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Abstract

Background Extreme application conditions frequently consist of environments involving one or more of the following fac-
tors: very high (or low) temperatures, irradiation, corrosive medium exposure, elevated stresses, and high-strain-rate loading.
Due to challenges in replicating environments where more than one factor is present, experiments typically are restricted to
investigating a single environmental condition.

Objective The objective of the efforts outlined herein is to demonstrate the precisely-controlled high-rate heating of a vari-
ety of metallic material systems up to one-half their melting temperature within a Tension Split-Hopkinson Pressure Bar
(TSHPB).

Methods Specific materials investigated include Ti-6Al-4V, Inconel 718, and Magnesium alloy AZ31B. The adopted method
integrates a duty-cycle controlled Joule heating system with a TSHPB system.

Results Accurate and repeatable heating profiles (i.e., within £5 °C of the desired temperature up to 725 °C) allow testing
without direct temperature monitoring. Combined, the Joule heating system and TSHPB provide an experimental setup capa-
ble of strain-rates up to 10° s~!, a heating system that can produce currents up to 250 A, resulting in material-specific heating
rates exceeding 100 K /s. Constraining heating times to a few seconds limits microstructural changes, thereby suppressing
annealing or grain growth processes, resulting in unique, non-equilibrium superheated microstructure states.

Conclusion The presented system enables the study of elevated temperature high-strain-rate material behavior, which is rel-
evant to improving understanding of material behavior during high-speed machining, forging, high-velocity vehicle crashes,
protection system response to impacts and blast, as well as nuclear energy applications.

Keywords Tension Split-Hopkinson pressure bar - Kolsky bar - Dynamic behavior of materials - Elevated temperature -
Joule heating

Introduction

The certification and adoption of materials for extreme envi-
ronment applications requires understanding the effects of
multiple factors (e.g., temperature and strain-rate) on mate-
rial behavior. At elevated temperatures, time-temperature-
dependent microstructural activation mechanisms (e.g.,
dislocation glide, twinning) can significantly impact a
material’s mechanical response. Elevated temperatures pro-
vide additional energy to aid mechanisms in overcoming
activation barriers, reducing the driving stresses required
for mechanism activity (e.g., [1]). For example, it has been
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shown that Ti-6Al1-4V exhibits an 85% reduction in flow
stress in quasi-static experiments conducted at temperatures
nearing one-half of the melting temperature (7,,) compared
to room temperature experiments [2]. Understanding and
quantifying these temperature-dependent effects is necessary
to accurately model and predict material behavior, which
allows for improved efficiency in design and application.
Similarly, transient activation mechanisms in materials cause
changes in mechanical behavior at high-strain-rates. Disloca-
tion slip follows the Arrhenius form for thermal activation
mechanisms [3], such that the increased energy available to
overcome to activation barrier is in the form of dislocation
vibration induced by the vibration of surrounding atoms [4].
The vibrational energy is only useful when it acts in the
direction of the energy barrier saddle [5], thus there are finite
time periods when the vibrational energy cannot contribute
to dislocation slip. At high-strain-rates, there is less time
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for a dislocation to move, decreasing the likelihood that the
vibration is aligned with the Burgers vector during deforma-
tion. Misaligned vibrations will either require more energy
to overcome the activation barrier for movement or will
remain pinned during deformation, increasing the required
flow stress at the onset of plasticity. For example, experi-
ments conducted on 4340 steel have shown a 20% increase in
flow stress at high-strain-rates (¢ = 3.6 x 10° s~!) compared
to quasi-static strain-rates (¢ = 1073 s71) [6].

Both temperature and strain-rate affect the time-temperature
dependent plastic activation mechanisms, with elevated tem-
peratures lowering the effective activation barrier and high-
strain-rates decreasing the time when these mechanisms can
take effect. The interactions between the thermal activation and
dislocation motion at high-strain-rates thus present an oppor-
tunity for further investigation. Understanding these effects is
essential to model a material’s mechanical behavior accurately.
For example, machining processes often experience conditions
of high-strain-rates at elevated temperatures due to adiabatic
heating during cutting [7]. Other high-strain-rate processes like
forming and rolling are intentionally performed at high temper-
atures to improve workability [1]. Further applications, espe-
cially in aerospace and nuclear industries, require materials
to operate in high-temperature environments. High-strain-rate
experimentation at elevated temperatures can provide the data
required to model these processes accurately and predict the
failure behavior of materials in the event of a crash or impact
[8] or under seismic loading [9].

