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Abstract

Iridium alloys have superior strength and ductility at elevated temperatures, making them useful
as structural materials for certain high-temperature applications. However, experimental data on
their high-temperature high-strain-rate performance are needed for understanding high-speed
impacts in severe elevated-temperature environments. Kolsky bars (also called split Hopkinson
bars) have been extensively employed for high-strain-rate characterization of materials at room
temperature, but it has been challenging to adapt them for the measurement of dynamic
properties at high temperatures. Current high-temperature Kolsky compression bar techniques
are not capable of obtaining satisfactory high-temperature high-strain-rate stress-strain response
of thin iridium specimens investigated in this study. We analyzed the difficulties encountered in
high-temperature Kolsky compression bar testing of thin iridium alloy specimens. Appropriate
modifications were made to the current high-temperature Kolsky compression bar technique to
obtain reliable compressive stress-strain response of an iridium alloy at high strain rates (300 —
10000 s™) and temperatures (750°C and 1030°C). Uncertainties in such high-temperature high-
strain-rate experiments on thin iridium specimens were also analyzed. The compressive stress-
strain response of the iridium alloy showed significant sensitivity to strain rate and temperature.
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1. INTRODUCTION

Iridium alloys have been utilized in certain high-temperature applications, due to their unique
combinations of high melting temperature, high-temperature strength and ductility, and excellent
oxidation and corrosion resistance [1]. When iridium alloys are used as cladding material for
containment of heat sources, safety is paramount. Typically these materials must have excellent
impact resistance at high temperatures. Experimental data are required to assess their
performance at the pertinent high strain rates and temperatures.

The mechanical properties of iridium alloys have been investigated before at various strain rates
[2-4]. However, the strain rates in the literature were either not sufficiently high for all potential
applications, or the stress-strain curves of the iridium alloys could not be obtained due to
instrument limitations. It has been especially challenging to dynamically characterize materials
at high temperatures, even though Kolsky bar (also called split Hopkinson bar, SHB) testing has
been extensively employed for high strain-rate characterization of materials at room temperature

[5].

Figure 1 shows a conventional Kolsky compression bar (or split Hopkinson pressure bar, SHPB)
system for high-rate material characterization at room temperature [5]. This system consists of a
striker and two compression bars (an incident bar and a transmission bar). The striker is
launched by an air gun through sudden release of compressed air. The specimen is placed
between the incident and transmission bars, as shown in Fig. 1. When the striker impacts the end
of the incident bar, compressive stress waves are generated and propagate in both the striker and
the incident bar. The stress wave generated in the incident bar is called an “incident wave”,
which propagates toward the specimen along the incident bar. When the incident wave arrives at
the incident bar/specimen interface, part of it is reflected back into the incident bar as a
“reflected wave” and the rest transmits into the transmission bar through the specimen as a
“transmitted wave”, due to the mismatched mechanical impedance between the compression bars
and the specimen. The incident wave and reflected wave are measured with the strain gages on
the incident bar while the transmitted wave is measured with the strain gages on the transmission
bar (Fig. 1). Both incident and transmission bars are slender to ensure nearly one-dimensional
stress wave propagation. According to one-dimensional stress wave theory, the strain rate,
strain, and stress in the specimen are calculated as

b=t =CL—SB(ei e, -2, o)
3 t_d _CB t

g—J-Og t—L—SIO(gi—gr—gt)jt (2
0'1:%-EB(gi+gr) ©)
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where the subscripts, i, I, and t, represent the incident, reflected, and transmitted pulses,
respectively; L, is the original length of the specimen; Ag and A, are the cross-sectional areas of

the bars and the specimen, respectively; Cz and Eg are one-dimensional elastic longitudinal
wave speed and Young’s modulus of the bar material, respectively; o, and o, represent the
stresses at the front and back ends of the specimen, respectively. When the specimen stress is
equilibrated,

0, =0, (5a)
or
& +e =g (5b)

the calculations of specimen strain rate, strain, and stress are then simplified as

Striker Launching System‘ Bar Components
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Figure 1. Conventional Kolsky compression bar system.
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The stress-strain curve can be obtained by eliminating the term of time in Egs. (7) and (8).
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Figure 2. Temperature effect on Young’s modulus of Inconel 718.

