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Abstract

A novel approach for conducting normal and/or combined pressure-shear plate impact experiments at test temperatures up to 1000 °C is
presented. The method enables elevated temperature plate-impact experiments aimed towards probing dynamic behavior of materials under
thermomechanical extremes, while mitigating several special experimental challenges faced while performing similar experiments using the
conventional plate impact approach. Custom adaptations are made to the breech-end of a single-stage gas-gun at Case Western Reserve
University; these adaptations include a precision-machined extension piece made from SAE 4340 steel, which is strategically designed to mate
the existing gun-barrel while providing a high tolerance match to the bore and keyway. The extension piece contains a vertical cylindrical heater-
well, which houses a heater assembly. A resistive coil heater-head, capable of reaching temperatures of up 1200 °C, is attached to a vertical
stem with axial/rotational degrees of freedoms; this enables thin metal specimens held at the front-end of a heat-resistant sabot to be heated
uniformly across the diameter to the desired test temperatures. By heating the flyer plate (in this case, the sample) at the breech-end of the gun-
barrel instead of at the target-end, several critical experimental challenges can be averted. These include: 1) severe changes in the alignment
of the target plate during heating due to the thermal expansion of the several constituents of the target holder assembly; 2) challenges that
arise due to the diagnostics elements, (i.e., polymer holographic gratings, and optical probes) being too close to the heated target assembly; 3)
challenges that arise for target plates with an optical window, where crucial tolerances between the sample, bond layer, and window become
increasingly difficult to maintain at high temperatures; 4) in the case of combined compression-shear plate impact experiments, the need for high-
temperature resistant diffraction gratings for the measurement of transverse particle velocity at the free surface of the target; and 5) limitations
imposed on the impact velocity necessary for unambiguous interpretation of the measured free surface velocity versus time profile due to thermal
softening and possibly yielding of the bounding target plates.By utilizing the adaptations mentioned above, we present results from a series of
reverse geometry normal plate impact experiments on commercial purity aluminum at a range of sample temperatures. These experiments show
decreasing particle velocities in the impacted state, which are indicative of material softening (decrease in post-yield flow stress) with increasing
sample temperatures.

Video Link

The video component of this article can be found at https://www.jove.com/video/57232/

Introduction

In engineering applications, materials are subjected to a wide range of conditions, which can be static or dynamic in nature, coupled with high
levels of deformation and temperatures ranging from room to near the melting point. Under these thermomechanical extremes the material
behavior can vary drastically; thus, over nearly a century, several experiments have been developed aimed towards probing the dynamic
response and/or other characteristics of material behavior while under controlled loading regimes1,2,3,4,5,6,7,8,9,10,11,12,13,14. For metals loaded at
low to intermediate strain rates (10-6-100 /s), servo-hydraulic or precision screw universal testing machines have been used to study the material
response subjected to various loading modes and levels of deformation. But as the applied strain rates increase beyond the intermediate strain
rates (i.e., >102/s), other experimental techniques become necessary in order to probe the mechanical response. For example, at loading rates
of 103/s up to 5 × 104/s full-sized or miniaturized Split-Hopkinson pressure bars enable such measurements to be made8,15.

Traditionally, light gas-guns and/or explosively driven plate impact experiments have been utilized to study the dynamic inelasticity and other
phenomenon such as spallation, or phase transformation that occur with very high strain rates (105-107/s)16,17,18,19,20,21,22, or combinations of
high pressures and dynamic loading. Customarily, plate impact experiments involve the launch of a flyer plate carried by a sabot initially at the
breech-end of the gas-gun, which then travels down the length of the gun-barrel and is made to collide with a carefully aligned stationary target
plate at the impact chamber. As a result of the impact, normal and/or combined pressure and shear stresses are generated at the flyer/target
interface, which travel through the spatial dimensions of the plates as longitudinal and/or combined longitudinal and transverse stress waves.
The arrival of these waves at the rear surface of the target plate affect the instantaneous free surface particle velocity of the target plate, which
is monitored typically via interferometric techniques. In order to allow the interpretation of the measured particle velocity versus time history, it is
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necessary that plane-waves with a front parallel to the impact surface be generated upon impact14,23. To ensure the former, impact must occur
with an impact tilt angle on the order of less than one milli-radian12,24, with impact surfaces of flatness better than a couple micrometers5,25.

