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Todd W. Bjerke, Mechanical Engineer
William R. Edmanson, Mechanical Engineering Technician
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ABSTRACT

The competition between plastic deformation and brittle fracture during high rate loading of a tungsten-sintered metal is
examined through impact experiments, post-experiment microscopy, and numerical simulation. The impact specimens were
beam-shaped with a square cross section made from 93% tungsten with a tungsten-nickel-iron binder. The specimens were
impacted at the mid-span location with a tungsten striker bar having an initial speed of 55 m/s. Dynamic stretching of the
beam rear surface and time of fracture initiation was measured with a strain gage. Strain gage signals indicated that the
strain-to-failure was approximately 1.3%, however a significant number of microcracks were observed to have opened
underneath the strain gage location. Scanning electron microscopy revealed that brittle “pre-cracking” of the rear surface
preceded the ultimate failure of the specimen. A numerical simulation of the impact event was performed using the finite
element code ABAQUS to better evaluate the possible role of plastic deformation in the tungsten material prior to failure.

INTRODUCTION

Tungsten-sintered metals, commonly referred to as tungsten heavy alloys or WHA, are a class of material used for anti-armor
penetrators. This material consists of tungsten grains surrounded by a matrix alloy such as nickel-iron-tungsten. Fracture can
occur as the result of four different mechanisms, decohesion between adjacent tungsten grains, cleavage of tungsten grains,
ductile failure of the matrix material, and decohesion of the matrix from the tungsten grains. The material typically has a 90 to
95% tungsten composition (by weight), which gives rise to the potential for a significant number of tungsten grains to be in
contact with each other thereby increasing the possibility that decohesion between tungsten grains plays a significant role in
material failure.

There have been studies performed in the past to examine the dynamic deformation of tungsten-sintered alloys. Split
Hopkinson bar and drop weight tower experiments have been used to examine the rate-dependent constitutive behavior of
various composition WHA [1-10]. The general consensus of the various investigations is that the yield stress and ultimate
strength of WHA increase with increasing strain rate while the amount of plastic strain decreases with increases in strain rate.
Swaging and heat aging have been found to increase the dynamic strength of WHA [2, 10]. The influence of rate and
temperature on the failure or fracture of WHA has also been examined. Couque et al. [10] found the fracture toughness of
WHA to decrease with increasing loading rate. Rittel and Weisbrod [11] show that the toughness can decrease or increase
with increasing loading rate, depending on the orientation of the swaged material microstructure with the applied load.
Woodward and O’'Donnell [12] identified the crack nucleation and rupture mechanisms for a number of different WHA materials
under quasi-static loading conditions and determined the influence of temperature upon these mechanisms [13]. At low
temperatures, small microcracks were observed to form from decohesion of adjacent tungsten grains, and eventual rupture of
the specimen occurred by the cascading of these microcracks. As specimen temperature was increased, the mechanisms of
fracture shifted to one of mixed mechanisms to eventually one of tungsten grain cleavage at the highest temperature
examined. This paper describes a study to examine the mechanisms of fracture initiation resulting from impact loading at
room temperature. The competition between bulk plastic deformation and brittle microcrack formation is examined through
impact experiments, post-experiment microscopy, and numerical simulations.

EXPERIMENTS

The primary issue investigated in this paper is the relative amount of bulk plasticity and microcracking that occur in a WHA
material during high rate loading at room temperature. To address this issue, a series of experiments was performed to
measure material strain and to determine if microcracks do in fact exist prior to the formation of a large, unstable crack. The



experimental configuration used was a dynamic beam impact test, depicted in Figure 1. The beam-shaped WHA test
specimen was struck with a WHA projectile of similar composition to induce a dynamic mode | fracture event initiating on the
side opposite that struck by the projectile. A strain gage was placed on the flat surface opposite the impacted face to measure
the amount of surface stretching up to the time of fracture and to serve as a crack initiation gage. During dynamic beam
flexure but prior to failure, small microcracks that either pre-exist or form during dynamic loading will open, and possibly
remain open for post-test inspection. It is through post-test optical inspection of the region near the fracture surface that the
existence of microcracks can be verified and their depth determined.

Figure 1. Schematic depiction of the beam impact experiments.

The experiments were performed using a 93% (by weight) tungsten, 5.6% nickel, and 1.4% iron WHA. The bulk density was
17.76 g/cm®. The original material was in the form of a bar that had been swaged to 20% reduction in area and aged. The
quasi-static ultimate tensile true stress was 1.425 GPa, the logarithmic failure strain was 12.5%, and the quasi-static yield
stress was 1.19 GPa (these were furnished by the material supplier). The dilatational and shear wave speeds were measured
to be 5163 and 2824 m/s using an ultrasound technique. The elastic modulus and Poisson'’s ratio were 365 GPa and 0.29,
respectively. These were determined from the measured wave speeds. Beam specimens were cut from a large WHA bar
using conventional machining techniques. The beam specimen had a length of 127 mm and a square cross section with
height and width of 9 mm each. The length and diameter of the striking projectile were 44.5 and 8.9 mm, respectively. The
impact speed was 55 m/s for each of the 8 experiments performed. The strain gage mounted on the face opposite that
impacted by the projectile was placed where the macroscopic crack would initiate. The gage had an active grid length of 3.2
mm and was connected to a 1 MHz-bandwidth signal conditioning amplifier and a 500 MHz digital storage oscilloscope. Crack
initiation caused the strain gage to split into two pieces, resulting in the strain signal to saturate. This feature of the strain gage
signal provided a crack initiation time. The time of projectile contact with the beam specimen was measured with a “make
circuit” where the electrically conducting projectile completes an electrical circuit on the impact face of the fracture specimen.
This also served as a reliable trigger for the oscilloscope.