In Kolsky bar experiments, the pressure bars serve as not only loading actuators but also
mechanical sensors. The stress-strain calculation of the specimen material under investigation is
typically based on the measurements of bar strains. In order to make such measurements
reliable, the temperature must not change significantly so that the pressure bar mechanical
parameters, e.g. Young’s modulus, remain constant during the experiment. The Young’s moduli
of metals have been found to significantly decrease at high temperatures. Figure 2 shows an
example of the temperature effect on the Young’s modulus of Inconel 718 [6]. As shown in Fig.
2, the Young’s modulus of Inconel 718 drops approximately by half at 1000°C in comparison to
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that at room temperature. Even if the pressure bars are locally heated in the specimen testing
section away from the strain-gage locations, significant temperature gradients are produced in
both incident and transmission bars. Such temperature gradients generate mechanical impedance
gradients, due to Young’s modulus changes, in both incident and transmission bars, which
modifies the stress wave propagation and influences the response of the strain gages on the bar
surfaces. Thus, special care is needed to perform high-temperature Kolsky bar experiments.

As a remedy, some researchers have heated the specimen separately [7-10] in a furnace. Upon
reaching the desired temperature, the hot specimen is sandwiched between the “cold” (room-
temperature) pressure bars right before the dynamic load is applied. This introduces the concept
of cold contact time (CCT), which is defined as the time during which the hot specimen is in
contact with the cold pressure bars before it is dynamically loaded. It is highly desirable to make
the CCT as short as possible to minimize both the temperature drop in the heated specimen and
the gradient created in the room-temperature pressure bars from heat transfer between the “hot”
specimen and the “cold” pressure bars. The CCT has been shortened in a few different ways.
An electric screw driven system was developed by Frantz et al. [7] to bring the pressure bars into
the furnace containing the preheated specimen and sandwiching the specimen between the
pressure bars immediately before the striker was launched. Lennon and Ramesh [8] used an
electropneumatic actuation system to quickly drive the incident and transmission bars into
contact with the specimen being heated using an infrared spot heater. Kuokkala’s group [9] has
developed a fully automated high-temperature Kolsky compression bar system with precise
control of the experimental procedure. Following Kuokkala’s original design, Song et al. [10]
developed a similar system for extended applications at SNL, which has been utilized to
dynamically characterize the high-temperature response of 304L stainless steel as well as in a
related recrystallization investigation. In the current research, this automated high-temperature
Kolsky bar system was further modified to characterize an iridium alloy at high temperatures.

12



2. MODIFIED AUTOMATED HIGH-TEMPERATURE KOLSKY BAR FOR
THIN IRIDIUM SPECIMEN CHARACTERIZATION

In this section, the current automated high-temperature Kolsky bar technique is described along
with issues encountered during dynamic characterization of iridium alloys and the necessary
modifications that were made.

2.1. The Automated High-temperature Kolsky Bar at SNL

Figure 3 shows a schematic of the automated high-temperature Kolsky bar system developed at
SNL for dynamic high-temperature compression characterization of materials [10]. The pressure
bars, which are made of C350 maraging steel, had a common diameter of 19.05 mm. The
incident and transmission bars were 3657 mm and 2134 mm long, respectively. The striker
material and length can be varied for mechanical testing at different strain rates. In comparison
to the conventional Kolsky bar system shown in Fig. 1, the automated high-temperature Kolsky
bar system utilized an electrical furnace located behind the specimen section, several pneumatic
sliders, and a specially designed specimen holder. The specimen holder was attached to a
pneumatic slider to hold and move the specimen in and out of the furnace. A pair of
clamps/stoppers was installed on the transmission bar and attached to the transmission bar slider
such that the transmission bar is controlled to move forward or backward. Another similar clamp
was attached to the incident bar as a bar stopper to ensure that the incident bar stayed in place
while the transmission bar was pushing the specimen forward in contact with the incident bar.

FRONT VIEW
Clamps/Stoppers
Bar Stopper RS o
Gun PP Furnace o Transmission Bar
Striker i | .
| S ;1 77/\ : —
[ HE I ] (=] H | J
. f | : -
. ; | ! .
Fire Valve Incident Bar L 7777777777777 ! Specimen < Transmission Bar Slider
SIDE VIEW