Plate impact experiments have been adapted to include heating elements which enable investigations of material behavior to extend into
thermomechanical extremes26,27,28,29. These adaptations usually involve the addition of an induction coil, or of a resistive heater element to the
target-end of the gas-gun; though these adaptations have been shown to be experimentally feasible, the approach inherently leads to special
experimental challenges which require careful considerations. Some of these experimental complications include differential thermal expansion
of the various constituents of the target holder assembly and/or alignment fixture while heating the target (sample) plate, which requires in-
real-time alignment adjustments, usually made with remotely controlled alignment tools with continuous feedback in order to maintain crucial
parallelism tolerance between the sample and target plate. In the case of the pressure-shear plate impact experimental scheme, heating the
sample requires conventional polymer gratings be replaced by high-temperature resistant metallic gratings in order to monitor transverse particle
velocity at the free surface of the target plate. Moreover, heating of the sample can add limitations on the impact velocity that can be employed
in certain experimental schemes, such as in the high strain rate combined pressure-and-shear plate impact configuration, where special
considerations may be required to prevent unambiguous interpretation of the experimental results, which are calculated using the acoustic
impedance of the front and rear target plates which may be temperature dependent. Lastly, for other experimental schemes, which require a
target plate with an optical window, tolerances between the sample, bond layer, and/or coatings become increasingly difficult to maintain at high
temperatures19.

To alleviate the experimental challenges mentioned above, we have made custom adaptations to the existing single-stage gas-gun located at
Case Western Reserve University (CWRU)7,30,31,32. These modifications enable thin metal specimens held at the front-end of a heat-resistant
sabot to be heated to temperatures in excess of 1000 °C, prior to firing, which allow high temperature normal and/or combined pressure-shear
plate impact experiments to be conducted. In contrast to most of the conventional approaches employed for elevated temperature plate impact
studies, this method has been shown to alleviate several of the experimental challenges described above. For example, this approach has been
utilized to feasibly achieve tilt angles of less than one milli-radian without the need for remote tilt adjustment30, or additional optical elements
for monitoring tilt changes during the experiment. Second, since the target plate remains under ambient temperatures, this method does not
require the need for special high-temperature resistant holographic gratings for the measurement of transverse particle velocity in oblique impact
experiments; additionally, higher impact velocities can be utilized without the risk of yielding the target plate, and thus, reduce the complexity in
the interpretation of the experimental results. To add, this approach can be utilized to perform high temperature reverse-geometry normal plate
impact experiments which provide Us-Up relationships for a choice sample material. These can be obtained via impedance matching techniques,
or additionally, an analysis of the rarefaction fan from the back surface of the sample which carry information regarding changes in sample
shock velocity during unloading33,34. In the elevated temperature combined pressure-shear plate impact configuration, this approach enables the
dynamic inelasticity of thin films to be studied up to a wide temperature and plastic deformation range, and strain-rates up to 107/s depending of
the thickness of the thin specimen16,27,29.

We will present the protocols necessary for performing a typical elevated temperature plate impact experiment discussed above. This will
be followed by a section dedicated to representative results obtained using the present technique. Lastly, a discussion of the results will be
presented prior to a conclusion.

Protocol

1. Sample and Target Material Preparation

NOTE: In the following protocol, we will detail the steps necessary for preparing the sample and target materials, which will be later used in a
reverse geometry normal plate impact experiment. In this setup, a flyer plate (also the sample), held at the front of a sabot, will be launched via
a single stage gas gun and made to impact a stationary target plate housed in the target chamber of the gas gun. A typical flyer and target plate
assembly described in the following protocol is shown schematically in Figure 1.

1. Section a 99.999% commercial purity polycrystalline aluminum rod into disks which will later be used as the flyer plates (samples).
 

NOTE: This can be done by using a slow speed saw in order to prevent high temperatures and residual stresses in the work piece.
2. Face and turn the sample disks on a lathe to a diameter of 76 mm and thickness of 5.6 mm.
3. Drill three equispaced holes 5 mm in diameter on a 62 mm diameter bold circle on the sample disks, which will later be used to secure the

samples to the sabot.
4. Grind both sides of the sample plates in order to achieve a flatness and parallelism tolerance of nearly 10 µm over the diameter of the

samples.
1. Perform a rough lap on the sample plate surfaces using a commercial lapping machine with relatively coarse particle size (10 - 20 µm).

 

NOTE: A weight can be added in this step until the lapped surfaces reach an even dull grey, indicating uniformity across the diameter
of the disk.

2. Carefully clean the lapped samples using ethanol to remove any residual particles, and mineral oil. Then, polish both surfaces of the
sample plates using 1 µm diamond paste on a polishing cloth.

3. Check the flatness of the samples by observing light bands through an optical flat in contact with the surface of interest under a green
monochromatic light source16.
 

NOTE: Flatness can be quantified by observing the curvature of the light bands on the surface of the sample, or by counting the
number of bands across the diameter as shown in Figure 2.

1. Move-on to the next step if 3 light bands or less are seen across the sample diameter indicating that a flatness of approximately
2 µm. Otherwise, repeat steps 1.4.1 - 1.4.3 until 3 light bands or better is achieved.

5. Repeat steps 1.1 - 1.3 to fabricate the target plates. Section a precipitation hardened (high strength) alloy rod (Table of Materials) into disks
and then machine these to a diameter of 25 mm and thickness of 7 mm. Finally, grind both sides flat to approximately 10 µm.
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1. Lap both surfaces of the target plates on a lapping machine using 15 µm alumina powder in mineral oil until the surfaces achieve an
even dull grey appearance.
 

