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Abstract An investigation of the stress-strain response as a function of strain
rate, spall strength, and dynamic fracture behavior of pure W, W-26Re, W-
Ni-Fe and W-Ni-Fe-Co has been performed. Spall strength measurements,
obt>ined in symmetric-impact tests, showed an increase in spall strength
from 0.4 GPa for pure tungsten to 3.8 GPa for 90W-7Ni-3Fe. Concurrent
with the increase in spall strength was a change in fracture mode from
cleavage (for pure W) to a mixture of transgranular and intergranular
fracture for the loye? systems. _ Compression testing perforred at
strain rates from 10° to 3000 s'1 showed that pure tungsten ex! ‘bits
a large strain rate sens1t1vity and almost no work hardening at tested
strain rates. In contrast, W-26Re and W-Ni-Fe-Co displayed significant
work hardening at all strain rates.

1. Introduction

Unlike pure tungsten, tungsten alloys possess a4 combination of strengtn  and
ductility, corrosion resistance, and machinability in addition to a high density
which makes them wvery attractive for kinetic energy penetrators or for radiation
siielding materials. Tungsten alloys such as W-Ni-fe or W-Ni-fe-Co counsist of
nearly spherical grains of bce tungsten <urreunded by a fceo matrix phase containing
Ni, Fe, Co and W. Because of their unique properties there is increasing  interest
in these alloys. In recent years several investigators have studied the static and
dynamic properties of tungsten alloys in as-sintered and  swaged conditions [1-6].
Rabin and German [1] showed that increasing tungsten content in W composites resulty
in strengthening and a drastic decrease in the ductility of the alloy. Bose, Sims
and German [2] studied the influenﬁo of §he test temperature and strain rate
sensitivity (crosshead speed from 1077 to mm/s) of a 90W-7Ni-3fte alloy and
showed that the strength increases sllghtly with strain rate while ductility
decreases.  However, as the test temperature increases the strain rate sensitivity
of this alloy diminishes.  Meyer and co-workers [3] evaluated the dynamic Strength
and ductility of tungsten alloys in the as-sintered and swaged conditions,  <howing
tor each alloy a characteristic increase  in strength fsomet jimes twice the qu§3i~

static Yalun) and a decrease in ductility by increasing the strain rate from 10 ° to
5000 5%, lankford et., al. [4] proposed a relationship between the strength and
the fracture mode of explosively fracturad  tungsten  compositle alloy. This

rolationship indicated a  change from  «leavage  fracture mode  in the tungsten
particles for Tow strength tungsten alloys to an  interfacial  tungoten tungsten,
tungsten-matrix mode of  fracture  (combination of W cleavage  and inter phaye
fracture) tor high strength tungsten alloys.



In this study, we investigated the stress-strain respense of W-26Re, W-Ni-fe
and W-Ni-Fe-Co alloys in contrast with pure W as a function of st-ain rate, spall
strength and dynamic fracture behavior.

2. Experimental Procedure

The mechanical response of pure tungsten fabricated using powder metallurgy was
studied in a cold worked and recrystallized condition. A W-26Re powder-metallurgy
alloy (single-phase solid-solution 21loy, grain size approximately 1-2 um) and two
W-Ni-Fe alloys, one containing Co additions, were produced by liquid-phase sintering
of elemental powders. The W-Ni-Fe was in cold-rolled-plate form while the W-Ni-fe-
Co was in a heavily swaged condition. The chemical composition of the W-heavy
alloys were: 90W-7Ni-3Fe and 93W-4.8Ni-2Fe-0.2Co. The final microstructures of the
heavy alloys consisted of nominally 50 um W particles surrounded by a soft Ni-fFe or
Ni-fe-Co matrix.

Tn? quasi-static (strain rate 10-3 s'l) and dynamic (strain rate of 2000 to 8000
s°%) mechanical response were measured in compression using conventional a screw-
driven testing frame and Split Hop..inson Pressure Bar, respectively. To evaluate
the strain rate sensitivity of the W-based alloys the streggth and the work
haYdening in compressive tests performed at strain rates of 10° s~! and 2500-4000
s™% were compared.

