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1. Introduction 

Dynamic tensile extrusion (DTE) is a well-established technique for characterizing 
materials under extreme conditions, together with more familiar methods such as 
Taylor anvil impact and split Hopkinson pressure bar tests. DTE involves firing a 
projectile of test material from a gas gun or powder gun, with the projectile passing 
through a conical die. The die reduces the projectile diameter, applying high-rate 
shear and tensile loading in the process. This allows for high-rate ductile-brittle 
transition and/or jetting behavior to be observed under well-controlled and easily 
repeated conditions.1–4 

Previously, DTE has been done at room temperature, with any heated tests stopping 
at 250 °C.5 The experiment described in this report features DTE at temperatures 
above 700 °C. This new method was developed and tested at the Army Research 
Laboratory’s (ARL’s)* Experimental Facility 167, operated by the Applied Physics 
Branch. The method is capable of reaching very high extrusion temperatures, while 
still recording projectile extrusion behavior and recovering the extruded material. 
This is accomplished by heating the gun barrel with an induction furnace 
immediately before firing. Barrel heating behavior is described, and the results of 
our initial proof-of-concept experiments with high-temperature copper extrusion 
are also discussed. 

2. Methods 

2.1 Range Configuration 

A .25-cal. smoothbore barrel is used here to launch the projectiles for extruding. 
However, other calibers will also work if the projectile and die dimensions are 
scaled appropriately. Our testing scheme used copper projectiles because both raw 
material and earlier extrusion data are readily available.1,6,7 The projectile was a 
right circular cylinder with a hemispherical nose, and a length-to-diameter ratio of 
1. To extrude the projectile, an extrusion die is mounted along the shot line, roughly 
750 mm from the muzzle.† Alignment of the die with the barrel is accomplished 
using a laser boresight and a mirror fixed to the exit side of the die. The die is 
properly positioned when the incident beam and return beam overlap. This die is 
made of heat treated A2 steel (BHN of 555) and features a 20° conical orifice, with 

                                                 
* As of February 2019, the US Army Research Laboratory has been renamed the US Army Combat 
Capabilities Development Command Army Research Laboratory (CCDC ARL). 
† Normally, the extrusion die is mounted much closer to the muzzle, with only a small gap (~50 mm) for 
measuring projectile velocity. The excess distance was required to provide space for additional diagnostics 
for measuring projectile temperature in flight. Ultimately these diagnostics did not work as well as intended.  
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an exit diameter of 1.9 mm (0.075 inch). For a projectile of 6.35-mm (0.25-inch) 
diameter, this exit diameter equates to a 70% reduction in cross-sectional area. 
Schematics of the projectile and die are shown in Fig. 1. 

 

Fig. 1 Extrusion die (left) and test projectile (right) 

Given the requirements for high-temperature operation, a powder gun was chosen 
over a gas gun for launching the projectiles. This eliminated the need for specialized 
pressure seals, heat sinking, and other advanced hardware that a gas gun would 
require when operating at 700 °C. 

With a projectile mass of 23 gr (1.5 g) and a required velocity of 300–500 m/s, only 
1–3 gr of propellant is needed per test. However, because this is such a small 
quantity of propellant, a chamber adaptor is needed to sufficiently reduce the ullage 
for reliable ignition and combustion. This adaptor is a solid piece of steel with the 
same dimensions as the chamber and a 3.175-mm (0.125-inch) hole drilled through 
the center for the propellant charge and primer. After load development tests, we 
determined a small rifle primer with 2 gr of Alliant Bullseye gave favorable results, 
with a typical muzzle velocity of around 450 m/s. This velocity was observed to be 
independent of barrel temperature. 

2.2 Static Heating 

To heat the projectile, a 7-kW induction heating coil is positioned around the barrel 
at the location of the projectile. This heating coil heats the barrel and the projectile 
inside, and the gun is fired once the needed temperature is reached. We do not heat 
the barrel all the way to equilibrium, since excessive heat would still reach the 
propellant. Instead, the barrel is heated for 30–60 s, depending on temperature 
requirements. Several heating cycles were performed on the test barrel at various 
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furnace settings in order to establish heating and cooling times. Temperatures were 
measured on the outer surface of the barrel, and inside the bore at the projectile, 
using type K thermocouples. Figure 2 shows the temperature profile for 60 s of 
heating, with the furnace set at full power. 

 

Fig. 2 Temperature data for projectile and barrel exterior. The induction furnace was run 
for 60 s at full power (maximum coil current of 600 A). 

The “knee” in the surface temperature curve occurs because the induction furnace 
heats the thermocouple wire faster than the barrel, until the temperature reaches 
150 °C. Once the barrel is hotter than 150 °C, the thermocouple begins to function 
normally. The in-bore probe did not exhibit this behavior, as the surrounding barrel 
shielded the probe. 

Since heating tests like those in Fig. 2 do not involve firing the gun, it is possible 
to measure projectile temperature directly. During extrusion tests, projectile 
temperature cannot be measured, so the external barrel temperature is used to 
estimate the projectile temperature based on these earlier data. Therefore, during an 
extrusion test it is essential to run the furnace for the same amount of time, and at 
the same power settings, as during a static heating test. 

