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PREFACE

The research reported here is a continuation of a program
which was initiated November 1, 1957 under the sponsorship of
Department 5130 of the Sandia Corporation, Contract No., AT(29-2)-621.
In the \york previously reported under this contract, the stress-strain
characteristics of materials were determined by measuring both stress
and strain as a function of-tirne and then colmbiningAthese measurements
to obtain stress as a function of strain. To'do this, however, certain
basic assumptions were required. : As the work progressed and -the
results were studied, it became evident that the assumptions and the
experimental techniques shouldbe critically reviewed. A review of the
assumpfions that had been made regarding. the distribution of strain
along the length of the specimen during impaét, and the variation in
strain rate with time during the impact; motivated the investigation
described here. |

It will be noted that whereas originally information concerning
the stress?sfcrain characteristics of materials at ﬁigh strain rates had
been sought as an aid in analyzing piastic wave propagation, in this
work, present tl;xeories of plastic wave propagation are used in conjunc-
tion with experimental results to obtain stress-strain charaéteristics.
This indirect approach promises to be more fruitful than the direct

approach fellowed in previous work,
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Experimental and Theoretical Analysis of Plastic Impacts on

Short Cylinders, the title of this report, is also the title of a thesis

prepared by Charles H, Karnes in partial fulfullment of the require-
ments for a Master of Science degree. The results presented here are
essentially a reproduction of that thesis, with some additional material.
On behalf of the author and myself, I would like to acknowledge
\

the contributions of others, and to express our gratitude to the personnel

of Department 5130 for making this research possible.

"J. Neils Thompson
Director
,, Structural Mechanics Research Laboratory
The University of Texas
Austin, Texas

June 21, 1960
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ABSTRACT

The effects of strain rate on the stress-strain characteristics
o.f' c;)ppez; and lead were studied by meaéurihg both stress and strain
as func_tions §f time using short cylindrical specimens supported at
one ena on a modified Hopkinson pressure bar and impacted at the
other eﬁd by a steel projectile. Corre'sponding stresses and strains
_v‘vevi“'e computed according to an elementary ndnsfrain-rate theory
(sometimes referred to as the von Karman theory) in which the dynanﬁc
~ stress-strain curve is assumed to be the same as the static stress-
s‘tr;.in curve. Stresses and strains were also computed according to
an elemehtary strain-rate theory (sometimes-referred to as the
Malvern theory)- in which the dynamic'stre‘ss may exceed the static
stress for a given strain by an amount which depe_nds upon the strain
rate.

It was found that the predictions of the nonstrain-rate theory
agreed with measured values only for low impact velocities and-for
points at least two diafneters from the impact end of the specimen.
By proper .cboice of the flow or relaxation constant in the elementary
strain—raté theory, measured and computed values of strain, or of
stress, but not both simultaneously, could be brought into agreement,
In the more general exponential-type, strain-rate law, two independent
parameters appear. Presumably with two constants to adjust, this
theory could be madg to correctly predict both stresses and strains

for the conditions under which the tests were performed, If this

xi1



‘procedure forces the theory to account for variations which are actually
caused by lateral inertia and shear, erroneous conclusions regarding
the properties of the material will be drawn, Further study of the

effects of éhear and lateral inertia is indicated.
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INTRODUCTION

In stu.dies of the effeét of strain rate on the stress-strain
characterist'ics of materials, it is cssentialA tﬁat the measuremeﬁts
- be made at-a constant strain rate. To obtain a constant and controllable
strain rate in the work which has been done during the past two years
in the‘Strucltural Mechanics Research Laboratory, short cylindrical
. specimens 2 in. or less in length were supported with one end against
a steel pressure bar, and impacted at the other .end by a steel projectile
with a large mass' relative to the mass of the specimen, moving at
vel;)cities ranging from 30.to 500 fps. Under these conditions, the
projeétile will continue to move at virtually a constant velocity for an
appreciable time after impact,

It was expected that dﬁring the early part of the impact, the strain
at a give}l point in the specimen would increase in a stepwise fashion as the
strain wave‘s‘gerne,ratéd by the impact reflected back and forth between the
:p-roje'ctil'e and the semifixed end at the pressure bar, but that a smooth
‘curve drawn,thro‘u'gh the steps in the actual strain record would give a
close approximation of the strain variation with tirﬁe and would provide
a measure of strain rate, o

It had been assumed in the previous work that in these short
specimens, strain would be uniformly distributed along the length,

This assumption led to the conclusion that the strain rate should be pfo-



portional to the ratio of impact velocity to specimen length, and, like-
wise, ‘strain at any poini in the specimen should be the displacement of
the projectile after initial c'éntact wi‘th’the specimen, divided by the
length of the specimen, These assumptions and deductions were used as
a basis for the determination of dynamic stress-s'train ;:haracterist;ics;

'~ at high strain rates, 1,2 |

When preliminary strain measurements on the specimens not
only failed to reveal any steps in the strain-time records, but also
indicated a considerable variation in straiﬂ along the length of the
specimen, it was obvious that at least some aspects of the previous
approach to the measurement of dynamic stress-strain characteristics
would have to be abandoned and a new approach developed.

