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1. INTRODUCTION

Tungsten is of interest in ballistic applications due to its high density, considerable strength during
mechanical loading, and limited environmental concerns compared to depleted uranium. In addition,
tungsten heavy alloys (85%—97% tungsten) used in armor-piercing kinetic energy (KE) penetrators have
a two-phase microstructure consisting of single-crystal tungsten particles in a matrix of W-Ni-Fe or other
alloy. The high content of tungsten in these penetrator materials, in single crystal or oriented crystalline
form, provides good strength and density and also influences the mechanical and deformation behavior
of these composites. The deformation mechanisms which occur in these tungsten particles during the
ballistic penetration of W-Ni-Fe composite penetrators into armor steels could subsequently influence the
penetration capability of the KE round.

Previous papers by Bruchey et al. (1993) have investigated the ballistic performance of tungsten in
single crystal form and found significant contributions to the ballistic performance occurred due to
crystallographic orientation and dislocation/slip mechanisms. The [100] orientation penetrator rods had
superior ballistic performance to [111] or [110] single-crystal rods. The differences in performance were
associated with a combination of crystal flow strength, and ability to flow material through crystal
dislocation movement in the back eversion process during a ballistic penetration event (se¢ papers by
Bruchey et al. 1993 and Herring 1992). The exact material flow mechanisms responsible for material
eversion during the single-crystal penetration process are not fully understood, but Herring (1992)
(research done in conjunction with these authors) has shown that movement of screw dislocations is
primarily responsible for this deformation. In addition, Herring has pointed out that crystal symmetry and
angle of slip planes with the stress axis contributes to the flow mechanisms and ballistic performance.
However, the exact nature of flow mechanisms at high strain rate for a particular tungsten single-crystal

orientation remains unclear.

Consequently, an investigation was initiated to determine the high strain rate mechanical behavior of
single-crystal tungsten samples. This paper presents additional work completéd conceming the high strain
rate deformation of single-crystal samples of tungsten using the Kolsky (Split-Hopkinson) type apparatus.




2. SAMPLE DESCRIPTION

Single-crystal tungsten samples were grown by Atomergic Chemetals in three orientations ([100],
[110], [111]) from 99.99 pure starting stock by Czochralski technique and or strain anneal process (same
material as used in previous ballistic tests) (see papers by Bruchey 1993). Kolsky bar samples were
sectioned with an abrasive diamond saw, at slow cutting speed so as to minimize damage and depth of
the disturbed surface layer. These samples (6.9 mm dia. x 6.9 mm length) of single-crystal tungsten were
then compressively deformed at strain rates of 1,000-2,000 s, using a Kolsky (split-Hopkinson) pressure
bar apparatus (Kolsky 1949; Coates and Ramesh 1990; Follansbee and Frantz 1983). The specimen size
and compression bar diameter were carefully selected to eliminate the detrimental effects of radial inertia,
as described by Bertholf and Kames (1975). The following criteria after Bertholf and Kames need to be

simultaneously satisfied if radial inertia effects are to be minimized:

Dé' < 5,000 cm s

and

t/D> 16ps cm ™!

where D is the diameter of the Kolsky bar, t is the rise time of the incident pulse, and 2::', is the mean

strain rate.

With rise times of 30-50 ps, a bar diameter of 1.25 cm, and mean strain rates of from 1,000-2,000 s,

both criteria above are satisfied.
3. KOLSKY COMPRESSION BAR

A standard Kolsky compression bar configuration was used during these experiments. This geometry
is well-known and is described in detail in several of the listed references (Kolsky 1949; Lindholm 1964;
Davies and Hunter 1963; Follansbee and Frantz 1983). This test series incorporated 12.5-mm-diameter
Teledyne VascoMax C350 Maraging steel projectile, input, and output bars. The gas gun to launch striker
bars had a 25-mm bore and a travel of 0.88 m. A projectile bar of length 200 mm was used at appropriate
velocities of 20-60 m/s to generate appropriate pulses for strain rates of 1,000-2,000 s™. The incident




and transmitted bars (input and output) were approximately 1 m long, with Micro-Measurements foil
resistance strain gauges model MM WK-06-250BF-10C bonded to the bars with Loctite elastomeric
modified methacrylate adhesive. The gauges were installed in pairs, with each gauge at nominally the
same axial location and 180° apart on the circumference of the bar.

A momentum trap was employed to capture the transmitted pulse, thereby reducing the incidence of
failure of strain gauges. This momentum trap consisted of an additional bar of length greater than the
projectile bar, located at the end of, and in contact with, the output bar.