NOTE: An equivalent particle size of diamond slurry can be used to achieve faster removal rates, and better surface reflectively.
Additionally, weights can be used.

2. Repeat step 1.4.2.
3. Check the flatness of the target plates by repeating step 1.4.3. If 1 light band or better is observed proceed to the next step. Otherwise,

repeat steps 1.4.1 - 1.4.3 until 1 light band or better is achieved. If holographic gratings are necessary, proceed to step 1.5.4, otherwise
skip to step 1.6.

6. Utilize a similar procedure as described in step 1.1 - 1.3 to fabricate the aluminum ring.
1. Section an aluminum tube with the outer and inner diameters of 41 mm and 32 mm, respectively, into rings and then face the sides to a

thickness of 7 mm.
2. Drill six 3 mm diameter slots equispaced on a 34.5 mm diameter bolt circle. These will later house six voltage biased copper pins,

which will enable tilt measurements to be made at impact.
3. Grind, lap, clean, and polish both surfaces of the aluminum rings by using the procedures detailed in step 1.4.

7. Adhere the flat target plate to the aluminum ring using a two-parts epoxy mixture on a flat securing rig as shown in Figure 3. Allow the epoxy
to cure overnight at room temperature.
 

NOTE: The two parts are secured to a flat steel stage using three screws which are gently hand tightened so that the applied pressures on
the target and the ring prevent the epoxy from leaking outwards.

1. Remove any left-over adhesive from the radial slots or from the surface of the plates using acetone.
2. Insert the target plate/aluminum ring assembly into the POM ring.

 

NOTE: The POM disk will later be mounted on-to a target holder with rotational degrees of freedom, which will allow the alignment of
the test materials within the gun-barrel.

3. Mark the position of the six radial slots on the inner step of the POM ring and drill six thru-thickness holes at the marked locations.
4. Section 6 copper pins from a spool of 15 AWG enameled copper wire with the length of ~ 50 mm and remove the enameled insulation

layer from two of them. Press the pins into the slots in a symmetric pattern: two ground pins are placed in opposite locations of the
circle. Push the pins through the slots and leave approximately 2 mm protruding outwards from the surface of the ring.
 

NOTE: The pins are used for measuring the tilt angle and provide the trigger signal.
5. Adhere bent-ends of the copper pins to the rear-surface of the POM ring using extra fast-setting epoxy.
6. Use a low viscosity two parts epoxy mixture to seal the gap between the aluminum ring and the inner wall of the POM ring. Allow the

epoxy to cure overnight at room temperature.

8. Remove the excess 2 mm of copper pins protruding from the surface of the aluminum ring. First section the excess pins with a rotary tool,
and then sand the remaining down to the surface using wet 300 grit sand paper, until pins are nearly flush to the surface of the aluminum ring.

1. Lap, clean and polish the entire assembly by repeating steps 1.4.1-1.4.3. Ensure that the entire lapped assembly is flat to within 2 - 3
light bands.

2. Solder the ends of the six copper pins at the back-surface of the POM ring, and mount the POM ring to the target holder using four 6.35
mm diameter POM pins.

2. Assembly of Custom Heat-Resistant Sabot

1. Gather the assembly components for the heat resistant sabot, shown in Figure 4.
2. Attach an eyebolt at the bottom-end of the aluminum cap, and secure a sealing O-ring and a PTFE key in the grooves of the cap.

 

NOTE: The key and O-ring are used to prevent the tilt and rotation of the sabot during its travel down the gun-barrel.
1. Pull the thermo-couple wire through the hole on the bottom of the cap, and secure the thermo-couple wire into a connector.

3. Adhere the cap to the back-end, and the fully-fired alumina silicate Lava rock tube to the front-end of the aluminum tube using two-parts quick
setting epoxy.

4. Pull the thermo-couple probe through the hole in the 76.2 mm diameter H13 tool-steel alloy sample holder.
5. Adhere the H13 sample holder to the front-end of the Lava tube using high temperature cement, or equivalent high temperature adhesive.
6. Apply the high temperature cement around the 25 mm diameter and 3 mm thick Lava disk sitting on top of the inner thru-thickness 19 mm

diameter concentric hole of the H13 holder. Allow the high temperature cement to dry overnight at room temperature.
7. Secure the sample to H13 sample holder using three alumina screws, and ensure that the flatness of the sample does not change by using

the protocol described in 1.4.3.

3. Assembly of the Test Materials within the Gas-Gun

1. Clean the front surface of the sample and target with isopropyl alcohol, and then use tape to secure first surface mirrors to the surface of
each.

2. Screw tighten a 3-axis motion stage onto an extruding rod above the gun barrel within the impact chamber, and attach the prism holder
carrying a precision optical prism onto the stage.

