MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Sub-scale ballistic testing of an ultrafine
grained tungsten alloy into concrete targets

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Cordero, Zachary C. et al. “Sub-Scale Ballistic Testing of an Ultrafine Grained Tungsten
Alloy into Concrete Targets.” International Journal of Impact Engineering 91 (May 2016): 1-5

As Published: http://dx.doi.org/10.1016/j.ijimpeng.2015.11.013
Publisher: Elsevier
Persistent URL: http://hdl.handle.net/1721.1/115301

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher’'s formatting or copy editing

Terms of use: Creative Commons Attribution-NonCommercial-NoDerivs License

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/115301
http://creativecommons.org/licenses/by-nc-nd/4.0/

Sub-Scale Ballistic Testing of an Ultrafine Grained Tungsten Alloy into Concrete Targets
Authors: Zachary C. Cordero?, Ryan R. Carpenter?, Christopher A. Schuh?, Brian E. Schuster?

1. Department of Materials Science and Engineering, MIT, Cambridge MA 02139

2. US Army Armament Research Development Engineering Center, Picatinny Arsenal, NJ

3. %sgp?ms and Materials Research Directorate, Army Research Laboratory, Aberdeen

Proving Ground MD 21005

Abstract:
Ultrafine grained tungsten-based alloys are promising kinetic energy penetrator materials because
of their high strengths and densities, making them ideal for penetration into concrete and
geomaterials. However, there are difficulties in evaluating their ballistic performance using
traditional testing techniques because ultrafine grain sizes are challenging to achieve in bulk parts.
In this letter, we performed sub-scale ballistic experiments where ultrafine tungsten alloy cores
were fired into concrete targets using small caliber projectile assemblies. The results suggest that
sub-scale testing may be used as a screening tool for advanced kinetic energy penetrator materials
that are more easily prepared in smaller geometries.
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1. Introduction
High-density alloys with ultrafine and nanocrystalline grain sizes possess a unique set of
mechanical properties that make them very attractive kinetic energy penetrator materials for rigid
body penetration into concrete and geomaterials. Their high strengths, for instance, suggest that
they should remain elastic at incident velocities where penetrators made from softer materials, e.g.,
high strength steels, start to deform plastically [1-3].
Despite such promising properties, there have been few experimental studies evaluating the

ballistic performance of these ultrafine grain penetrator materials. One reason for this is that many

of the standard protocols for characterizing penetration performance call for penetrators with



dimensions that are difficult to achieve in parts with ultrafine grain sizes. For example, the
Forrestal framework for evaluating the performance of rigid body penetrators into concrete was
originally developed for penetrators with lengths upwards of 8 cm and diameters of at least 1 cm
[4]. Butit is difficult to make ultrafine grain parts this large because of engineering constraints on
workpiece dimensions in relevant processing routes.
In the present work, we use an alternate approach, evaluating the ballistic performance of an
ultrafine grain tungsten alloy using small-caliber, spin-stabilized projectiles fired into concrete
targets. Our results demonstrate the potential of sub-scale ballistic tests as a means of
characterizing next-generation Kinetic energy penetrator materials.

2. Materials and Methods

2.1. Penetrator Materials
We studied the ballistic performance of two different penetrator materials: a tungsten carbide
cermet (WC-12Co, wt%) and a powder-processed, ultrafine-grained W alloy. A schematic of the
cemented carbide penetrator is shown in Figure 1a. We used these conical nose cemented carbide
rounds to calibrate the penetration equations described below. Quasi-static compression tests on
specimens machined from these cemented carbide rounds gave an average failure stress of 3.8
GPa, with the samples failing by brittle fracture. The cemented carbide cores had a mass of 2.1 g
and a specific gravity of 14.3 g/cm®,
We also prepared sub-scale rounds from an ultrafine-grained W-Cr-Fe alloy whose chemistry and
processing schedule were based on Ref. [2]. The material used in this study was prepared by 6
hours of attrition milling of elemental feedstock powders of W and Cr (99.95 pct W -100 mesh;
99+ pct Cr, -325 mesh) with an initial stoichiometry of W-10Cr, at%. Milling was performed

under an Ar atmosphere using 200 g of powder, steel media, and a ball to powder ratio of 10:1.