A Nicolet model 4094C digital oscilloscope with 4570 plug-ins was used to record incident,
transmitted, and reflected wave pulses. Initial tests to determine correct pulse shaping to maintain as
constant a strain rate as possible indicated that buffer materials would be required. Consequently, for the
[100] and [111] samples, a 0.78-mm Cu buffer was used to shape the incident bar pulse, while a 0.97-mm
Al buffer was used to shape the pulses for the [110] crystals.

4. DATA ANALYSIS

Analysis of transmitted and reflected pressure waves (oscilloscope traces) allowed determination of
stress and strain in the compression tested samples. From the transmitted pulse, the specimen stress state

is determined from:

EA,
C = —
L3 A'

while from the reflected pulse, the specimen strain is:

b3

E = 26 fsndt

L3

where E is the bar modulus, 1, is the specimen length, A, is the bar cross-sectional area, A, is the
specimen cross-sectional area, €, is the transmitted strain pulse, c, is the bar wave velocity, & is the
reflected strain pulse, and t is time. The strain rate is integrated over time to obtain the specimen strain
history, and correlation with stress history gives an accurate picture of the sample stress vs. strain response

at the strain rate found above.




In the analysis described previously, the oscilloscope data is first edited with the software program
Vu-point to clip portions of interest. A dispersion correction program similar to that of Follansbee and
Frantz was then applied to the oscilloscope signals. The strain rate pulse was then integrated to obtain
specimen strain history. Both stress and strain data were then converted to axial true stress, and axial true
strain using the strain history data and assuming a homogeneous state of deformation. See Coates and
Ramesh (1990) for additional data analysis methodology.

5. RESULTS

5.1 True Stress vs. True Strain Curves. The initial analysis of oscilloscope tracings generated data

conceming the true stress, true strain, and strain rate in the samples. Figures 1-24 present data for each
of the crystal orientations investigated, where two samples of each orientation, at somewhat different strain
rates, were loaded with the Kolsky apparatus. Figures 1, 5, 9, 13, 17, and 21 present true strain vs. time
data for each of the tests. Figures 2, 6, 10, 14, 18, and 22 present true stress vs. time data for each of the
tests. Figures 3, 7, 11, 15, 19, and 23 present true stress vs. true strain data for each of the tests. And,
Figures 4, 8, 12, 16, 20, and 24 present strain rate vs. time data for each of the tests.

Table 1 presents a summary of the test data presented in Figures 1-24 and parameters associated with
each single-crystal orientation.

Table 1. Summary of Test Data Presented in Figures 1-24

Nominal Maximum Total

Crystal Test No. Figures Strain Rate Stress Strain
(GPa)

[100] 1 1,2,3,4 1625 1.81 0.15
[100] 2 5,6,7,8 1250 1.75 0.11
[111] 1 9,10, 11, 12 1225 1.86 0.11
[111] 2 13, 14, 15, 16 1425 1.80 0.12
[110] 1 17, 18, 19, 20 1950 1.06 0.17
[110] 2 21,22,23,24 1350 1.11 0.11




The strain rates indicated in this table are the average values associated with each test. The
stress-strain data is presented for axial compressional loading and does not reflect shear stress or strain
on a particular slip system. Analysis of the stress-strain data with respect to a particular slip system will
be presented in a later section of this paper.

In analyzing the data summarized in Table 1 and in Figures 1-24, it is important to consider factors
which might indicate less than optimal test conditions. These factors include nonlinearity of the strain
with time, variation of strain rate with time, and abrupt and unexplained changes in true stress with time.
In general the results were satisfactory, although Test 2 [110] orientation had a somewhat nonlinear strain-
time history and an abrupt load change at 70 ps after load initiation.

The following sections discuss specific observations associated with the Kolsky bar results presented
in Figures 1-24.

5.2 Yield Phenomena. Yielding followed by load drop takes place for the [111] and [110] crystal
orientations (see Figures 11, 15, 19, and 23). However, it should be noted that no data are presented for
yield stress or elastic modulus in Table 1. The analysis of Kolsky bar data ignores some early part of the
sample loading during =5 reflections of the plastic wave within the sample, corresponding to the time
required for the attainment of uniform stress in the specimen. This would be on the order of 15 ps for
this specimen geometry. It should also be remembered that dispersion contributes oscillations to the shape
of the stress-strain curves. However, for single-crystal deformation, the localized nature of deformation
on slip systems, as well as the variation in wave speed with crystal lattice direction, may make this early
portion of the loading curve more important and informative than respective portions of polycrystalline

sample load histories.