i 77777 I 777777777777777777777777 |

Specimen
Furnace Specimen
Holder/Slider

Figure 3. Schematic of automated high-temperature Kolsky compression bar system.
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Figure 4 shows the sequence of steps of the automated high-temperature Kolsky bar system.
Both the incident and transmission bars are initially separated from the specimen and the
specimen holder. The pneumatic slider then sends the specimen and its holder into the furnace
for heating (Step 1). When the desired specimen temperature is reached, the pneumatic slider
moves the specimen and its holder out of the furnace and aligns the specimen center with the bar
system axis (Step 2). This positioning process was controlled with a proximity sensor on the
pneumatic slider. The pneumatic slider on the transmission bar immediately moves the
transmission bar forward to put the transmission bar, the specimen, and the incident bar in
contact. During this process, the incident bar is kept stationary by the bar stopper on the incident
bar (Step 3). It takes a few milliseconds for the pneumatic slider to move the transmission bar
forward to sandwich the specimen between the pressure bars. The fire valve on the gas gun is
then opened and pushes the striker to impact the incident bar (Step 4). It takes several additional
milliseconds for the striker to impact the incident bar once the fire valve is opened. The stress
wave generated by this impact takes hundreds of microseconds to arrive at the incident
bar/specimen interface to load the specimen. Note that the fire valve can be opened before or
after the manipulator that moves the transmission bar forward has been activated. The principle
is to load the specimen as soon as it is in contact with both pressure bars in order to have the
shortest CCT. Opening the fire valve and activating the pneumatic slider on the transmission bar
are precisely set through a computer software program. This method is capable of generating a
CCT of only a few milliseconds.

Ster 1: Sample moved to furnace

Step 2: Sample removed from furnace

Step 3: Sample is engaged

STEP 4: Striker is fired

Figure 4. Operational steps for the high-temperature Kolsky compression bar testing.
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2.2. Issues in High-Temperature Kolsky Testing of Iridium

The automated high-temperature Kolsky bar system has been successfully utilized to obtain
compressive stress-strain curves of 304L stainless steel at different elevated temperatures [10].
In that study [10], the stainless steel specimen had a diameter of 6.35 mm and a length of 3.175
mm, which is very typical for Kolsky bar experiments. However, additional issues need to be
properly addressed when this automated high-temperature Kolsky bar is used to characterize a
thin and smaller specimen such as the iridium alloy specimens in this study.

The iridium alloy specimens in this study were very thin, with a thickness of only 0.65 mm. In
order to ensure that the specimen is compressed under an approximately 1-D stress state, the
specimen diameter cannot be too large. In this study, a specimen diameter of 3-mm was
selected. When such a small hot specimen makes contact with the “cold” (room-temperature)
pressure bars, its temperature will drop much faster than that of a larger specimen. A series of
thermal transfer analyses from high-temperature specimen to room-temperature pressure bars
have been conducted.

The cool down of the high-temperature specimen in contact with room-temperature pressure bars
was estimated using the series equation for an infinite plate subjected to a sudden cooling of its
surfaces at a fixed temperature [11]. The temperature at a distance “x” from the center of the
plate (or center of the iridium specimen) is:

=T 0110 (2) B () e (- (222 ) in (€222) ®
where

o é (10)
and

T; isthe initial temperature of the plate (or pressure bars) (°C)

Ts is the applied surface temperature of the plate (or pressure bars) (°C)
L s the half-thickness of the plate (or pressure bars) (m)

t isthe time since the plate (or pressure bars) started cooling (s)

a is the thermal diffusivity (m%/s)

k is the thermal conductivity of the plate (or pressure bars) (W/(m - K))
p s the density of the plate (or pressure bars) (kg/m°)

C, s the specific heat capacity of the plate (or pressure bars) (J/(kg ' K))
The material properties used in the analyses are listed in Table 1.

15



Table 1. Material properties used for thermal analysis

Material Iridium Zirconia Steel
Half thickness (mm) 0.32 0.75 2.7
Thermal conductivity (W/(m-K)) 132 2 26
Density (kg/m°) 22510 6000 8000
Specific heat capacity (J/(kg-K)) 160 450 400

For a thin iridium specimen held between two platens of significantly greater thickness and
lower thermal conductivity, the overall thermal conductivity is governed by the material
properties of the platens; therefore, L can be assumed to be equal to the thickness of one platen.
The iridium temperature is approximately equal to the plate temperature at x=0. For an iridium
alloy specimen with an initial temperature of 1030°C, Figure 5 shows its cooling rate after it
comes into contact with the room-temperature steel pressure bars. As shown in Fig. 5, the
temperature of the iridium specimen drops by 500°C within only 1 millisecond. This means that
the CCT needs to be controlled in the order of microseconds, which significantly challenges the
current automated high-temperature Kolsky bar system.

1200

===|ridium Temperature
1000

800

Centerline Temperature (C)
a
@]
o

200

T T T T T
0 0.001 0.002 0.003 0.004 0.005 0.006
Time Since Contact (s)

Figure 5. Temperature change of an iridium alloy specimen
after contact with the pressure bars.
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Figure 6. Comparison of the cool-down histories of iridium specimens sandwiched
between different platen materials

An alternative method is to heat a sandwich structure, which uses a pair of large platens to
sandwich an iridium specimen. In this case, the heat transfer may start from the platens instead
of the iridium specimen such that the iridium specimen temperature could be maintained for a
longer duration. Figure 6 shows a comparison of cool-down histories when the iridium specimen
is sandwiched between two different platen materials: zirconia and maraging steel respectively.
The material properties of the zirconia and maragaing steel used in the analyses are listed in
Table 1. The initial temperature was set at the same value, 1030°C. Due to the introduction of
the insulating platens, the iridium specimens were able to maintain the temperature for times as
long as 20-30 milliseconds, which can be easily controlled with the current automated high-
temperature Kolsky bar system. This duration could be even longer when thicker platens are
used.

