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A B S T R A C T   

In this study, the conversion of plastic work to heat, also known as the Taylor-Quinney coefficient (β), of Inconel 
718 (IN718) is investigated. Three material conditions are examined, specifically wrought IN718 and laser 
powder bed fusion (LPBF manufactured IN718 in the as-built condition and one that has been recrystallized 
through a solutionizing heat treatment. Adiabatic deformation conditions are achieved using a tension split- 
Hopkinson pressure bar. Infra-red thermography measurements are made during deformation such that the 
conversion of plastic work to heat can be determined for each material condition as a function of strain. 
Microstructure characterization was conducted using electron backscatter diffraction to measure grain size, 
morphology, and texture. From the experiments conducted, it was observed that wrought IN718 had the lowest 
conversion of plastic work to heat (β ≈ 0.2). The as-built LPBF IN718 had a slightly higher conversion of plastic 
work to heat (β ≈ 0.3), and the recrystallized condition had the greatest plastic work to heat conversion (β ≈
0.45). The observed ordering of the plastic work to heat conversion efficiency is discussed in light of the 
microstructural similarities and differences of each material condition. Increasing grain size was found to be 
correlated with a decrease in β.   

1. Introduction 

Inconel 718 (IN718) is a precipitation-hardened nickel-based super 
alloy. Its excellent corrosion resistance and high strength at elevated 
temperatures (> 700∘C) make it a commonly used structural material for 
extreme environments such as those seen in aerospace applications. The 
high-strength properties of IN718 are due to the distribution of the 
precipitated Ni3Nb body centered tetragonal γ′′ phase and the Ni3(Al,Ti) 
face centered cubic (fcc) γ′ phase [1–3]. Of these two phases, the γ′′

phase is the primary strengthening precipitate because it produces a 
coherency strain with the matrix up to 2.9%, while the γ′ phase produces 
a coherency strain of less than 1.25% [4]. In traditionally manufactured 
IN718, coprecipitate γ′∕γ′′ structures have been observed. Coprecipitate 
structures have been demonstrated to require complex dislocation 
structures to induce plastic deformation, resulting in improved me
chanical properties [5,6]. To the authors’ knowledge, the coprecipitate 
structure has yet to be observed in additively manufactured (AM) IN718. 

Prolonged heat treatments (> 100 h) can transform the meta-stable 
γ′′ phase to the stable Ni3Nb orthorhombic δ phase, which has been 
shown to restrict grain growth and diminish grain boundary creep 

fracture [7,8]. The generally undesirable Laves phase, consisting of (Ni, 
Fe,Cr)2(Nb,Mo,Ti), occurs due to the poor diffusibility of Nb and is often 
observed in the segregation region of laser-powder bed fusion (LPBF) 
IN718. The brittle nature of the Laves phase leads to mechanical prop
erty reductions. Therefore, solutionizing heat treatments are often 
employed to dissolve the Laves phase to release key elements (e.g., Ti) 
back into the matrix to increase strengthening γ′ and γ′′ phase 
precipitation. 

IN718 has become a popular alloy in additive manufacturing 
research community with review articles (e.g., [9]) and books (e.g., 
[10]) covering it’s mechanical properties. Additive manufacturing has 
significant promise to enable the fabrication of complex geometry 
components, such as engine turbine blades with integrated cooling 
channels. However, the as-printed surface quality of AM components is 
typically lower than traditionally machined components. Surface as
perities lead to stress concentrations which in turn result in 
lower-than-desired mechanical performance. One approach to improve 
the mechanical properties of AM components is to incorporate tradi
tional subtractive machining methods during the AM process to improve 
surface finish [11,12]. In this hybrid approach, the AM build process and 
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machining step alternate, leading to increased build times. To reduce 
machining times, a thorough understanding of a material’s 
thermo-mechanical behavior is necessary, particularly for alloys such as 
IN718 that present challenges in machining [13,14]. One of the moti
vations of the current work is to report the conversion of plastic work to 
heat under adiabatic conditions for IN718, which is needed to enable 
accurate modeling of high-speed machining processes that could be 
incorporated into hybrid AM approaches to alleviate bottlenecks during 
component production. 

In addition to surface roughness, internal porosity can have an 
impact on component mechanical properties. There has been a large 
body of work dedicated to the study of porosity in LPBF metals (e.g., 
[15–18,19]). Porosity within components is categorized into three main 
categories: gas pores, keyhole pores, and lack of fusion pores [20]. Gas 
pores tend to be smaller and spherical in nature, where keyhole and lack 
of fusion pores are comparatively larger and are non-spherical. Keyhole 
pores form when an energy density greater than the optimal density is 
used [21,22]. Lack of fusion pores are common when an insufficient 
energy density is used. A recent assessment of pore type within an LPBF 
IN718 build conducted by Watring et al. [23] found spherical gas pores 
to account for less than 0.3% of the entire build volume across three 
separate build volumes that were produced using different combinations 
of laser power and build orientation. Under quasi-static tension condi
tions, it was found that for the same laser energy density similar tension 
yield strength behavior was observed despite differences in porosity and 
build orientation. Babamiri et al. [24] recently investigated the porosity 
distribution of LPBF IN718 subjected to a stress relieving heat treatment 
and hot isostatic pressing. They found that porosity was greatest near the 
print surface periphery, and minimal at the printed component interior. 
Kumar et al. [25] performed a systematic study of laser power and scan 
speed to achieve high density (≥99%) LPBF components. Proper selec
tion of process parameters resulted in fully-dense porosity free LPBF 
IN718. Therefore, careful extraction of specimens from the interior of a 
build volume produced using optimized process parameters, such as 
those recommended by manufacturers, results in specimens that can be 
approximated as fully-dense and porosity free. 

