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Report Yo. 112/25 - July 15, 19k2
Watertown Arsenal
Ex 0. 58 HIGE SPEED TESTING

A Critique of the Measurements of the Stress-Straln Relation

at High Speeds

0BJECT
To interpret the results of previous experiments on the ¢ffect
of speed of testing uvon the stress-strain relation.

REFZRENCE

The references to this report are submitted as Anpendix 3.

CCNCLUSICK

1., The stress variation in a tensile specimen being tested at velocitles
higher than 100 fps io so great that the measured stress-atrain cwrve, or any
quantities derived therefrom, have little or no significance. (Fig. 1)

2. Valuable information reserding the relation betwecn stress and strain
at high raotes of deformntion may be obtained dy extrapolating the results ob-
tained from lower rates by standnrd testing machines. (Fig. 6)

3. In all matcrisls the strain-hardeninz curve rises with increasing
rates of defornation. (Fig. 2)

Y. In many steels, perhaps in all, the rield stress 1ls equal to the ten-
sile stress at rates of strain applicable to ordnance problems. (Fig. 6)

6. Tae eouality of the yleld and tensile strangth at high ratec of def-

. ormation is responsible for the shenr type of fallure peculiar to high rates
of strain.

7. Tae upper yiold point is so sensitive to tiie surface finish, the shnpe
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of the specimen, and its eccentricity in loading, that its nmeasurcnent gives

little indication as to how the naterial will behave under service conditiors.
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"The off-chance that a future genoration nay discover a signifieance 5

in our utterances is scarcely an excuse for making menningless noises.®
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INTRODUCTION

Ordnance materiel is subjected often in service to impulsive loads,
The response of the material may be more readily calculated, the more is
nown regarding the relation between stress and strain at high rates of
deformation, Such cnlculntions will permit a more judiclioms choice of ma-
terial for any particular ordnence npplication.

In cortain of these npplications, it is only necessary that the nn-
terial have a sufficiently high yield strength. In other cases the
shape of the stresa-strain curve is of paramount importance, for it de-
termines the speed of propng~tion of the elastic or plastic deformation.
Lacking this bnsic information upon tho stress-strain relations nt high
rate of deformation, the Ordnance Depnrtment hns bnsed acceptance speci-
fications, either upon the qunsi-static properties odtnlned by the usunl
testing nnchines, or upon perfornance tests. Tae first procedure nay
lend to a poor selection of naterirl for service conditiorns, while the
second procedure is costly. Since, during nrmcr penetrntion, the rate
of deformation is extremely high, the quasi-stn~tic promertics are of lit-
tle significance. In order to understand the nechanisn by which arnor
penetration occurs, it 1s of prinary impsrtonce to deternine the effect
of speed unon the stress-strain relntions of the nnterinl used for nrmnor.

As if in response to the needs of the Ordnnnce Departmert, severfi
1aboratories hnve recently undertaken high speed testing. In their pre-
occupntion with the experinental difficulties of such testing, these lnd-
orntories have neglected to analyze crrefully the theory of their experi-
nents. In this pnper n theoretical nnnlysis of the tensile test at high
speeds i3 presented. This anrlysi3s indicates thnt nensurenents nade nt

high speeds (above 100fps) cnnnot give load-elongntion curves nor nay
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quentities derivnble therefron, such a8 onergy of rupture. Useful infor-
nntion relative to high rntes of defornation can be obtained, however,
with the usual tynes of testing nnchines by extrapolnting the results to
higher rntes of strain. An exmnination was nade of the literature on
the effect of speed in this lower range, nnd the results nre rresented in

this report.

