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A B S T R A C T

In this work, the high-strain-rate stress–strain behavior and plastic work to heat conversion efficiency,
also known as the Taylor–Quinney coefficient (TQC), of wrought and laser powder bed fusion (LPBF)
additively manufactured Ti–6Al–4V is investigated. A double Schwarzschild optical system, designed with
the use of maximizing an objective function, and IR detector are paired to achieve a high signal-to-noise
ratio when monitoring real-time specimen temperature rise during high-strain-rate specimen deformation.
Adiabatic deformation conditions were achieved using a split-Hopkinson tension bar. Three Ti–6Al–4V material
conditions were examined, specifically rolled Ti–6Al–4V sheet (grade 5) in an annealed state, stress-released
LPBF Ti–6Al–4V subjected to an annealing heat treatment exceeding the 𝛽-phase transus temperature, and LPBF
Ti–6Al–4V subjected to a sawtooth profile heat treatment below the 𝛽-phase transus temperature. Electron back
scattered diffraction was employed to investigate grain size and morphology, texture, and phase distribution.
Wrought Ti–6Al–4 was found to have small 5 μm diameter equiaxed grains. Stress-released LPBF Ti–6Al–
4V was observed to consist of lenticular grains with large aspect ratios. Lastly, the sawtooth heat treatment
presented a weak bi-modal structure due to the incomplete globularization of lenticular grains. The TQC as
a function of plastic strain is presented for each material system. It was found that the wrought material
condition had the lowest TQC (𝛽 ≈ 0.35) among the material states examined. The sawtooth heat treatment
resulted in an intermediate TQC (𝛽 ≈ 0.52), and the annealed heat treatment had the largest TQC (𝛽 ≈ 0.75).
1. Introduction

Titanium alloys, particularly Ti–6Al–4V, is a desirable material in
many industrial applications, especially aerospace, due to its high
strength-to-weight ratio. Additionally, its excellent corrosion resistance
and biocompatibility make it a strong candidate for medical com-
ponents such as hip replacements. Ti–6Al–4V has been tailored to
achieve a good balance of favorable properties including strength, duc-
tility, fracture toughness, high-temperature strength, creep characteris-
tics, weldability, workability, and thermal processability (e.g., higher
strength is easily obtained through heat treatment) [1]. The high
strength of Ti–6Al–4V originates from solid solution strengthening
imparted by the hexagonal-close-packed (hcp) 𝛼-phase, whereas duc-
tility and toughness are attributed to the body-centered-cubic (bcc)
𝛽-phase [2].

Conventional Ti–6Al–4V products rely on forging, casting, and
rolling of bulk feedstock material followed by subsequent machining
to final shape and dimensions, resulting in a large amount of material
waste, high manufacturing cost and long lead times [3]. Conversely,
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additive manufacturing (AM) involves the fabrication of complex com-
ponents with high degrees of geometrical freedom in an expedited
production time without the need for expensive tooling (e.g., dies
and cast molds) [2]. Selective laser melting (SLM) is a laser powder-
bed-fusion (LPBF) AM process whereby a high-density-focused laser
beam selectively scans a powder bed and those scanned and solidified
layers are stacked upon each other to build a fully functional three-
dimensional part, tool, or prototype [4]. The favorable weldability
characteristics of Ti–6Al–4V has resulted in it becoming one of the
preeminent additively manufactured alloys, particularly through the
use of LPBF.

LPBF is a complicated metallurgical process, which involves powder
melting, rapid directional solidification, re-melting, and re-
solidification during the subsequent scan tracks, layering, and post-
solidification thermal cycling [5]. The directional heat dissipation dur-
ing LPBF often causes epitaxial grain growth and, thus, strong crystallo-
graphic texture, which results in mechanical property anisotropy [6–8].
When the laser heats the powder bed, the grains in the previous
deposited layers and the top layer of powder transforms into the 𝛽-
phase, which then solidifies and grows along the direction of heat
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conduction, typically with a columnar morphology oriented with build
direction. As the laser rasters across the powder bed, multiple 𝛼′-
hase martensitic laths precipitate within the elongated columnar grain
f the parent 𝛽-phase grain [7]. The 𝛼′-phase martensitic laths are
rittle increasing yield stress slightly, but greatly reducing ductility
ith elongation values typically less than 10% which is undesirable
or most industrial applications [9].
Post processing heat treatments are applied to decompose the 𝛼′-

hase martensitic laths into 𝛼-phase and 𝛽-phase laths and to transform
he columnar 𝛽-phase grains into lamellar 𝛼 + 𝛽-phase grains which
mprove ductility. The martensitic 𝛼′-phase laths significantly decom-
oses to 𝛼-phase and 𝛽-phase laths after 20 min at 800 ◦C [10].
hen heating below the 𝛽-phase transus of 995 ◦C, features of the
riginal microstructure are maintained, but above the 𝛽-phase transus
f 995 ◦C, a fully homogenic, 100% 𝛽-phase microstructure exists at
igh temperature, and during furnace cooling, a lamellar 𝛼 + 𝛽-phase
ixture is formed [11].
In general, LPBF produced parts has a much higher surface rough-

ess parameter 𝑅𝑎 than the surface of a conventionally manufactured
rought part. The increased 𝑅𝑎 is largely due to a staircase step edge
n the surface from the layer wise production sequence [12,13]. The
urface roughness of as-built components must be corrected through
ubtractive machining techniques such as machining, milling and pol-
shing to obtain a quality surface, which adds time and cost to the
verall manufacturing process. Previous work has demonstrated that
urface roughness is detrimental to fatigue strength, with the fatigue
trength of as-built components being as low as one third that of
he ideal fatigue strength [14]. Tight tolerances and strict surface
ntegrity requirements are not yet achievable when employing stan-
alone AM technologies and therefore, require post-processing to meet
equirements associated with surface finish, dimensional tolerances and
echanical properties. An innovative solution to improving AM surface
uality is the advent of hybrid AM which consists of a laser scan
ollowed by a machining step [15]. In this hybrid AM process, the
xternal defects of AM parts can be removed via in-situ machining, and
an be done simultaneously or in succession, eliminating the need for
ime consuming post processing steps [16].
The unique tribological contact phenomenon associated with ma-