Currently, only a handful of experimental setups exist in
literature that are capable of performing high-temperature,
high-strain-rate experiments in tension on non-equilibrium,
superheated microstructures without impeding the view of the
specimen during loading. This unique combination of experi-
mental parameters is essential to study thermomechanical
material behavior in extreme environments or during dynamic
processes. A variety of heated split-Hopkinson pressure bar
(SHPB) systems exist. However, few are suited to perform-
ing experiments identical to those presented herein. As many
materials exhibit loading orientation asymmetry, data gathered
from compression SHPB systems cannot be relied upon to pre-
dict tensile behavior. Similarly, heating systems that have low
heating rates (requiring long heating periods) cannot be used
to study non-equilibrium microstructures that arise during
dynamic processes. SHPB systems that are enclosed or oth-
erwise obstruct specimen view cannot be used in conjunction
with full-field imaging techniques (e.g., digital image correla-
tion or the grid method) or direct temperature measurement
during loading, making studies of non-uniform deformation,
inverse constitutive parameter identification or Taylor-Quinney
coefficient identification impossible. The system presented
herein combines these necessary experimental capabilities and
is compared with other high-temperature SHPB experimental
apparatuses in the discussion.

&

Background

Using an SHPB, a material’s stress-strain behavior can be
quantitatively determined at strain-rates up to 103 s~!. The
original SHPB design allowed only for compression test-
ing of materials [10]. Material behavior, however, is loading
mode-dependent (e.g., tension vs. compression). Thus, it is
critically important to be able to test materials in the loading
mode in which they will be used to predict their behavior
accurately. To enable the measurement of high-strain-rate
tensile behavior, the classical SHPB design is modified [11].
In a Tension Split-Hopkinson Pressure Bar (TSHPB) experi-
ment, the experiment is initiated when a tubular striker bar
is launched via a gas gun, impacting a flange on the inci-
dent bar. The impact generates an elastic tension wave that
propagates down the length of the incident bar toward the
specimen. The specimen is mounted between the incident
and transmitted bar using clamps that are threaded directly
onto the bars to transmit the stress wave [12]. At the incident
bar specimen interface, the acoustic impedance difference
causes part of the tension wave to be reflected as a compres-
sion wave, while the remainder of the tension wave travels
through the specimen. Similarly, at the specimen transmis-
sion bar interface, part of the wave is reflected back through
the specimen, equilibrating the specimen’s stress state. The
remainder of the wave then travels through the transmission
bar. Data from strain gauges on the incident and transmis-
sion bars and one-dimensional wave propagation theory is
then used to calculate stress-strain curves [13].

The nominal specimen stress (o,(f)) can be calculated by
dividing the force on the transmitted interface, calculated
with the bar modulus of elasticity (E), measured transmit-
ted strain (g,(¢)), and the bar cross-sectional area (A4,), by
the cross-sectional area of the specimen (A,) [14], shown
in equation (1),

Eeg, (1A,
A 6]

s

o () =

The nominal specimen strain (£,(¢)) can be calculated based
on the reflected pulse strain. The specimen strain is a func-
tion of bar wave speed (c;), specimen length (L), the dura-
tion of the reflected pulse (¢,), the reflected pulse strain
(¢,(?)), and an incremental time step (dz) [14], shown in
equation (2),

2e0 [t
ss(t):—% /O £,(r)dr. o)

Further details on the data reduction in TSHPB experiments
can be found in Ref. [13] and [14]. As shown in equations
(1) and (2), the stress and strain calculations rely on the
bar material behavior, specifically bar speed and modulus of
elasticity. In room temperature experiments, the bar speed
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and modulus can be treated as constant (such that the bars
remain in the elastic region during loading [15]). In high
temperature experiments, however, significant heating can
occur in the bars, affecting bar behavior and experimental
results. This effect can be accounted for in post-processing
[16] or can be mitigated by minimizing bar end heating. In
C350 Maraging steel (a common SHPB bar material which
is used in this study), the decrease in bar speed caused by
elevated temperatures only exceeds 5% at temperatures
above 350 °C [17]. Similarly, the modulus of elasticity
decreases by about 5% at temperatures exceeding 250 °C
[18], and microstructural changes are negligible for short
durations under 450 °C [19]. Thus, by ensuring the bar end
heating remains below these temperatures, the temperature
effect on the bar material behavior can be neglected.