DISCUSSION

a. Theoretical Arnlysis of Eigh Spoed Tensile Tests

In the quasi-static tension test, one neasures the force applied
to the specimen ns n function of the elongation. Tuis force divided by

" In

t he original cross-sectionnl ~rea is enlled, incorrectly, "stress.
the dynanic tensiie test one nttempts to neasure these sare quantities.
Often the vibrations of the ~pparatus and the specimen sre of such magni-
tude thnt a proecise determination of the force is not possible.l The pres-
ence of thie error is rendil; observndble, however, for the vidbrations nre
recorded by the siress-mensuring device. There is another source of ar-
ror, the presence of wiaich 1s not obvious to the experimenter. Two

forces nre ncturlly rpplied to the specimen; one ot the noving end and
another nt the stntionnry erd. Tre difference in these forces is equal

to the force necessory to nccelernte the mass of the materinl between the
twvo ends, nnd vill be nresent o long ne one end of the bar is accelernted.
Since this differorce ir force exists, the "stress" is not uniform along
the specimen. If this differe:ce is of the same order of magnitude ns the
lond r~pplied, the lnck of uniformity of the "stress" over the gunge longth
is so grent that the mensurcment of the stress nt either end hns little or
no significance.

The annlysis of the stress difference ~t the two ends is given in

T
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Apnendix A. Tig. 1 illustrates this stress difference in the particular

case where e velocity of the head of the machine increases linearly with
time, until a strain of 0.1 is reached. If the final velocity is reached

at a smaller strain, the stress difference will of course bde greater.

The results indicate tiiat in testinz steels at velocities greater than 100 fps,

the error introduced in this nunner may be a large merceatage of the measured

"gtress."

The rate of strain may be increased by decreasing the gyfke length as 4
well ns by increasing the speed of testing. Decreasing the Me length, ;
however, increases tiie possibiliiy of stress concentrations, increases the
uncertainty of the extranolation to lerger sizes, and Iincreases the experi-
mental difficulties. In order to obtaln results npplicable to materinl de- 1
formed at high speasds, it is ndvisnble ~nd nerhans necessary to extrapolnte
J i . from lower strain rates.

b. Interpretation of the Literature

In one resvect rll metals react similarly to nn increase in test-

L ik
.

ing spead; the stress-strain curve in the plastic region is raised ns the

speed 1s incrensed and the magnitude of the rise incroases with incrensing

L LR e

stress.2 (Pig. 2) 1Iron and steelay which exhiblt o drop in lond 2t the g

vield point, bdehave in a characteristic manner. The yiold point (1ower) L"
3-11
increnses with incrensing rate of strain faster tirn the tensile strength.

This behnvior is illustrated by dnta odtalned by Winloch and Leiter.’ and

o

presented in Fig. 3. The dnta presanted in this figure were obtanined from n

steel contairning .05/"5 carbon, snnealed, and having n grnin count of 90 per

square inch at 100 mngnification. (A. S. T. M. Yo. 7)

The lower yicld point ie used as the criterion for the beginning of
plastic deformrtion, rnther thnn the upper yield point, since the latter
is dependent upon the surfnce condition, nnd ghape of the snecimen, nnd

upon nny slight eccentricity in londing. The lower yleld point aprears to beo




S T e—

characteristic of the metal itself. Experiments have been performed in
which the upper yield point was rnised as high as, or higher than, the
tencile strength, even in quasi-static tests. The effect of specd on ma-
terials with upper and lower yiold is presentcd schemntically in Fig. k4.
The stress-strain relation for such mnterials can be considered ns made up
of two curves essentinlly independeni of rate of strain joined by horizon-
t~1l lines. The first pnrt of the tot al stress-strain curve is elastic;.

in the sccond prrt, inhomogeneous deformation occurs; and in the third part,
the mnterirl undergoes homogeneous deformation accompanied dy work harden-
ing nand sensible reduction of area. In this fituz"é the slight effect of
speed beyond the lower yleld point is neglected. As the speed is increased,
the horizontal portion of the stress-strain curve rises, and the amount of
strain at this lower yleld point increases.

