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tensile tests can be used at plastic strain rates fram 10'8 to about 10~

ABSTRACT

The qualitative dependence of the mechanical behavior of same materi
als on straln rate is now well known. But the quantitetive relation
between stress, strain and strain rate has been established for only a
few materials and for only a limited range. This relation, the so called
constitutive equation, must be known before plasticity or plastic wave
propagation theory cen be used to predict the stress or strain distribution
in parts subjected to impact siresses above the yield strength.

In this paper a.brief review of some of the experimental techniques
for measuring the stress, strain, strain rate relationship is given and
some of the difficulties and shortcomings pointed out. Ordinary creep or
1
per second. Special quasi-static tests in which the stress and strain
measuring devices as well as the specimen geametry and support have been
optimized are cépable of giving accurate results to strein rates of about
102 pexr second. At highexr strain rates it 1is shown that wave propagation
effects must be included in the design and analysis of the experiments,
Special testing machines for measuring stress, strain, strain rate relation-

p

ships in compression, tension and shear at strain rates up to 10”7 per second
are described and some of the.results presented. With this type of testing
mechine the analyeis of the dats requires certain assumptions whose valid-
ity depends upon proper aeeign of the equipment. A critical evaluation of

the accuracy in these types of tests is presented,



INTRODUCTION

The mechanical behavior of most materials 1s known to be influenced
greatly by the testing tempersture and to a somewhat less degree by the
rete of deformation., The many studies of the temperature effect have
helped not only the engineer in designing structures at temperature
extremes, but also the scientist in the understanding of the basic plastic
deformation mechanisms., Only more recently have accurate studies of the .
rate effect over wide ranges of strain rate become possible and these
results have been valuable to check prop§sed rate détermining plastic
deformation mechanisms, The necessity of knowing.the effect of rate on
the behavior of materials is not only necessary to scientific endeavors
but also to practical engineering considerations when designing nembers
which are subjected to impacts. Thus under the cambined pressurg_of
scientific as well as practical investigétions of the rate effect, many
schemes bave been devised to measure the stress, strain and strain'rate
over wide ranges of strain rate,

J. M. Krgfft(l) and H. Kblsky(g) have given excellent reviews of
some of the earlier schemes of meaéuring high strein rates. In prior
publications on strain rate effects by the author(3’h’5) the emphasis
'-has been on the material properties and the experimental techniques for
neasuring these properties were not included. In tﬁis paper, after a
brief section on the derivation of pertinent equations, the experimental
techniques use& by the author will be explained and typical results pre-
sented, |

In a simple tension test such as Fig. 1la the load end the initial

apecimen aréé ere known end thus the engineering stress readily defined.
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Also the initial gage 1ength and change in length as a fuhction of time{f."-
cé.n be measured and the engineering strain and strain rate calculated. |

- Then, if one assumes uniform 'strain distribution throughout t.he. gage
éection, the true stress and Strain cen be calculated, But if local..izerd;.
deformation such as a Iuders band or necking occur, the local stress end
strain can only be obtained by mea.suring the elongation in the small A
region where these strains can again be assumed to be uniform. . Si.mila.rly
| if the rate of loading 18 increased greatly, at any instant of time the
load reading at the load cell may be different from the load carried by

| the specimen e.nd the straixi distribution within the gage length msy vary
considerably due to ‘the finite ra.{e of stress and stfain prope,gation.

To obtain useful data at high strain rates the load cell must be sma.]_l
and be in intimate contact with the specimen and the specimen itself must
be very small in order to approach uniform strain distribution in a éhorf.
time, This 18 the vq\w.si-sta.ti'c tésting approach shown in Fig., 1b. I£
assumes that the upper and lower loéd.ing members approach each other at a
known velocity and are essentially infinite in size, If these loading
members have changes in cross section, elastic stress waves within the
members will be i'eflected from thesé discontinuities and cause a peculiar
stepwise loading rate. To avoid this difficulty one can use long slender
elastic input and 6utput bars such as in Fig. lc in which fhe theoretical
sélutions to wave propagation equations e.i'e relatiw}e],v simple'and so the
stress \}'ariation can be predicted a.r;d controlled. In Fig. lc, on ixﬁpact
of the ram with the imput bar a stress wave propagates down the bar past
strain gage A wl;ere the magnitude can be measured. ' On reaching the.speci-