2.3 Dynamic Testing 

When loading the gun, it is necessary to position the projectile at least 45 mm 
(1.75 inches) downbore from the chamber. Otherwise the heating coil would be 
placed around the propellant charge, likely resulting in premature ignition. While 
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this downbore configuration results in less consistent projectile velocity, the 
variation is not grossly excessive (within ±5% of expected velocity). For a high-
temperature shot, the gun is fired 10–15 s after the heating coil is deactivated. This 
delay is required to allow heat to finish diffusing inward to the projectile, 
maximizing the projectile temperature. 

During firing, two high-speed cameras are positioned to record the projectile 
velocity. One camera records the projectile entering the die, and a second camera 
records the extruded material exiting the die. Fragment velocities, morphologies, 
and breakup behavior are observed and measured. Finally, a ballistic gel block is 
used for recovering the extruded fragments for further examination. This entire 
experimental setup is shown Fig. 3. Appendix A contains additional images of our 
test equipment. 

 

Fig. 3 Range setup for high-temperature extrusion test. The large vice a) holds the test 
barrel, the induction coil is the white cylinder surrounding the test barrel b), the extrusion die 
is bolted to a vertical target stand c), and the gel block d) is located immediately behind the 
die. 

3. Extrusion Test Results 

An example of a test projectile before and after extrusion is shown in Fig. 4. This 
particular extrusion was performed at room temperature, and is labeled as shot 676 
in all tables and figures. 
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Fig. 4 Test projectiles before and after extrusion and fragment recovery. Scale is in 
millimeters. 

Generally, most of the projectile remained in the die, while a small portion 
successfully exited the orifice as a jet. This jet then separated into a stream of 
individual particles, which travelled at ever-slower velocities. Extrusion velocities 
for all three experiments are found in Table 1. Shot 676 was a control test at room 
temperature, while shots 677 and 678 took place at approximately 700 °C. The entry 
and exit velocities for each test were measured from high-speed video data. 
Appendix B contains images from video data for all three shots. 

Table 1 Velocities of material entering and exiting extrusion die 

Test 
number 

Entry 
velocity 

(m/s) 

Exit velocity 
(m/s) 

Particle 
1 

Particle 
2 

Particle 
3 

Particle 
4 

Particle 
5 

Particle 
6 

Particle 
7 

Shot 676 
(20 °C) 460 743 628 515 320 196 . . . . . . 

Shot 677 
(700 °C ) 429 781 657 545 304 163 . . . . . . 

Shot 678 
(700 °C) 446 812 751 670 542 364 303 152 

Additionally, all recovered fragments were weighed. The masses of these recovered 
fragments are shown in Table 2. The initial projectile masses and total mass of 
extruded material are also included. Particles in Tables 1 and 2 are numbered in the 
order they exited the die (Particle 1 exits first, particle 2 second, etc.) 
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Table 2 Mass of material entering and exiting the extrusion die 

Test 
number 

Entry 
mass (g) 

Exit mass 
(g) 

Particle  
1 

Particle  
2 

Particle  
3 

Particle  
4 

Particle  
5 

Particle 
6 

Particle  
7 

Mass 
thru die 

Shot 676 
(20 °C) 1.488 0.072 0.033 0.006 0.019 0.017 . . . . . . 0.147 

Shot 677 
(700 °C) 1.490 0.076 0.028 0.029 0.003 0.035 . . . . . . 0.171 

Shot 678 
(700 °C) 1.480 0.058 0.043 0.023 0.043 0.006 0.039 0.055 0.267 

External barrel temperatures for shots 677 and 678 are shown in Fig. 5, together 
with the heating results from Fig. 1. Given how similar the external temperatures 
are, it is safe to assume the projectile temperatures are equally consistent for each 
shot. 

 

Fig. 5 Barrel external temperatures recorded during extrusion experiments. Reference 
temperatures are from Fig. 1. 

4. Discussion 

All three tests produced extruded jets of material. The room-temperature test (676) 
produced a jet that reached a length of 20 mm before breaking up. We observed 
different amounts of extrusion in each high-temperature test (677 and 678) with 
shot 677 extruding to 20 mm prior to breakup, as with the room-temperature 
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scenario, while shot 678 reached 40 mm before breakup. This breakup was 
consistently ductile, regardless of temperature, with all particles separating at thin 
points rather than larger fracture surfaces. Occasionally, a single particle began 
necking, but had too little energy available to completely separate. 

Shots 676 and 677 also extruded similar masses of material, at 0.147 and 0.171 g, 
respectively. Meanwhile, shot 678 extruded 0.267 g, which is significantly more 
material. The cause of this difference between the two heated projectiles’ behavior 
is inconclusive. Possible causes may be the presence or absence of projectile yaw 
at the die, or impact point variation between different shots. Mounting the barrel 
closer to the die in future tests should reduce this variability. 