Therefore, there is justification in stating that the early portions of these curves are truly indicative
of the actual single crystal response to compression loading, in that the curves do show more pronounced
yield phenomena for the lower symmetry systems [110] and [111]. As other researchers, Garlick and
Probst (1964), Argon and Maloof (1966), Rose, Ferriss, and Wulff (1962), and Beardmore and
Hull (1965), have observed in both tension and compression tests, orientations close to [110] or [111] did
indeed display yielding phenomena. This yielding might be associated with: 1) Stage two type easy glide
on one slip system, possibly (110) [111], without much cross-slip or activation of other slip systems
immediately; 2) Twinning of the structure at high strain rate as observed for BCC iron by various




researchers (Leslie 1973); 3) Dislocation pinning by interstitial solute atoms such as carbon or nitrogen
(after Cottrell 1953). Especially for the twofold symmetry [110] crystals, there appears to be a large load
drop associated with this glide or twinning period, followed by slow work-hardening, as dislocations find
difficulty in freely gliding after some interacting and tangling in the orientation. The high symmetry
orientation [100] crystals (see Figures 3 and 7) exhibited no yielded phenomena and a considerable rate
of work-hardening, as observed by other researchers in slow strain rate tension tests (Garlick and
Probst 1964; Argon and Maloof 1966; Rose, Ferriss, and Wulff 1962).

5.3 Flow Stresses and Work-Hardening Rate. Often the compressive flow stresses (evaluated at a

fixed strain in the sample) are compared at various strain rates. This allows some understanding of the
strain rate sensitivity of the flow stress of 'the particular material of interest. Figure 25 presents a summary
of the flow stress strain rate dependence, while Figures 26, 27, and 28 present true stress vs. true strain
data for each crystal orientation at various strain rates. However, we do not have sufficient data to make
an estimate of the flow stress rate dependence for each orientation. (Note the variation in the shapes of
the stress-strain curves at high strain rates in Figures 27 and 28.) In general, it appears that the [100] and
[111] orientation appear to exhibit similar flow stresses at the higher strain rates. The [100] orientation
has much lower flow stress at all strain rates.

In regards to the work-hardening rate, it is fairly clear that the [110] work-hardening is minimal,
Figure 28, as expected for this low symmetry orientation. The [100] orientation does appear to work

harden extensively compared to both orientations.

5.4 Shear Stress vs. Shear Strain. The actual shear stresses and strains on appropriate slip systems

may be calculated after Bowen and Christian (1965). The appropriate equations used to determine shear
stresses and shear strains are:

shear strain:

1

(_lﬂ]z - sin? @, | - cos 6,
]
'Y =

cos A,




shear stress:

N L cosA,|1 - 2 sin? 0, | ,
Ao | b 4

where:
A, = initial angle between stress axis and slip direction
0, = initial angle between stress axis and normal to slip plane
¢, = initial sample length
¢ = sample length at any point during test
A, = initial cross-sectional area of sample
L = axial compression load on sample.

If initial dislocation motion is assumed to occur on (110) [111] slip systems, then appropriate analysis
of the initial axial true stress vs. true strain data previously presented yields the shear curves in
Figures 29-31. The curves were generated by using a basic program to convert data through the above
equations of Bowen and Christian.

The actual shear stresses on the (110) planes for the various crystal orientations are substantially lower
than the axial compression stresses. Although the Kolsky bar apparatus does not generate accurate data
in the initial 15 ps or 20 ps, it is apparent that the stresses to initiate plastic deformation on these planes
are small. The load drop phenomena (easy glide or twinning as discussed previously) in the [110] and
[111] crystals occurred at 0.4 GPa—0.5 GPa (60-70 psi) at these loading rates of between 1,000-2,000 71
(see Figure 31). After load drop, the shear stresses required for plastic flow in (110) crystals on slip
planes were as low as 150 GPa (21 psi). Actual proportional limits (onset of plastic deformation) could
not be determined accurately because of the nature of the Kolsky bar experiment.

Also interesting are the higher stresses required on the [100] planes to continue deformation to large
strains. These higher stresses and large rate of work-hardening are related to the fourfold symmetry of
this crystal, with consequent early initiation of dislocation motion on various (110) planes, and more

frequent cross-slip and tangling of dislocations.




Finally, these calculations are made assuming that slip continues to occur on one slip system, which
is probably not a valid assumption after several percent strain. At some point, double slip would occur
etc., and the calculations would need revision. The curves have been included to present a general picture

of the shear stresses and shear strains on the most favorable slip system.