Bar end heating can be reduced by actively cooling the
bars [20] or by decreasing heat transfer into the bars (from
direct heating or by conduction through the specimen).
The latter can be accomplished with high heating rates to
minimize the time the bars are in contact with the heated
specimen and by ensuring heating is localized to only the
gauge section of the sample. For the system presented in the
following, the temperature rise of the bar end grip region is
limited to < 75 °C, even when specimen temperatures are
an order of magnitude higher (750 °C). At sufficiently high
heating rates, microstructural changes in the specimen are
also negligible. Diffusion based microstructural changes
(e.g., annealing, grain growth, recrystallization) take time
on the order of minutes or hours to substantially affect the
material behavior at temperatures up to half of a materi-
al’s melting temperature for most metals [21]. By testing
materials in superheated, non-equilibrium states, behavior
during dynamic, quasi-adiabatic events such as machining
and cutting can be studied. Other important considerations
that must be taken into account when designing a heated
TSHPB system include specimen temperature uniformity,
heating precision, and specimen viewing. Uniformity and
precision are necessary to understand the material response
and ensure that the entire gauge section is deformed under
the same conditions. An unobstructed view of the specimen
throughout loading is desired for studies involving DIC and
infra-red (IR) thermography.

To accomplish these goals in a heated TSHPB setup, a
variety of heating methods have been used, including IR spot
heaters, [1, 22] furnaces, [23, 24] pulse-heating systems [7,
25] and induction heating systems [26, 27]. IR spot heat-
ers generate a high-intensity beam of IR radiation that is
focused on a sample to cause heating. Spot heating SHPB
systems’ advantages include their simplicity and minimal
bar end heating, but require direct temperature monitoring,
can cause temperature gradients within the sample, and
generally exhibit relatively low heating rates (on the order
of tens of K/s [1]). Furnace-based heating systems enclose

the specimen and bars in a furnace (electric tube and shell
furnace [24] or focused halogen lamp radiant furnace [28])
to heat the specimen. These systems offer uniform heating
but at relatively low rates (on the order of tens of K/s [24])
and lead to significant bar end heating. Though bar heating
can be minimized by bringing the bars into contact with the
specimen after heating, these actuation systems introduce
complexity and can lead to specimen cooling before defor-
mation. Pulse- or Joule heating utilizes resistive heating by
directly passing current through a resistor (e.g., specimen).
Joule heating can be localized in the material sample itself
or in high-resistance inserts (graphite sheets in Ref. [7])
which conduct heat to the sample. Induction heating uses
high-frequency alternating current in a coil that serves as
the primary of a transformer to heat the secondary with-
out contact. The heated secondary can be the sample itself
(e.g., [26, 27]) or in the clamps which conduct heat into the
sample (e.g., [20]). Heat energy is generated by the induced
currents, again through resistive heating. Joule and induc-
tion heating systems offer relatively high heating rates on
the order of hundreds [27] or thousands [7] of K/s (and low
heating times), but can cause significant bar end heating,
non-uniform temperature gradients, and electromechanical
behavior effects.

These electromechanical effects include electroplastic-
ity and electromigration. Electroplastic behavior occurs
when high current densities during deformation contribute
energy to dislocation movement, reducing the effective flow
stress in a material [29]. The prevalence of electroplastic-
ity and the required current densities vary by material, but
can be mitigated by including a sufficient delay following
the termination of current before loading. This delay will
ensure residual electric fields and current can dissipate
before deformation. Electromigration, caused by the ather-
mal effects of kinetic energy from electron momentum [30],
refers to the change in phase transformation behavior caused
by an applied electrical current [31]. The additional energy
supplied by the athermal effect can reduce the necessary
annealing temperatures and times for recrystallization to
occur [32], and has been shown to accelerate other (e.g.,
precipitation, grain growth, etc.) microstructural evolu-
tion mechanisms. The rate of acceleration depends on the
material, current density, and current type (i.e., direct or
alternating, continuous or pulsing), making its effect dif-
ficult to predict [31]. As these transformations still rely on
temperature activated, diffusion-based processes, they can
be mitigated by minimizing the time the specimen is held at
high temperatures.