hining, is highly localized, non-linear, occurs at high temperatures,
igh pressures, and high strains, making it extremely difficult to predict
r assess the performance of various models developed for modeling
achining process [17]. The very high strain-rates that occur during
achining processes require an understanding of the self heating that
ccurs during deformation [18] as well as understanding of situations
uring which localized failure processes initiate (e.g., adiabatic shear
and formation). The focus of the presented work is the temperature
ise associated with plasticity. Previous efforts that have focused on
diabatic shear band formation can be found elsewhere [19,20].
During deformation, metals store some energy in their microstruc-

ure through deformation mechanisms such as dislocations and de-
ormation twinning while the remainder is converted to heat. When
eformation occurs at high strain-rates the heat generated does not
ave enough time to dissipate into the surrounding environment [21].
he heat generated during deformation processes is modeled by the
ransient heat conduction given in Eq. (1),

𝜌𝑐𝑝𝑇̇
⏟⏟⏟

emperature rise

= 𝐾0∇2𝑇
⏟⏟⏟

heat conduction

− 𝛾𝑇0
𝐸𝑠𝑝𝑒𝑐

1 − 2𝜈
𝜖̇𝑒𝑘𝑘

⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟
thermoelastic effects

+ 𝛽𝑑𝑖𝑓𝑓𝜎𝑖𝑗 𝜖̇
𝑝
𝑖𝑗

⏟⏞⏞⏞⏟⏞⏞⏞⏟
thermoplastic effects

(1)

where, 𝑇̇ , 𝑇 , and 𝑇0, are the heating rate, temperature, and initial tem-
perature, respectively, 𝛽𝑑𝑖𝑓𝑓 is the Taylor–Quinney coefficient (i.e., the
onversion rate of plastic power to heat), 𝛾, 𝑐𝑝, 𝐾0, and 𝜈 are coeffi-
cient of thermal expansion, heat capacity, thermal conductivity, and
Poisson’s ratio, respectively, and 𝜖̇𝑒𝑘𝑘, 𝜖̇𝑝𝑖𝑗 are the elastic and plastic
strain-rates. When deformation conditions an be approximated as adia-
2

batic, for instance during high-strain-rate deformation, the conduction
Table 1
Summary of reported Ti–6Al–4V Taylor–Quinney coefficients.
Reference Loading mode Strain rate (s−1) TQC and range

[31] Compression 1500 𝛽𝑑𝑖𝑓𝑓 0.6–0.97
[28] Compression 2000 𝛽𝑖𝑛𝑡 0.4–0.5
[28] Tension 1500–3400 𝛽𝑖𝑛𝑡 0.3–0.4
[28] Shear 2800 𝛽𝑖𝑛𝑡 0.3–0.4
[28] Shear 5000–7000 𝛽𝑖𝑛𝑡 0.36–0.45
[32] Shear 3000 𝛽𝑖𝑛𝑡 0.4
[33] Torsion 400 𝛽𝑑𝑖𝑓𝑓 0.4–1.0
[34] Torsion 460 𝛽𝑑𝑖𝑓𝑓 0.2–0.7

term is considered to be zero. A further simplification applied is treating
thermoelastic effects as negligible due to them being on the order of a
few fractions of degree (≈ 0.2 ◦C [22]) while the temperature rise due
to thermoplastic effects are tens of degrees depending on the material
system investigated. These simplifications result in two forms the TQC
that are reported in literature, the conversion of plastic power to heat
(𝛽𝑑𝑖𝑓𝑓 , see Eq. (2)) and the conversion of plastic work to heat (𝛽𝑖𝑛𝑡, see
Eq. (3)).

𝛽𝑑𝑖𝑓𝑓 =
𝜌𝑐𝑝𝑇̇
𝜎𝑖𝑗 ̇𝜖𝑖𝑗 𝑝

(2)

𝛽𝑖𝑛𝑡 =
𝜌𝑐𝑝𝛥𝑇

∫ 𝜎𝑖𝑗𝜖
𝑝
𝑖𝑗

(3)

The pioneering work of Taylor and coworkers was the first to quan-
tify material’s storage capability experimentally [23,24]. Based on their
seminal work, the TQC is commonly assumed to be adopt a constant
value of ninety-percent, TQC = 0.9. Recent studies have shown the TQC
to be dependent on strain (e.g., [25]), strain-rate (e.g., [26,27]), loading
mode [28], grain size [29], and active deformation mechanisms [30].

Due to the sensitivity of the TQC to a variety of material and
deformation conditions, there is considerable spread in reported values
for Ti–6Al–4V in literature. Table 1 presents and overview of reported
values. Notably, all of the reported values for the TQC are for Ti–6Al–
4V obtained from traditional processing routes. With the prominence
that LPBF Ti–6Al–4V has in the area of additively manufactured mate-
rials and it being a critical structural alloy, there is a need to obtain
an understanding of the TQC for LPBF Ti–6Al–4V in a variety of
preparation conditions.

The manuscript is organized as follows. First in section two, experi-
mental methods and specimen preparation are discussed with a specific
focus on the optimization of a double Schwarzschild optical system.
The inclusion of the optimization process is to provide the thermo-
mechanics community a straightforward approach when selecting an
optical system, which in turn is intended to eliminate one possible
source of the variability reported in Table 1. Section three presents
results pertaining to the microstructure states investigated, their respec-
tive dynamic stress–strain behavior as well as their TQC as a function
of plastic strain. A discussion is presented pertaining to the possible
mechanistic origins of the trends observed in the TQC values of the
material systems. Finally, the manuscript closes with a summary of the
presented work.