During plastic deformation, a portion of plastic work, commonly 
referred to as cold work, is stored within a material through defects (e.g., 
dislocations, deformation twins, residual strains), while the remainder is 
converted into heat [26–29,30,31]. The efficiency of the conversion of 
plastic work to heat is commonly known as the Taylor-Quinney coeffi
cient or β coefficient [27]. This coefficient is the macroscopic manifes
tation of lower length scale processes including but not limited to 
dislocation generation, dislocation glide, dislocation entanglement, 
dislocation annihilation and deformation twinning. An understanding of 
the Taylor-Quinney coefficient is of critical importance for developing 
accurate temperature-dependent constitutive models and predicting the 
onset of thermoplastic instabilities during deformation [29–32,33]. 
Specific applications requiring an understanding of the Taylor-Quinney 
coefficient include, high-speed machining, ballistic performance, shear 
band formation, and dynamic fracture. 

Quasi-static deformation strain-rates present an iso-thermal loading 
condition where heat that is generated locally can dissipate at a rate 
faster than the rate of deformation. Conversely, dynamic strain-rates (e. 
g., ε > 102s−1) can essentially be treated as adiabatic processes, where 
specimen temperature rises can be significant [29–31,34]. Traditionally, 
the Taylor-Quinney coefficient has been approximated to be a constant 
value of ninety percent (β = 0.9), and can be represented in terms of the 
integral-based ratio of thermal dissipation to mechanical work (βint) or 
the differential-based rate of dissipation of mechanical power (βdiff). An 
important distinction between βint and βdiff is that βint≤ 1, unless an 
additional latent heat source, such as a phase transformation, occurs 
during deformation. The stored energy of cold work quantity is then, f 
= 1 − βint. Regardless of Taylor-Quinney coefficient reported (βint vs. 
βdiff), simultaneous measurement of the specimen temperature rise, 
stress, and strain are required. The approximation of β = 0.9, and thus 

stored energy f = 0.1, has been shown to be an over simplification, as 
experimental efforts have demonstrated these quantities to vary with 
strain [30,35], strain-rate [29,35,36], loading mode [34], grain size 
[37–39], crystallographic loading orientation [40], and active defor
mation mechanisms [41]. A tabular overview of the variation of the 
Taylor-Quinney coefficient from experiments conducted on a range of 
materials can be found Ref. [34]. 

Modeling efforts have attempted to rationalize the range in reported 
Taylor-Quinney coefficient values and stored energy data obtained from 
experiments. A few models are discussed in the following to showcase 
the range of approaches and variations in model complexity that have 
been reported. Zehnder [42] presented a straightforward model corre
lating strain hardening to dislocation density and once a limited set of 
variables were tuned, was able to model experimental data of poly
crystalline Cu. Aravas et al. [43] proposed a simple model based on 
calculating the energy associated with residual stresses after plastic 
deformation and unloading. Their model showed that at large strains a 
material’s hardening exponent provides the upper bound for the ratio of 
stored energy to energy dissipated as heat. Kapoor and Nemat-Nasser 
[44] used an energy change caused by dislocation density evolution 
approach, and found that only a small amount (1%) of plastic work is 
stored as dislocations within the material. Rosakis et al. [45] presented a 
classical thermoplasticity model based on an internal variable model 
restricted by the second law of thermodynamics, and simplified by 
experimentally-motivated assumptions. Their thermoplasticity model 
was demonstrated to capture experimentally observed strain and 
strain-rate dependence of β in rate-sensitive α-Titanium, and 
rate-insensitive Al 2024. The work of Benzerga et al. [46] adopted a 
dislocation dynamics approach to directly model individual dislocations 
during plastic deformation and the corresponding evolution of the 
Taylor-Quinney coefficient. They found the Taylor-Quinney coefficient 
to be dislocation density and dislocation mobility dependent. The recent 
molecular dynamics study of Kositski and Mordehai [47] investigated 
dislocation motion in single crystals and grain boundary evolution in 
nanograined materials. They found that dislocation glide, and grain 
boundary processes of dislocation nucleation and dislocation annihila
tion result in a nearly complete conversion of work to heat (i.e., β = 1). 
Additionally, they observed that an increase in the grain boundary 
volume fraction results in greater internal energy storage (i.e., lower 
Taylor-Quinney coefficient), and a decrease in the grain boundary vol
ume fraction releases internal energy (i.e., higher Taylor-Quinney co
efficient). Lieou and Bronkhorst [48] recently developed a 
partitioned-energy thermodynamic framework to quantify the differ
ential Taylor-Quinney coefficient. Their framework suggests that the 
Taylor-Quinney coefficient is material dependent and increases with 
increasing strain. 

To date, thermo-mechanics studies reporting experimentally 
measured Taylor-Quinney coefficients have largely been conducted 
under high-strain-rate compression or shear-dominated loading. 
Comparatively, the assessment of the thermo-mechanical conversion of 
work to heat for materials under high-strain rate tensile deformation is 
relatively scarce. Notable examples include, Macdougall and Harding 
[49], Xia and Rao [50], and the work of Rittel et al. [34]. With the 
Taylor-Quinney coefficient being loading mode dependent, one objec
tive of this study is to fill a knowledge gap in our understanding of the 
tensile thermo-mechanical coupling of IN718. Furthermore, 
thermo-mechanics studies have tended to focus on a single material 
preparation condition. It is well established that AM metals have dras
tically different microstructures than their wrought counterparts. Thus, 
the second objective of the presented work is to investigate the variation 
in the conversion of plastic work to heat as a function of material 
preparation, specifically comparing IN718 of the wrought condition to 
its AM counterparts. IN718 was judiciously selected for this study 
because the as-built LPBF microstructure has a dense dislocation cell 
network and limited presence of primary γ′ and γ′′ strengthening phases 
[51]. These two features are in stark contrast with the wrought condition 
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which has a low initial dislocation density and has an optimized distri
bution of primary strengthening phases throughout its microstructure. A 
recrystallized condition obtained from solutionizing the as-built condi
tion is also examined. Collectively, the three dramatically different mi
crostructures provide the opportunity to obtain understanding of the 
specific microstructure features in IN718, including γ′ and γ′′ strength
ening presence, initial dislocation density, secondary δ phase presence, 
and grain size, that impact energy storage and the conversion of plastic 
work to heat efficiency under adiabatic deformation. 