3. Pull a rope through the gun barrel, and attach the rope to the sabot via the eyebolt on the aluminum cap.
4. Place the sabot into gun barrel with the sample facing towards the impact chamber, and place the target holder assembly into the target

chamber facing the sample.
5. Align the position of the target by adjusting the four POM positioning pins until the first-surface mirror on the target is aligned to the first-

surface mirror on the sample.
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1. Perform a rough align of the parallelism between the sample and target plates using a diffused bulb and a reflective mirror. Adjust the
stage until a single continuous reflected image of the bulb can be seen from all of the surfaces on the alignment prism.

6. Use an auto-collimator24 to achieve the fine alignment.
1. Adjust the stage until the reflected image of the cross from the back surface of the prism is aligned with the image reflected from the

first-surface mirror on the sample.
2. Adjust the target assembly by turning the positioning screws on the target holder until the reflected image of the cross from the back

surface of the prism is aligned with the image reflected from the first-surface mirror on the target.

7. Remove the first-surface mirrors from the sample and target. Also remove the reflective mirror, prism, prism holder and the adjustment stage
from the impact chamber.

8. Pull the sabot to the breech-end of gas-gun using the rope, and then remove the rope from the cap.
9. Leave ~ 2.5 mm distance between the sabot and the heater head and accordingly adjust the length of the screws which prevent the back

motion of the sabot towards the breech.
10. Connect the thermal-couple to the temperature diagnostic monitor.

 

NOTE: The thermal-couple wire on the temperature monitor end has been put inside the barrel through the vacuum pipe using a feedthrough.

4. Arrangement and Alignment of the Laser-Based Diagnostics

1. Put two threaded anchors in the holes on the back of the focuser probe holder. Tighten two screws through the anchors until they reach the
POM to enable the freedom to change the incident beam angle.

1. Drill a thru-thickness hole on the bottom of the focuser probe holder, and secure it on a threaded cylindrical magnet.
2. Pull an optical fiber focuser probe through an aluminum tube, and glue the probe to the aluminum tube by applying extra fast-set epoxy

around the probe head and the tip of the aluminum tube. Push the probe head as forward into the tube as possible, but make sure to
leave the probe lens away from epoxy. Wait until the extra fast-set epoxy is hardened.

3. Connect the optical focuser to the all-fiber-optics NDI/TDI interferometer31, and place the focuser assembly on the target holder aiming
towards the rear-surface of the target.

2. Turn on the laser, in this case a 2W Erbium fiber coupled laser, to 0.2-0.4 W power. Next, adjust the position of the focuser probe using the
screws attached on the focuser assembly until proper light coupling is achieved and the acquired signal is optimized.

3. Adjust the variable ratio coupler to match the intensity of the reference and Doppler-shifted light until the signal shown in the oscilloscope is
optimized.
 

NOTE: If transverse motion diagnostics are needed, please refer to steps 4.5 - 4.6.
4. Put two threaded anchors in the holes on the back of the POM focuser holder, and then tighten the two screws through the anchors until they

touch the POM.
1. Drill a thru-thickness hole on the bottom of the focuser probe holder, and secure it on a threaded cylindrical magnet.
2. Pull an optical fiber collimator probe through an aluminum tube, and glue the probe to the aluminum tube by applying extra fast-set

epoxy around the probe head and the tip of the aluminum tube. Push the probe head as forward into the tube as possible, but make
sure to leave the probe lens away from epoxy. Wait until the extra fast-set epoxy is hardened.

3. Repeat the above steps in 4.4 to make two assemblies and put them in the impact chamber.

5. Adjust the positions and the angles of the receiving optical fiber collimators with the magnet and the two screws on the POM holder until the
intensity of the first-order diffracted beams measured by the power monitors is optimized.

6. Disconnect the power monitor and connect the two receiving collimators to the all-fiber-optics TDI interferometer31.

5. Execution of High Temperature Reverse Geometry Normal/Pressure-Shear Plate Impact
Experiments

1. Secure the primary flange by tightening the four clamps on the entrance of the impact chamber, and then close the chamber using a polyester
film bolted to a secondary flange.

2. Increase the seal pressure to ~207 kPa, and then close the gas-gun at the breech-end by tightening the screws in the flange.
3. Turn on the breech-end vacuum pump, and then turn on the target chamber-end vacuum pump.
4. Ensure that there is no motion of the sabot towards the chamber caused by the pressure difference between the front and the back of the

sabot. Wait until the chamber is evacuated to a pressure less than 100 mTorr.
5. Turn on the laser-amplitude-based sabot impact velocity measurement system.
6. Move the heater down to the marked position and turn on the heater. Increase the temperature of the heater with 100 °C increments until the

desired sample temperature is reached.
7. Pressurize the firing dump chamber to ~1103 kPa, and the load chamber to a desired level depending on the chosen impact velocity. Also,

secure the sabot catcher to the impact chamber.
8. Turn off the heater and immediately move the heater up upwards towards the heater-well. Record the temperature displayed on the

temperature diagnostic monitor measured by the sabot thermocouple at the sample surface.
9. Immediately open the seal valve and release the firing dump chamber once the seal pressure drops to zero.
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Representative Results

