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Abstract An investigation of the stress-strain response as a function of strain
rate, span strength, and dynamic fracture behavior of pure W, U-26Re, U-
Ni-Fe and W-Ni-Fe-Co has been performed. Spal 1 strength measurements,
obt-ined in symmetric-impact tests, showed an increase in span strength
from 0,4 GPa for pure tungsten to 3.9 GPa for 90W-7Ni-3Fe. Concurrent
with the increase in span strength was a change in fracture mode from
cleavage (for pure W) to a mixture of transgranular and intergranular
fracture for the al oye

i!!
systems. Compression testing perforred at

strain rates from 10- s- to 3000 S-l showed that pure tungsten ex! ibits
a large strain rate sensitivity 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 pur(j tunq~t(~n. t(lng$ten alloy’, \lo$\f?Sj a comt)ination of_ jt~prlgf.ilaIIrj
duct,ilit.y,~ort’(j’,lor) t.(::,1:,~.]r]~p, and tlld~.hirlabilit.yin addition t.o J high density
which makes th~m v(?ry“,~ttractlvr’for kinetic energy pcnptrat.ors or for radiatiort
5ilii:ldinqmat(~ri<al<). Tung~t,en Jlloys ‘;uch as W-Ni-F~ or W-Ni-l(~C() (ul;si’,t of
nl~arly spher-ical qt.sins of bcc turlq’,totll,(lrrourld(!dhy i]fcc matrix pt’[)’}()[r)r)tairllli(~
N i, I“(>,Co and W. lje(ause of tt)(?ir-ul}i(~ll(’prop(’rt,ic:, ttlr!r(~is in(.rs(’,i~itl(j ir)t.or(~~t
in these J1 loy5. in recent ycats ~uvprdl irlvebt,i(j(ltolsI)Jv(?st.ud:v(ittlv‘,trjt-i~drId
(jynamic i)rof)(!rti(~t,of” tungsten dlloys in ds-sint(?rt?d ;IIId ~waq~!(j(r)tl(lit-iono”[1 6].
it~t)inand German [1] showed that lncreasinq tungsten cent-erltlr~W (.OIII~)I)I,If(JI, r(~’,ull’,

in st.r[?ngthenin(jand a drastic decrease in the ductil it.yof tlie alloy. [{()’)1’, !1111”,

JrldG(:rman [2 ] :,t,ud if!d the inf1uen~c of \tleNl,n;:;tJemperaturc Jrl(jSIrd irlratII
j(?rl;it.ivity ((:r’osshpadspeed from 10-. to 10 a 90W-7Ni-3f(? alloy and
‘,hoW( ’(j that thp str~’r~(~tt~incr(?asr?s slightly with strain rate whilp d(lctilit.y
(~(’(.r+l!~’)ps. Ilow(jv(!r,a“, the t[’st t(?mperaturc irlcr’(?asesthe strain r’~to ‘,(~n,it.ivity
of tl)ljalloy (Iimini’)tl(?:;. Mi~y(!r,Ind((I~orkprj [3] (+valuat(’d th(~(jyn,lmi(‘,t~(’n(~th
,Irl(j(ju(tiIity of t~lr](,]’lt(’nalIoy’, in ttl(’as-sint{’r(!dand swag(’(j cond Itior)”, ,howlrl(j
for (~(l(halloy a (tlar{l(t~ri$ti( in{r-(~;i’,rlin stt’l~n(~tt)f’;otll(~tllil(’\ twi(f’th(~[]lt~,,i.
,tati[

Y
alll(’)’tlrl(jJ d(?cr~af,r’in (ju(:tiIity t)y irlcrr?dsin(jt.hc ‘,trair)

5000 ‘,- I ;~rlkf’or(j(’t,, aI, [4] i)t-of)()’,pda T-PIat iorl~;hip t)(!tw(!(’1
t.tlefra(-turl~rno(j(~of (?xp105iv[’ly frdct(Ir(’(jt(lrl[{jtor)comp~)titl’
r,~ltltiorl’)tli~)in(ii(,Jtf~ljJ (tl,arl(l(~ftom (11’!lv!lql!ft’(l(’t (Ir”(’ 1110(!(”

fIr31tl(l(IJ for” low ‘,tr’(?rl(jtht~lrlq’jt(’ndllt)y, t() Jn itlf[~rf,i[idl
tl)rlf~,t(’nm{ltrix moIIP of fr~(turp ((omt)inatiorl”of W [.lr’,lV(l(JP
f1(1(turv) fr)r-Ill(jh‘,tr{?rlqt.hlurlfj’,tf!rlJlloy’,,

rJt P from lti 3 to
t hf] ‘,! I’1’tl{/t h JI~Ij

!llloy’,. Ihi,
irl t}11’ tljrl(l’,tl~rl
llrl(j,l(~rlIIlrlfl,li}r},
,Irl(j Ir)lI)tf)ll(l’)l~