During the second part of the deformation, the strain occurs by the
formation and spreading of Lder bande: In each Luder band the strain is
equal to the yield pnint elongntion. Only nfter all of the specimen has
been traversed by Liider bands doos it deform homigeneously. From Fig, 4
it appears that a critical strainrfémts. above which the specimen will
fall by shear nlong the first and only Liider band formed, nnd homogeneous
deformation will not occur. The usefulness of the schematic dingrnm in
Tig. U for tension suggests thnt a similnr one be comstructed for pure
shear. Such a diagram 1s presented ns Fig. 5. This diagram illustrates
the npproximnte behavior in shear of the snme steel to which Fig. 4 per-
tains. Since in pure shear, the static straess-strailh curve does not pass
through ~ naximum as does the force-elongation curve fHr tension, n criti-
cal rate of shear beyond which all deformation is confined to n eing]..e band
does not necessnrily exist. The yield point elongatinn, and hence the
elongntion associated with ench Liider bnnd, incrcase rapidly with increns-

ing rate nf strain. When, however, this yield point olongation is so
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larse that the temperature rise »f the naterinl in the band is severnl
hundred degrees centigrade, the "stntic" stress-strain curve will be low-
ercd. In this cnse the defornnticn to frncture nnay likewise be confined
to ~ narrow band.

An indirect substnntintion of this conclusinn nay de found in the
work of Itli*hnm.lh He found thnt by raising the rate of strnta by n fnctor
of # x 10 over that in the quasi-static tests, tie yield point wns dou~
bled, while the mnximn stress renained essentially unchanged. The details
of the stress-stranin curve were ebscured, however, by vibrations., The
curves in Figs. 3, 4, and § refer specificnlly to a single type of steel
tested by Winlnck and Leiter.3 The genernl features of these curves will
npply to any steel with n lower yield point. In particular the lower yield
stress spproaches the tensile strength at high rntes of deformnation, In an
nttempt to find those factors wilch influence the rise of the lower yleld
point with rate of strnin an extensive senrch was nade in the literature of
the effect of speed nn the tensile teat. Most of the investigntors recorded
ornly the upper yleld point. Fig. 6 shows 21l the data in which the lower
vield stren;ths, ns well as the tensile strenpths, were reported »s » func-
tions of the rate of strain.

In nll cnses the ratio (lower yleld stress/tensile strensth) approaches
an asyuptote at low rates of strrin, and varies nearly lognrithnically at
higher rates of strain. The ratio is dependent upon the carbon content,
decreasing as the carbon content increases. For a given carbon content the
retio is larger, the smaller the grain size. T.he absolute magnitude of the
ratio as well as its dependence upon rate of strain should be dependent
upon the microstructure, as well as upon carbon content, but a detailed
study of the effect of these variables is lacking. The values of this
ratio obtained from the tensile impact machine are consistent with the

9, 10
extrapolation of the data obtained from the standard testing machines. '
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Although the unit of rate of strain used in Fig, 6, namely sec 1is
the most logical unit, it is one for which few hnye any physical grasp.

In ordér to give the rates more concrete expression, an interpretation of
thecse units is presented along the top margin in terms of the rate at vhich
the head of » one-inch gauge length specimen must move to produce the np-
proprinte rate of strain.

¢. Applicntion to Ordronce Materiel

The relevance of high speed tests to ordnance »nroblams cnn best
be seen by indicatirg in Fig. 6 the range of strain rate associnted with
each type of test, together with the range of strnin rate nssocinted with
each type of ordnance problem, The order of mngnitude of the rate of strain
at which the material of the breech of n sun 1ls deformed during firing is
obtnined by dividing the maximum elastic strain of nbout .002 by the time
intervnl of .00l secs. This rate of strnin lies crnsider~bly below thrt in
impnact testing, considerably nboge that odbtnined in stnndard tests, and is
the middle of the range of strain rates nt which the lower yield stress de-
cones equnl to the tensile strength.