Lastly, there have been limited investigations targeted at assessing 
the dynamic behavior of LPBF IN718. To the authors’ knowledge, there 
has only been one previous study by Babamiri et al. [24] to investigate 
the dynamic tension behavior of LPBF IN718, and no studies have been 
reported investigating the thermo-mechanical behavior of any AM 
metal. 

2. Methodology 

2.1. Specimen fabrication 

Source material for the wrought IN718 condition was purchased in a 
3.175 mm thick annealed sheet meeting ASTM B670 [52] and AMS5596 
[53]. Specimens were extracted from the sheet using waterjet cutting to 
the dimensions provided in Fig. 1. The loading direction of the waterjet 
cut specimens was selected to be parallel to the sheet rolling direction. 

The as-built condition was produced using LPBF on a Concept Laser 
using + 45–10 μm virgin powder and manufacturer recommended 
process parameters (i.e., 53 μm spot size, 160 W laser power, 680 mm/s 
scan speed, 5 mm by 5 mm islands on a checkerboard pattern). Two 
blocks with in-plane dimensions of 80 mm by 80 mm with a 100 mm 
build height were produced. The first block was removed from the build 
plate and no post-build heat treatments were applied. The decision to 
forego post-build heat treatments was motivated by the desire to 
maintain internal residual stresses and the dense dislocation cell 
network that occurs as a result of the rapid solidification rates intrinsic 
to the LPBF process. The second block was removed from the build plate 
and subjected to a solutionizing heat treatment. The solutionizing 
treatment consisted of a 10.5 ∘C/min ramp-up rate, one-hour dwell at 
1250 ∘C, and 10.5 ∘C/min ramp-down rate. The motivation for applying 
the solutionizing heat treatment was to completely eliminate the LPBF 
process residual stresses, dislocation cell network, and solidification 
direction dictated texture from the material. The solutionizing heat 
treatment exceeds the 1100 ∘C recrystallization temperature of IN718. 
Therefore, an equiaxed microstructure is obtained upon completion of 
the heat treatment. From each block, specimens with dimensions iden
tical to the wrought condition were extracted using wire electrical 
discharge machining (EDM). As-built and recrystallized specimens were 
extracted so their loading axis is parallel to the build direction of the 
LPBF process, see Fig. 1. 

The use of manufacturer recommended build parameters and the 

removal of specimens from the internal region of the build volume limits 
the level of porosity that would be present throughout their gauge sec
tion to the point that the as-built and recrystallized specimens are 
considered by the authors to be fully dense and porosity free. This claim 
is supported by previous x-ray computed tomography studies conducted 
by Babamiri et al.[24] and Moorthy [54] which have shown porosity in 
LPBF IN718 build volumes to be limited to the build volume periphery. 
Electron microscopy investigations presented in the following section, 
did not find regions of noticeable porosity due to lack of fusion or key
holing. It is assumed that small scale porosity due to gas inclusion could 
be present in the as-built case, however as was shown by Watring et al. 
[23], this small-scale and small-volume porosity does not govern tensile 
mechanical behavior to a noticeable degree. Instead, as Babamiri et al. 
[24] and Kantzos et al. [55] have reported, tensile mechanical properties 
(i.e., yield strength, ultimate tensile stress, % elongation) of LPBF IN718 
are governed predominantly by microstructure features. 

2.2. Microstructure characterization 

Specimen surfaces were prepared for microstructural characteriza
tion using mechanical polishing. Polishing was performed using pro
gressively finer water-lubricated silicon carbide papers, followed by 
glycol-based diamond suspensions with the final preparation step 
using a 0.05 μm silica suspension. Between each of the polishing steps, 
specimens were cleaned using a Branson 2800 ultrasonic cleaner to limit 
cross-contamination of polishing cloths. 

Once prepared, scanning electron microscope (SEM) micrographs of 
the specimen surfaces were captured using a Helios Nanolab 650i. Both 
secondary electron imaging and backscattered electron (BSE) modes 
were utilized to capture and observe the morphology and distribution of 
precipitated phases. Electron backscattered diffraction (EBSD) data 
were captured on a 500 nm hexagonal grid using a 20 kV accelerating 
voltage, 1.6 nA current, and a working distance of 11 mm. Grain 
orientation maps were cleaned in OIM Analysis software using neighbor 
CI correlation of minimum CI 0.3. For each material condition, at least 
three specimens were examined and the following data was generated 
for each: measures of average grain size using the line intercept tech
nique, inverse pole figure (IPF) using grain orientation coloring, and a 
pole figure triad. The EBSD reference direction of the wrought speci
mens coincides with the specimen’s normal direction. For the LBPF 
specimens in the as-built and recrystallized condition, the reference 
direction is the sweep direction. 

2.3. Adiabatic deformation experimentation 

A desirable condition for the study of the conversion of plastic work 
to heat is an adiabatic deformation process. The time span over which 
deformation is adiabatic can be estimated by the Fourier number, F0 
= αt∕l2, where, α is the material’s thermal diffusivity (α ≈ 10−5 m2∕s for 
metals [56]), t is the loading duration, and l is a characteristic specimen 
dimension (typically length). When F0 < 0.01, the deformation process 
is adiabatic. Loading pulse durations (t) and specimen lengths (l) are 
governed by the experimental technique used. One commonly used 
experimental technique in high-strain-rate mechanics capable for 
providing short loading pulse duration (t < 0.1s) and short sample 
length (l < 0.01 m), resulting in a Fourier number indicative of adiabatic 
conditions is the tension split-Hopkinson pressure bar (TSHPB). 