The strain gage signal for a typical impact experiment is shown in Figure 2 as the red curve. The time t = 0 demarks initial
projectile contact with the beam. Wave propagation resulting from the impact is evident in the strain gage signal. The strain
gage system responded to a small amount of electromagnetic field generation from the projectile launcher device during the
first several microseconds. Fracture was observed to occur when the rear surface strain was 1.3%. This value was consistent
among all of the experiments. The typical strain rate of the rear surface near the fracture region was 10°s™.

The rear surface region of the impacted beam specimens near the fracture plane was examined with a scanning electron
microscope to establish the presence of microcracks and to estimate microcracking depth. Much of this region was covered
by the strain gage during the experiment. To visually examine this area, the remnants of the strain gage were carefully
removed. Two typical images of this region are shown in Figure 3. The fracture plane is located just beyond the bottom of the
image in Fig. 3(a), and is the bottom portion of Fig. 3(b). Significant microcracking is evident, with the microcracks oriented
perpendicular to the beam longitudinal axis. The maximum crack opening was determined to be approximately 1.7 pm.
Images of the beam surface taken far from the region of fracture (not shown) did not show any evidence of microcracking,
suggesting that the large tensile stress near the fracture plane of the beam was responsible for either opening existing
microcracks or causing them to form.

The depth of microcracking was estimated from additional micrographs taken along the region where the macroscopic fracture
event initiated. Figure 4 shows the typical surface topography for this region. The beam specimen was rotated into the plane
of the image by 40 degrees to obtain the necessary perspective to estimate microcracking depth. The circled area of Fig. 4
shows the remnants of a microcrack. As can be seen, the microcrack has a depth of one tungsten grain, or approximately

40 um. The formation of microcracks in a tungsten-sintered alloy during tensile loading was discussed in detail by
Weerasooriya [9] and Woodward and O’Donnell [12], who found the grain-to-grain contact to be the weakest portion of the
alloy and therefore the first to fail. An identical mechanism is likely responsible for the microcracking observed in the
recovered beam specimens. The impact experiments verify that microcracks can exist in room temperature tungsten-sintered
alloys when subjected to high-rate tensile loads. Furthermore, microcracking appears to penetrate to a depth of one grain
diameter below the machined surface.
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Figure 2. Typical strain gage signal showing surface stretching and crack initiation.

(@) (b)

Figure 3. Scanning electron microscope image of the beam specimen. (a) Surface near the fracture plane. Actual fracture
plane is located just beyond the bottom of the image. Image was taken normal to the machined surface. (b) Oblique view of
a main fracture plane and specimen rear surface. Specimen was rotated 30 degrees to permit inspection of the fracture
plane (bottom portion of figure) and initiation site. Further microcracking is evident on the upper portion of the figure.



[

Figure 4. Scanning electron microscope image of a microcrack interacting with the main fracture plane. Circled region
identifies the microcrack of interest that extends 40 um below the surface. Fracture surface is top portion of image.

NUMERICAL SIMULATIONS

A numerical simulation of the beam impact experiments was made using the finite element code ABAQUS. The approach
taken was to duplicate the dynamic loading conditions up to the time of crack initiation, at which time the simulation was
halted. The crack was never permitted to grow, eliminating the intricacies associated with surface creation in a computational
environment. The numerical simulation was used to determine the state of the material on the beam rear surface up to the
time of crack initiation. Results from the simulation were then compared to the strain gage signals discussed earlier. Since
stretching of the beam rear surface is limited to elastic and plastic deformations in the simulation, an assessment of the
relative amount of plastic deformation and microcracking can be made by comparing simulation and experimental results.

A three-dimensional finite element model duplicating the experimental configuration was constructed within ABAQUS CAE.
Because the geometry has a plane of symmetry (a vertical plane for the configuration shown in figure 1), only half of the beam
specimen and striking projectile were modeled. A boundary condition was imposed along the plane of symmetry that
prevented nodes along the symmetry plane from moving perpendicular to the plane. Hexagonal brick-shaped, 8-node
elements were used throughout the whole model. A nearly constant element size of 0.5 mm was used. ABAQUS was used in
an explicit mode with the inertia of the specimen providing the only support. The interface between the projectile and fracture
specimen was modeled as a frictionless contact interface.