An 82.5 mm bore, 6 m length, single-stage gas gun at CWRU capable of accelerating 0.8 kg projectiles to speeds up to 700 m/s was used in
conducting the present experiments. Figure 5 shows a photograph of the modified gas-gun facility at CWRU. Prior to firing, the custom designed
sabot is housed within the heater extension piece, shown in Figure 6. The extension piece carries a vertical heater-well enabling a resistive
coil heater to move in and out of the path of the sabot. This heater coil enables the flyer plate held at the front of the sabot to be heated via free
radiation under vacuum to the desired test temperatures. The sabot is custom designed to carry the heated flyer plate while mitigating heat flow
from the flyer plate into the sabot body, thus mitigating the risk for seizure of the sabot due to the possible thermal expansion of the sabot body.
The custom sabot design is shown schematically in Figure 7. The key to the design is the ceramic insulator tube, made from fully fired alumina
silicate, chosen for its low thermal conductivity, low thermal expansion, and excellent resilience as compared to other commercially available
machinable ceramics. Once the desired test-temperature is attained, the heater head is manually moved out of the path of the projectile and
housed within the heater-well. Just prior to firing the gas gun, the temperature of the sample is recorded via a thermocouple probe attached to
the front of the flyer plate. For this particular experiment, the velocity of the projectile is approximately 100 m/s, moreover, assuming constant
acceleration, it takes just over one tenth of a second for the projectile to reach the target, thus, the temperature recorded just prior to firing is
believed to be a good estimate for the initial sample temperature at impact. Next, the firing protocol is performed. When the seal pressure in the
breech reaches the atmospheric pressure, and the firing pressure is dumped into the firing dump chamber, the piston maintaining a seal between
the load chamber and gun barrel is displaced backwards. This allows for high pressure gas to rapidly flow outwards from the breech and launch
the sabot. The sabot travels down the length of the gun-barrel and is made to impact with the stationary target plate at the impact chamber.

The custom designed sabot enables the flyer plate to be either normal or inclined in respect to the axis of motion. Figure 8 and Figure
9 schematically show the reverse normal, and oblique plate impact configurations, respectively; however, only the reverse normal plate
impact configuration is described in the present manuscript. Figure 10 shows a photograph of a typical target holder assembly used in these
experiments. The rotational degrees of freedom enable precise alignment of the target plate to the flyer plate. Alignment is performed using
a precision machined prism in conjunction with an autocollimator, as shown schematically in Figure 11. During the alignment, parallel beams
from the autocollimator reflect off the surface of the prism, target, and flyer plate; a third beam reflects off the interior surface of the prism. The
reflected beams remain parallel if and only if the flyer and target plate surfaces are parallel to each other, and perpendicular to the rear surface of
the prism. The in-coming parallel beams will then converge to form a single image on the reticle of the autocollimator signifying that the surfaces
are aligned.

For the reverse normal plate impact scheme, upon impact, normal stresses are generated at the flyer/target interface which travel through
the spatial dimensions of the plates as a longitudinal stress wave with a front parallel to the impact surface (provided that the flatness, and
parallelism tolerances have been met). Upon impact, the voltage-biased pins come into contact with the metallic flyer plate carried by the sabot,
creating a path to ground. The signals from the shorted pins are monitored through the tilt acquisition circuit, digitized, and then recorded through
an oscilloscope.These signals provide quantitative information regarding the maximum tilt at impact, as well as, the tilt plane, and additionally
provide a trigger pulse for the oscilloscope to begin recording signals from the normal motion diagnostics. In the present study, an in-house-
built all fiber optics based combined normal and transverse displacement interferometer is used to monitor the free surface motion of the target
(Figure 12). Figure 13 shows the raw data recorded during a successful reverse geometry normal plate impact experiment. The data in this plot
enable the user to confirm that the protocol stated above has been performed correctly. Shown in red is the signal provided by the tilt acquisition
circuit. For this experiment, the difference in time between the shorting of the first and last voltage biased pins is approximately 180 ns, which
indicates that the distance between the first, and last point of contact during impact was about 18 µm (given that the projectile traveled at 100
m/s), so the maximum tilt at impact measured across the 34.5 mm bolt circle was approximately 0.52 mrad. If the alignment protocol is not
performed satisfactorily, a much larger tilt time would be observed, and a tilt level greater than a couple mrad could convolute the shock wave
profile measured at the free surface. Another indication of a successful experiment is the difference in time between the first shorted pin and the
arrival of the longitudinal wave at the free surface of the target plate. The stress wave generated at impact travels at a constant speed provided
that the target plate remains elastic. For the alloy rod used in this study, the speed of the longitudinal wave is approximately 5820 m/s, thus
knowing the thickness of the target, 7 mm, suggests that the longitudinal wave should arrive approximately 1.2 µs after impact. In Figure 13, the
arrival of the longitudinal stress wave is marked by a rapid beat frequency and amplitude variation of the signal acquired from the normal motion
diagnostics. A delayed arrival of the longitudinal stress wave might indicate a large tilt, inelasticity of the target plate, or improper target assembly
preparation.