The TSHPB setup utilized in this work consists of a 457.2 mm long 
tubular striker, and 3.658 m long incident and transmitted bars, all 
made from maraging-steel. At the mid-point of the incident and trans
mitted bars, two strain gauges are mounted diametrically opposite of 
each other, wired in a quarter-Wheatstone bridge configuration. The 
signals recorded for each bar are averaged to eliminate bar bending 
strains from the reported stress-strain behavior of the material. A typical 
raw data trace recorded by the strain gauges of the TSHPB is shown in  
Fig. 2. The representative data shows a pulse duration of 

Fig. 1. Tension split-Hopkinson bar specimen dimensions and orientation with 
respect to principal processing directions for the wrought condition and 
LBPF condition. 
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t = 0.25 × 10−3 s. For the specimen gauge length of l = 0.02 m, the 
Fourier number of this representative experiment is F0 < 0.01, and 
therefore can be approximated as adiabatic. 

As will be shown in Section 3.2, a single loading pulse may not have 
been sufficient to cause specimen failure. Thus, multiple loading itera
tions were used as necessary to fail specimens (i.e, separate into two 
pieces). Specimen dimensions were measured after each loading incre
ment. Measured dimensions were then used when calculating the ma
terial stress-strain behavior for the next loading increment. Additionally, 
measured dimensions were compared to those predicted by assuming 
volume conservation to confirm specimen slipping in the gripping re
gion did not occur. Specimen slipping in the grip region was not 
observed for any of the stress-strain curves reported. 

A summary of the one-dimensional wave analysis used to convert 
strain gauge measurements to the specimen’s nominal engineering 
stress, strain and strain-rate response is presented in the subsequent. For 
a more in depth presentation on the operation and theory of the TSHPB 
the reader is encouraged to review Refs. [57,58]. The specimen’s 
nominal strain-rate ( ˙ϵ(t)), engineering strain (ϵ(t)spec), engineering stress 
(σ(t)E

spec), true stress(σ(t)T
spec) and true strain (ε(t)spec) can be calculated 

assuming one-dimensional wave propagation and the existence of a 
force balance. The strain-rate of the specimen is calculated as follows: 

˙ϵ(t)spec = −
c0

Ls
ϵref (1) 

where, c0 is the wave speed of the incident and transmitted bars, Ls is 
the specimen gauge length, and ϵref is reflected wave strain in the inci
dent bar. All experiments (i.e., loading increments) were conducted 
using the same gas-gun pressure to launch the striker tube. This resulted 
in an average strain rate of 460 s−1 with a range of ± 60 s−1 across all 
experiments reported. This variation in strain-rate does not result in 
loading-rate dictated variations in material behavior or impact the 
conversion of plastic work to heat for each loading increment. Inte
grating the specimen strain-rate over the length of time over which the 
loading pulse occurs, t, yields the specimen’s strain as: 

ϵ(t)spec = −
c0

Ls

∫ t

0
ϵref dτ. (2) 

Finally, specimen stress for the square cross-section specimen ge
ometry used in the current work can be solved for by using the following: 

σ(t)E
spec =

EbarAbarϵtrans

t2
spec

(3) 

where, Ebar and Abar are the elastic modulus and cross sectional area 

of the incident and transmitted bars, respectively, ϵtrans is the trans
mitted pulse strain, and tspec is the specimen gauge thickness. Once the 
engineering stress and strain are determined, they are converted to true 
strain and stress values as follows: 

ε(t)spec = − ln(1 − ϵ(t)spec) (4)  

σ(t)T
spec = σ(t)E

spec(1 − ϵ(t)spec). (5)  

2.4. Infra-red thermography 

During the TSHPB experiments, a liquid nitrogen cooled HgCdTe 
(MCT) infra-red (IR) detector with a spectral sensitivity of 2μm-13μm 
and Newtonian optical system were used to record the real-time tem
perature rise of the deforming specimen. Prior to each experiment (i.e., 
loading increment), the IR detector is calibrated using the approach of J. 
Hodowany [59] to determine the conversion factor between recorded 
voltage and specimen temperature. The calibration consists of placing a 
specimen in the TSHPB and mounting a resistance temperature detector 
(RTD) to the specimen surface opposite that viewed by the IR detector. 
An IR spot heater heats the specimen while its temperature is monitored 
by the RTD. A chopping wheel placed between the specimen and the IR 
detector, provides a dynamic signal for the IR detector. Once a desired 
specimen temperature is reached, the IR spot heater is shut-off, the IR 
detector element is uncovered and the specimen cooling is recorded. The 
temperature-time output of the RTD and the voltage-time output of the 
IR detector are then reduced to determine the calibration curve relating 
IR detector output voltage to specimen temperature (see Fig. 3. The 
specimen temperature during the TSHPB experiment is determined by 
converting the measured IR detector voltage to temperature using the 
calibration curve obtained prior to the deformation increment. Using 
this approach, the IR detector is calibrated to individual specimens, 
which ensures that variations in surface finish, caused by variations in 
specimen preparation or plastic deformation accumulation, are 
accounted for during the calibration step. A representative calibration 
curve is shown in Fig. 3, showing a linear relationship between the IR 
detector output voltage and specimen temperature for temperature rises 
above 1 ∘C. 

The short time-duration of a TSHPB loading results in adiabatic 
conditions, where heat conduction is minimized. Thermo-elastic effects 
are known to be small (0.2 ∘C) compared to the temperature rise asso
ciated with plastic deformation (> 10 ∘C). Due to their small amplitude, 
thermo-elastic effects are neglected when determining the plastic work 

Fig. 2. Representative raw data captured using the TSHPB and IR detector.  

