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TKE HEL AND RATE-DEPENDENT YIELD BEHAV1OR

PAUL S. POLL4NSBEE
lXM AMMOS NATIONAL LABORATORY, LOS AMMOS, NM 87545

Measurements of the Hugoniot Elastic Limit are compared with ❑easurements of the strain-rate
dependent compressive yield stress in several ❑etals. The measurements are analyzed according
to standard thermal activation theory. In several cases, only data from material from a

single lot are used in the comparison. Results in Ti-6Al-4V, W, Tar and 1018 steel are

presented. It is shown that In all of the materials investigated the HEL is below the

mechanical threshold stress, or yield stress at OK. Comparison of the HEL with compression
measurements at low temperature and quasistatic strain rates and with compression

❑easurements at room temperature and Hopkinson bar strain rates su~msts that the strafn rate
associated with the HEL-is on the orde_r of 10’ to 106 S-l.
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hear modulus, 2 is the mechanical threshold

tress (flow stress at O K), & is the

Formalized total activation energy, and p

O<p<l) aridq (l<q<2) are constants. Although.— ——

:q. (3) with p-q-1 has been used extensively,

.hoosing p and q values other than unj:y

movides a more physically reasonable stress

\ependence, particularly at high strain rates

jr low temperatures. When p-q-1 and when u<~ it

,s easily demonstrated that Eq . (1) is

ApproximateIy equal to Eq. (2), with

l-~b3/kT. However, in the general case, p+q

Ind Eq. (2) with Eq. (3) is preferred to Eq.

1), Combining Eqs. (2) and (3) and rearranging

crms yields

kT “
‘\p-6/Jl[1- ( — l°FI%”” l“P (4)

pb~r, e“[1

‘onrparinp,mcnsurornrrlts from (iltfrronl stress

;tn[os, hovrvrr, thf mrnsurrmrnts must be

U*_U3-[U/(1-u)]a~, where u is Poisson’s

ratio and a~L iS the HEL. Thus ,

TwL-o.471 [1-u/(1-u)]. With IJ-O.3, for

instance, r~L-().2b9uUL.

in standard tension and compression

tests the strain rate is an input parameter

and is well known. The strain rate during

the elastic portion of a shock wave is, on

the other hand, not well established, which

complicates application of Eq. 4. Thus, in

the comparisons shown below, the measured

HEL is input into Eq. 4 and the resulling

strain rate is calculated. A key element of

the comparion will be whrther the

Calcull-?te!d strain rate Is indeed ?I

roasonahlc Ilumber.



TAME 1. S’UNMARY OF HEL AND MECHANICAL lllRESHOLD SHRESS COMPARISONS

Ti-6Al-4V 2.82 0.33 619 953 1 2 1010 1.6 X 10’

Tungsten 3.54 0.28 1008 1589 0.5 1.5 1010 5 x 104

iron 0.9146 0.29 255 557 1 2 108 1.4 x 10’

1018 Steel ~m45 0.29 390 814 1 2 10s 3.6 x 10’

Tantalum 1.757 0.35 445 5438 0.!) 1.5 3x 106 8.6 x ltj~

‘asuremwts of the quasistatic and Hopkinson

‘essure bar compression test results in

gure 2. The straight line fit gives

11589 HPa and &-O. 156. The strain rute during

e elastic portion of the shock wave

timsted to bc 5x1O’ S“i.

C. Other flat~rials. ‘fhe results for

1s

Ta,

18 steel, ●ndpure iron are shown inTable 1.

these metals, the NEL and compresalon test

sulta n re not from Identical Iotn of

teria! . Nonetheless, the r~aults are very

❑ilar to those found In Ti-6Al-6V and U. In

rh rasQ tlw NE1. 1s lesti than ttl~ mrchnnlcal

reshold s’r~ss ●nd th~ ●stimatwl stra~n rnt~

wlthln tlw rnng~ of 104 s ‘ cm Ion N 1.

DISCUSSION

ThF tifriiln ra[o~ Ilntd 111 [Iw Innt fwlurnn

Tahl@ I ar~ arrurat~ 10 nn -r- than plun or

minus sn order of magnitude because of the
# P

uncertainty in the constants CO, ~, and q in

Bq. (4). Nonetheless, the results do show

that for the five ❑aterials studied the HEL

is less than the ❑echanical threshold

atrcsa, when comparison ~.s made on an

equivalent stress basis. ~ls result is

outside any uncertair)ty in the fit of the

quasistattc rompresslon measurement to

Eq, (4) or in the ❑easurement of the IRL,

The slgnlflcance of thio result is the

implication t.hmt the HEL 1s determined by

thr Name thcrm~illy activatnd Intrractlon of

d{ Sl(Bt’(lt f(MIN with obstacl~s as occur at

lowpr strain rmLe~, If the NEI. ~xr.~cdrd ;

thr ron(’lUH[ntI irmtnml would h~ that Lhc

rmto confrolllng de!ormatfon merhantarns hnd

Shiitod t (} t ha Vfllroum drag Ilmltml

dlnlo[”alltlll Wlorfty, 9 From rnrl. i. ; 1[
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FIGURE 1
eld stress as a funct~on of strain rate and
mperature in Ti-6Al-4V. The HEL is shown
th the plus symbol.

11OWS that ;,l~L < ~o. However, the estimated

rain rates associated with the HEL nre quite

gh, which is consistent with expectation.

Several materials do not show a definite or

nsistent HEL, which is not consistent with

n an<;ysis of rate-dependent yield behavior

esent.ed here. In annealed copper, for

st8Pce , no HEL is obsemed. Pure. annealed

pper 18 relativclly rate insensitive.

~c+ver, tho HE1. should at least equal the

msistatfc yield strength, which when

lverted to unlaxlal strain units equals

MPa . We do not underafnnd why an HE1.of at,

WSI thl.~ mnp,nltude 1s not oh~erved iiicopprr.

Tungsten
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FIGURE 2
Yield stress as a function of strain rate
and temperature in tungsten. The !iEL is
shown with the plus symbol,
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