men, part of the wave 1-5 transmitted through the specimen and part is



-3-

reflectéd back towsrd the ram. The‘magnitude of ﬁhe reflected wave

can be measured again at gage A and the stress transmitted through the
specimen can be measured in the output bar with gage B. Eventually

the compressive stress wave is reflec:ted from the free end as a tension
wave and arrives back At t;.he specimen. This unloading wave terminates
the test, 1If properly analyzed, enough data is available from the strain
gages to determine the stress, strain, strain rate of the material in the
specimen, = The anslysis of the data and the 6ptimiza.tion of the experiment
requires some background in simple wave propagation fheory. A review of

the pertinent part of the theory follows.

ELASTIC WAVE PROPAGM_'ION AT DISCONTINUITIES
Fig. 2 derives the pertinent equations describing the reflected

stress G‘r and the transmitted stress C,"'t in. terms of the incoming stress
wave U, end the areas A,, A, and mass densities fl’ f”a. This deriva-
“tion assumes uniaxial stress and thus holds only for slender bars. 'Fig. 3
shows thé repeated applications of equations (4) and ('5) to an example
vhere a 1" long reduced section of 4 the area of the input and output rod
is inserted.' The incoming stress wave ’J'i has a rise time of 2 A-lsec,
Note that the stressiin baxr 1l first rises to ’J‘i, thgn drops due to the
reflection from the discontinuity and then rises again stepwise at 10 jisec,
intervals assymptotically toward G‘i' In the center of the reduced section
the sireésarises at 5 usec intervals to 'che’ equilibrium va.lue-.of 2 O_;

in section 3 the stress rises at 10 jisec intervuls toward the equilibrium

and

value of T g The duration of each step 1s governed by the transit time
of the wave fhrough the reduced section and the sloping part of each step

18 of the same duration, namely that of the rise time.




e

-'Whiievthe'example in Fig. 3 pexrtained to'an area.discontinuity, a ehange
in material in section 2 would produce similar results because’ef_the_
vchenge in modulgs E and densityvj? . Chiddister ané Malvern(é).haye
shown that the effect of a temperature gradient ince uniform bar céusee
similexr stress transients. " In all cases the total time required to
reach the equilibrium value of stfess,depends on both the inpedance

( IS cA) mismatch and on the length of the discontinuity. In a complex
structure subjected to impact the transient stress condition- persists
‘for a long time in the long elements while in the short elements the
stress reaches equilibrium after a short time interval, Both of these
effects must be considered in the design of avdynamic stress -testing

machine as one wishes to have a constant stress of long duretion applied

to the specimen dbut also wants to reach the equilibrium stress distridu~

tion in the sﬁecimen as quickly as possible.

EFFECT OF PLASTIC DEFCRMATION 6N WAVE PROPAGATION

The use of Eq. (3) ih the previous section imﬁlied the assuhption
that dv/ds = E and that E is a constant for a given material. This
assumption is velld for crystalline solids where the stretching of the
‘atomic bonds is nearly 1;hear and rate independent. The asshmption of
constant E for polymers would.certainly not te a good one because the’
- complexAmolecular bonding causes a nonlinear and fate sensitive stress
strain relation, Similarly 4f the stress at any point in a metai exceeds

- the yleld strength,.plastic deformation occurs and dcT/de is no longer

constant, To make use of & unique static stress strain relation in order

%o determine'(dof/d.a ) P] stia\would a priori assume that no strain rate
/, :

Cfabreript)
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effect exists and thus voild any experimental strain rate effect determina-
tion which requires this assumption in thelanalysis. But one can'approach
the problem indirectly, using long elastic members in which the transient
stress conditions can be calculated for loading and measuring and very
short s?ecimens, where equilibrium can be established very rapidly, to

provide the plastic property information.