2. Methodology

2.1. Specimen preparation

Wrought specimens used throughout the study were sourced from
an annealed high strength grade 5 sheet meeting ASTM B348. The
AM specimens investigated in this study were fabricated using Ti–6Al–
4V titanium grade 5 powder meeting ASTM F2924 [35]. The LPBF
build was performed at the University of Dayton Research Institute
(UDRI) Advanced Technology and Training Center on an EOS M290
SLM machine according to the parameters presented in Table 2. Once
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Fig. 1. Schematics of the heat treatments applied to stress-relieved LBPF Ti–6Al–4V (a) Annealing heat treatment exceeding the 𝛽-transus temperature [36] (b) Sawtooth heat
treatment remaining below the 𝛽-transus temperature [37].
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Table 2
LPBF print parameters.
Build description Build specification

Printer type Laser Powder Bed Fusion (LPBF)
Powder Ti–6Al–4V titanium grade 5, meets ASTM F2924
Powder vendor AP and C
Powder size 15–53 μm
Print layer thickness 30 μm
Laser speed 1050 mm/s
Laser power 260 W
Hatch distance 0.14 mm
Strip width 5.00 mm
Stripe overlap None
Build platform temp 35 ◦C
Inert gas Argon

the build was complete, the build plate was subjected to a three
hour 913 ◦C, rapid argon cool, stress relieving heat treatment within
a vacuum furnace. Stress-relieved specimens were removed from the
build plate using wire electrical discharge machining.

Two heat treatments were utilized to manipulate the LPBF mi-
crostructure, one that exceeds the 𝛽-phase transus temperature (995 ◦C)
and one that remains below. The first heat treatment, inspired by
Ref. [36], utilized a heating rate of 420 ◦C/h up to a peak temperature
of 1020 ◦C followed by a dwell time of 0.5 h. The furnace was cooled to
700 ◦C and held for two hours followed by air cooling to room tempera-
ture. This first heat treatment acts to eliminate the 𝛼′ martensitic phase
and break up the strong texture of the as-built condition. The second
heat treatment, inspired by Ref. [37], utilizes a heating rate of 450 ◦C/h
to reach a temperature of 975 ◦C. Over the next 24 h, the furnace
temperature cycles between 875 ◦C and 975 ◦C using a heating rate of
.5◦C/min and cooling rate of 1 ◦C/min. Once the last cycle is complete,
he furnace is allowed to air cool from 975 ◦C to room temperature.
his second heat treatment, referred to throughout as a sawtooth heat
reatment, is intended to transition the microstructure from being lath
ominated to a globularized structure. Schematic representations of the
eat treatments are provided in Fig. 1.
After the heat treatments were completed, specimens were ma-

hined to their final dimensions. Specimen geometries and loading
rientations with respect to principal processing directions are provided
n Fig. 2.

.2. Microstructure characterization preparation

Specimen surfaces were prepared for Electron Backscatter Diffrac-
ion (EBSD) and scanning electron microscope imaging using a three-
tep grinding process using 180-, 320-, and 600-grit SiC paper followed
y three-step polishing using 9 μm and 3 μm polycrystalline diamond
nd 0.04 μm colloidal silica polishing compounds. After polishing
pecimens were ultrasonically cleaned in ethanol and finally in dis-
3

illed water to remove any residual surface particulate. EBSD imaging s
as conducted at the University of Utah Electron Microscopy Sur-
ace Analysis Laboratory on an FEI Teneo SEM equipped with an in
ens FeI Trinity 𝑇𝑀 detectors utilizing the Velocity𝑇𝑀 Super Electron
ackscatter Diffraction Camera. EBSD imaging parameters are provided
n Table 3. Post acquisition, EBSD data was cleaned using the following
teps. The first step is a standardization of the grain confidence index
CI) and fit. In this step, the maximum CI of a grain within each
valuation group or cluster was assigned to the neighboring grains,
ithin that cluster, with the same grain orientation and fit so that
ll of those grains now have that CI value. The second step is a
orrelation of the neighboring CI and orientation, where those values
ere updated for all data points depending on the surrounding points
y a statistical voting process. Consequently, from the noise cleaned
cans, inverse pole figure (IPF) orientation maps, pole figures (PF) and
hase-distribution maps were generated.

.3. Split-Hopkinson tension bar apparatus

The SHTB setup used consists of an incident bar and transmitted
ar both of which are 3.658 m, and a striker tube with a length of
57.2 mm. All bars in the SHTB are made from 350C maraging-steel.
train gauges in a full-Wheatstone bridge configuration are mounted
t the mid-length position to monitor propagating waves. In a SHTB
xperiment a striker tube impacts a flange on the end of an incident
ar generating a tensile wave that travels down the incident bar toward
he specimen. The specimen is mounted using a press fit collet system
etween the incident and transmitted bar. When the propagating tensile
ave reaches the specimen, a portion of the wave is transmitted into
he specimen, and a portion is reflected backwards toward the impacted
lange. A portion of the wave passes through the specimen into the
ransmitted bar. Raw data traces recorded by the incident bar strain
auges, transmitted bar strain gauges and the IR detector output are
hown in Fig. 3. In all experiments copper pulse shapers were used to
echanically filter high frequency content from the propagating waves
nd to eliminate the need for applying a dispersion correction during
ne-dimensional wave analysis.
The presence of adiabatic conditions during a SHTB experiment

an be confirmed when the experiment’s Fourier number (𝐹𝑜 = 𝛼𝑡∕𝑙2)
is less than 0.01 [38]. The loading duration of a SHTB experiment
is proportional to the length of the striker tube used and can be
considered constant (𝑡 ≤ 300 μs). The gauge length of the specimen
(𝑙 = 15.24 mm) and the thermal diffusivity (𝛼 = 2.87 × 10−6 m2 s−1) of
i–6Al–4V result in a Fourier number of 3.7×10−6. Thus, all experiments
onducted can be assumed to be adiabatic and the heat conduction term
f the transient heat equation (see Eq. (1)) can be approximated as zero.