The final chemistry of the as-milled powder was W-8Cr-4Fe, at% as measured by energy
dispersive spectroscopy, where the Fe was introduced due to abrasion of the milling equipment.
We consolidated the as-milled powder using a Dr. Sinter SPS-515S hot press, a graphite punch
and die having a diameter of 24 mm, and the preferred consolidation parameters identified in Ref.
[2]: a ramp rate of 100 K/min, a consolidation pressure of 100 MPa, a soak time of 1 min, and a
soak temperature of 1200 °C. We then centerless ground samples electro-discharge machined
from the center of these compacts into ogive nose rounds with the dimensions given in Figure 1b.
We mounted in epoxy, cross-sectioned, and polished one of these W-8Cr-4Fe rounds using
standard metallographic techniques, and characterized the microstructure of this cross-sectioned
round using a JEOL 6610LV scanning electron microscope (SEM) operated at 20 kV and equipped
with an energy dispersive spectrometer. We also measured this cross-sectioned round’s Vickers
microhardness using a LECO microhardness tester with a load of 100 gf and a hold time of 15 s.
These microstructural investigations revealed that the W-8Cr-4Fe penetrators had a bimodal grain
size distribution: approximately 85 vol% of the penetrator had a grain size of 200 nm, while the
remaining material was coarse grained, with an average grain size exceeding 10 um. As a result of
their different grain sizes, the coarse- and fine-grained regions had different mechanical properties,
with the fine grained regions having an average Vickers hardness of 10.8 GPa, more than double
the Vickers hardness of the softer, coarse-grained regions. This difference is hardness is illustrated
by the optical micrograph in Figure 2, which shows residual microhardness impressions in the
coarse- and fine-grained regions.  The coarse- and fine-grained regions also had different
chemistries: the coarse-grained regions contained nominally pure W, while the fine grained regions
contained W and the solute elements Fe and Cr, with an average stoichiometry of W-10Cr-6Fe as

measured by energy dispersive spectroscopy.



These ultrafine grain tungsten penetrators had an average mass of 2.3 g, an average stereological
porosity of 6%, and a specific gravity of 16.1 g/cm? as measured by the Archimedes method using
high purity water as a reference liquid.

2.2. Ballistic Test Method
In the ballistic tests, we inserted the cemented carbide or the W-8Cr-4Fe core into a thin aluminum
cup and copper jacket to increase the diameter to 5.56 mm. We then fired each assembly from a
5.56 mm diameter powder gun with a 1:7 twist and a 0.5 m long barrel, and varied the penetrators’
incident velocities between 500 and 1100 m/s by varying the gun powder charge. We monitored
the incident velocity as well as the pitch and yaw at impact using flash x-radiography [5]. Based
on these flash x-ray measurements, we adjusted the muzzle-to-target distance between 3.3 and 3.9
m to minimize the pitch and yaw at impact, and only included tests with angles of incidence less
than 4° in our analysis.
We fired all of the shots into targets prepared from the same batch of well-cured concrete. The
concrete had a density of 2.2 g/cm?® and contained aggregate with a volume-average, circular
equivalent diameter of 2 mm. Cylindrical compression specimens with a 5 cm diameter and an
aspect ratio of 2.5 that were cored from several targets had an average, unconfined compressive
failure strength of 48 MPa. The concrete targets had cross-section dimensions of 20 by 20 cm and
a thickness of 13 cm.
We measured the depth of penetration from the target’s impact surface to the embedded
penetrators’ nose using static, post-test radiographs of the targets. The reported depths of
penetration are the average of two measurements from radiographs taken at right angles to one

another, which were generally in good agreement. The maximum depth of penetration that we



measured was roughly half the thickness of the target and there was no scabbing seen on the back
face of the target after impact, so these targets could be approximated as semi-infinite.