Figure 14 shows the schematic of the stress versus particle velocity diagram for a general normal shock compression plate-impact experiment
in which both the pre-heated flyer and the target plate can undergo elastic-plastic deformation at impact. The loci of all stress/particle velocity
states for the target plate under uniaxial strain is represented by the black curve passing through the origin, while the loci of all stress/particle
velocity states for the flyer is represented by the black curve intersecting the particle velocity axis at the projectile velocity. The red curve
intersecting the particle velocity axis at the projectile velocity is meant to illustrate the possible effect of temperature on the locus of states for
the sample. For an impact against a room temperature sample, at the sample/target interface the target plate moves from an un-loaded state
(1), to a loaded state (3), following the dash-dot line (Raleigh line) with a slope equal to the longitudinal impedance of the target plate material
at state (3), while the sample plate moves from an unloaded state (2) to a loaded state (3), following the Raleigh line with a slope equal to the
longitudinal impedance of the sample at state (3). The intersection between these two lines reveal the maximum stress and velocity states
achievable through impedance matching during this experiment at the sample/target interface. Moreover, the stress/particle velocity states at the
sample/target interface affect the particle velocity states at the free surface of the target plate, this shown as state (4). Impact against a sample
with a lower longitudinal acoustic impedance, would result in a change in achievable states at the sample/target interface from (3) to (5), and
consequently, at the free surface of the target from (4) to (6), thus, this shows how slight changes in the longitudinal acoustic impedance of the
sample are detectable by monitoring the particle velocity at the free surface of the target plate.

Note, that particle velocity at the free surface of target is at least twice that of the particle velocity at the sample/target interface, but this factor
changes as a function of the speed of plastic wave propagation, consequently, the stress state at the sample/target interface is estimated using7
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where  is a discritzed time interval represented as , where h is the inverse of the sampling rate of the oscilloscope (2.5 x 1010 /
s),  where L is the thickness of the target plate and  is an average stress dependent speed of plastic propagation in

the target plate measured at the free surface at time . , and  are the density and elastic longitudinal wave speed of the target plate

respectively, and  is the measured particle velocity at the free surface of the target plate. Additionally, from the measured free surface particle
velocity corresponding to the velocity plateau (state (3)), the longitudinal acoustic impedance of the flyer (sample) can be estimated using32

Figure 15 shows the free-surface particle velocity trace obtained from the normal motion diagnostics. This trace initially manifests a relatively
sharp rise in velocity related to the dynamics of the impact, followed by a plateau resulting from an impedance match between the flyer and
target plates which is sustained through the duration of the experiment. The initial velocity rise relates directly to the dynamic strength, and
incipient plastic flow of the target plate material, whereas, the velocity at the shock plateau is related to the impedance match between the target
and flyer plates. The figure clearly shows progressively decreasing particle velocities at the wave-front and particle velocity plateau as a function
of increasing temperature, suggesting possible thermal softening and/or monotonically decreasing longitudinal impedance of the sample material
with temperature.

A more interesting result can be seen in Figure 16, which shows the normal free surface particle velocity trace obtained from reverse geometry
normal plate impact experiments performed on commercial purity polycrystalline magnesium. Similarly, to Figure 15, Figure 16(a) shows
monotonically decreasing particle velocities at the shock plateau with increasing temperatures in the range of 23 – 610 ˚C, however, at
temperatures beyond this level (i.e., 617, 630 ˚C), a reversal of this trend can be clearly observed. This increase in particle velocity suggests an
increase in the shock impedance of the sample material, moreover, assuming that the elastic constants of the material decrease as a function
of increasing temperature, then an increase in the shock impedance, in this case, suggests an increase in the yield strength and/or plastic
modulus of the sample material. Carefully looking at Figure 16(b) it can be seen that the increase in particle velocity at the shock plateau is
accompanied by an increase in the particle velocity levels throughout the initial rise in the particle velocity trace, which correlates with the stress
levels at the sample/target interface during the incipient plasticity of the sample material. Figure 17 shows micrographs of cross-sections of the
impact surface of post-test specimens. The images show two noticeable effects on the microstructure as a result of increasing temperature.
First, the images show grain ripening with increasing sample temperature, which is expected. However, the images also show a change in
twin band formations, which manifest as tabular features or lines with a finite width that cut through grains. Carefully looking at the images
corresponding to temperatures ranging from 23 – 500 ˚C, a clear reduction in twin bands are observed with increasing temperature. However,
at higher temperatures (i.e., 610, 617, 630 ˚C) a re-emergence of these twin bands are observed, which suggests that twin band formation is
favored at the latter-end of this temperature range. Since plastic deformation in magnesium is accommodated through competing mechanisms of
twin band formations and slip, it is plausible that the favored twin band formation observed at the highest test temperature case suggests that slip
has become more difficult under these conditions.