Macro-scale material behavior arises from microstruc-
ture. Dislocation density, crystal structure, size and den-
sity of precipitates, grain size, and grain orientation can all
affect a material’s mechanical properties, including ulti-
mate strength, yield strength, ductility, fracture behavior,
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plasticity mechanisms, and flow stress. In metals, micro-
structural properties can depend on thermomechanical his-
tory (hot or cold working, annealing, etc.), chemical con-
stituents or alloying materials, metallurgical solutionizing
and quenching, and exposure to corrosive environments.
As demonstrated by the variety of factors, the development
of processing methods to achieve a certain microstructure
or behavior is a rich field of research and ongoing study,
though the following discussion will be limited to general
processes which could impact measured dynamic testing
behavior. Temperature-dependent microstructural evolu-
tion and annealing are the most influential processes that
could affect the presented study. Evolution includes micro-
structural changes involving grain growth, precipitation,
crystallization, and phase transformations. Each of these
mechanisms results from added atomic or molecular mobil-
ity owing to elevated temperatures. As discussed previously,
thermal energy provides additional energy for atomic move-
ment. In evolution, the remainder of the energy is provided
by electrochemical gradients. The movement allows atoms to
organize into stable, lower-energy configurations. Similarly,
during annealing processes, induced stresses from disloca-
tions provide energy for their movement and deconstruc-
tion at sufficiently high temperatures. The annealing process
leads to lower dislocation density, allowing for easier move-
ment of remaining dislocations, and a decrease in flow stress
and increase in ductility. As these microstructural changes
are all time and temperature dependent, they can be miti-
gated by minimizing the amount of time a metal is held at
elevated temperatures. It is worth noting that some micro-
structural evolution can occur near instantaneously (e.g, pre-
cipitation in some stainless steel [33] and aluminum alloys
[34]). These near instantaneous reactions would occur in
any elevated temperature environment, and thus their effect
on mechanical high temperature mechanical behavior would
be observed during high temperature experimentation. By
isolating temperature effects, experiments can better model
machining and forming processes where heating and defor-
mation occurs rapidly, preventing most significant forms of
microstructural evolution.

Theory

Joule heating can be combined with a TSHPB system by inte-
grating the specimen and clamping system of the bars into
a Joule heating circuit. In this configuration, the specimen’s
small dimensions result in heating being concentrated in the
specimen’s gauge section. The governing equation for the heat-
ing of a solid is shown in Newton’s heat equation, equation (3).
Here, the temperature change (AT) is a function of the energy
input (Q), the mass (m), and the specific heat capacity (C,),

&

AT = —. 3)

Taking a time derivative of this equation yields the solid
heating rate equation, equation (4), where the heating rate
(T) is proportional to the power (Q),

.0
T=——.

. @)
Watt’s law describes the power dissipated through a resis-
tor (i.e., the specimen) as a function of voltage (V) and cur-
rent (), shown in equation (5),

P=VI. 5)

Ohm’s law describes the voltage across a resistor in terms
of current and resistance (R), shown in equation (6),

V =IR. (6)

Substituting equation (6) into equation (5) yields Joule’s
Law, equation (7),

P =1I°R. 7

Substituting equation (7) into the solid heating rate equa-
tion (equation (4)) yields equation (8),

. I*R
== ®)
P

The equation for the resistance across a solid is shown in
equation (9), as a function of length (L), resistivity (p), and
cross-sectional area (A),

_Lr

R .
A

©))

Substituting equation (9) into equation (8) yields equa-
tion (10),

_ PPLp

- mC,A

(10)

Finally, substituting the mass, density (d), and specimen
gauge section volume into equation (10) yields the Joule
heating rate equation, equation (11),

. IPp
r=-—>5. (11)
dC,A?

The Joule heating rate equation, equation (11), provides
an estimate of the heating rate of a solid when the current
passing through the object (1), material properties (p, d, C,)),
and cross-sectional area (A) are known quantities. A Joule
heating system can then be designed to provide a specific
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Table 1 Material properties and heating rates for selected metals

Material Resistivity, p Density, d Specific Heating Rate,
Heat, Cp T
(uQ cm) (g/em®)  (J/gK) (Kls)
Ti-6A1-4V 171 [35] 4.429 [36] 0.5443 [36] 365
Inconel 718 128 [37] 8.221 [36] 0.4187[36] 191
Mg AZ31B 10.2 [38] 1.769 [36] 0.9944 [36] 29.8

current through a specimen to achieve a desired heating
rate.