In this study, we investigated the stress-strain respcnse of W-?6Re, W-Ni-Fe
and W-Ni -Fe-Co alloys in contrast with pure W as a function of st”ain rate, span
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 zlloy, grain size approximately 1-2 ~m) 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-O.2Co. The final microstructure of the
heavy alloys consisted of nominally 50 pm W particles surrounded by a soft Ni-Fe or
FJi-Fe-Co matrix.

Tn~ quasi-static (strain rate 10-3 S-J) and dynamic (strain rate of 2000 to 8000
s- ) mechanical response were measured in compression using conventional apcrew-
driven testing frame and Split Hopi.inson Pressure Bar, respectively. To evaluate
the strain rate sensitivity of the W-based alloys the stre gth

?
and the work

ha dening in compressive tests performed at strain
#

rates of 10- S-l and 2500-4000.
were compared.

The dynamic span strength was measured under dynamic uniaxial strain conditions,
using an 80-mm gas gun at room temperature in vacuum (<1 Pa absolute pressut-e) [7].
In the span 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 sl,ockwave
pro~agates into the target as well as into the flyer. These waves reflect from the
free back surfaces of both p~rts and propagate back into the sample. Wtlerl twc
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 ttle
material it causes the sample to span. In each test the impact pressure and the
span strength were measured using a manganin gauge (pressure gauge) as one bra(~ch
ot a Whetstone bridge circuit in conjunction with a delayed triggering system to
ens(ire a high signal-to-noise ratio. Projectile velocities (flyer pl~te velocities,
m~~;i~urprluslnq pressure transducers) in t~,ese tests wer~ approximat(~l.v590 or 360
lTi ‘. , whl(h yielded peak stresses of ?5 and 15 GPa, rcspectlv~ly, ThP t’oldtl’Jl’,
t,ll’(if’t til-ilTl[)aCtOr thickness yielded a 1 PS stress pulse d[lratiorltime’and J spdll
f);it?uIL!sllrface at the mid-section of the sample, The spal lvd ftlqmt’r)f\ WII!II
t}’{,ovf?t.f’(j intdct f;-om a catch tank that was specially designed to Sllll(lltil!leotl’)ly
(1}><(,]Pr;Jt. 1.) ,3 flfj cool the sample, This catch tank consisted of c{]fll~lat.tr!l[’rltsof wool
f(’ltimpreqnatpd with w~t,er, Fractographic examinat+oll of all !.}1(’ ‘,pdll ft’(l(t(lr’(’
!itt,)c~’swas performed usinq ~canning electron microscopy (SIM),

3, Results and Discussion
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Fig. 1. Stress-strain response of Fig. 2. Stress-strain response of
cold-worked tungsten as a function U-Ni-Fe as a function of strain rate
of strain rate. Note the lack of “
strain hardening at all strain rates.
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. TABLE 1

. fletal a @ Z%c
(MPa)

Low Rate High Rate

.-.

W(c-w) 1500 2000
W(rec.) 90C 1260
W-Ni-Fe 1340 2000
W-Ni -Fe-Co 1250 1950
W-26Re 1500 2000

dlnu
m.—

61nc”

.021

.023

.026

.028

.018

Strain
Hardcl~ingRate
@ High Rate

(MPa per unit strain)

o
0

272:
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 uf 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 varie$. Al1
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 11 (region of
linear hardening) strain hardening at high strain rate. The high-rate response of
the W-Ni-F’e-Coand W-26Re alloys however, showed substantial hardering after yield.
The differences in stage II work-hardening behavior in the W-alloys 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 estim-te of the saturation stress in
a material can be made by taking approximately 3*10-~ [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 magnitudo to the
maximum stress level achieved at quasi-static rates. The lack of stage II work-
hardminq in pure tungsten at high strain rat~;may be influenced by defect storage
and defect interaction behavior, Suppressed motion of thermally-activated screbv-
dislocations at high-strain rate is similar to suppressed screw-dislocation motion
at cryogenic temperatures [9]. The work-hardening in bcc metals at cryogenic
temperatures may be low because of low screw-dislocation mobility and low sncontiary-
dislocation activation [9]. While the edge dislocations are still mobile at high
strain rates, they are incapableof producing significant hardening due to lack of
dislocation interactions. Without significant motion of screw dislocations and
s[?condarysystem activation, hardening should be low, consistent witjl O(lr