.4. Dynamic mechanical behavior assessment

Assuming one-dimensional wave propagation, strain gauge signals
re reduced to obtain the specimen’s nominal strain-rate, strain, and

tress history. Further discussion and derivation of data reduction for
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Table 3
EBSD imaging parameters.
Working Distance (WD) Voltage Amperage Sampling step size Sampling area

12 mm 20 kV 51 nA 1 μm 829 μm at 500X Magnification
Fig. 2. Schematic of SHTB specimen geometry and loading orientations with respect to principal processing directions used during high-strain-rate IR thermography experiments.
Fig. 3. Typical strain gauge and IR detector signals recorded during a combined SHTB and IR thermography experiment. Portions of the signal used during one-dimensional wave
analysis are labeled.
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the SHTB can be found elsewhere (e.g., [39–41]). In the following
compressive strain is treated as positive. The true strain-rate of the
specimen can be written as follows,

̇𝜖𝑇 (𝑡) =

−2𝑐0
𝐿𝑠

𝜀𝑅(𝑡)

1 + ∫ 𝑡
0
2𝑐0
𝐿𝑠

𝜀𝑅(𝜏)𝑑𝜏
(4)

here, 𝑐0 is the bar wave speed, 𝐿𝑠 is the specimen gauge length, and
𝑅(𝑡) is the reflective wave strain. The true strain of the specimen is
btained through,

𝑇 (𝑡) = −𝑙𝑛
[

1 + ∫

𝑡

0

2𝑐0
𝐿𝑠

𝜀𝑅(𝜏)𝑑𝜏
]

. (5)

Lastly, the specimen’s nominal true stress 𝜎𝑠𝑝𝑒𝑐 (𝑡) is obtained by

𝜎𝑇 (𝑡) =
𝐴𝑏𝑎𝑟𝐸𝑏𝑎𝑟𝜀𝑇 (𝑡)
𝑡𝑠𝑝𝑒𝑐𝑤𝑠𝑝𝑒𝑐

[

1 +
2𝑐0
𝐿𝑠

𝜀𝑅(𝑡)
]

(6)

here, 𝐴𝑏𝑎𝑟 is the bar cross-sectional area, 𝐸𝑏𝑎𝑟 is the bar elastic
odulus, 𝜖𝑇 (𝑡) is the transmitted strain, and 𝑡𝑠𝑝𝑒𝑐 , 𝑤𝑠𝑝𝑒𝑐 are the thickness
nd width of the specimen’s gauge section, respectively.

.5. Taylor-Quinney coefficient determination

The transient heat conduction equation, presented in Eq. (1), re-
uires taking the time derivative of experimental data to obtain 𝛽 .
4

𝑑𝑖𝑓𝑓 r
ue to the sensitivity of time derivatives to experimental noise, the
alculation and reporting of 𝛽𝑖𝑛𝑡 is favorable and, in general, is more
ommonly reported. Thus, the TQC was determined using the rep-
esentation given in Eq. (3). Material properties used to calculate
𝑖𝑛𝑡, specifically a density of 𝜌 = 4430 kg∕m3 and heat capacity of
𝑝 = 526 J/kg ◦K where assumed to be identical across the material
onditions. No evidence of porosity was observed during EBSD imaging
f the LBPF specimens. The SHTB requires multiple wave transits across
he specimen prior to one-dimensional wave assumptions being meet.
his limitation results in the inability to directly measure low strain
roperties of materials using the SHTB (e.g., elastic modulus and yield
tress using a 0.2% strain offset). Therefore the denominator of Eq. (3)
s approximated as the integral of the entire true stress–strain behavior.

.6. High-speed imaging

The calculation of the TQC is limited to occurring during the portion
f material behavior over which deformation is homogeneous. To assess
he onset of deformation heterogeneities during deformation that may
ot be directly evident from the stress–strain behavior (i.e., onset of
ecking), high speed imaging was incorporated into all experiments.
ne side of the specimen was speckle patterned using an Iwata Micron
airbrush with acrylic paints while the other was polished with 180
rit SiC paper to achieve consistent surface finish across IR thermog-

aphy experiments. Images are captured of the deformation process
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using a Shimadzu HPVX2 camera equipped with a 100 mm Tokina
AT-X Pro lens and a frame rate of 250,000 fps. Specimen illumination
was provided by a pair of GS Vitec MultiLED arrays. Image sequences
are post processed using commercially available digital image correla-
tion software using the following parameters: subset 23 by 23 pixels;
step size 7 pixels; optimized 8-tap interpolation; and zero-normalized
squared differences.

2.7. Double-Schwarzschild optical system design and optimization

To record infrared emissions (i.e., temperature rise) from a de-
forming specimen during a SHTB experiment an infrared detector is
often used (e.g., [42]). The view factor (sometimes called configura-
tion factor or shape factor), is the fraction of the energy leaving one
object (i.e., specimen) that is intercepted by a second object (i.e., IR
detector) [43]. In most cases, it is preferred to increase the view
factors using optics rather than proximity of the specimen and IR detec-
tor. Newtonian (e.g., [26,30,44–46]), Cassegrain (e.g., [19,20,47]) and
double-Schwarzschild (e.g., [48–50]) optical systems are well-known
optical configurations for IR thermography. The double Schwarzschild
system will be the focus of the following.