The dynamic spall strength was measured under dynamic uniaxial strain conditions,
using an 80-mm gas gun at room temperature in vacuum (<1 Pa absolute pressure) [7].
In the spall test, the sample was subjected to a planar impact by a flyer plate.
where both the sample and the flyer plate were fabricated from the test material.
Upon impact of the flyer plate with the sample (target), a compressive shock wave
provagates into the target as well as into the flyer. These waves reflect from the
free back surfaces of both parts and propagate back into the sample. When twe

compressive waves meet (the incoming and reflected), a tensile wave is produced. If
the pressure amplitude of this tensile wave exceeds the dynamic strength of the
material it causes the sample to spall. In each test the impact pressure and the

spall strength were measured using a manganin gauge (pressure gauge) as one branch
of a Wheatstone bridge circuit in conjunction with a delayed triggering system to
ensure a high signal-to-noise ratio. Projectile velocities (flyer plate velocities,
measured using pressure transducers) in these tests were approximately 590 or 360

m o, which yielded peak stresses of 25 and 15 GPa, respectively. The relative
taraet-to-impactor thickness yielded a 1 us stress pulsce duration time and a spall
fracture surface at the mid-section of the sample. The spalled fragments were
recovered intact from a  catch tank that was specially designed to simultaneously
decelerate and cool the sample. This catch tank consisted of compartments of wool
folt impregnated with water. Fractographic examination of ail the spall fracture

artaces was pertormed using scanning electron microscopy (SEM).

3. Results and Discussion

Fraures 1 thru 4 show the stress-strain response as a function of  ~train rate fm
tho tungsten alloys  studied. Tabte | summarizes the flow <troo, at 2 byne oty
for Tow and high strain rates, measured rate  sensitivitios at 2% true Slrain aned
calculated strain hardening rates  for the highest strain rate avarbable  for o the

ot aly studied,
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Fig. 1. Stress-strain response of
cold-worked tungsten as a function
of strain rate. Note the lack of
strain hardening at all strain rates.
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Fig. 2. Stress-strain response of
W-Ni-Fe as a function of strain rate
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Fig. 4. Stress strain rosponse of
W ?26Re (powder metallurqy material)
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TABLE 1

. Metal o Q@ 2%¢ Strain
(MPa) §1lno Hardening Rate
Low Rate High Rate ms= ® High Rate
s1né (MPa per unit strain)
W(c-w) 1500 2000 .021 0
W(rec.) 90C 1260 023 0
W-Ni-Fe 1540 2000 .026 0
W-Ni-Fe-Co 1250 1950 .028 2720
W-26Re 1500 2000 .018 3075

The stress-strain response of all the tungsten-based alloys studied are observed to
exhibit similar rate sensitivities of approximately 0.02. This magnitude of rate
sensitivity is typical of many bcc and hcp metals which possess a high lattice
resistance (Peierls barrier) to dislocation motion. The strain hardening rate
measured at high strain rates in the tungsten and tungsten-based alloys varieg. All
materials studied showed stage I (region of easy dislocation glide) hardening. This
observation is consistent with the 1963 study of Krock and Shepard [8] on the
tensile behavior of liquid phase sintered W alloys. They concluded that the high
rate of initial work hardening by the tungsten composite was closely associated with
the properties of bcc tungsten. The pure tungsten, independent of starting
condition, and the 90W-7-Ni-3Fe heavy-alloy displayed almost no stage II (region of
linear hardening) strain hardening at high strain rate. The high-rate response of
the W-Ni-Fe-Co and W-26Re alloys however, showed substantial hardering after yield.
The differences in stage Il work-hardening behavior in the W-alloyc are consistent
with previous studies of the work hardening of refractory metals [9]. Under quasi-
static conditions, the lack of hardening in W and W-Ni-Fe may reflect material
behavior near their saturation stress. A rough estimgte of the saturation stress in
a material can be made by taking approximately 3*10°Y [10] of the shear modulus
multiplied by 3.09 (Taylor factor for a polycrystal). Using the shear modulus of
160 GPa for tungsten, gives an estimated saturation stress of approximately 1480
MPa. For pure tungsten this saturation stress is similar in magnitude to the
maximum stress level achieved at quasi-static rates. The lack of stage Il work-
hardening in pure tungsten at high strain rate may be influenced by defect storage
and defect interaction behavior. Suppressed motion of thermally-activated screw-
dislocations at high-strain rate is similar to suppressed screw-dislucation motion
at cryogenic temperatures [9]. The work-hardening in bcc metals at cryogenic
temperatures may be low because of lTow screw-dislocation mobility and low secondary-
dislocation activation [9]. While the edge 4is ocations are still mobile at high
strain rates, they are incapable of producing significant hardening due to lack of
dislocation interactions. Without significant motion of screw dislocations and
secondary system activation, hardening should be low, consistent wilh our
observations and low-temperature observations by others [9]. Addition of rhenium to
tungsten is thought to alter the dislocation storave behavior and thereby increase
work-hardening by increasing the edge-dislocation/interstitial interaction, While
having only a minor influence on the yield stress, this will effectively vaise the
saturation stress,