The WHA material was modeled as a rate-dependent elastic-plastic material with strain hardening. An elastic modulus of

365 GPa and a Poisson'’s ratio of 0.29 were used. The quasi-static yield stress for this alloy was 1.19 GPa. Plastic hardening
to a true stress of 1.425 GPa was reported by the material supplier. The logarithmic plastic strain at this stress was
approximately 12.5%. The rate dependence of the yield stress was obtained from Weerasooriya [9], where a similar WHA
swaged 17% was evaluated. Because the material for this study was swaged 20%, a correction was made to the stress levels
given by Weerasooriya to correspond to those appropriate for the material of this study. The change in yield stress with strain
rate was assumed to be identical to that found in Weerasooriya [9]. It should be noted that the strain rates that occur near the
fracture plane were measured during the experiments to be approximately 1,000 st The highest rate reported by
Weerasooriya [9] was 750 s™. It was assumed that the rate dependence given by Weerasooriya was valid for the higher rates
encountered in this study. The high-rate stress hardening curve was kept parallel to the quasi-static curve reported by the
material supplier.

Results from the numerical simulation are shown in Figure 2 as the opening logarithmic strain history at the mid-span location
of the beam. The strain history of the element next to the plane of symmetry was selected because this was identical to where
the strain gage was placed. The strain sighal shows the presence of stress waves propagating back and forth in the beam
and generally follows the same trend as the strain gage from the experiments. The strain at the time of crack initiation was
found to be approximately 1.3%, similar to the experimental findings. Although the general trends of the results from the
numerical simulation and experiments agree, there are differences in their details. The strain gage signal shows large
variations in strain, whereas the numerical simulation shows a general increase in strain with small oscillations. To determine
if this could be due to mesh size, an additional simulation was performed with an element size of approximately 0.25 mm, half



the size used to obtain the results in Fig. 2. Identical results were obtained, indicating that the mesh used for the finite element
model was of sufficient resolution. The primary discrepancy between experimental and numerical results is thus likely due to
surface microcracking, a phenomenon not captured in the finite element model.

DISCUSSION

The beam impact experiments indicated that a macroscopic crack would occur when surface strain approached 1.3%. Post-
test inspection of the beam showed significant microcracking to exist in this region. This leads to the question of how much of
the strain gage signal was due to the opening of surface microcracks, and how much was due to plastic deformation. An
estimate of the surface strain due to microcracking can be made by measuring the amount of microcrack opening at the strain
gage location. This was done using scanning electron microscope images such as that shown in Fig. 3(a). The height of the
image was used as the gage length for the strain calculation. The total amount of microcrack opening was measured along
numerous vertical paths. Accurate crack opening measurements were obtained with supplemental images of considerably
higher magnification. The apparent strain in the strain gage region due to microcracking was determined to be approximately
1.0%. The maximum amount of elastic strain the material can support is 0.3% (obtained from the elastic modulus and the
yield point). The sum of these to values is equivalent to the total strain, or surface stretching, recorded by the strain gage.
Thus, it appears that the strain gage signal is the result of elastic strain and microcrack opening. The numerical simulation
indicated that a strain of 1.3% resulting from elastic and plastic deformation would occur at the time of crack initiation. Given
the observed presence of extensive surface microcracks, it can be concluded that the surface stretching that occurs in the
vicinity of the macroscopic crack is the result of elastic deformation and microcrack opening, not plastic deformation. This also
provides a reason for the discrepancy in strain history details between the experiments and the numerical simulation.

The initiation of the macroscopic crack appears to be the result of decohesion of adjacent tungsten grains. Inspection of the
fracture surfaces showed microcracks that extended one tungsten grain diameter below the rear surface of the beam
specimen. It is speculated that the exact crack initiation site was where there was a fortuitous alignment of tungsten grains
that permitted a linear microcrack to extend more than one tungsten grain diameter below the surface. All other microcracks
were prevented from growing because they encountered a tungsten grain that blocked their forward path. To progress further,
these microcracks would need to either change direction away from the principal loading axis or proceed through a tungsten
grain or matrix material, both of which likely require considerably more energy than that needed for decohesion of adjacent
tungsten grains. It should be noted that the microcracking resulting from high-rate loading reported here is similar to that
observed by O’'Donnell and Woodward [13] for quasi-static loading at low-temperature, suggesting that a time-temperature
superposition may apply for this class of material.

CONCLUSIONS

A beam impact experimental configuration was used to verify the opening of microcracks in the high stress region of a 93%
tungsten-sintered alloy. The microcracks, resulting from decohesion of adjacent tungsten grains, were found to extend below
the beam surface approximately one tungsten grain diameter. A strain gage placed on the beam surface recorded a maximum
strain prior to specimen fracture of 1.3%. A finite element simulation of the experiment that did not include the physics of
microcrack formation but did include a rate-dependent plasticity model also gave a maximum strain of 1.3%. However, details
of the finite element strain history did not agree very well with the strain gage signal. Post-test examination of the beam
surface where the strain gage was located indicated that the microcracking accounted for 1.0% of the strain, with the
remaining 0.3% due to elastic deformation. Given the strain measurements and the observed presence of extensive surface
microcracks, it is concluded that the surface stretching that occurs in the vicinity of the macroscopic crack is the result of
elastic deformation and microcrack opening, not plastic deformation.
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