For a current of 250 A through the specimen’s gauge sec-
tion (with the geometry shown in Fig. 3), theoretical heating
rates can be determined with the Joule heating rate equation,
equation (11). The required material properties and calcu-
lated heating rates for several materials are listed in Table 1.
Equation (11) considers perfect heating, ignoring thermal
losses, for example, via conduction through the specimen
clamps, resulting in the difference between the theoretical
and experimental heating rates. Although the theoretical
heating rates do not precisely predict experimental heating,
theoretical calculations provide a reasonable estimate for
initially calibrating the control system and estimating the
upper limit of heating rates for different input currents.

Methods

Using long bars (L/D = 192 in the current design) to trans-
mit strains into the specimen allows for precise measurement
of loading during testing by minimizing radial nonuniform-
ity in the propagating wave [13]. In addition, wave disper-
sion is reduced by applying copper pulse shapers to the

Typical TSHPB Test Waveform

Incident Bar Strain Gauge Voltage (V)
Transmitted Bar Strain Gauge Voltage

0 0.2 0.4 0.6 0.8 1 1.2
Time (ms)

Fi

Q@

.1 Typical waveform from a pulse shaped TSHPB experiment

incident bar flange [39]. Over the experiment duration, the
profile of propagating waves is gathered using strain gauges
attached at the mid-length position of the incident and trans-
mission bars. The strain gauges on each bar are arranged
in a full Wheatstone bridge configuration for the presented
work. This configuration is selected as bar bending, Poisson
effects, and lead wire resistance are automatically eliminated
from measurements. The Wheatstone bridge signal is con-
ditioned and amplified with a Dewetron amplifier and then
recorded with an oscilloscope. A typical waveform from a
room temperature tension experiment conducted with copper
pulse shaping is shown in Fig. 1.

The High-Strain-Rate Mechanics of Materials Labora-
tory (HSRMML) at the University of Utah has a TSHPB
system, shown in Fig. 2. Previous presentation of its design
can be found elsewhere; see Refs. [40, 41]. The incident
and transmission bars both have a diameter of 19.05 mm and
a length of 3.66 m. Both ends of the incident bar have male
3/4”-16 threads. The striker end is threaded to attach an
impact flange for the striker tube. The specimen interface
of both bars are threaded to attach the specimen clamps.
The specimen has a gauge length of 20.08 mm and a square
cross-section with side length 3.32 mm. The specimen is
held by the clamps with press-fit wedge grips purchased
from REL Inc. The striker bar is accelerated with a gas
gun, fired with a solenoid valve operated by the control
system. The gas gun pressure is adjusted to achieve the
desired strain-rates.

Figure 3 shows the nominal dimensions of the sample
used for TSHPB testing in the HSRMML. Preliminary testing
was completed with Ti-6Al-4V, Inconel 718, and Magnesium
AZ31B. These materials exhibit a wide range of electrical
resistivities, demonstrating the setup’s broad material test-
ing capabilities. In addition, these materials are often used
in high-temperature applications (i.e., Ti-6Al-4V’s use in
intermediate compression stages in gas turbine engines and
aircraft hydraulic tubing [42], and Inconel 718’s use in later
gas turbine engine stages and nuclear structure applications
[43]) or display novel behavior in high-temperature machin-
ing processes (Magnesium AZ31B exhibits significant asym-
metric yield conditions, and anisotropic hardening behavior
[44]), making them ideal subjects for heated TSHPB studies.

An Arduino DUE-based control system regulates the
main circuit used for heating, shown in Fig. 4. The Arduino
DUE board is used to orchestrate testing because it has
a simple, easy-to-edit interface and can send and receive
analog voltage signals. The control system script directs the
Arduino to send voltage signals to the Field Effect Transis-
tor (FET) input circuit (see Fig. 5) to govern the specimen
heating and to the solenoid control circuit (see Fig. 6) to fire
the gas gun. The control system script calculates the duty
cycling for heating and sets the delay following heating. An
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Fig.2 The TSHPB System in
the HSRMML at the University
of Utah. The highlighted com-
ponents are presented in greater
detail in Figs. 4, 5, and 6

Compressed Air

Striker Tube

REL Inc.
Gas Gun

Solenoid

Relay |:::|

Arduino

Control
Circuit

additional script is used to collect temperature data during
heating protocol development testing.