 

Figure 1: Schematic of a typical flyer plate and target plate assembly. This figure shows a simple schematic of the flyer and target plate
assemblies used in a present experimental configuration. An in-depth protocol for preparing these parts are detailed in steps 1.1-1.7. Please click
here to view a larger version of this figure.
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Figure 2: Photograph of the flatness measurement method. This figure shows the flatness measurement on the plates by placing an optical
flat on the surface of interest under a green monochromatic light. Flatness can be quantified (a) by observing the curvature of the light bands on
the surface of the sample, or (b) by counting the number of bands across the diameter. Please click here to view a larger version of this figure.

 

Figure 3: Photograph of a flat securing rig. This figure shows the target plate and the aluminum ring are secured to a flat steel stage using
three screws which are gently hand tightened so that the applied pressures on the target and the ring prevent the epoxy from leaking out. Please
click here to view a larger version of this figure.
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Figure 4: Photograph of the components in the sabot design. This figure shows the components of the assembly of custom heat-resistant
sabot. Please click here to view a larger version of this figure.

 

Figure 5: Gas-gun facility at CWRU. This figure shows a photograph of the single stage gas-gun facility at Case Western Reserve University.
Shown in red is the custom designed heating system which mates with the existing gun-barrel, and enables desired temperature conditions to be
imparted to the sabot. Please click here to view a larger version of this figure.
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Figure 6: Schematic of the heating system. This figure shows a schematic of the heating system attached to the high pressure single stage
gas-gun breech. The custom extension piece incorporates a heater-well which houses a resistive heater coil held on a stem with axial and
rotational degrees of freedom. This coil can move in-line with the projectile and heat thin metal specimens held at the front of the sabot to
temperatures in excess of 1000 °C, prior to firing. Please click here to view a larger version of this figure.

 

Figure 7: Schematic of the heat-resistant sabot. This figure shows a schematic of the sabot used in current experimental configuration. The
alumina silicate tube helps mitigate heat flow from the heated thin metal specimen to the sabot body, thus minimizing the risk of seizure of the
sabot within the gun-barrel due to possible thermal expansion of the sabot body. Please click here to view a larger version of this figure.
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Figure 8: Schematic of the high temperature reverse configuration normal plate impact experiment. The sabot carrying the heated flyer
plate is propelled down the gun barrel and made to collide with the target assembly. Upon impact, pins lapped flush with the target plate provide
trigger pulse and tilt diagnostics, while the free surface motion of the target plate is monitored via custom built PDV. Please click here to view a
larger version of this figure.

 

Figure 9: Schematic of the typical symmetric oblique plate impact experiment. In this configuration, a flyer plate is inclined in respect to the
axis of motion, which upon impact provides both normal and transverse components of motion in respect to the normal of the impact surface.
Please click here to view a larger version of this figure.
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Figure 10: Photograph of a typical target holder assembly. This figure shows the typical target holder assembly used for either normal or
oblique plate impact experiments. The target assembly shown in the center is attached to the target holder via POM pins, and rotational degrees
of freedom enable precise alignment to be made. Please click here to view a larger version of this figure.

 

Figure 11: Prism Alignment Scheme. This figure shows an illustration of the alignment scheme for the flyer and target plates using a high
precision right angle prism in conjunction with an autocollimator. Parallel beams (shown in red) from the autocollimator reflect off the surface
of the prism, target, and flyer plate, a third beam reflects of the interior surface of the prism. The reflected beams (shown in black) maintain
parallelism given that the flyer and target plate surfaces are parallel to each other, and perpendicular to the rear surface of the prism. The in-
coming parallel beams converge to form a single image on the reticle of the autocollimator. Please click here to view a larger version of this
figure.
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Figure 12: Schematic of the custom all fiber-optics based combined normal and transverse displacement interferometer system. This
configuration uses a modified PDV, shown in blue, to both monitor the normal motion of the target plate, and illuminate a holographic grating at
the free surface of the target, creating multiple order diffracted beams. These beams (usually first order) can be coupled back into the fibers and
combined to create beat frequency variations proportional to the transverse motion of the target plate, this is shown in red. Please click here to
view a larger version of this figure.

