right of the filled markers. The uncertainty
of the SHTB is illustrated by the respectively colored
dashed lines. The uncertainty of the SHTB is presented
only for the upper and lower limit bounds of the data.
For room temperature experiments, the measurement
uncertainty is dominated by the thermocouple standard
error, while at elevated temperatures, the measurement
uncertainty is primarily attributed to the SHTB. After
accounting for the total measurement uncertainty, there

Fig. 7—bint evolution as a function of strain for a representative (a, b) room temperature and (c, d) 450 �C experiments.
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is a clear separation between the TQC values captured at
room temperature and at elevated temperature.

The relationship between the TQC and the change in
internal energy of a deforming solid can be approached
through the first law of thermodynamics,

DU ¼ W�Q; ½8�

where DU is the change in internal energy of the
deforming material, Q is the generated heat (qcpDT),

and W is the work of deformation (
R
rdeÞ. Rewriting

Eq. [8], yields[44]:

DU ¼ Wp � qcpDT ½9�

Figure 11 presents the change in internal energy as a
function of strain. For each experiment at each strain
increment captured by the IR camera, the difference in
thermal energy and mechanical energy was calculated. It
is evident that the internal energy at TH ¼ 0:5 is
significantly lower than at room temperature TH ¼ 0:2:
This difference can be accounted for by the fact that
temperature-assisted plastic deformation processes
occur with increasing homologous temperature.
Planar dislocation arrays are readily formed during

plastic deformation at room temperature and 450 �C
due to IN718’s high stacking fault energy. The cell size
and dislocation density of these arrays are tempera-
ture-sensitive. Lee et al. performed post-mortem trans-
mission electron microscopy (TEM) on IN718
specimens to characterize dislocation arrays in speci-
mens deformed under compression at a strain rate of
1000 s�1, at room and elevated temperatures (25 �C,
300 �C, and 550 �C).[45] TEM micrographs identified a
negative relationship between testing temperature and
dislocation density and a positive relationship between
dislocation cell size and temperature. Combined, these
relationships provide a straightforward and plausible
explanation for increased thermal work and TQC
during elevated temperature testing. The reduction in
dislocation density and increased dislocation cell size
corresponds to a reduction in energy stored within the

Fig. 8—bint evolution as a function of strain for room temperature (TH ¼ 0:2) and a 450 �C (TH ¼ 0:5) experiments.

Fig. 9—Taylor–Quinney Coefficient (bint) as a function of strain and
temperature.
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material microstructure due to the reduced number of
defects (energy) in the deformed material.

IV. CONCLUSIONS AND SUMMARY

The adiabatic deformation behavior of Inconel 718
was investigated at room temperature and 450 �C,
representing homologous temperatures of TH ¼ 0:2
and TH ¼ 0:5, respectively. Temperature fields were
captured, temperature rise due to plastic deformation,
thermal work, plastic work, the TQC, and internal
energy were quantified as a function of strain. While a

limited number of specimens were studied in this work,
the collected data show that the Taylor–Quinney coef-
ficient, or the conversion of plastic work to heat, is a
temperature-dependent quantity. Room temperature
experiments exhibited a mean Taylor–Quinney coeffi-
cient of bint ¼ 0:37; and 450 �C experiments exhibited a
mean of bint ¼ 0:96. These findings further reinforce the
need to quantify the conversion of plastic work to heat
under conditions representative of the application being
modeled and move past the assumption of a constant
conversion efficiency of plastic work (or power) to heat.
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