Since the platens are heated together with the iridium specimen in the furnace, the platen
material should maintain high strength at high temperatures to prevent possible plastic
indentation by the iridium specimen. However, neither zirconia nor steel shown in Fig. 6 are
capable of maintaining high strength at the temperatures of interest, therefore they could not be
used in this study. Instead, non-porous alumina (96-99.8% Al,O3) was selected as the platen
material due to its high stiffness and strength at high temperatures. Visual observation after
preliminary dynamic testing at 1030°C confirmed the absence of indentation/plastic deformation
or cracking.
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A pair of 19.05-mm-diameter, 25.4-mm-thick alumina platens with the specimen in between was
held inside a tube made of Inconel 625. This tube was attached to a steel arm driven by a
pneumatic slider, as shown in Fig. 7. This fixture configuration maintains the temperature of the
iridium alloy specimen for times longer than 20-30 milliseconds after initial contact with the
room-temperature pressure bars. However, there was concern that the temperature of the entire
fixture would drop during the tens to hundreds of milliseconds that it typically takes for removal
from the furnace and before contact can be made with the pressure bars. To address this issue,
eight thermocouples were attached to different locations on the specimen holder and the
specimen, as well as to the alumina ceramic platen surface, as shown in Fig. 8. Figure 9 shows
the temperature histories recorded with these thermocouples after removal from the furnace. The
temperatures decreased in a few seconds. Since the testing window is less than 200 milliseconds
from specimen removal to dynamic loading, the fixture temperature does not change during this
interval (Fig. 10) - particularly near the specimen edge as measured by thermocouple #5.

Alumina

TC
/

/

Inconel 625

e /

Specimen

Figure 7. lllustration of specimen fixture configuration.
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Figure 8. Thermocouple locations.
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Figure 9. Temperature histories at different locations.
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Figure 10. Temperature histories at different locations within
the time window of dynamic testing.

Another important issue in the case of such a thin iridium alloy specimen is interfacial friction
between the specimen and the bar ends at high temperatures. Interfacial friction can easily make
the specimen deviate from a 1-D stress state, particularly when the specimen is very thin. An
appropriate high-temperature lubricant should therefore be applied to the specimen end surfaces
to minimize the interfacial friction. In this study, a super enhanced graphite (SEG) was selected
for its superior lubrication performance particularly at high temperatures (Fig. 11) [12].
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Lubricating Ability Versus Temperature in Air

Lubrication ®

Temperature (°C) 0 100 200 300 400 500 600 700 800 900
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Graphite
W 5EG Super Enhanced Graphite

Figure 11. Lubrication performance of SEG graphite at high temperatures.

2.3. High-Temperature Kolsky Bar Design for Iridium Alloy Testing

Figure 12 shows the high-temperature Kolsky bar set-up for iridium alloy testing. The detailed
installation stages are shown in Fig. 13. A thin layer of SEG was sprayed on the surface of an
alumina platen (Fig. 13a). The iridium alloy specimen was then placed at the center of the
alumina platen face (Fig. 13b). A second layer of SEG was sprayed on the iridium specimen and
the alumina platen (Fig. 13c). This assembly (alumina platens plus iridium specimen) was
inserted into an Inconel 625 tube attached to the arm of the specimen holder (Fig. 13d). Fig. 13d
shows the small hole pre-drilled in the arm all the way through the Inconel 625 tube. A small
Type K thermocouple was inserted into the hole and through the Inconel 625 tube so that the tip
of the thermocouple was within 1 mm of the specimen. The second alumina platen, with the
SEG-sprayed surface facing the iridium alloy specimen, was inserted into the Inconel 625 tube
(Fig. 13e).

The entire specimen assembly was pushed into the resistance-heated furnace. An automatic
temperature controller was located behind the Kolsky bar system. The Type K thermocouple
was connected to a Fluke 724 temperature calibrator to monitor the specimen temperature during
heating. The thermocouple signal was also recorded with a LeCroy high-speed digital
oscilloscope during dynamic testing. A computer software program was developed for
automated control of the high-temperature Kolsky bar experiments. The actuator and fire signals
were recorded with a separate LeCroy high-speed digital oscilloscope for determining the CCT.
The signals from the strain gages on the pressure bars were recorded with both oscilloscopes for
data reduction and CCT determination.
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Figure 12. High-temperature Kolsky bar set-up for iridium
testing.