The components of the main heating circuit presented
in Fig. 4, starting clockwise from the bottom left, are the
power supply, an emergency shut-off switch, a parallel array
of resistors in series with FETs. The FETs are connected
with Transient Voltage Suppressor (TVS) diodes and FET
control inputs, labeled “FET+" and “FET-" in Fig. 4. The
circuit is completed through the specimen by attaching weld-
ing ground clamps adjacent the grips on the incident and
transmitted bar. A nominal 12V, 135 AH Absorbent Glass
Mat (AGM) battery is used to generate a current through
the circuit. AGM batteries feature decreased risk of spillage
or off-gassing and lower internal resistance, allowing for
high current output. Metal oxide semiconductor FETs are
used due to their high current switching capacity and low
drain-source resistance in the “on” state (with 6 V applied
across the gate and source with the control inputs). The TVS
diodes are used as protection against electrostatic discharge
that could damage the internal gate capacitors in the FETs.
Each resistor array consists of twelve 220 m€2, 100 W resis-
tors, six series-pairs of resistors arranged in parallel, to yield
a 73.3mQ, 1200 W resistor array. These arrays control the

3.32mm R 254 mm

9.96 mm

25.64 mm 20.08 mm Thickness = 3.32 mm

Fig.3 The tensile specimen dimensions used with the TSHPB

Emergency Shut-Off Switch
X

FET Resistor Array

Dewetron
Amplifier Tektronix
— ! Oscilloscope
Shimadzu
HPV-X
High- Delay
Speed Generator
Camera
Electrical [
Contact
) > o
Strain Gauge
IR
Detector

Battery

maximum current in the circuit, preventing over-current
damage through the FETs.

The control circuit, shown in Fig. 5 that provides the FET
input voltages uses an Operational Amplifier (Op-Amp)
multiplier circuit to proportionally increase the analog volt-
age signal from the Arduino (2 V) to the required 6 V to
energize the FETs. The transistor serves as an additional
switch to regulate the control voltage.

The solenoid control circuit is shown in Fig. 6. Here, a
digital input from the Arduino actuates a small relay. This
relay controls an intermediate, 12 V circuit that energizes a
larger, 120 Vac circuit. Finally, the larger relay is used to con-
trol the power supply to a solenoid valve. This valve serves
as the firing mechanism for the TSHPB gas gun. These relay
circuits allow the firing mechanism to be controlled by the
same Arduino that governs heating, so the TSHPB gas gun
can be fired within milliseconds of the end of the heating
process. A delay of 100 ms allows residual electrical fields
to settle before testing to avoid any interference with the
sensitive strain gauge signals, eliminates the risk of arc-
ing through the specimen, and allows for fields to dissipate
to avoid electromechanical effects. Minimizing this delay
reduces any subsequent cooling (i.e., cold contact time) so
that as deformation begins, the specimen is at the desired
testing temperature.

A type-K thermocouple is spot welded to the gauge sec-
tion of the specimen then connected to a thermocouple meter
that serves as an amplifier to measure temperatures. The
amplified signal is decreased with a voltage divider to the
range of the Arduino analog input.

A voltage of 6.1 V was measured across each of the
73.3 mQ resistors during testing, for a total current of 250 A
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Emergency Shut-Off Switch
>
73.3mQ 73.3mQ 73.3mQ
FET
_{ _{ _i TVS Diode
@. 13V FET+
FET-

Fig.4 Main heating circuit

through the specimen that can be maintained continuously
for up to 20 seconds. The 250 A current produces heating
rates of up to 120 K /s in Ti-6Al-4V samples, measured with
the spot-welded thermocouple. Increased current capacity
can be easily incorporated by wiring additional resistor
arrays and FETs in parallel into the main circuit. However,
250 A is sufficient for present studies.

Heating protocols were developed for each material and
each desired temperature. These protocols specify the time
and duty cycle for each heating step. For example, the 650
°C heating protocol for Inconel 718 samples requires eight-
second heating at 100% duty cycle followed by six-second
heating at 60% duty cycle. Heating is conducted at high
duty cycles to minimize heating time. Low heating times
allow testing of non-equilibrium states and limits bar and
clamp heating, preventing any microstructural changes
within the TSHPB components. This is of particular con-
cern for the bar materials, C350 maraging steel, to main-
tain their high strength, and to ensure bar temperatures

100Q
A%
FET+
0.55-2.75 V DAC 220Q | FET-
Digital Input =

Fig.5 FET control circuit

12V 120V,

s

Digital Input

!
Fig.6 Solenoid circuit

remain close to room temperature throughout the experi-
ment duration.

Figure 7 shows the timing of events during each experi-
ment. The validated heating protocol is followed by the sole-
noid trigger, which actuates the gas gun solenoid, firing the
striker tube. A Tektronix oscilloscope then collects the strain
gauge signals caused by the advancing stress wave.