Fig. 3. A representative IR detector calibration curve relating the IR detector 
output voltage and the specimen temperature measured using an RTD. 
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to heat conversion. Applying adiabatic assumptions and a negligible 
thermo-elastic thermal contribution, the transient heat conduction 
equation is modified resulting in the following expression for the con
version of plastic work to heat (βint) [29,44]. 

βint(ε) =
ρcpΔT
∫

dWp
(6) 

where, ρ is the material density, cp is the heat capacity of the mate
rial, ΔT is the global temperature rise during plastic deformation, and 
∫

dWp is the total plastic work. 
In dynamic experiments, such as those conducted with the TSHPB, 

the time required to achieve a force balance prevents the initial portion 
of the stress-strain curve from accurately representing material 
behavior. This is a known limitation of Hopkinson (or Kolsky) bar 
techniques. The inaccuracy of the early stages of deformation makes it 
challenging to isolate the onset of plastic strain. Therefore, in the pre
sented work, the entire stress-strain curve is integrated to calculate the 
total work experienced by the specimen. The significant ductility 
exhibited by IN718, minimizes the effect of including elastic work in βint 
calculations. The density (ρ) used in all calculations is 8190 kg/m3 and 
the material heat capacity was considered to be a constant value of 
435 J/kg∘C [60] over the range of temperatures observed during ex
periments. While the density of LPBF IN718 is known to vary based on 
build parameters used (e.g.,[61]), the manufacturer recommended pa
rameters used to produce the as-built condition as well as the extraction 
of specimens from the interior of the build volume result in a material 
that is approximated as fully dense. 

3. Results and discussion 

3.1. Microstructure characterization 

A collection of BSE micrographs were captured to highlight the 
qualitative differences of the three material conditions examined 
(Fig. 4). The wrought condition, Fig. 4(a), has an equiaxed grain struc
ture with the δ phase precipitated at grain boundaries. A similar 
magnification image of the as-built LPBF condition is shown in Fig. 4(b). 
During the rapid solidification intrinsic to LPBF, segregation regions 
develop, creating an intragranular cellular structure. Within the segre
gation regions the Laves phase is predominant, with some groups 
reporting the observation of γ′ and carbide phases [62,63]. As has been 
observed previously, the cellular structure orientation can vary over a 
single grain [64]. Lastly, the recrystallized condition is shown in Fig. 4 
(c). The recrystallized condition consists of large equiaxed grains. 
Compared to the as-built condition, it is apparent that the recrystallizing 
heat treatment has successfully dissolved the Laves phase. Carbide 
particles, indicated by arrow heads, have a melting temperature well 
above the recrystallization temperature of IN718. The carbide particles 
decorate grain boundaries and act as pinning sites for grain growth. 

Quantitative descriptors of grain size and morphology for each 
microstructure, as well as crystallographic texture were determined 

from EBSD measurements. An inverse pole figure with grain orientation 
coloring is provided for the wrought, as-built, and recrystallized con
ditions in Fig. 5(a), (c) and (e), respectively. Corresponding pole figure 
triads for each condition are provided in Fig. 5(b), (d), and (f), respec
tively. Material grain sizes for the wrought and recrystallized condition 
(i.e., equiaxed conditions) were determined using the line intercept 
method in a single plane. The elongated grain morphology of the as-built 
condition required performing grain size measurements on planes 
normal to each principal processing direction. The wrought condition 
was determined to have an average grain size of 7.9 μm and a standard 
deviation of 4.1 μm. The average grain size of the as-built condition was 
found to be 22.1 μm with a standard deviation of 10.4 μm. The recrys
tallized condition had a grain size of 94.7 μm with a standard deviation 
of 41.2 μm, which is roughly an order of magnitude larger than the 
wrought condition. 

The pole figure triads for each material condition exhibit unique 
textures. As would be expected due to its processing, the wrought ma
terial exhibits a texture resembling the rolling texture of an fcc material. 
The as-built condition has a 〈100〉 fiber texture aligned to the build di
rection caused by the 〈100〉 direction being the most favored solidifi
cation direction of fcc materials [65], and the thermal gradient which is 
aligned to the build direction in the LPBF process. The observed 〈100〉

texture is consistent with previously reported AM IN718 texture obser
vations (e.g., [64,66]). The recrystallized condition texture is random as 
would be expected from a heat treatment that exceeds the recrystalli
zation temperature of IN718. 

3.2. Thermo-mechanical behavior 

A total of 9 specimens were included in the study (3 replicates for 
each condition). With the exception of one recrystallized specimen, 
multiple loading increments were necessary to fail specimens, as shown 
in Fig. 6. Wrought IN718 exhibited the greatest strain to failure, fol
lowed by the as-built and recrystallized conditions, respectively. The 
material with the greatest tensile yield strength is the recrystallized 
condition, followed by the as-built and wrought conditions, respec
tively. During each loading increment, the specimen stress-strain 
behavior and corresponding temperature rise were recorded as is 
shown in Fig. 7. 

For each loading increment, a single value estimate for the conver
sion of plastic work to heat (βavg) is determined from the average value 
of βint over the experiment duration. βavg is determined by dividing the 
slope of the linear fit between the temperature rise and work density by 
the product of the material density (ρ) and heat capacity (cp) (i.e., a 
rearrangement of Equation 6). As shown in Fig. 8, it was found that a 
linear relationship between the temperature rise and work density was 
present for the loading increments when necking did not occur. For the 
wrought material, necking takes place during the final loading incre
ment. When necking occurs outside (or inside) of the IR detector inter
rogation region a non-representative specimen temperature rise will be 
recorded. The complete evolution of βint can be calculated as a function 

Fig. 4. BSE micrographs of the a) wrought, b) as-built and c) recrystallized condition illustrate the predominant phase distributions for each material condition. 
Arrow heads in a) indicate the grain boundary delta phases, and in c) indicate the grain boundary carbide phase. 
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of strain, see Fig. 8(b). The dashed lines in Fig. 8 provide upper and 
lower error bounds of βint assuming a ± 0. 2∘ C temperature variation. 
This ± 0. 2∘ is the accuracy limit of the RTD used during the IR detector 
calibration. The error range is exaggerated at low strain values due to 
the limited work density accumulated by the specimen. 