(d) (e)

Figure 13. Different stages in the installation of an iridium specimen.
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3. DYNAMIC HIGH-TEMPERATURE EXPERIMENTS

In this section, the dynamic high-temperature compression experiments performed on the iridium
alloy at temperatures of 750°C and 1030°C and four different strain rates at each temperature are
presented. The resultant compressive stress-strain curves were obtained and the temperature and
strain rate effects on the compressive response of the iridium alloy were determined.

3.1. Iridium Alloy Specimen Preparation

The iridium alloy specimens were prepared by ORNL. The disc specimens were removed from a
prime 52-mm-diameter 0.65-mm-thick DOP-26 alloy blank using electrical discharge machining
(EDM) with molybdenum wire, ground with a diamond abrasive to a final diameter of
3.000+0.025 mm to remove the residual EDM layer, weighed, and dimensionally inspected. The
parallelism of specimen surfaces was controlled within 0.0025 mm.

The specimens were acid cleaned in a solution of 3 parts HCI and 1 part HNO3 by volume, plus
15 vol. % HF for 30£10 minutes, followed by rinsing in distilled water and ethanol. The disc
specimens were then re-weighed, heat treated at 1375+25°C for 1h+10 min in vacuum (<1x10™
torr) in a furnace dedicated for the iridium alloy, and weighed again to verify identity.

3.2. Dynamic High-temperature Experiments

Dynamic high-temperature compression experiments on the iridium alloy were conducted at
Sandia National Laboratories with the automated high-temperature Kolsky compression bar set-
up shown in Fig. 12. At each temperature (750°C and 1030°C), dynamic compression tests were
conducted at four different strain rates, approximately 300, 1000, 3000, and 10000/s, by varying
the striker length and material as well as the striking speed. A summary of dynamic testing
conditions is listed in Appendix A. Table 2 summarizes the strikers used for the tests at different
strain rates. The longer strikers were used for lower strain rate tests to generate a longer duration
of loading and relatively large deformation in the iridium alloy specimens. The pulse shaper
material (stainless steel or annealed copper) and dimensions were also properly varied for each
condition to facilitate dynamic stress equilibrium and constant-strain-rate deformation in the
specimen.

Table 2. Striker dimensions for different strain rate tests

Strain Rate (1/s) Striker Approximately
Maximum Strain
10000 150-mm-long maraging steel 45%
3000 300-mm-long maraging steel 35%
1000 900-mm-long maraging steel 30%
300 1200-mm-long 7075 aluminum 20%
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Figure 14 shows typical oscilloscope records of the incident, reflected, and transmitted signals
from a compression experiment at 750°C. In this experiment, a $3.65mmx0.45mm stainless
steel disc was used as the pulse shaper which was placed on the impact end of the incident bar.
Use of the pulse shaper significantly changed the profile of the incident pulse, which is very
different from the square pulse in conventional Kolsky bar experiments. The modification of the
incident pulse was done to achieve dynamic force/stress equilibrium and constant strain-rate
deformation in the iridium alloy specimen. Figure 15 shows the stress histories at both ends of
the specimen, which were calculated with Egs. (3) and (4), respectively. The stress histories at
both ends of the specimen nearly overlap, indicating that the specimen stress equilibrated due to
proper pulse shaping. Figure 16 shows the strain-rate and strain histories in the specimen. The
strain rate is an almost-uniform 1000 s* during dynamic loading, resulting in a nearly linear
ramp in the strain history, indicating a successful change to the incident pulse profile. Figure 17
shows the temperature history measured with the thermocouple placed very close to the
specimen as illustrated in Figs. 8 and 13d. The time has been synchronized to the stress and
strain histories shown in Figs. 15 and 16, respectively. The desired testing temperature (750°C)
was maintained over the entire duration of loading, demonstrating that the fixture design (Fig. 8)
prevented a drop in the specimen temperature after contact between the high-temperature
alumina-specimen “sandwich” and the room-temperature pressure bars. It must be noted that the
thermocouple was not in direct contact with the iridium specimen, therefore, any adiabatic
temperature rise in the specimen during dynamic loading would not be detected. The
thermocouple was most likely in contact with the alumina platens and thus measuring the
environmental temperature around the specimen.