The double Schwarzschild optical system consists of two back-to-
back Schwarzschild objectives, each operating at an infinite conjuga-
tion ratio. Both Schwarzschild objectives consist of a concave mirror
with a concentric hole and a convex mirror. In the Schwarzschild
optical system, the left and right object-side equivalent focal lengths
determine the system’s magnification. Schematic illustrations of the
Schwarzschild optical system are presented in Fig. 4. Spherical aber-
rations, coma, and astigmatism are all zero when the ratio of the radii
of the convex and concave mirrors is equal to 2.61 [51]. Deviation from
this value is not recommended when utilizing sensor arrays, and a ray
tracing approach can check the resulting resolution [50]. Additionally,
because of the use of mirrors in lieu of lenses, chromatic aberrations are
not present. The following presents an approach for designing a double
Schwarzschild optical system to achieve high signal to noise ratio for a
HgCdTe (MCT) IR detector.

For a single IR detector and mirror based optics, the aforementioned
aberrations are not of concern. Therefore, the Schwarzschild objectives
can be designed to increase the received emissive power by the IR
detector as much as possible (i.e., achieve a high signal-to-noise ratio).
For an infinite conjugation factor, the mirror equation for the concave
mirror is written as:
1

𝑎 + 𝑏
+ 1

𝑓1 + 𝑏
= 1

𝑓2
, (7)

here, 𝑎 is the distance between the specimen to the convex mirror, 𝑏
s the distance between the convex mirror to the concave and 𝑓1, 𝑓2,
1, 𝑑2 are the focal length and diameters of the convex and concave
irrors, respectively. Having considered the spectral radiative energy
𝑄𝜆(𝑆,𝛺, 𝑡) propagating in direction 𝛺 along path 𝑆, the following
elationship shows the spectral radiative intensity 𝐼𝜆.

𝜆(𝑆,𝛺, 𝑡) =
𝑑𝑄𝜆(𝑆,𝛺, 𝑡)
𝑑𝐴𝑑𝜆𝑑𝛺𝑑𝑡

(8)

where, 𝜆 is the emission wavelength, 𝐴 is the projected area along
the path 𝑆, 𝛺 is the solid angle, 𝑡 is time. Assuming the surface of a
lackbody, according to Lambert’s law, the directional emissive power
f a blackbody varies with the cosine of the polar angle. Therefore, one
an write the directional emissive power as follows [52,53],

𝜆𝑏(𝛩,𝜙) = 𝐼𝜆𝑏𝑐𝑜𝑠(𝛩). (9)

Considering a coaxial area element of radius 𝑥 and thickness 𝑑𝑥
(depicted in Fig. 4b), the solid angle subtended by this area element
at point 𝑃 is:

𝑑𝛺 =
𝑑𝑆𝑐𝑜𝑠(𝛩)

2 2
= 2𝜋𝑥𝑐𝑑𝑥

√
. (10)
5

(𝑥 + 𝑐 ) (𝑥2 + 𝑐2) (𝑥2 + 𝑐2) t
The total emissive power toward the area element can be calculated
as 𝑑𝐸𝜆𝑏 = 𝐼𝜆𝑏 𝑐𝑜𝑠(𝜃)𝑑𝛺. Integrating over all area elements, the follow-
ng equation provides the total outgoing emissive power from point
received by a disk with diameter 𝑅 located at a normal distance
from the point. Point 𝑃 represents the specimen and the disk with
normal distance 𝑐 and diameter 𝑅 represent both the concave and
onvex mirrors.

𝜆𝑏,𝑟 = 𝐼𝜆𝑏 𝜋
(

1 − 𝑐2

𝑅2 + 𝑐2
)

(11)

Finally, the efficiency of the Schwarzschild optical system, is cal-
culated using Eq. (12), and can be described as the emissive power
received by the concave mirror subtracted by the emissive power
blocked by the convex mirror. Eq. (12) has two limiting conditions,
he first condition is that of when the convex mirror’s diameter is large
nough to reflect all of the rays received by the concave mirror, the
econd condition is that of when the convex mirror’s diameter is small
o that not all of the rays received by the concave mirror are reflected
ack by the convex mirror. In the second case, 𝑅 in Eq. (12) for the
concave mirror should be revised to only account for the part of the
energy that is being reflected by the convex mirror. Within Eq. (12),
𝐸𝜆𝑏,𝑟 is the objective function to be optimized. If mirror holders are to
be used, the total blocked emissive power will increase and Eq. (12)
should be modified according to the mirror holder geometry.

if
𝑓1 + 𝑏
𝑓1

𝑑1 > 𝑑2 ∶

𝜆𝑏,𝑟 =

(

1 −
(𝑎 + 𝑏)2

𝑑22 + (𝑎 + 𝑏)2

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
received by the concave mirror

−

(

1 −
(𝑎 + 𝑏)2

( 𝑎+𝑏𝑎 )2𝑑21 + (𝑎 + 𝑏)2

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
blocked by the convex mirror

if
𝑓1 + 𝑏
𝑓1

𝑑1 < 𝑑2 ∶

𝜆𝑏,𝑟 =

(

1 −
(𝑎 + 𝑏)2

( 𝑓1+𝑏𝑓1
)2𝑑21 + (𝑎 + 𝑏)2

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
received by the effective concave mirror

−

(

1 −
(𝑎 + 𝑏)2

( 𝑎+𝑏𝑎 )2𝑑21 + (𝑎 + 𝑏)2

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
blocked by the convex mirror

(12)