Fig. 9, presents a summary of the single valued conversion of plastic 
work to heat efficiency (βavg) for loading increments having a linear 

relationship between temperature rise and work density. The complete 
evolution of βint for each specimen condition for all deformation in
crements is provided in Fig. 10. Regardless of the representation of the 
conversion of plastic work to heat, it can be seen that there is variability 
in the βavg and βint calculated for specimens of a given material condition 
as well as between each material condition. 

A summary of the single valued βavg values from each specimen and 

Fig. 5. Inverse pole figure with orientation coloring.  
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the average and standard deviations for each specimen condition group 
are provided in Table 1. The wrought condition had the lowest single 
value plastic work to heat conversion (βavg = 0.166), the as-built con
dition had an intermediate value (βavg = 0.262), and the recrystallized 
condition had the greatest single value work to heat conversion (βavg =

0.482). A one-way analysis of variance (ANOVA) was performed after 
grouping measurements from each specimen condition. A statistically 
significant difference (p < 0.05) was found between the mean βavg 
measured for each specimen condition; p < 0.02 for wrought vs. as- 
built, p < 0.01 for wrought vs. recrystallized, p < 0.01 for as-built vs. 
recrystallized. 

The source of the inter-specimen variability for a single material 
condition can be attributed to limitations associated the use of a single 
100 μm by 100 μm element IR-detector to monitor the heterogeneous 
deformation process. The Newtonian optical system utilized has a 
magnification of one. Therefore as the material grain size increases, the 
IR detector transitions from sampling hundreds of grains deforming for 
the wrought condition, to tens of grains of as-built condition, to just a 
handful of grains of the recrystallized condition. The direct outcome of 

sampling less grains during deformation is an increase in the observed 
variability in βint with increasing grain size. An additional source of 
variability in βint as function of strain is due to the IR detector remaining 
fixed in space, while the specimen translates during deformation. Thus, 
the IR measurements represent a line scan measurement and do not 
represent the tracking of a single point on the specimen throughout the 
experiment duration. 

The wrought condition had the lowest βint, the recrystallized condi
tion had the highest, and the as-built condition was between the 
wrought and recrystallized conditions. Despite exhibiting different 
plastic work to heat efficiencies, all material conditions accommodate 
plasticity through the same dislocation mechanism, massive planar slip 
[2]. The corollary to the conversion of plastic work to heat is the concept 
of stored energy, f = 1 − β. An overview of the concept of stored energy 
can be found in Ref. [28]. Adopting the concept of stored energy, the 
wrought condition had the greatest stored energy capability, followed 
by the as-built condition, and the recrystallized condition, respectively. 
The following favors using discussions of the conversion of plastic work 
to heat or using stored energy as is necessary to enable discussion and 
comparison to literature. Table 2 presents and overview of the 
dramatically different microstructures represented by the wrought, 
as-built and recrystallized material conditions. 

3.3. Coherency hardening 

The strength of IN718 is primarily attributed to the coherency 
hardening of the γ′′ precipitates with the γ′ precipitates playing a 
comparatively limited role. Two of the three material conditions 
investigated have dense γ′ and γ′′ precipitation networks. The wrought 
condition can be considered to be of an appropriately aged state con
taining an optimized distribution of γ′ and γ′′ phases due it having been 
prepared in accordance with AMS 5596 [53]. The recrystallized condi
tion was characterized using high-resolution transmission electron mi
croscopy, finding a uniform distribution of the γ′ and γ′′ throughout [67]. 
Both the wrought and recrystallized condition are aged in a stress-free 
state (i.e., no external force application) and therefore it is unlikely 
that the γ′′ phase in either material condition has a global orientation 
preference. Thus, the dislocation interactions with the γ′′ phase are 
presumed to be similar for the wrought and recrystallized conditions. 
The as-built condition is likely to be devoid of the γ′ and γ′′ phases. This 
claim is supported by previous investigations having rarely observed the 
γ′ and γ′′ phases in the as-built condition [51,68–70]. 

Comparing the defect storage capability of the three material con
ditions points to the presence (or absence) of the γ′ and γ′′ phase as not 
being the dominant microstructural feature in governing the difference 
in the materials plastic work to heat conversion efficiency (β). If co
herency hardening was a dominant effect on β, one would expect the 
wrought condition and the recrystallized condition to show better 
agreement in their conversion of plastic work to heat. Fig. 9 shows the 
wrought and recrystallized state are the upper and lower bounds of the 
three conditions examined. 

3.4. Initial dislocation density 

IN718 in the as-built condition produced using LPBF is known to have 
a high initial dislocation density manifesting as dense dislocation cell 
networks. Recent characterization of the three-dimensional distribution 
of geometrically necessary dislocations (GNDs) found intra-granular sub- 
boundaries having GND densities in the range of 1 × 1013 to 8 × 1013 

m−2 [71]. A transmission-electron-microscope-based investigation of 
as-built LPBF IN718 has also found significant lattice dislocation densities 
on the order of 1.6 ± 0.8 × 1014 m−2 at intragranular sub-boundaries 
[51]. These dislocation-rich sub-boundaries are known to extend 
throughout grains. The elevated initial dislocation densities observed in 
the as-built condition, will reduce the material’s overall defect storage 
capability and hinder the motion of glissile dislocations during 

Fig. 6. Representative stress-strain curves for incrementally loaded wrought, 
LPBF as-built, and recrystallized IN718. The average strain rate of each loading 
increment shown is 460 s−1, with a range of ± 60 s−1. 