0.6

Iridium #28
0.4

0.2
Reflected

Qutput (volt)

Incident Transmitted

T T T T T T T T T T T T T T
0.0000 00002 0.0004 00006 00008 0.0010 00012 00014
Time (s)

Figure 14. Typical incident, reflected, and transmitted signals.
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Figure 16. Strain-rate and strain histories.
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Figure 17. Temperature history.

Based on the calculated stress and strain histories shown in Figs. 15 and 16, the engineering
stress-strain curve of the iridium alloy specimen were constructed by eliminating the time term.
After the engineering stress-strain curve was calculated, the true stress-strain curve was
calculated using the following equations for incompressible solids,

o; = (1—5)0' (11)
& =—In(l—¢)
(12)

where o; and &; are true stress and true strain, respectively. Note that the sign is positive for

compression here. Figures 18 and 19 show the engineering and true stress-strain curves of
iridium at 1000 s and 750°C, respectively. Both showed significant work hardening behavior.
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3.3. Uncertainty Analysis

As shown in Fig. 8, two 17-thick alumina platens were used to sandwich the iridium alloy
specimen. The introduction of the two alumina platens may modify stress wave propagation,
e.g., a stress wave reflection may occur at the steel bar/alumina platen interface. Such a
reflection will be recorded with the strain gages on the incident bar, resulting in a wave mixture
from the reflection at the platen/specimen interface. In other words, the specimen strain
calculation based on the reflected wave recorded with the strain gages on the incident bar may
include deformation of the two alumina platens, causing uncertainties in the calculation of the
actual deformation and the stress-strain response of the iridium alloy specimen shown in Figs. 18
and 19.

Mechanical impedance match is critical to the propagation of an elastic stress wave through an
interface between two media. The mechanical impedance is expressed as

| = )CA (13)

where p, C,and A are density, elastic wave speed, and cross-sectional area, respectively. For
the C350 maraging steel bar used in this study at room temperature, p =8100kg/m?®,
C =4970m/s, A=285.023mm?, which results in a mechanical impedance of

| 4o =11400kg/s (14)

steel

For the alumina ceramic, p =3875kg/m®, A=285.023mm?, and the elastic wave speed can be
calculated as

C= (15)

Sk

where E is Young’s modulus. The Young’s modulus of alumina has been observed to
significantly decrease with increasing temperature, as shown in Fig. 20 [13]. From Fig. 20, the
Young’s moduli of alumina were determined to be ~330 and 315 GPa at 750C and 1030C,
respectively. Therefore, the mechanical impedance of alumina used in this study is

10192kg/s (750°C
alum ={ g ( ) (16)

9958kg/s  (1030°C)

which is approximately 10% lower than that of the steel pressure bars. The slight mechanical
impedance mismatch between the steel bars and the alumina platens generates reflection factors
of 0.056 at 750°C and 0.068 at 1030°C, respectively. This means that at 750°C and 1030°C,
5.6% and 6.8%, respectively, of the incident wave is reflected at the pressure bar/ceramic platen
interface. It is noted that this estimation was based on a simple single interface between the
pressure bar and the ceramic platen and did not account for multiple reflections of stress waves
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within the alumina platens. In the latter case, it is difficult to precisely correct the effect of
alumina platens on the resultant strain measurement of the iridium alloy specimen. However, the
stress measurement in the iridium alloy specimen should not be affected.

An extreme condition was considered for the upper boundary of uncertainty due to the
introduction of the alumina platens. The entire sandwich structure (two alumina platens and the
iridium specimen) was treated as a single sample. The reflected pulse represented the total
deformation of the whole sandwich structure. From Fig. 18, the iridium alloy specimen was
subjected to 2400 MPa at a strain of 30%. Due to the force equilibration in the whole bar
system, the alumina platens were subjected to the same force as the iridium alloy specimen,
which was calculated to be 17000 N using the engineering stress and original cross-sectional area
of the iridium alloy specimen. This force generated approximately 60 MPa in the alumina
platen, which corresponded to a strain of 0.00018 at 1030°C. The alumina platens had a
thickness of 19.05 mm each resulting in a total displacement in the two alumina platens of
0 =0.00018x19.05x 2 =0.0069mm. This total displacement was equivalent to approximately
1% strain over the 0.65-mm-thick iridium alloy specimen. Therefore, within the total calculated
strain of 30% in the iridium alloy specimen, a maximum strain of 1% might be attributable to the
deformation of the two alumina platens. In other words, there was a maximum uncertainty of
3.3% in the strain measurement of the iridium specimen. This is acceptable, making it
unnecessary to conduct additional Kolsky bar experiments for corrections.