To select components for the Schwarzschild system, the optical
arameters of gold coated concave and convex mirrors were extracted
rom the catalogs of different manufacturers. Gold was selected for the
irror coating due to it have a reflectivity greater than 96 percent
ver the entire 2–15 μm range that the HgCdTe MCT IR detector is
ensitive. The distance between the specimen to the convex mirror 𝑎
s selected based on requirements for calibration procedures and field
f view considerations. Having all necessary parameters, and solving
q. (7), the separation distance of the concave and convex mirrors (𝑏)
ere calculated to ensure an infinite conjugation factor. Thereafter, the
bjective function was computed for 180 possible designs. The con-
tructed system, consisting of CM750-075-M01 concave mirrors from
horlabs with a 12.7 mm diameter through hole, and 64-071 convex
irrors from Edmund optics is shown in Fig. 5. The efficiency of the
ange of possible designs is presented in Fig. 5, with the selected design
ighlighted in red. Within Fig. 5 some designs are shown as having zero
fficiency, this is due to either the mirror equation not being solvable or
hat the efficiency was negative indicating the emissive power blocked
y the convex mirror was greater than the emissive power captured by
he concave mirror. The mirror equation (Eq. (7)) cannot be solved for
when 𝑓1 is very small relative to 𝑓2 and 𝑎. Therefore, when 1∕𝑓2 >
∕𝑓1 + 1∕𝑎, for no positive value of 𝑏 is Eq. (7) solvable. Experimental
onsiderations, specifically field of view, clear apertures of the mirrors,
orking distance, proximity of the mirrors to the SHTB (e.g., to allow
or the placement of a chopping wheel), and mirror spacing, as well as
ost resulted to the selection of an optical system that is slightly below

he optimal case. A key benefit of the double Schwarzschild design
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o

Fig. 4. Overview of the Schwarzschild optical system design, (a) single Schwarzschild objective parameters, (b) intensity received by a coaxial element and (c) double Schwarzschild
bjective parameters.
Fig. 5. CAD model of the designed and built double Schwarzschild optical system and (b) efficiency of possible designs. The selected design is highlighted in red.
is that once aligned, illumination of the specimen during high speed
imaging does not contaminate the recorded IR signal. Other commonly
used optical systems, such as the Newtonian optical system, do not have
this benefit.

2.8. IR detector calibration

An IR detector calibration process is adopted to obtain the rela-
tionship between the IR detector output voltage and the interrogated
specimen temperature. In this process a specimen is mounted in the
SHTB system, heated, and allowed to cool to room temperature. The
specimen temperature during the cooling process is monitored by a
thermocouple embedded near the specimen surface. A chopping wheel
is used to provide a dynamic signal to the IR detector as it records
the specimen cooling. Fig. 6 shows the results from two calibration
experiments. Over the range of temperatures that are expected during
an experiment the curves are nominally identical.

3. Results

3.1. Microstructure

Three Ti–6Al–4V material conditions were examined, specifically
annealed Ti–6Al–4V rolled sheet (grade 5), and stress relieved LPBF
Ti–6Al–4V subjected to either a heat treatment above the 𝛽-transus tem-
perature or a sawtooth heat treatment below the 𝛽-transus temperature.
Figs. 7 through 9 present EBSD derived inverse pole figure orientation
maps, phase distributions (i.e., percentage 𝛼-phase vs. 𝛽-phase, and 𝛼-
phase pole figure triads. Porosity was not readily observed in either of
the LPBF materials.

The wrought material condition consists of equiaxed grains with
6

an average diameter of 5 μm. The phase distribution map finds the
Fig. 6. Calibration curves.

microstructure to be 85.9% 𝛼-phase and 14.1% 𝛽-phase. As expected
a strong texture is present with the [0001] pole being oriented closely
to the normal processing direction.

The annealing heat treatment microstructure presents with a char-
acteristic lath structure with large aspect ratio lenticular grains whose
average width and length are 13 μm and 98 μm, respectively, for an
aspect ratio of 7.5. The phase distribution map finds an almost entirely
alpha-phase microstructure with more than 98.5% of the observed area
being alpha-phase and less than 1.5% being beta phase. The pole figure
triad shows a relatively random texture has been achieved. Exceeding

′
the 𝛽-transus temperature has sufficiently transformed any 𝛼 -phase



International Journal of Impact Engineering 176 (2023) 104552S.-D. Salehi et al.

(

d

l

t
t
C
t
g
d
o
I
h
c
s
p
c
w
p
d
b
r

Fig. 7. Overview of the wrought material condition (a) inverse pole figure obtained with a reference direction matching the normal principle processing direction (out-of-page),
b) 𝛼-phase pole figure triad, (c) 𝛼 and 𝛽 phase distribution showing an 𝛼-phase dominated microstructure (85.9% 𝛼-phase).
Fig. 8. Overview of the annealing heat treatment material condition, (a) inverse pole figure obtained with a reference direction matching the transverse principle processing
irection (out-of-page), (b) 𝛼-phase pole figure triad, (c) 𝛼 and 𝛽 phase distribution showing an 𝛼-phase dominated microstructure (98.5% 𝛼-phase).
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martensitic laths into the 𝛽-phase which upon cooling, became 𝛼-phase
amella surrounded by 𝛽-phase grains.
The sawtooth heat treatment can be observed to also present with

he characteristic lath structure. The sawtooth, or globularization heat
reatment is an attempt to achieve the equiaxed or bimodal structure.
ompared to the annealed heat treatment, there has been a decrease in
he lenticular grain aspect ratio and general growth of the lenticular
rains in the thickness direction while contracting in their length
irection. Lenticular grains were found to have an average thicknesses
f 22 μm and lengths of 68 μm, respectively, for an aspect ratio of 3.10.
t is evident from the IPF that an incomplete globularization process
as occurred. During the globularization process the thermal cycling
auses oscillations in the volume fractions of 𝛼 and 𝛽 phases that in
ynergism with the slow cooling segments of the cycle globularize the 𝛼
hase by epitaxial growth [37]. Here bimodal refers to a microstructure
omprised of equiaxed primary 𝛼 grains and transformed 𝛽 areas,
hich surround the alpha grains, can be regarded as a kind of ‘‘dual-
hase’’ structure [54]. Research suggests that when 𝛼′-phase martensite
ecomposes during the globularization heat treatment, the 𝛼-phase will
e first nucleated within the acicular 𝛼′-phase following an expected
ecovery mechanism [55,56]. During this process, vanadium diffuses
7