Fig. 7. Stress-strain behavior for an incrementally loaded as-built LPBF IN718 
specimen and the temperature rise recorded for each loading increment. The 
strain rate for each loading increment is provided above its respective stress- 
strain curve. 
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deformation. A reduction in defect storage capability will result in an 
appreciable increase in a material’s plastic work to heat conversion 
compared to a material system, such as the annealed wrought material, 
whose low initial dislocation density has a greater defect storage 

capacity. 
Recrystallized and well annealed materials are typically approxi

mated as having dislocation densities on the order of 1011 m−2 [72]. 
Comparing the wrought condition (low dislocation density) to the 

Fig. 8. Conversion of plastic work to heat when a) assuming a single valued efficiency over the loading increment, and b) calculating the evolution of beta during 
plastic strain accumulation. 

Fig. 9. Conversion of plastic work to heat when assuming a single valued ef
ficiency over the loading increment. All experiments were conducted at a strain 
rate of 460 ± 60 s−1. 

Fig. 10. Conversion of plastic work to heat as a function of strain for the a) wrought, b) as-built LPBF, and c) recrystallized material condition. Experiments were 
conducted at an average strain rate of 460 with the complete range of strain-rates across all experiments being ± 60 s−1. 

Table 1 
Summary of βavg.   

Specimen Condition 

Specimen No. Wrought As-Built Recrystallized 

1  0.220  0.341  0.547 
2  0.110  0.205  0.539 
3  0.168  0.241  0.360 
Average  0.166  0.262  0.482 
Std. Dev.  0.053  0.066  0.105  

Table 2 
Summary of qualitative and quantitative microstructural features of each 
investigated material condition.  

Material 
condition 

Primary 
phases (γ′

and γ′′)  

Dislocation 
cells 

Secondary δ 
phase 

Grain size 
(μm) 

Wrought Yes No No 7.9 ± 4.1 
As-built No[51] Yes[51] Limited 22.1 ± 10.4 
Recrystallized Yes[67] No[67] Yes - Grain 

boundaries 
94.7 ± 41.2  
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as-built condition (high dislocation density), it takes a roughly two or
ders of magnitude increase in the initial dislocation density to increase 
the conversion of plastic work to heat by ≈ 10%. A two orders of 
magnitude increase of initial dislocation density is substantial and is 
comparable to the total number of dislocations accumulated by a 
well-annealed material as it becomes heavily deformed. Therefore, it is 
proposed for the IN718 material system, that dislocation density con
tributes less to the conversion of plastic work to heat than other 
microstructural features. This observation is supported by investigations 
of slip dominated fcc materials such Al 2024, which presented a 
near-constant plastic work to heat conversion after the accumulation of 
a few percent strain up to failure [35]. 

3.5. Secondary phases 

In addition to the γ′ and γ′′ phases, the δ phase is known to influence 
material properties. Among the three material preparation conditions, 
the δ phase is predominantly observed at grain boundaries in the 
recrystallized condition [67]. As the δ phase presence increases, the 
ductility of IN718 decreases [73–75]. When dislocations pile-up at the δ 
phase- matrix interface, cleavage cracks separate the δ phase. Temper
ature rises associated with the propagating cracks can be significant 
compared to temperature rises associated with plastic deformation. For 
example, Guduru et al. reported temperature rises in front of cracks 
propagating in C300 steel to be on the order of 200 ∘C [76], a value 
significantly above the ≈ 25 ∘C temperature rise reported for the same 
material system deforming plasticity by Rittel et al. [34]. While tem
peratures associated with microcracking are significantly higher than 
those associated with uniform deformation, the length scale of micro
cracking (i.e. a few microns) and the adiabatic nature of deformation 
would limit its influence on measurements due to the limited number of 
grains sampled during deformation. Thus, it is proposed that even 
though the delta phase significantly decreases the ductility of IN718 it 
has limited impact on the material’s conversion of plastic work to heat. 

3.6. Grain size 

The Taylor-Quinney coefficient of the three IN718 material condi
tions investigated increases with grain size. Thus, the stored energy is 
higher for smaller grain sizes and lower for larger grain sizes. This 
observation is in agreement with recent simulation efforts (e.g., [47]) 
and previous experimental (e.g., [77,78]). Kositski and Mordehai [47] 
concluded that grain boundaries play a dual role as both a source for 
energy storage and of energy release. Therefore the density of grain 
boundaries will directly impact the work to heat conversion. The 
experimental work by Oliferuk et al. [37,79] investigated the energy 
storage efficiency of austenitic stainless steel deformed in tension at 
grain sizes of 8 μm and 80 μm, which are similar to the wrought and 
recrystallized conditions investigated in the current study. Oliferuk et al. 
found that energy storage was sensitive to grain size predominantly 
during the initial stages of deformation (ϵ < 0.05) while “easy” primary 
slip processes are operative. Once exhausted and higher energy dislo
cation configurations become active (e.g., pile-ups), there was a reduc
tion in the difference between the energy storage efficiency of the two 
grain sizes. A variation in energy storage (or Taylor-Quinney coefficient) 
as a function of strain was not conclusively observed in the current work. 
Therefore it is proposed that there is not a transition between primary 
and secondary deformation mechanisms that would impact the energy 
storage capability of IN718 in any of the conditions examined. 