Another uncertainty may result from possible elastic punching by the small-diameter iridium
sample into the relatively large-diameter alumina platens. Safa and Gary [14] provided a
guideline to correct the displacement from such a punching at a dynamically loaded bar end.
Their analysis was used to estimate the uncertainty for the iridium testing. The specimen strain
introduced by punching was calculated as

gpunchZZKp GIAS (17)
16 1-v? d). . . .
where K =— H_| — |; d and D are diameters of the specimen and the alumina platens,
* 3z° dg, "D

respectively; E, and v are Young’s modulus and Poisson’s ratio of the alumina platens,

respectively. The function, H p(%) was tabulated in Ref. [14].

In this study, we used D =19.05mm, E, =330GPa, and v =0.5 for the alumina platens. At

the strain rate of 1000 s and 750°C (Fig. 18), the relative errors were estimated as 9.3% and
10.8% at the measured 30% and 10% engineering strains, respectively. It is noted that the
relative errors due to elastic punching are larger than those due to the wave reflection at the
interface generated by the introduction of alumina platens, but smaller than the range (~15%-
25%) of data scattering at the same condition. The relative errors are smaller at lower strain rates
and higher temperature due to lower flow stresses. The uncertainty analyses above were used for
informational purposes, and corrections were not made in this study.
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Figure 20. Young’s modulus of alumina at high temperatures [13].

3.4. Experimental Results

Following the procedure described above, the iridium alloy was characterized at strain rates of
~300, 1000, 3000, and 10000/s and temperatures of 750°C and 1030°C. As shown in Table 2,
the striker length was increased for lower strain-rate testing to facilitate relatively large strains in
the iridium alloy specimens.

Figures 21-28 show the resultant engineering and true stress-strain curves at various strain rates
and temperatures. At each condition, three to four experiments were conducted to gauge
reproducibility. At each testing condition, the individual curves from the three to four
experiments and the corresponding mean curve are plotted in the same figure. The mean curves
at 750°C and 1030°C are plotted in Figs. 29 and 30, respectively, to show the strain rate effect on
the compressive response of the iridium alloy at each temperature. At each temperature, the
iridium alloy showed significant strain rate dependence: the stress at a specific strain
significantly increases with increasing strain rate. The iridium alloy also exhibits significant
temperature dependence, when all the curves are plotted in the same figure (Fig. 31).

30



In order to examine the detailed strain-rate effect at the two temperatures, the flow stresses at
engineering strains of 5%, 10%, 20%, and 25% were plotted versus strain rate as shown in Figs.
32 and 33. The solid dots and error bars in both Figs. 32 and 33 represent the mean value and
data scattering of the three to four repeated experiments, respectively. Figure 34 shows both
strain-rate and temperature effects on the compressive response at engineering strains of 5%,
10%, 20%, and 25%. It is noted that it takes time for the strain rate to reach the desired constant
value, and this time significantly increases when pulse shaping is applied [15, 16]. Before a
constant strain rate is achieved, the measured stress-strain response does not represent the actual
material response at this constant strain rate and should not be used to investigate the strain-rate
effect. As a consequence, the data at 5% strain for the strain rate of 10000 s were not used
because it took the strain rate at least 10 microseconds to ramp from zero to 10000 s™ . When
the strain rate reached 10000 s*, the accumulated strain was approximately 10%, which means
that the stress-strain data below 10% strain did not represent the actual response of the iridium
alloy at 10000 s, but rather a lower-strain-rate response.
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Figure 21. Compressive stress-strain curves at 420/s, 750°C.

(a) Engineering stress-strain curves; (b) True stress-strain curves
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Figure 22. Compressive stress-strain curves at 1000/s, 750°C.
(a) Engineering stress-strain curves; (b) True stress-strain curves
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Figure 23. Compressive stress-strain curves at 3350/s, 750°C.
(a) Engineering stress-strain curves; (b) True stress-strain curves
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Figure 24. Compressive stress-strain curves at 11550/s, 750°C.
(a) Engineering stress-strain curves; (b) True stress-strain curves

35



1000

—— Iridium 38 (350/s)
Iridium 39 (330/s)
Iridium 40 (340/s)
— 800 4 Mean Curve (340/s)
©
a 1030C
g -
» 6004
o
n
(@)]
S 400-
@
o}
£
()]
C
H 200
0 y T v T ' T i T v T d
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Engineering Strain
(a)
800
Iridium 38 (350/s)
Iridium 39 (330/s)
Iridium 40 (340/s)
—— Mean Curve (340/s)
600 4 1030C
©
o
=
@ 400
o
n
(O]
=
= 2004
0 v T T T ! T Y T v T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
True Strain
(b)