The raising of the lower yield stress at hizh rotes of strain mny have
imprrtant implications. The yield strength ~t tiese high rates of strnin
mny hest be determired by mensuring the tensile strength at the rete of ‘ﬁ
strain obtained by the usunl testing methods. In particular, if the mn-
terinl ir a Jun btarpel hehaves ng the mnterial in Fij. 3, the yield stross
urder firing conditions is nt least ns lnrge ns the tensile streng th ns
nensured in stnndnrd machines.

Trhe order ~f magnitude of th:e r~te of strnin of an armor plate during i
penetratinn is gsiven by the recinrocnl of the time reouired for = projectile
to traverse the distance of one'enlibrs., This rnte varies from a minimun
of rhout 103 for 12¥-prejectiles to n maximun of sbout 10; for ealidre .30 %
bullets.

The lower end of this range ervelops the strain rates obtnined

in plugging experinents with velocities in the neightorhood of 10 fps. This
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overlopping sugrests the relevarce of aobservations upon plugzing to the
problen of armor penetration., A report upon thls subject is being pre-
pared. An extrapoletinn of the curves in Fis. 6 to the rate of strain per-
tenent to arnor peretration suzgests thet steels with as mubh as .585 crr-
tor and of varyins microstructvre will behnve quite diffeorently fronm low
cardbon steels. It is possi®le thnt the vield strensth in .58% cnrbon steels
will be below the tensile strenstk, vhile in .20§ c~rbnn steels the stress-
strain curve will e flat for hizh strain rates.

The existencs nf such large rield pnint strains in shear is »f par-
ticulnr siznificance in arnor penetratinn. In certain timpes of penetra-
tion the projectile nushes out n plug. The defornntion of tie plate is
confined tc the lumedinte vicinity of the rearly crlindricnl surface of
the plur. In this reglinn the nlrte becnnes very hot, cert~inly abnve the
transfernntion tempernture of the steel. Thils concentration of strailn low-
ers tho ntility of the plate to resist penetration. Since the increase cof
the yield to tensile ratio with rnte of strain is affected by cnrdon ¢on-
tent and nicrastructure, the resistance to plunnins by different steels

nay dc veried over n vide range.
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APPINDIX A

In this nppendix the cnlculation is carried sut for the difference
in stress nt the two ends of a tensile specinen during a high speed test.
The difference between the forces scting at the two ends is equnl
to tie sun of the products of all the elements »f rnss in the frune length
and their resnective rccelerations.
af =Efn, a (1)
During the entire test the risit merder of Eq. (1) is given very nearly
by the relation
2:.Sky:ak_= %/, A Xa (2)
where/, . A and)l refer to tio ori;;ii.i“'nl density, cross-sectionnl nrea, and
gruze lencth, respectively, and whore a referg to the accelerntions of
the usving end.  Thus, before neeckin:, the ~ccelaratinn vrries linerrly
along the specimen fron O to a. Here the rean nccelerntion is 3n.
After the nnset ~f neckin:, half the specinen hns practically nn acceleran-
tinn,e the other half hns rearly the ncceleratiorn a. Asnin the rmean nc-
celeration is given nenrly by %a.
After substitutin~ Eq. (2) into Eq. (1), nnd dividin; the resulting
equntinon by A, one obtains for tie stress difference
As = b/‘xu (3)
If it is nssumed th~t the nnving end of the specimen hns acquired
the velncity v %y the time the specimen hns elongated - distnnce Al.
then the naximua value ofASduring this elongntion will %e n nminimun if it

is a constant. This constant is siven in terms of v and by the eountion.

n=vjeat ()
The sudstitution of the relatinn into Bq. (3) rives the finrl equ-tion
AS =1/4 (NA,Q)/-vZ (5)

-10-




In the ahove equation, all quantities nmust, of course, “e expressed
in A consistent set of units. The correspondin; equntion for iron or
steel in which § 1is e:pressed in units of psi, and v in units of
ft/sec,

= 2
A8 =0.027 (X /AR v° tn pst (§)

This equation is pihtted in Fis. 1 for the typicnl case of § X= 0.1.

wll=
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FIG. ¢4
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