2.3. Forrestal Analysis of Ballistic Results
To analyze the ballistic results, we used a framework developed by Forrestal and coworkers to
describe rigid body penetration into concrete and geomaterials [4,6-17]. These researchers
showed using penetrators with on-board accelerometers that the axial force on a projectile during
impact can be described by the following relationships:
F=—cz z< 4R (1a)
F = —nR?*(0S + NpV'?) z > 4R (1b)
where Eqns 1a and 1b describe the force equations during the cratering and tunneling phases of
impact, respectively, and with c, S, and N constants that are defined below, z the instantaneous
depth of penetration, R the radius of the penetrator, o the unconfined compressive stress of the
concrete target, p the density of the concrete, and V the instantaneous velocity of the penetrator
[14,15,17].
The pre-factor ¢ in Eqn 1a is a constant that depends on the incident velocity, Vs, as follows:

R (Sam + mVSZNp) @)
4 \ m+4nR3Np

c =
where m is the penetrator’s mass.

The constant N in Eqns 1b and 2 accounts for the shape of the penetrator’s nose. For conical-nose
penetrators, N is given by

N = sin(¢)? 3)

where ¢ is half the nose angle [18], and for ogive-nose penetrators, N is calculated using
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where ¥ = r /2R with r being the ogive radius [4]. Using Eqns 3 and 4, we calculated the N values
of the cemented carbide and ultrafine grain tungsten cores to be 0.21 and 0.13, respectively.

The constant S in Egns 1b and 2 is a fitting parameter that accounts for the strengthening of the
concrete due to the hydrostatic compressive stress and high strain rates at the tip of the penetrator.
Evaluating the equations of motion using Eqn 1a and 1b and the initial condition that V = Vs at z

= 0 gives the following relationship between the incident velocity and the depth of penetration

[ Som+NpmVZ
Sa(m+4mR3Np)

]+ 4R (5)

- 2nR%pN

which can be fitted to experimental data to calibrate S.
3. Results and Discussion

Since Forrestal and coworkers validated their framework using penetrators with lengths ranging
from 9 to 53 cm and diameters between 1.3 and 8 cm [4,14,15,17], we first demonstrated that their
framework can also apply to small-caliber rounds using the cemented carbide penetrators. Figure
3a shows several radiographs of these cemented carbide penetrators embedded in the concrete
targets. The dimensions of the cemented carbide penetrators in these radiographs are similar to
those of the as-received rounds, suggesting rigid body penetration. This behavior was expected
since the cemented carbide penetrators are two orders of magnitude stronger than the concrete
targets.
The radiographs shown in Figure 2a also reveal distinct cratering and tunneling regions in the wake
of the penetrator, with the average depth of the craters being 1 cm, or roughly twice the diameter
of the penetrator. The morphology of this impact zone is consistent with Forrestal et al.’s previous
reports of penetration into concrete [4,10,11,15].
In Figure 3b, we plotted the cemented carbide penetrators’ incident velocities against their depths

of penetration as well as a best fit to these results using Eqn 5 in order to test the validity of the



Forrestal framework. The close agreement between the ballistic results and the fit confirms that
even small-caliber, rigid-body penetrators are well-described by the Forrestal equations. From
the fit in Fig 3b, we found S = 24, which is twice that predicted by Forrestal et al. for concrete with
a compressive strength of 48 MPa [4,11,13]. The reason for this discrepancy is the small ratio of
the penetrator diameter to aggregate diameter in our work; the smaller this ratio, the larger S is for
a given strength concrete, as noted by Beth [19] and others [14].