ohscrvations and Iow-tcrnperaturcobservations by others [9]. Adclltion [Jf r-tli’ll i IHII 10

tungsten is thought to alter the disloc~tion storage behavior and thorohy in(rfi,lsl)
work-hardening by increasing the udge-di slocation~intcrst itial int(!t-iltt~on,Whillt
h,lving only a minor influence on th[!yield stress, this will uff[!ct.ivl~l~l“,li’lf’[III’
‘Iilturat.ion stthcs;,
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Material

#-

W(recrystallized)
W(cold ~olled)
W-26Re (powder)
W-Ni-Fe

In Figures 5 and

Impact
Velocity
(m/s)

590
590
576
364

366

6 examDles

TABLE 2

Shock Spal1 Fracture
pressure Strength Character
(GPa) (GPa)

0.4 Intergranular
:; 3.8 Cleavage
24 Intergranular
15 ;:; Ductile/

15 3.4 transgranular

are given of the stress-time span trace and
fractography accompanying spzllation for the W-Ni-Fe and W-26Re allovs.
:-espectively.
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Fig. 5a. ~tress.
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TIME (US)

Time trace from span test of W-Ni-Ft?.

II(I.51J.$IM microqt-aph of tho fracture morphology in ‘;palld W Ni III. [)111 !Il,,
. . . . . . .



Fig. 6. SEM microqraph of the frqcture morphology in spalled W-26Re. Intergranular
fracture along prior powder grain boundaries.

The span strength measurement, in this study are consistent with the dynamic
stress-strain response and ge?,eral quasi-static fracture behavior of the W alloys
studied. In the case of the recrystallized W, the notoriously poor ductility of
this material under low or hign-rate leading reflects the high strength, low work
hard~ning, 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 intergralular fracture before significant plastic flow has
occurred. Addition of mobile dislocations through cold-working and reduction in
interstitial segregation to the grain boundaries improves this situation. This is
reflected by the somewhat increased span strength and change to cleavage fracture
in the cold-worked tungsten. As Bechtolt and Shewmor) [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 span
strength consistent with the increased rate of work-hardeninq of this alloy and the
firlegrain size which tends t6 suppress cleavage failure. The high spail strength
of the W-Ni-Fe alloy is believed principally to reflect the strong influence of the
ductilP Ni-Fe matrix and W-matrix interface rather than the fracture behavior of th~
tungsten particles. As suggested by Krock and Shepard [8], the ductility of the W-
Ni-Fe composite may be attributed in p~rt to the crack arresting effect of thv
matrix layer which surrounds each W grain. The du:tile- transgranulat- ft-acturt
morph~logy, as seen in the SEM fractograph Fig. 5b, shows that the span ft.~~tut”~1~
concentrated in the matrix with only occasional fracture through tungsten P~~ticl~~j.

4. Conclusions

Roth pure W (recrystallized and cold worked) and W-Ni-Fe alloy in J CO!(I rollI!
condition exhibit moderate quasi-static strength but a very low ,,ft-(lin 11,11’filllll)”f;

[:apacity. In addition, pure W showed nearly zero Span ,,1l’(~n(~t tl ,!rll! I’t

intergranular and/or cleavage mode of fracture. W-26Re alloy f~~~lorl,,tr.,lt~’fi MIIIII~.I!,
>pall strength. W Ni-Fc alloy showed high ~pall str~ngth, almo<i (OInI),It,Il~lII t,! ‘I,
‘,pallstrength of pul.ecopper [12]. An inturq-anular mr)(jeof fl,, tIIIII ,,, (w ,. 1.!, ,1~ :

[ju(.tile transgramular mode of fracture (W-Ni-Fp) wrre ptlldomin,~!lf ftll!, ,,11 ,

under dynamic uniaxial strairl loadiri~~.W-26RP and W-Ni 1P dllrJVi, Il,lvl’ ,1,1 , 11, ;)

(~lias i static ~,trcnqth and J hiqh ‘,t.rdlnhard[!ninq rat[!lh~rJtt{lrl’,t1(
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