5.5 Slip Traces and Slip Systems. The Kolsky bar samples were examined after test with the

scanning electron microscope to investigate slip traces on the sample surface. The [110] and [111]
orientations showed pronounced slip traces on the surfaces (Figures 34, 35, 36, 37, and 38) most likely
corresponding to (110) [111] type slip. The [100] orientation samples (Figures 32 and 33) had smooth

surfaces and no large-scale slip markings.

The [100] orientation samples showed evidence of the crack nucleation method after Cottrell (1953).
See Figure 32 (A and B), where fracture is apparent on (100) planes both perpendicular and parallel to
the [100] penetrator axis. According to Cottrell (1953) two partials on [111] can combine to form a void
on [100] as:

%[111] + _;‘_[ﬁl] - a[100]

The higher strains encountered in the first [100] crystal tested caused sample failure on these cleavage
planes, again see Figures 32a and 32b. The second [100] crystal tested showed some incipient cracks
forming on these (100) planes, but large-scale failure did not occur because of the smaller sample strain.
Both samples had smoother surfaces than [110] or [111] orientation crystals because of the more uniform

deformation on numerous slip planes, associated with the fourfold symmetry of this orientation.

The [111] and [110] samples showed evidence of large-scale deformation on a reduced number of slip
planes. Especially for the [110] orientation, Figures 36a and 36b, the constraint due to the twofold
symmetry was severe, and the samples became ellipsoidal in cross-section after the Kolsky bar test. Large
slip traces for the (110) [111] slip system are scen on the sample surface. The [110) samples also showed
some evidence of incipient failure on a macro-scale, as plastic deformation on the few available slip planes

eventually exhausted the ability of the lattice to smoothly move dislocations.




For the [111] orientation figures, much evidence is again seen for extensive slip on (110) [111] type
systems. The Aﬁnal sample geometry here is quite unique, where the samples had larger cross-sections
adjacent to the Kolsky bar apparatus, as compared to the sample center. The [111] sample shape may be
loosely described as an hourglass after test. This shape is most likely related to the easy movement of
screw dislocations in the [111] direction and will be discussed in some detail later. Failures of [111]
Kolsky bar samples revealed a different failure mechanism than that exhibited by [100] crystals, with
fracture surfaces appearing irregular and nonplaner (see Figure 35).

6. DISCUSSION OF RESULTS

In the previous sections of this paper some interesting aspects of the behavior of single crystals under
compressional loading were discussed. In particular, it was found that:

1. Low symmetry orientation crystals, [110] and [111], displayed some type of yield point or load
drop when tested at high strain rate. ‘

2. For [110] and [111] crystals, after load drop, the flow stress of the material was substantially
reduced and the sample work-hardening rate was low.

3. The work-hardening rate for the [100] crystal was the highest, considerably higher than the [110]
crystal orientation work-hardening rate.

4. The [100] orientation crystal flow stress at low (0.0001 s™) and high (1,000-2,000 s™) strain
rates behaved in a more traditional fashion, with increase in flow stress with strain rate.

5. The [110] orientation crystals after test appeared to be ellipses in cross section, indicative of the
‘twofold symmetry of the crystal.

6. The [100] orientation samples had fairly smooth surfaces after test and microscopic evidence of
slip, while the [110] and [111] orientation crystals showed very distinct evidence of large amounts
of slip on (110) planes (slip traces on the sample surfaces).




This behavior described previously may be explained in terms of the crystal symmetry, and dislocation
motion, with the understanding that the structural evolution at low and high strain rates may be quite
different in single crystals.

For the [100] crystal orientation, the Kolsky bar deformation was the most homogeneous and produced
the smoothest sample surfaces after test. This is most likely evidence of slip on many slip planes {110}
and {112}. The [100] crystal has four symmetrical [111] slip directions 45° apart, with four {110} and
two {112} planes which have reasonable Critical Resolved Shear Stress (CRSS) factors of 0.41 and 0.47
respectively. The stress on a pure screw dislocation in this orientation would be [cos(54.7) x axial stress],
thereby favoring a high screw component (Herring 1992). The large number of slip systems and the large
screw nature of the dislocations would produce a tangled and very dense dislocation network that would
result in considerable work-hardening. The large number of slip systems might have eliminated the yield
and load drop phenomena as seen in lower symmetry [110] and [111] orientations and most likely
produced the high rate of work-hardening observed for this orientation crystal. In this orientation crystal,
the structure evolution at low and high strain rates may be similar, in that cross-slip and dislocation

tangling continues to occur even at high strain rate due to the large number of operable slip systems.