EXPERIMENTAL TECHNIQUE

Fig. 4 shows three arrangements of a modified split Hopkinson bar
for performing compression, double shear and tension tests on any arbit-
rary material at high strain rates, In each case long elastic input and
Voutput rods are used for stress pulse shaping and measuring. On impact
of the ram with the input bar a step In stress 1s propagated down each.
member. If both the ram and input bar are free of diséontinuities, &8 Ccon-
stant value of stress is obtained whose magnitude depends on the impacﬁ
velocity and the respective impedances ( ¢cA) of the members. If the rem
should contain a discontinuity such as an attached anvil head, the effect
would be similar to the one described in Fig. 3 and a series of steps
woul@ result in the stress wave propagated down each bar., These steps
would make the plasticvanalysis of the specimen more difficult. If an
anvil is required because of insufficient hardness of the ram, the length
of the discontinuity should either be very short so equilibrium is reached
qﬁickiy or it should be very long so the duration of a single step in
stress level is equal to the test duration., The rise time of the stress
wave depends on the pe#fection of aligmment between the impact faces of

the ram and the input bar., With reasonable constraints a rise time of
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2to3 smsec, lS possible on L" diameter input bars. .For the.tensiond
test in Fig. h the rise time of the tension stress in the input bar '
is determined both by the impact of the ram with the transmitter bars .
end the dimensions of the transfer ‘connection, The stress level in the
inpnt bar corresponds to Gf3 and that in the transmitter bar to U‘i

in Fig. 3. Again one bas the choice_ofvmaking thevconnection very short
to achieve rapid equilibridm or to make the connection very longvand use

therfirst step in stress level for the entire test, Ideally then, one

;wishes to have an elastic stress wave of constant amplitude and rapid

rise time to propagate past the input gage and reach the specimen bis-
continuities or even tapered sections in the input bar nay be used if a

nonconstant input stress is. desired ~ But even with uniform sections the

.stress level will fluctuate somewhat because of the transverse stress

'voscillations.in the bars due to the Poisson 8 expansion, The magnitude

of these oscillations can be minimiied by using small diameter bars or
tubes,

The input gages must pro&ide a measurement of the stress level of

" the incoming stress wave and the megnitude of the reflected waves from

the specimen. The output gage provides a measurement of the transmitted

. stress, The measurements can be accomplished by elther straln gages or

velocity gages. Since the behavior in the input and output bars is purely

elastic, E 1s constant and if @ and ‘¢ are known for the material, Eq. (3)

J_relates the stress and particle velocity. Velocity transducers which do

not reqpire a discontinuity in the bear have been used by Ripperger and

Yeakley(T) and Malvern and Efron( ) but these gages are difficult to
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construct andvcalibrate. It 1s easier to use symmetrically mounted

strein gages, wired in such a way as to cancel stresses due éo amy bending
moment present. If subjected to impact, electric stfain gages reguire the
use of normagnetic gage and rod material to .avoid the signal induced by
magnetostriction, which would appear ec an apparent strain.. The gages must
be mounted with a thin layer of nonurittle cement to give a true reading

and not break off due to the high shock loed. The electrical connections
must be made with a minimum of solder and with fine wire or ribbon to reduce
the overall mass and thus minimize the load on the cement because the gages
are subjected to high accelerations by the passing stress waves. (The par-
ticle velocity in the bar may go from zero to about 100 ft/sec in 3 /A&sec.)
Because of the high harmonic content of a sharply rising square wave, the
electronlc signal amplifiers must have a wide band pass or the filtering
action of the circuits removes some of the information required for analysis.
For optimum results s band pass of 10 MC or greater is desirable. The ampli-
fied input and output signals are displayed on single sweep oscillloscopes |

and recorded by means of a camera mounted on the scope. The overall experi-

mental arrangement is shown in Fig. 5.