Figure 25. Compressive stress-strain curves at 340/s, 1030°C.
(a) Engineering stress-strain curves; (b) True stress-strain curves
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Figure 26. Compressive stress-strain curves at 1080/s, 1030°C.
(a) Engineering stress-strain curves; (b) True stress-strain curves
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Figure 27. Compressive stress-strain curves at 3450/s, 1030°C.
(a) Engineering stress-strain curves; (b) True stress-strain curves

38



5000

—— Iridium 42 (10500/s)
4| — Iridium 43 (10300/s)
—— Iridium 45 (10300/s)
_ 4000 - Iridium 46 (10200/s)
n«_s Mean Curve (10300/s)
= {1030C
@ 3000 -
o
n
()]
c
= 2000
[0
()
£
()]
c
w 1000 -
O 2 I L I Y I * I v 1 ¥
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Engineering Strain
(a)
2500
—— Iridium 42 (10500/s)
] - Iridium 43 (10300/s)
Iridium 45 (10300/s)
i Iridium 46 (10200/s)
2000 Mean Curve (10300/s)
{1030C e
E
1500 E
=3 =
w J
7] 57
o) 1000
s ,
2 ]
|_
500
0 r T T T r T r T T T y T T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
True Strain
(b)

Figure 28. Compressive stress-strain curves at 10300/s, 1030°C.
(a) Engineering stress-strain curves; (b) True stress-strain curves
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Figure 29. Compressive stress-strain curves at 750°C.
(a) Engineering stress-strain curves; (b) True stress-strain curves
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Figure 30. Compressive stress-strain curves at 1030°C.
(a) Engineering stress-strain curves; (b) True stress-strain curves
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Figure 31. Temperature and strain rate effects
(a) Engineering stress-strain curves; (b) True stress-strain curves
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4. CONCLUSIONS

The current high-temperature Kolsky compression bar technique was modified to enable high-
strain-rate characterization of small disc-shaped iridium alloy specimens at high temperatures.
The modifications included the new design of a sandwich structure consisting of two alumina
platens with the iridium alloy specimen in between. This sandwich structure was heated
separately before dynamic loading. The automated high-temperature Kolsky compression bar
system removed the sandwich structure from the furnace and placed it in contact with the room-
temperature incident and transmission bars just before dynamic loading of the specimen. This
modification shortened the CCT, effectively maintaining a constant iridium alloy specimen
temperature during testing and minimizing the temperature gradient in the pressure bars during
dynamic loading. An uncertainty analysis showed that the effect of introducing the alumina
platens on the resultant stress-strain response of the iridium alloy specimen was negligible.

All of these modifications and analyses enabled the generation of reliable high-rate high-
temperature compressive stress-strain curves for the iridium alloy. The iridium alloy was
dynamically characterized in compression at four different strain rates ranging from 300 to
10000 s at the temperatures of 750°C and 1030°C. The compressive stress-strain response of
the iridium alloy in this study showed significant sensitivities to both strain rate and temperature.
At a certain strain, the stress increased with increasing strain rate at any given temperature;
whereas, the stress decreased with increasing temperature at any given strain rate. Obtaining
these high-rate high-temperature compressive responses for the iridium alloy enables the
development of reliable material models and model validation for safety analyses. The
techniques developed in this study can be applied to high-rate high-temperature characterization
of other thin-sheet materials.
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APPENDIX A: SUMMARY OF DYNAMIC TESTING CONDITIONS OF
INDIVIDUAL SAMPLES

A summary of dynamic testing conditions including testing temperature, strain rate, and date, for
each individual sample is tabulated in Table 3.

Table 3. Dynamic testing conditions of samples

Specimen No. | Testing Temperature (°C) Strain Rate (1/s) Testing Date
6 750 3350 10/16/2012
7 750 3300 10/17/2012
8 750 3400 10/18/2012
12 750 950 10/25/2012
14 750 1050 10/31/2012
16 750 1000 10/31/2012
20 750 450 11/05/2012
21 750 380 11/06/2012
22 750 420 11/06/2012
23 750 13000 11/09/2012
25 750 11300 11/09/2012
26 750 10900 11/09/2012
28 750 1000 11/13/2012
29 750 11000 12/18/2012
31 1030 3400 01/09/2013
32 1030 3500 01/10/2013
33 1030 3450 01/10/2013
35 1030 1100 01/24/2013
36 1030 1050 01/25/2013
37 1030 1100 01/25/2013
38 1030 350 01/28/2013
39 1030 330 01/28/2013
40 1030 340 01/28/2013
42 1030 10500 01/29/2013
43 1030 10300 01/29/2013
45 1030 10300 01/30/2013
46 1030 10200 01/30/2013
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