For the [110] crystal orientation, examination of the specimen geometry after test (see Figures 36a and
36b) indicates that the deformation in the sample was severely constrained due to the few slip systems
available. The sample surfaces showed evidence of {110} and/or {112} slip systems deformation, and
samples were ellipsoidal in shape. This crystal orientation has two [111] slip directions, four {110}
planes, and two {112} planes which have CRSS values of 0.41 and 0.47, respectively. The lower number
of slip systems may have influenced the structure evolution at low and high strain rates.

The deformation in this orientation may be a combination of screws and edge dislocations as discussed
by Herring (1992) and Leslie (1973). At low strain rates the screw components of the dislocations in BCC
orientation crystals are able to cross-slip and generate dislocation networks and cell structures, while at
high strain rate the screw components cannot cross-slip, and as a result, there is a lack of cell structure
at high strain rate (Leslie 1973). This lack of cell structure at high strain rate may have allowed the load
drop observed, after critical stress levels were reached to move dislocations by easy glide on the {110}
or {112} planes. Consequently, since the structure at a particular strain may not be equivalent for low
and high strain rates, the flow stresses behave anomalously, with lower stress at a higher strain rate for

a given strain. However, the above mechanism has not been confirmed, and the specific mechanism which

10




may have caused the yield point and subsequent load drop for [110] and [111] crystals could not be
determined from this set of experiments.

Leslie (1973) and others did observe that twinning in BCC iron and other single crystals was
responsible for yield point effects. Also, the effect of interstitial solutes might need further investigation,
since various researchers, Cottrell (1953) for one, have indicated the sensitivity of the shape of BCC
single-crystal flow curves to interstitial impurities. Further, if the theoretical shear stress vs. shear strain
curves for various orientation crystals, [110], [111], and [100] (see Figure 39 after Dieter 1986) are
compared with the experimental results (see Figures 29-31), it might be observed that the general shape
of the experimental curves is consistent with theory, if the yield points are ignored. This would possibly
lend additional support to interstitial impurities, or twinning effecting the shape of the curves for lower
symmetry orientation crystals [110] and [111]. However, evidence of twinning was not seen in{110] or
[111] tungsten crystals subjected to high-rate loading during ballistic test (Herring 1992).

For the [111] crystal orientation, samples after test appeared to have numerous slip planes evident on
the surface, with a large-scale slip and small-scale microslip structure mixed (see Figures 34 and 35).
Also, samples after test appeared to have an hourglass-type shape, which would seem quite unexpected
compared to the normal barrelled-type shape after compression test. For this crystal orientation, there are
three symmetric [111] slip directions at 60°. There are four {110} and two {112} planes available with
CRSS of 0.27 and 0.30, respectively. Also, the CRSS factor for the stress component of pure screw
dislocations is only cos(70.5) or 0.33.

It is believed that the dominant deformation mechanism was that proposed by Weertman and
Weertman (1965) and Herring (1992), where pure screw dislocations dominate the deformation. Since
the (111) orientation has a screw dislocation with stress component normal to the penetrator axis and since
this orientation has CRSS = 1, this orientation is very favorable for generation of screws and material flow
using the vertical/horizontal set of screws type process mentioned previously after Weertman and
Weertman. A combination of this dislocation motion and some dislocation movement on other planes
with lower CRSS would most likely produce the type of behavior seen in Kolsky bar compression test
(hourglass shape). The yield point load drop may be the result of interstitial impurities and/or twinning
of the microstructure.
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8011 15KV XI5 lwm D38

Figure 32a. [100] crystal - cleavage surface.

pale 15KV %23 Imm WD31

Figure 32b. [100] crystal - cleavage surface.
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Figure 33. [100] crystal - slip on parallel planes.

44




g2 150 ks i o2

Figure 34a. [111] crystal - fracture surface.

Bag? 15KV %27 1nm WD28

Figure 34b. [111] crystal - fracture surface and slip plane markings.
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8611 15KV X160 188vm HD28

Bald4 15KV K200 108dm WD32

Figure 35b. [111] crystal - slip plane traces on surface.
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Ba3e 15KV %15 1mm WD32

Figure 36a. [110] crystal - slip traces and cleavage.

9033 15KV X25  lmm WD32

Figure 36b. [110] crystal - slip traces and cleavage.
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8a13 15KV %13 1mm WD32

Figure 37a. [110] crystal - slip traces.

paa4 15KV x22  Inn WD34

Figure 37b. [110] crystal - slip traces and failure voids.
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G617 15KV %188 188¢m WD31

Figure 38a. [110] crystal - slip traces/specimen surface.

s

Begz 13

Figure 38b. [110] crystal - slip traces/specimen surface.
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Figure 39. Effect of specimen orientation on the shape of the flow curve for fcc single crystals.
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