Results

Multiple heating tests were completed to verify that the duty
cycle heating protocols result in repeatable heating profiles
up to the desired set temperatures. IR images were taken of
the bars and clamps during and after these tests to measure
the resulting bar and clamp heating. These images showed
that the maximum temperature reached in the bars or clamps
was 75 °C, well below the temperatures where the modulus
of elasticity or bar speed exhibit temperature dependence or
phase transformations could occur in the bars. The tempera-
ture profile of an example test performed on Inconel 718 is
shown in Fig. 8.

Figure 8(a) shows the entire temperature range of the
sample during the heating protocol development. Figure 8(b)
shows an enlarged image of the peaks of the temperature
profile. The verification tests showed that each of the runs
was within 5 °C of the target temperature at the end of the
heating, with a standard deviation of 1.34 °C, within the
measurement tolerance of the thermocouple used during
testing. Similarly, Figs. 9 and 10 show example heating
protocols for Ti-6Al1-4V (target temperature of 625 °C)
and Magnesium AZ31B (target temperature of 275 °C),
respectively. The Ti-6Al-4V temperatures after heating had
a standard deviation of 1.91 °C and the Magnesium AZ31B
tests had a standard deviation of 1.31 °C.

Using the verified heating processes, TSHPB tests were
completed with annealed Grade 5 Ti-6Al-4V samples cut
from a plate meeting ASTM standard B265. Experiments
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Fig.7 Timing chart of a repre-
sentative Joule heated TSHPB
experiment

Duty Cycled Heating

Solenoid Trigger

Incident Signal

Transmitted Signal

Reflected Signal

Time

12s

were conducted at 20 °C, 450 °C, and 725 °C at a nominal
strain-rate of 600 s~! to demonstrate the Joule heating systems
capabilities. These results are compiled in Figs. 11 and 12,
showing stress-strain curves and strain-rates, respectively.
The triplicate tests show that the experimental setup
measured a marked decrease in flow stress as the tempera-
ture of the experiment increases. Previous joule heated,
dynamic (¢ = 1300s7") tension studies on heated Ti-6Al-
4V performed at Tampere University of Technology in
Finland and Technical University of Madrid in Spain
found flow stresses of 800 and 600 MPa at 450 °C and
700 °C, respectively [45]. Other joule heated, dynamic
(¢ =1000s7") tension experiments performed at the
National Institute of Standards and Technology (NIST)
found flow stresses of 1350 and 800 MPa at room tempera-
ture (20 °C) and 450 °C, respectively [29]. The presented
joule heated TSHPB system yields similar results, with our
dynamic (¢ = 600 s7") tensile data showing similar values
of flow stress of approximately 1300, 750, and 600 MPa at
room temperature, 450 °C, and 725 °C, respectively. These
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Fig.8 Heating test for 650 °C protocol for Inconel 718
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tests demonstrate the new capability of the HSRMML at
the University of Utah to conduct high-strain-rate tension
tests at high temperatures.

Discussion

Thorough descriptions of a myriad of SHPB setups used
to perform dynamic, elevated temperature experiments
are summarized in Refs. [13, 16, 46, 47]. The following
discussion will be limited to the several published setups
that have similar capabilities as the presented Joule heat-
ing system, specifically tensile loading, high heating rates,
and unimpeded specimen view during loading. Heated
experiments in tension pose unique challenges, so limit-
ing discussion to these systems allows for a more detailed
analysis of the utilized solutions. Similarly, it is useful to
exclude systems that are not capable of high heating rates
(necessary to study non-equilibrium, superheated micro-
structural states) and which cannot be used in combination
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Fig.9 Heating test for 625 °C protocol for Ti-6Al-4V

with high speed imaging and IR thermography. Thus, the
comparison will include the direct joule heating systems
at the Norwegian University of Science and Technology
(NTNU) [25], Tampere University of Technology (TUT)
in Finland [48], and NIST [7]. Though induction based
heating systems can achieve high rate heating, published
systems that maintain specimen view have much lower
heating rates (T = 10 — 12K /s) [20, 49].