1

rom the newly formed 𝛼-phase and concentrates at the 𝛼-phase bound-
ry [55,56]. This element partitioning then leads to the formation of
-phase in the vanadium-rich area between 𝛼 lamellae [55,56]. The
hase distribution map shown in Fig. 9 provide clear indication of par-
itioning having taken place. The sawtooth profile has a comparatively
arge amount of 𝛽-phase (89.1% 𝛼 and 10.9% 𝛽) when compared to the
nnealing heat treatment.

.2. Dynamic behavior

To determine the onset of necking, which in turn provides the
lastic strain level that the TQC can be calculated, the axial strain of
deforming specimen was determined for each of the 128 images cap-
ured during an experiment or up to specimen fracture. Fig. 10 provides
he axial strain evolution of a nominally representative specimen from
ach material condition. The vertical dashed red line corresponds to the
osition along the gauge length interrogated by the IR detector. Time
ero corresponds to the horizontal axis and time increases when moving
n the vertical direction. For clarity, the strain distribution of every
6th frame is shown as a dashed black line. For each material condition
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Fig. 9. Overview of the sawtooth heat treatment material condition, (a) inverse pole figure obtained with a reference direction matching the transverse principle processing
direction (out-of-page), (b) 𝛼-phase pole figure triad, (c) 𝛼 and 𝛽 phase distribution showing an 𝛼-phase dominated microstructure (89.1% 𝛼-phase).
Fig. 10. Axial strain evolution derived from DIC analysis for necking identification of the (a) wrought, (b) annealed LPBF, and (c) sawtooth LPBF material conditions.
s

the accumulation of strain is nominally homogeneous across the gauge
section during the early stages of deformation. Cut-off strains, indicated
by a gray horizontal line, of 5%, 4% and 4.5%, were determined for the
wrought, annealed an globularized material conditions, respectively.
While TQC values for material conditions are included over the entirely
of the true stress–strain behavior they should only be accepted as valid
up to the cut-off strain (i.e., the end of homogeneous deformation).

Once necking occurs it is evident that strain accumulates in the
necking region until specimen failure. The width of the necking region
was quantitatively assess by determining the full-width half maximum
(FWHM) of the strain distribution of the image of the loading sequence
or in the case of the annealed LPBF material from the last frame before
fracture. It is evident that among the three conditions, the necking
region is the most diffuse in the wrought condition (width of ≈ 7 mm),
followed by the globularized condition (width of ≈ 4.5 mm), and was
most concentrated in the annealed condition (width of ≈ 2.5 mm).

Triplicate TSPHB experiments combined with in-situ IR thermog-
aphy were conducted on each material preparation condition. The
rue stress–strain behavior and corresponding temperature rise of each
xperiment are reported in Fig. 11. Consistent and repeatable behavior
as observed across the three specimen replicates. The yield strength
or wrought, annealed, and globularized specimens was 1350 MPa,
250 MPa, 1200 MPa respectively and all had a near zero strain
ardening behavior. The vertical black dashed lines indicate the cut-
ff strain for TQC analysis. In general, measured temperatures are
n agreement up to the cut-off strain after which the diverge. This
iverging behavior should be expected as the stress–strain behavior
erived from one-dimensional analysis no longer is in agreement with
he local state of strain.
8

3.3. Thermomechanical characterization

The evolution of the TQC as a function of plastic strain is presented
in Fig. 12. For the wrought condition, in addition to the three replicate
experiments, data from literature is also included, specifically the work
of Rittel et al. [28]. It is observed that their TQC data agrees well
with the TQC values obtained under dynamic tension. Interestingly the
near zero strain hardening results in near constant conversion of plastic
work to heat conversion for the wrought condition but does not for the
annealed and the globularized conditions. In the annealed condition,
the TQC rapidly increases during homogeneous deformation leading
up to the cut-off strain after which values diverge. The globularized
microstructure exhibits increasing efficiency of the plastic work to
heat conversion and appears to begin to plateau at the later stages of
homogeneous deformation.

In some situations, it may be favorable to have a single value
approximation of the TQC during homogeneous deformation, 𝛽𝑎𝑣𝑔𝑖𝑛𝑡 . The
ingle value is found by plotting the heat density (𝜌𝑐𝑝𝛥𝑇 ) vs. work
density for each experiment up to the respective cut-off strain. A linear
fit is applied to the three experiments and its slope is determined. This
single value can be approached as an estimate of the average TQC for
deformation. Wrought was found to have the lowest TQC (𝛽𝑖𝑛𝑡 = 0.35),
following by the globularized condition (𝛽𝑖𝑛𝑡 = 0.52), and the annealed
condition showed the greatest TQC (𝛽𝑖𝑛𝑡 = 0.75). 𝛽𝑖𝑛𝑡 = 0.52 (see Fig. 13).