Numerous investigators have highlighted the importance of grain 
boundaries and the interaction of dislocations with them when discus
sing energy storage and the conversion of plastic work to heat. For 
example, Oliferuk et al proposed that the storage efficiency is no longer 
grain size dependent once secondary slip systems are activated near 
grain boundaries [79], and that an additional energy storage source is 
the elastic energy contained in the near grain boundary stress fields 

[37]. Future work using relevant techniques including transmission 
electron microscopy to capture dislocation arrangements and high res
olution electron backscatter diffraction to assess elastic strains near 
grain boundaries is planned to attempt to further refine understanding 
of the role that dislocations and sub-grain stress fields play on energy 
storage and the conversion of plastic work to heat in the IN718 material 
system. 

4. Conclusions 

The current study presents a systematic investigation of the plastic 
work to heat conversion efficiency of the important aerospace alloy 
IN718. Three preparation conditions were examined, namely the 
wrought condition, LPBF as-built, and LPBF recrystallized condition. 
Measurements of the plastic work to heat conversion efficiency (i.e., 
Taylor-Quinney coefficient) are considerably smaller than the 
commonly assumed value of β = 0.9. From the experiments performed, 
it is observed that initial dislocation density has a limited contribution to 
β in a deformation-slip dominated material. Coherency hardening 
conferred by the primary strengthening phases γ′ and γ′′ also appears to 
have a limited effect on β based on the coherency hardened wrought 
condition and recrystallized condition having significantly different 
plastic work to heat conversion efficiencies. The presence of the δ phase 
at the grain boundary is proposed to be a strong influencing factor on 
overall material ductility, but the microcracking and cleavage of the 
delta phase that precedes failure is at such a small length scale that it is 
believed to have negligible influence in reported measurements. Among 
the discussed microstructural features, grain size and therefore grain 
boundary density appears to be the dominant contributor to the con
version of plastic work to heat in IN718 for the material conditions 
examined. Taken together the current work suggests the need to care
fully assess the Taylor-Quinney coefficient for AM materials as their 
plastic work to heat conversion efficiencies can be substantially altered 
by post-build heat treatments that manipulate grain size. Furthermore, 
there are ripe opportunities for continued experimental and simulation 
efforts to refine understanding of the role that dislocation interactions 
and grain boundaries play on the work to heat conversion in metals. 
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[46] A. Benzerga, Y. Bréchet, A. Needleman, E. Van der Giessen, The stored energy of 
cold work: Predictions from discrete dislocation plasticity, Acta Mater. 53 (2005) 
4765–4779. 

[47] R. Kositski, D. Mordehai, Employing molecular dynamics to shed light on the 
microstructural origins of the taylor-quinney coefficient, Acta Mater. 205 (2021), 
116511. 

[48] C.K. Lieou, C.A. Bronkhorst, Thermomechanical conversion in metals: dislocation 
plasticity model evaluation of the taylor-quinney coefficient, Acta Mater. 202 
(2021) 170–180. 

[49] D. Macdougall, J. Harding, The measurement of specimen surface temperature in 
high-speed tension and torsion tests, Int. J. Impact Eng. 21 (1998) 473–488. 

[50] X.R.S. YangBaochang, An infrared transient temperature measuring apparatus and 
its application to the tensile impact testing, J. Exp. Mech. 2 (1990). 

[51] T.G. Gallmeyer, S. Moorthy, B.B. Kappes, M.J. Mills, B. Amin-Ahmadi, A. 
P. Stebner, Knowledge of process-structure-property relationships to engineer 
better heat treatments for laser powder bed fusion additive manufactured inconel 
718, Addit. Manuf. 31 (2020), 100977. 

[52] ASTM B670–18, Standard Specification for Precipitation-Hardening Nickel Alloy 
(UNS N07718) Plate, Sheet, and Strip for High-Temperature Service, Standard, 
ASTM International, 2018. 

[53] AMS5596M, Nickel Alloy, Corrosion and Heat-Resistant, Sheet, Strip, Foil and 
Plate 52.5Ni - 19Cr - 3.0Mo - 5.1Cb (Nb) - 0.90Ti - 0.50Al - 18Fe Consumable 
Electrode Remelted or Vacuum Induction Melted 1775 ∘F (968 ∘C) Solution Heat 
Treated, Standard, SAE International, 2017. 

[54] S. Moorthy, Modeling and Characterization of Mechanical Properties in Laser 
Powder Bed Fusion Additive Manufactured Inconel 718, Colorado School of Mines, 
2018. 

[55] C. Kantzos, J. Pauza, R. Cunningham, S.P. Narra, J. Beuth, A. Rollett, An 
investigation of process parameter modifications on additively manufactured 
inconel 718 parts, J. Mater. Eng. Perform. 28 (2019) 620–626. 

[56] A. Zehnder, E. Babinsky, T. Palmer, Hybrid method for determining the fraction of 
plastic work converted to heat, Exp. Mech. 38 (1998) 295–302. 

[57] B.A. Gama, S.L. Lopatnikov, J.W. Gillespie Jr, Hopkinson bar experimental 
technique: a critical review, Appl. Mech. Rev. 57 (2004) 223–250. 

[58] W.W. Chen, B. Song, Split Hopkinson (Kolsky) Bar: Design, Testing and 
Applications, Springer Science & Business Media, 2010. 

[59] J., Hodowany, On the Conversion of Plastic Work into Heat, Ph.D. thesis, California 
Institute of Technology, 1997. 

[60] J.J. DeMange, V. Prakash, J.M. Pereira, Effects of material microstructure on blunt 
projectile penetration of a nickel-based super alloy, Int. J. Impact Eng. 36 (2009) 
1027–1043. 

[61] G.E. Bean, D.B. Witkin, T.D. McLouth, D.N. Patel, R.J. Zaldivar, Effect of laser focus 
shift on surface quality and density of inconel 718 parts produced via selective 
laser melting, Addit. Manuf. 22 (2018) 207–215. 

[62] L.L. Parimi, G. Ravi, D. Clark, M.M. Attallah, Microstructural and texture 
development in direct laser fabricated in718, Mater. Charact. 89 (2014) 102–111. 
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