The entry and exit velocities from Table 1 are plotted together in Fig. 6. With an 
entry velocity of 400–450 m/s, the exit velocities tend to have a total spread of 
500 m/s between the fastest and slowest particles. This spread increases to as much 
as 600 m/s during the high-temperature tests, particularly with shot 678. This spread 
clearly shows the leading particles are accelerated by the extrusion process, while 
the trailing particles are decelerated. 

 

Fig. 6 Velocity of entry and exit particles from the different dynamic tensile extrusion tests 
outlined in Table 1 

A noticeable gap in exit velocities is also seen, centered about the entry velocity of 
450 m/s. This means that no particles exit the die at the same velocity as the 
projectile entered. Further study at different velocities is required to see if this 
velocity gap is a real effect or merely coincidental. This measurement would benefit 
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from more-refined methods of determining extrusion velocity, both during entry 
and exit, as high-speed video is more subjective than other diagnostics. 

Figure 7 contains the particle mass distribution data from Table 2, together with the 
particles’ exit velocities. Typically, the two most massive particles are the first and 
last to exit the die, although there is an exception with the room-temperature shot 
(676). In all three shots, however, the least massive particle is always adjacent to 
the gap at 450 m/s described earlier. As shown in Appendix C, these least massive 
particles are much smaller than the other particles recovered for a given shot. 

 

Fig. 7 Mass of jet fragments from extrusion tests at room temperature and 700 °C 

A key source of error in fragment mass determination is the damage some particles 
experienced during recovery. This includes missing material, or conversely, the 
presence of small particles adhering to the main jet particles that we weighed. 
During extrusion, several very small (3 mg or less) particles are expelled ahead of 
the main jet. When these particles strike the ballistic gel block used for recovery, 
the gel cavitates, as soft tissue simulants are designed to do. Unfortunately, this 
cavitation sometimes allows a trailing particle to impact a leading particle without 
decelerating first. This impact either damages the particles or, in some cases, fuses 
the particles together. Several recovered jet particles were found with such impact 
damage; examples are shown in Fig. 8. Replacing the gel blocks with a suitable low 
density foam should reduce or eliminate this issue. 
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Fig. 8 Examples of projectile damage during recovery, including missing material (left) 
and excess material (right). It was not clear if the small fragments originated from the specific 
large fragments shown here.  Scale is in millimeters. 

5. Conclusions 

A high-temperature version of the DTE test was successfully developed and tested 
at ARL. Using this method, copper projectiles were extruded at temperatures above 
700 °C and underwent a cross-section reduction of 70%. The extruded material was 
successfully observed exiting the die, and these extruded fragments were also 
recovered, although in less than pristine condition. Extrusion results suggest that 
thermal softening will increase the amount of extruded material at high 
temperature; however, a larger test regimen would be needed before any definitive 
statements can be made. 

Areas of further investigation would be to determine what effect a thinner barrel 
would have on heating (if any). We suspect that higher temperatures may be 
possible, since the same amount of power would be used to heat less material. 
Larger caliber projectiles, together with a matching larger extrusion die, would also 
be worth testing. It would be beneficial to determine if any scaling effects occur 
and the nature of these effects if they are seen. Larger projectiles would also be 
useful because the larger extruded samples would be easier to work with and more 
practical to examine further after extruding.
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Appendix A. Experimental Setup
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Fig. A-1 Mounted test barrel 

 

Fig. A-2 Induction coil and barrel 
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Fig. A-3 Extrusion die and gel block 

 

Fig. A-4 Copper test projectile. Numbered scale is in centimeters (small marks are 
millimeters). 
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Fig. A-5 Extrusion die with schematic 

 

Fig. A-6 Chamber adaptor, used for reducing ullage with light propellant charges. Numbered 
scale is in centimeters. 
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Fig. A-7 Induction furnace control panel 

 

 



 

16 

Appendix B. High-Speed Video Images 
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High-speed video data for the three tests discussed in this report are shown in 
Figs. B-1 through B-6. 

 

Fig. B-1 Copper projectile before entering die (Shot 676, 20 °C) 

 

Fig. B-2 Extruded copper exiting die (Shot 676, 20 °C) 
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Fig. B-3 Copper projectile before entering die (Shot 677, 700 °C) 

 

Fig. B-4 Extruded copper exiting die (Shot 677, 700 °C) 
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Fig. B-5 Copper projectile before entering die (Shot 676, 700 °C) 

 

Fig. B-6 Extruded copper exiting die (Shot 678, 700 °C) 

 



 

20 

Appendix C. Recovered Extruded Particles 
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Figures C-1 through C-4 are images of the material recovered after the extrusion 
tests described in the main text of this report. The scales in all images are in 
millimeters. 

 

Fig. C-1 Copper projectile before and after extruding. Fragments were taken from Shot 676 
(room temperature.) Scale at bottom of image in millimeters. 

 

Fig. C-2 Microscope image of fragments from Shot 676 

 

Fig. C-3 Microscope image of fragments from Shot 677 
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Fig. C-4 Microscope image of fragments from Shot 678 
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