The substantial strain hardening response of the W-Ni-fe-Co compared ta the W Ni Ie
15 postulated to be the result of two factors: Co additions and differences in the
mtrix microstructure. Co additions will supplement the substitutional hardening in
the matrix, while the heavily swaged matrix should exhibit higher rate sensitivity
compared to a lesser-worked matrix in W Ni Fe metevial.  The increased hardeming dun
to the Lo may also reflect an increased saturation stress in the matrix, inth
conditiony are consistent with the slightly higher rate sensitivty and - trong
“train hardening response of the Lo alloy systen,

Tah1e 2 lists the impact conditions and spall data for the materials studied.



- TABLE 2

Material Impact Shock Spall Fracture

Velocity Pressure Strength Character

-~ (m/s) (GPa) (GPa)
W(recrystallized) 590 25 0.4 Intergranular
W(cold rolled) 590 25 2.8 Cleavage
W-26Re (powder) 576 24 1.3 Intergranular
W-Ni-Fe 364 15 3.8 Ductile/
366 15 3.4 transgranular

In Figures 5 and 6 examples are given of the stress-time spall trace and
fractography accompanying spallation for the W-Ni-Fe and W-26Re alloys,
espectively.

STRESS (GPa)

S.4 6 6.6 2.2
TIME (us)

Fig. 5a. Stress-Time trace from spall test of W-Ni-Fe.

brg. Sh. SIM microqraph of the fracture morphology in spalled W HNi to.  Dactile



Fig. 6. SEM micrograph of the fracture morphology in spalled W-26Re. Inteirgranular
fracture alorg prior powder grain boundaries.

The spall strength measurement., in this study are consistent with the dynamic
stress-strain response and general quasi-static fracture behavior of the W alloys
studied. In the case of the recrystallized W, the notoriously poor ductility of
this rmaterial under low or hign-rate lcading reflects the high strength, low work
hardzning, and sensitivity to impurities on the grain boundaries of this metal. The
intrinsic high resistance to plastic flow in tungsten at ambient temperatures
results in attainment of flow stress levels above the grain boundary fracture
stress. This leads to intergrazular fracture before significant plastic flow has
occurred. Addition of mobile d.slocations through cold-working and reduction in
interstitial segregation to the grain boundaries improves this situation. This is
reflected by the somewhat increased spall strength and change to cleavage fracture
in the cold-worked tungsten. As Bechtolt and Shewmon [11] showed, there is a
delicate balance between stress required for transgranular plastic flow compared
with brittle intergranular separation. The W-26Re alloy exhibits an increased spall
strength consistent with the increased rate of work-hardening of this alloy and the
fine grain size which tends to suppress cleavage failure. The high spail strength
of the W-Ni-Fe alloy is believed principally to reflect the strong influence of the
ductile Ni-Fe matrix and W-matrix interface rather than the fracture behavior of the
tungsten particles. As suggested by Krock and Shepard [8], the ductility of the W-
Ni-Fe composite may be attributed in part to the crack arresting effect of the
matrix layer which surrounds each W grain. The ductile-transgranular fracture
morphalogy, as seen in the SEM fractograph Fig. 5b, shows that the spall fracture 1
concentrated in the matrix with only occasional fracture through tungsten particles,

4. Conclusions

Both pure W (recrystallized and cold worked) and W-Ni-Fe alloy in a cold rolle
condition exhibit moderate quasi-static strength but a very low strain hardeniry
vapacity. In addition, pure W showed nearly zero spall «trength and n
intergranular and/or cleavage mode of fracture. W-26Re alloy demonstrated =—odey gt
spall strength. W Ni-Fe alloy showed high spall strength, almosi comparable to tr
spall strength of pure copper [12]. An interg-anular mode of fia ture (W ke g
ductile transgranular mode of fracture (W-Ni-Fe) were predominant  an the o g1

under dynamic uniaxial strain loading. W-26Re and W-Ni te alloys have Lo, hege
quasi static strength and a high strain hardening rate characteraiotac,
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