 

Figure 13: Raw data from a typical normal plate impact experiment. This figure shows the recorded signal obtained during a typical reverse
geometry normal plate impact experiment. Shown in red is the signal obtained from the shorted voltage-biased pins attached to the aluminum
ring during impact. The difference in time between the first and last shorted pin give an estimate of the maximum tilt at impact, and the order of
which the pins are shorted enable estimates regarding the tilt plane to be made. Shown in black is the signal obtained from our normal motion
diagnostics, here the beat frequency variations are related to the normal motion of the free surface of the target plate. Please click here to view a
larger version of this figure.
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Figure 14: Stress versus particle velocity diagram for a reverse configuration normal plate impact experiment. This figure shows the
stress versus particle velocity diagram for an elevated temperature reverse geometry normal plate impact experiment. The curve centered at
origin details the locus of all stress states achievable for the isotropic target plate, whereas the curve originating at V0 details the locus of all
states for the sample material at room temperature, moreover, the red curve intersecting Vo is meant to show the possible effect of increasing
temperatures. Upon impact against a room temperature sample, the target plate moves from an un-loaded state (1) to a loaded state (3),
whereas, if impact is made against a pre-heated sample, the target will move from state (1) to state (5), consequently, shifting the free surface
particle velocity states from (4) to (6). Please click here to view a larger version of this figure.

 

Figure 15: Normal free surface velocity record for the current experimental configuration. This figure shows the free surface particle
velocity trace obtained from the normal motion diagnostics. This trace initially manifests a relatively sharp rise in velocity related to the dynamics
of the impact, followed by a plateau resulting from an impedance match between the flyer and target plates which is sustained through the
duration of the experiment. The initial velocity rise relates directly to the stress in the Al sample at the flyer/target interface as the shock evolves,
whereas the velocity at the shock plateau is related to the impedance match between the target and flyer plates. Overall, the plot shows
decreasing particle velocities throughout, with increasing temperatures, and this suggests possible thermal softening of the sample material
under the current loading conditions. Please click here to view a larger version of this figure.
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Figure 16. Normal free surface particle velocity trace obtained from experiments performed on commercial purity polycrystalline
magnesium. (a) shows monotonically decreasing particle velocities at the shock plateau for temperatures ranging from room to 610 ˚C, however
at higher temperatures (617, 630 ˚C), the trend is reversed. (b) shows that this increase in particle velocity is also apparent in the initial rise of the
particle velocity trace. Please click here to view a larger version of this figure.

 

Figure 17. Microscale images of a cross-section of the post-impact test specimens. The images show two noticeable effects on the
microstructure of the sample as a result of increasing temperature. First, the images show grain ripening with increasing sample temperature, but
more interesting is the change in the twin band formations, which manifest as tabular features or lines with finite width that cut through grains.
For temperatures ranging from 23 – 500 ˚C, a decrease in the twin band formation can be observed, however, as temperatures are increased
beyond this point (i.e., 610, 617, 630 ˚C) a re-emergence of twin bands are clearly observed. Please click here to view a larger version of this
figure.

Discussion

The method and protocol stated above detailed the procedure for properly performing a reverse geometry normal plate impact experiment at
elevated temperatures. In this approach, we make custom modifications to the gun barrel at the high pressure (breech) end of the existing gas
gun at Case Western Reserve University, to house a resistive heater coil with axial and rotational degrees of freedom. The resistive heater
coil system enables thin aluminum specimens, held at the front-end of a heater resistant sabot, to be heated to near melting temperatures
(in excess of 640 °C), prior to firing. Using the heater housing adaptation coupled with a heat resistant sabot, elevated temperature plate
impact experiments were performed without the need for special experimental considerations, which are typical when utilizing the conventional
approach, such as, the need for remote tilt adjustment with real-time feedback for maintaining parallelism of the target and flyer plates during the
heating process. Overall, the new approach significantly reduces the number of steps in the protocol section, when compared to the conventional
approach.

In the experimental protocol section, we detail the steps required for: 1) sample and target material preparation, where the flyer and target plates
are carefully machined, lapped, and polished, to within the parallelism and flatness tolerances necessary for the generation of plane waves with
a front sufficiently parallel to the impact surface; 2) assembly of custom heat-resistant sabot capable of securing a heated sample plate, while
mitigating heat flow into the sabot body, and to the gun barrel. Additionally, the sabot houses a key, which mates to the existing key-way in the
gun barrel to prevent rotation of the entire sabot assembly during its travel down the length of the gun-barrel. Lastly, in steps 3-5 we detail the
protocol for alignment of the sample and target plates prior to conducting the experiments, heating the flyer plate (sample) and the execution of
the experiments. In the subsequent section, we showed how the accuracy of the protocol could be verified from the raw data provided in Figure
1. Finally, we present results from successful elevated temperature normal plate impact experiments, which enable the measurements of stress/
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particle velocity states at the sample/target interface, as well as, the temperature dependent longitudinal acoustic impedance of the sample
material.

In the near future, with appropriate adjustments to the sabot design, this method is expected to enable even higher temperature plate impact
experiments, which will enable its use in probing dynamic material behavior of higher melting point materials at near melting temperatures. Given
the versatility of this approach, several different experimental configurations will be used to study dynamic material behavior across-the-board.
For example, elevated temperature reverse geometry plate impact experiments can be suitably designed to make measurements of shock wave
speeds in metals at increasing temperatures, while pressure-shear plate impact experiments can be performed to evaluate dynamic inelasticity
at large strains and ultra-high shearing rates.
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