In light of these cemented carbide results, we next evaluated the penetration behavior of the W-
8Cr-4Fe rounds using the Forrestal framework. Figure 4a shows radiographs of the W-8Cr-4Fe
penetrators embedded in the concrete targets. Except for the 620 m/s shot, the tungsten alloy
penetrators in these radiographs have dimensions similar to those of the as-received penetrators
suggesting rigid body behavior. To further test for rigid body behavior, we plotted the W-8Cr-4Fe
penetrator’s depth of penetration as a function of incident velocity alongside the depth of
penetration predicted by Eqn 5 in Figure 4b. Here we calculated the predicted depth of penetration
using the S found from best fits to the cemented carbide data; best fits to the W-8Cr-4Fe data using
Eqgn 5 gave S = 26, which is just 10% larger. Besides a slight deviation between the predicted and
measured depths of penetration at the highest incident velocity, which we can ascribe to the larger
angle of incidence of that penetrator at impact (~2.5°), the agreement between the measured and
predicted values suggest rigid body penetration, attesting to the high strength of this ultrafine
grained alloy.

We can use the results from these sub-scale ballistic tests to compare different penetrator materials
by estimating threshold velocities above which these small scale penetrators should start to

transition from rigid body to eroding behavior. By normalizing Eqns 1a and 1b by the penetrator’s



cross-sectional area, we can estimate the maximum nominal stress that the penetrators experience

during impact as follows

Som + mVéN
Omax = > p. (6)
m + 4mR3Np

Setting Eqn 6 equal to the yield strength of the penetrator material and solving for Vs gives a rough

estimate of the threshold velocity, Vmax, Which differs from the Alekseevskii-Tate estimate of the

threshold velocity by a factor of V2N [3]. Note that our Vimax represents an optimistic estimate
since it assumes perfectly normal incidence, when in reality, oblique impact can generate bending
moments that lead to fracture or plastic flow at lower incident velocities. With Vmax, we can then
calculate a kinetic energy density, pr(Vmax)?, Where pr is the density of the penetrator material, that
can be used as a figure of merit for comparing different penetrator materials.

As an example of how to apply these concepts, we use them to compare our W-8Cr-4Fe material
with high strength steel, the standard material used in concrete penetration. Our ultrafine grained
W-8Cr-4Fe alloy has a dynamic compressive strength of 2.8 GPa as measured by Kolsky pressure
bar experiments, so penetrators made from this alloy with the geometry shown in Figure 1b should
start to yield at incident velocities of 2.2 km/s. By contrast, high strength steel penetrators with
the same geometry and a yield strength of 1.5 GPa should start to yield at much lower incident
velocities, around 1.2 km/s. Combined with the ~8 g/cc density of steel, these threshold velocities
indicate that penetrators made from our ultrafine grained W-8Cr-4Fe alloy should be capable of
delivering 7 times the kinetic energy of a high strength steel round before starting to transition
from rigid body to eroding behavior.

4. Conclusions
Sub-scale ballistic tests into concrete have been performed using cemented carbide and ultrafine

grained tungsten alloy penetrators. We found that the penetration behavior of these small-caliber



rounds was well-described by the Forrestal equations. After calibrating the fitting parameter in
these equations, we were able to evaluate the performance of the ultrafine grained tungsten alloy
penetrators and quantitatively demonstrate that they can behave as a rigid body penetrators over
the range of velocities tested. These results together demonstrate the promise of this particular
tungsten alloy as well as the potential of sub-scale ballistic testing as a tool for rapidly screening
novel ballistic materials.
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Figure 1 — Schematics of the a) cemented carbide and b) W-8Cr-4Fe penetrators.
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Figure 2 — Optical micrograph of Viceré micohardness impressions in the coarse- and fine-
grained regions. The softer, coarse-grained regions are indicated by the dashed white lines.
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Figure 3 — a) Radiographs of cemented carbide rounds that struck the targets at the velocities
indicated. The crater region is highlighted in the radiograph of the penetrator that had an
incident velocity of 720 m/s. b) Cemented carbide rounds’ depths of penetration as a function of
incident velocity. The dashed line is the best fit to the data using Eqgn 5.
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Figure 4 — a) Radiographs of W-8Cr-4Fe rounds embedded in the concrete targets. b) Depth of
penetration of the W-8Cr-4Fe penetrators as a function of incident velocity. The rigid body
depth of penetration predicted using Eqn 5 is shown as well.
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