4. Discussion

The microstructure state of each of the material conditions will
have a direct impact on the deformation mechanism activity. In dual
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Fig. 11. True stress–strain curves vs. temperature rise for the (a) wrought specimens at nominal strain rate of 700 s−1 (b) annealed heat treatment specimens at a nominal strain
rate of 760 s−1, and (c) sawtooth heat treatment specimens at a nominal strain rate of 730 s−1.
Fig. 12. TQC as a function of strain for (a) wrought specimens at nominal strain rate of 700 s−1 (b) annealed specimens at a nominal strain rate of 760 s−1, and (c) globularized
specimens at a nominal strain rate of 730 s−1.
Fig. 13. Single value approximation of the TQC for (a) wrought, (b) annealed heat treatment and (c) sawtooth heat treatment determined from the linear fit applied up to the
cut-off strain for each.
phase titanium alloys (i.e., Ti–6Al–4V), deformation twinning is gen-
erally considered to be inhibited due to high solute content [57,58].
However, recent work has demonstrated deformation twining to be
an active deformation mechanism in Ti–6Al–4V (e.g., [59,60]). Coghe
et al. investigated the activation of twinning as a function of strain-
rate. In an equiaxed grain structure closely matching the wrought
condition investigated here, {101̄2}⟨1̄011⟩ twins were observed via
TEM and EBSD. Twinning fractions present were found to be loading
orientation and strain rate dependent. Over the dynamic regime, twin
fractions approaching to 5% were observed [59]. Due to the conflicting
stances in literature as well as the limited presence of deformation
twinning in Ti–6Al–4V, dislocation slip is considered to be the primary
deformation mode in this dual-phase titanium alloy. While twinning
could be expected to occur in the wrought condition particularly at
elevated strain-rates, its effect on the observed TQC is thought to be
second order effect. Previous studies that have examined the TQC of
hcp alloy Mg AZ321B, found when plasticity is accommodated through
deformation twins the TQC is suppress compared to slip dominated
9

processes [30].
The strong texture of the wrought material places the 𝑐-axis of
most grains perpendicular to the loading access. In this loading ori-
entation deformation processes will be accommodated through dislo-
cation slip mechanisms whose Burgers vector is resolved along the
⟨𝑎⟩ direction. These slip mechanisms include prismatic (101̄0)⟨112̄0⟩,
basal (0001)⟨112̄0⟩, and first order pyramidal ⟨𝑎⟩ slip (101̄1)⟨112̄0⟩ [61].
Among these three mechanisms, basal and prismatic slip have lower
critical resolved shear stress required for activation (e.g., [62–64]).
Additionally, the strong texture of the wrought material results in
neighboring 𝛼-phase grains having closely matching orientations which
provides well aligned pathways for slip transfer across grain bound-
aries [61] as well as similar schmid factors across a large number
of grains. Combined these lead to easy slip transfer [65]. For grain
sizes and loading orientations similar to those used here, slip trace
analysis observed deformation predominantly occurs through a combi-
nation of low CRSS systems, specifically prismatic ⟨𝑎⟩ slip and basal
⟨𝑎⟩ slip mechanisms [66]. It is thought that the wrought condition
presents with the lowest TCQ due to the well aligned slip systems across
neighboring grains with similar orientations and the ease of activation
of accommodating deformation mechanisms. As a greater portion of
the work of deformation is stored within the microstructure through
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dislocation-based processes, less will be converted into heat and a lower
TQC would be expected.

EBSD analysis of the annealed microstructure observed adjacent
laths to have significant misorientation. This misorientation results in
more difficult slip transfer processes across interfaces. When slip is
hindered, dislocation pile-ups at these interfaces are likely to occur.
This coupled with the limited mean free path of dislocations across the
lath width could provide a greater number of dislocation-boundary and
dislocation–dislocation interactions. These interactions in turn reduce
the efficiency of storing the work of deformation which results in the
greatest TQC among the material conditions investigated.

Lastly, the globularized microstructure has a combination of fea-
tures of the other two microstructures, specifically the lenticular 𝛼-
hase and surrounding 𝛽-phase. The interface of the 𝛼-phase/𝛽-phase
as an established Burgers orientation relationship (BOR), where
0001)𝛼 ∥ (110)𝛽 and ⟨112̄0⟩𝛼 ∥ ⟨111⟩𝛽 . Under slow cooling rates, the
OR has been observed throughout lamellar microstructures. However,
f cooling rates are rapid, deviations from this BOR have been are
ossible (e.g., [67]). Considering that the sawtooth heat treatment
sed remains below the 𝛽-phase transus temperature, it is possible that
esidual regions deviating from the BOR could be present as a direct
esult of the rapid cooling process involved in LPBF. Deviations from
he BOR would provide a barrier to dislocation motion. The possibility
f deviations from the BOR provides a feasible explanation as to why
here would be an increase in the TQC of the globularized condition
ompared to the wrought condition. Future work aims to provide an
etailed TEM investigation of the interaction of slip mediated process
ith 𝛼− 𝛽 interfaces, specifically those deviating from the BOR, within
he globularized microstructure.

. Summary

This paper reports a systematic study of the plastic work to heat
onversion of the importation aerospace alloy Ti–6Al–4V, and the
ptimization of the double Schwarzschild optical system. The particular
enefit of using the double Schwarzschild optical system is the incor-
oration of high speed imaging without lighting sources contaminating
R thermography measurements. Three preparation conditions were
nvestigated, namely the wrought condition in an annealed form, and
tress-relieved LPBF subjected to an annealing heat treatment exceed-
ng the beta-transus temperature, or to a sawtooth profile below the
-transus temperature. Each of the material systems demonstrated a
aylor–Quinney coefficient below the commonly held assumption of
.9. The importance of interface orientation is discussed with easy slip
ransfer interfaces resulting in a lower TQC than material conditions
ith interfaces that present as stronger barriers to dislocations pro-
esses. From a practical standpoint, the generated TQC data provides a
tarting point for the establishment of a database of the work to heat
onversion efficiency of for this critical AM LPBF alloy.
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