ANALYSIS OF THE MEASUREMLNTS
As was shown in Fig. 3, reflections and transient stress Qaves arise
even in a completely elastic specimen. These transients can be accounted
for by the use of Equations (53 and (é). But if plastic deformation takes
place in the specimen, the transient stress waves will differ from fhose
predicted by the elastic analysis, and it 1z this difference that contains |

the Information as to the plastic behavior of the specimen. Since the input
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and output rods remainbinlfhe elasticf%tgte et aii'times, the_stressiénd'
particle velocipy can be determined for section I and II in ?ig; ) at all
times.'.These”sections ere common.to the bers and the specimen and so the _If
stress and particle velocity at each end of the gage section is known If

. the specimen is small enough so that the transit time for uhe elastic wave
is short, equillbrium throughout the specimen is rapidly established and

‘ plastic deformation takes place uni*ormly within the specimen The elaetic
rods at the ends of the specimen constraln the lateral plastic deformation
scmewhat due to.friction but with a good sur;ace_flnish on thevrods and a
light £film of lubricant the finnl shapevof the deformed compression specimens" ,
‘shows little barreling below 15% strain. This lateral constraint neverthe-—-.
less limits the minimum thickness of the specimen.

The mathematical analysis for obtaining the streso strain, strain rate
data has been presented previously(3) but is included here in a more complete.
.form. o | o |

In Fig. la, on impact of the ram, a compressivcvéﬁreSS.1CFi-propagates
down the input bar and is partially>reflected on réeching tne épecimen.

This reflected strees Cf; due to-the impedance mismatch at ﬁhe inferface I :
propagates back toward the ram past the inputvgage; The input gage then
records ( CTi -,(T}). At interface i, phat'part of the input stress which
the specimen can support is transmitted as (Tt. As the specimen strain--
pardcna, higher stress can be supported and CTt increases while CT;
decreases as & function of time. The transmitted stress Cﬁ; in turn is

: partially'reflecﬁed at interface II as 'CTivand the stress sy% 1s trans-.

mitted Iinto the output bar and recorded at the output gage. The reflected"
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part of J-t at interface IT is reflected back and forth within the specimen

and soon reaches the equilibrium distribution (see U" yin Fig. 3)

Considering the equilibrium of forces at I and II we have -
= F,. 7 (U}_--G.I_)Alnl TLA,
EFy—~ (O - O‘;‘)Ae - O%Al

" where all stresses are measured at the same instant of time. The average

stress in the speclmen 1s then

Tavg ™ £ GI+ Jrp)

(6)

BT ) (GG T A
Avg 2 2 A,
where all the stresses are measured at I and II. Actually ( Jy - O‘;) end
a. y ere measured at the gages but they can be phased properly in time to |
permit calculations‘ of the average stress in the specimen.
The displacements XI and XII at the input and output ends of the speci-

" men can be computed using Equation {3) and setting the particle velocity v

in the bars equal 't:o-g-){;-c
ax =T a

] t
-—c-j (_U‘i- G;.)dt

' 1
t
and X = -—- j j U‘Ldt
t Jc t
o J a/e,
where c2 is the wave velocity in the specimen and a is the gage length, For

very short specimens the lower time limit correction for xn beccmes
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negligible.

The average strain in the specimen of gagé léﬁgth a will then be

Avg a

- X '
g, - L ' ycaLf (H-J)at j;/cGldJ S

and the average strain rate

E; ac <CT£ - CT;)' G%
avg" & T g ca

(8)
Fig. 6 shows the procedure for the graphical solution of Equations (7) and

(8).