The NTNU heated TSHPB system directly attaches
cable eyes to the threaded specimen which is heated with a
220 V powered transformer to provide 200 A of current. The
aluminum sample (A, =7 mm?) is heated to 300 °C in ten
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seconds (T = 28 K/s) [46]. The TUT system utilizes spe-
cially designed 2 mm sheet specimens (A, = 8 mm?) with fins
to attach removable copper electrodes [48]. The specimen is
glued into the notched bars and the pneumatically actuated
electrodes are bought into contact with the fins. A welding
transformer provides up to 900 A, resulting in the Ti-6Al-
4V sample reaching a temperature of 700 °C in one second
(T = 700K /s) [45]. The NIST system uses an array of bat-
teries to supply a pinned, 1 mm thick specimen (A; = 4 mm)
[29] with 400 A [7], yielding heating up to 1,000 °C in one
second (T = 1,000 K /s) in the Ti-6Al-4V sample [50]. As
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Table 2 Current densities generated in selected joule heating systems
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Fig. 11 True Stress strain curves for Ti-6Al-4V Experiments at 20
°C, 450 °C, and 725 °C

described previously, the presented system at the University
of Utah produces 250 A through a pressure gripped, square
cross-section (A, = 11 mm?) Ti-6Al-4V specimen, resulting
in heating up to 700 °C in seven seconds (T = 100K /s). As
shown in equation (11), the heating rate is a function of cur-
rent, specimen geometry, and material. For comparison, the
current density through the sample is provided in Table 2.
Although it produces a lower current density, the pre-
sented system has still demonstrated its ability to heat a vari-
ety of samples to 0.5 7, in under 20 seconds. Furthermore,
the system boasts high-precision heating (+5 °C) without
temperature monitoring and feedback during experiments.
While a specific temperature precision was not provided for
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Fig. 12 Strain-rates for Ti-6Al-4V experiments at 20 °C, 450 °C, and
725 °C

&

System Location Current Density

Norwegian University of Science and Technology 29 A /mm?
Tampere University of Technology 112A/mm?
NIST 100A/mm?
University of Utah 23 A/mm?

the NTNU system, a calibration experiment showed a 10 °C
difference at 300 °C between the contact probe used dur-
ing experiments and welded thermocouples [25]. The TUT
system exhibited an overheat of 22 °C during an example
700 °C target temperature experiment while requiring an
attached thermocouple [51]. The NIST system has a reported
uncertainty of +£20 °C and requires a near infrared micro
pyrometer as a feedback sensor during heating [7]. The
NTNU system uses a threaded specimen geometry with vari-
able gauge diameter. Though simple to attach, this geometry
significantly complicates DIC and IR thermography as small
movements can cause a change of angle in the surface with
respect to the camera or detector [25]. Additionally, these
specimens require longer, more expensive machining dur-
ing fabrication. The TUT system has the advantage that the
electrical contacts are pneumatically removed before load-
ing [51], so they cannot interrupt the pressure waves during
testing (which can result in around 5% error in stress meas-
urements [25]). The application of glue to the specimen and
bars (and subsequent cleaning before following experiments)
takes considerable time, such that only a few experiments
can be completed in a day [45], rather than being able to
complete multiple experiments in an hour with other meth-
ods. In order for the NIST compression system to achieve its
high heating rates, a graphite foil is used to localize heating
on the specimen. The addition of the foil requires corrections
be made to the data to account for the contribution to the
measured behavior [7]. In the tensile setup, precise current
control was not possible without a high-resistance foil due
to the battery-supplied current and variations in sample and
holding assembly resistance [29]. The work presented herein
is inspired by and builds upon this previous work, with the
objective of demonstrating an agile system capable of rap-
idly and precisely heating a variety of material specimens up
to 0.5 T,, over just a few seconds within a TSHPB.

Conclusions

A new Joule heating system is integrated into the TSHPB
system at the University of Utah HSRMML. This integration
will allow for material testing to understand the interaction
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between temperature and strain-rate of different metallic
systems. With the duty-cycled controller, the heating sys-
tem can quickly and precisely heat a sample to 725 °C for
experiments at strain-rates up to 10? s~!. This apparatus will
provide valuable data on the temperature and high-strain-rate
dependency of flow stress to be used when modeling
machining processes and other high-temperature applica-
tions. Experimentation will also allow for further investiga-
tions of dislocation activation and plasticity mechanisms’
dependence on temperature and strain-rate. The unob-
structed view of the specimen during heating and testing
will also allow for IR thermography and DIC, which can be
used to study Taylor-Quinney heating. These studies will
contribute to a more complete constitutive model of material
behavior under a broader range of conditions.
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