EXAMPLES OF RESULTS

Fig. T 1llustrates the use of equations (4) and (5) to predict ﬁhe.
-fransient stress at station CE) ;n the elastic bar with a single change
in cross section. In the ﬁeasﬁrgd record the rise.time is -about 10 /usec.
and the psciilations on the first step are due to lateral vibrations excited
by the lateral Poissons expansion. In the fourth step on.the stress curve,
tbe first reflection ffom the free end arrives vith the @uch iarger ampli-
tudes of oscillations from theithick section. From that time on there is
eppreciable deviation of the observed record from the predicted wave shape,
?herefore, the one dimensional elastic analy;is used is not very accurate
when one attempts to predlct stress waves in thick sections,

The experimental results of a plaéticalxy_dcforming compression speci-
men are shown in Fig., 8, The 0.4" long 3/&" dlameter tubular Al specimen

was held between two hardened Al tubes of the same cross section. The

' experimental arrangement and analysis are as shown in Fig, 6. The resulting
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stresses, strains and strein rates at three points are indicéted. Althougn
the example shown in Fig. 8 shows poor alignment and large oscillations,
'the overall strain measured on the specimen after the exﬁeriment was within
5% of the tétal strain predicted in the analysis.

By performing a series of experiments using different gage length and
impact velocitiles, the constitutive equation curves for the material at a
particular temperature can be constructed as shown 1in Fig. 9. This par-
ticular stress, straln, strain fate relation has been used vy Rajnak and
Hauser(h) t; predict the final shape of a long tubular cylinder impacted
at one end and free at the other. The final "trumpet" shape of the tube
was calculated using the method of characterlstics to solve the governing
plastic wave propagation equations. Unfortunately, even with the simple
boundary conditions in that problem, the solution necessitated the lengthy
use of a computer, but the final predicted strain distribution sgreed very
closely to the measured distribution,.

In Fig. 9 it can be seen that almost identical results are obtained
for long speci@ens impacted at high.velocities (such as #150) or short
specimens at low velocities (#140). At the same strain and strain rate the
measured flow stresses are equal indicating the negligible effect that the
vdifference in ratio of end constrained volume to total volume produces,

As an example of a more strain rate sensitive material, the stress,
strain, strain rate relation for a type 304 stainless steel are shown in
Fig. 10. Here the static tests are also included showing the effect of
changing the strain rates by seven orders of magnitude, The maximum strain

rate attained in these tests was lﬁnited by the maximum velocity of the
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inpact ram (1000 inch/sec.). The Ti input ahd output bais used in this
test have a yield s rength of 150 ksi and this strength would impose a .
new upper stress limit if a higher velocity impact source were avaiiabie.

The final example shows the experimental records obtained whén test;
ing a brittlevmaterial.. Gabbro rock, which normally crumbies at a com-
pressive stress of about 30 ksi, withstood over 65 ksi for about 3 esec,
when loaded rapidly as shown in Fig. 11. The dip in the input bar stress
at ko /(sec. corresponds to the elastic compression of the rock while the
dip at aboui L A¢sec. in both records corresponds to the stepwise crumbling
of the material., Other tests on single crystals of Mg0 show steps.on the
rising part of the output bar stress, indicating some possible local yielding
or cracking before final failure. Similarly to the delay time for crumbling

measured in Fig. 11, the delay time for onset of plastic deformation in-

steels can be measured by the same method.

| LIMITATIONS OF THE TESTER

The test éqpipment described permits the determinatién of the stress,
.,st£ain, strain rate relation of many materialé in the rénge from 100 per
sec, to about 100,000 per sec, However there are ceftain,limitations
inherent in the method. As the.analysis assumes equilibrium conditions in
the sample being deformed, and this condition does not exist during the '

first few /atseconds of the test, the data obtained at very low strain

Cyal

values is not reliable.’ Proper desigh of thé equipment helps, but the
problem can onxy be minimized and not eliminated. The upper limit of
strain rate and stress are determined by the yield strength of the input

bar. If plastic deformation takes place in this bar, the analysis as
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described no longer applies, as the position of the interface between
specimen and bar cen no longer be determined by the elastic equation (3).
Finglly, the operation of the tester and the inte:pretation of the records
reqﬁires a thorough understanding of the mechanicel and electrical systems
involved. This unfortunately prevents the procedure from becaming a simple;
routine test. But as a researcﬁ tool, the tester cperated by man& different
students at the University of Californis has yielded heretofore unavailable
high strain rate information and this datae has been of great help in

research on basic deformation and fracture mechanisms,
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STRESS DISTRIBUTION IN A STEPPED BAR.
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