One of the principal reasons for obtaining dynamic stress-strain
characteristics in the first place was the need for such information in
plastic wave propagation studies. Since any attempt to make direct
measurements of stress or strain developed by impact always involves
the propagation éf waves and is complicated by the -l;resence of the waves,
it seems that here is an enemy that can not be defeated, and hence, should
be joined. The waves should be used somehow to infer the dynamic stress-
strain charécteristicé of the material,

Further reflection on this problem led to the conclusion that the
best approach possible to a solution would be to measure strains with
gages mounted directly on the specimen and to measuije the stress at one
end of the specimen by using the Hopkinson pressure bar, and then com-

pare these measured values with predicted values, the predictions being



based on each of the two theories of lorigitudinal plastic wave propogation
that have been proposed. From these comparfsons, it is hoped that it
may be possible to infer the exact nature of the dynamic properties of
the material. |
As a consequence of this reasoning, an extensive study was

initiated of the strain variations with time at the impact end and the
v#riation of both stress and strain at the other end of short specimens.
Previous investigators studying plastic wave propagation have gll used
bars long enough to be regarded as infinitely long, but this made it
impossible to measure the stress at any point in the bar. In the present
study, short specimens have been used to make it possible to measure
stresses with the pressure-bar technique at a point where the strains
are still in the plastic range. The short specimen and the pressure
bar coniplica;te the theoretical calculation of the stresses and strains
but not to a prohibitive extent.

'fhere are, as previously mentioned, two theories of plastic
wave propagation in bars now compéting somewhat in the theoretical
'market plage. The first of these, feferred to as ;he nonstrain-rate
theory, (sometimes called the von Karman theory) is based upon an
idea first suggested by Donnell3 and later developed by von Karman,
and Ta.ylor5 independently. In this theory, the material is assumed to
folhow the same stress-strain relationship under dynamic loading as it
foilows under static loading. From this, it follows that for plane waves
in bars, the velocity of propagation must be proportional to the square

root of the tangent modulus. The second theory, referred to as the



strain-rate ‘the}ory and sometimes called the Ma.lvern6 theory, is based
upon the assumption that the stress at a given dynamic strain is increased
over what it would be for a static strain of the same magnitude by an
amount tﬁat is proportional to the strain rate.

In the following sections essential details of the two theories are
presented and the fnethods used for computing stress and strain are N
described. The technique and equipment used for measuring stress and
strain are described. Meadsured values are compared with computéd

. values and some conclusions are drawn regarding the significance of

the results.



'THEORETICAL DETERMINATION OF STRAIN DISTRIBUTION

The problem to be considered is that of a rigid projectile
impacting a short cylinder which is mounted on a steel pressure bar

as shown in Fig. 1.

Vo
—

‘-d—l_ '
| | B E

: i  STEEL PRESSURE BAR '
A (Gl) ‘ d j : 8

SPECIMEN T

PROJECTILE

L =3
d

FIG. |, SCHEMATIC OF PROBLEM

The projectile is considered rigid in the problem because it
is made of steel which is stiffer than the specimen and its cross-
sectional area is large compared to that of the speAcimen and pressure

bar,

Nonstrain-Rate Theory

In the nonstrain-rate theory, the assumption is made that the



static stress-strain curve is unique for the material in question and
does not:depend on strain rate. With this assumption as a basis,
the relationships between propagational velocity and particle velocity

with strain are developed as follows.

FIG. 2, STRESS WAVE TRAVELING IN SPECIMEN

Consider a specimen és shown in Fig. 2, in which a stress
wave is traveling in the x-direction. If the front of the Wave has
passed the element bounded By the planes of Xy and X5s fhé_n a free

body diagram ‘of' the element may be drawn as shown in Fig. 3.

f— A X —*1
o %
_V..
: 2 .

FIG. 3, FREE BODY DIAGRAM OF ELEMENT



The equation of motion for the element is

i 2
: ]
EFx = (u‘2 - O'I)A = pAAX -;;121 ————— (la)
and in the limit
‘ 2
oo a
x - P ;“E """ (1b)
t

‘where the displacement of the element from its original position

in the bar is u., The strain is

In accordance with the basic assumption, the stress is a function of

strain only, thatis

o = ofe)
Therefore 8 _ do 8% _ do 2% - (3
| T & w T ® L2 - )

%u _ 2 8%
a2 '



X 1/2 , .
where C = [—E g%] -- - - - | (5)

is the propagational velocity of a stress wave whose amplitude is
‘cr and %g- is the slope of o(e) at the stress o.

~The particle velocity, v, may be computed by applying
the principle of impulsé and-.momenh‘lm to the element. The
“impulse is produced hy the diffe_rential force, Ado, acting on the
element for a time céorr,esi:onding to the time required for the stress

‘wave to travel the length dx. The velocity of the element changes

by an increment dV in that time and the change in momentum is

p AdxdV =—Adcr% Soa oo (6)
‘or dV:--bl-%'; ' - - - - (7

where C is determined by the stress, o. The total change in

particle velocity during the paséage of any part of a stress wave is
_— 1 72 do
Vo-V1 % -3 § < (8)
71

If a specimen is impacted with a velocity, Vo’ which must be

the particle velocity at the impact end, since the projectile is



regarded as rigid, then the maximum stress generated at the impact

end is determined by Eq. (8) where V1 and ¢, are zero. If o

1 2

is greater than the yield stress, the shape of the stress wave will

change as it travels down the bar, This is illustrated in Fig. 4.

a
w Oy
o
-
w
T Co_ FA =
1 L x
i U [N . ty
X, X Xp Xy

|l % DISTANCE ALONG BAR

FIG. 4 , DISTORTION OF PLASTIC WAVE

At time tl’ immediately after impact, _the wave has traveled a short
distance x). At time, tZ' the elastic front of the wave has traveled
a distance x, = CotZ' but the stress o has traveled a distance
of x = Ctz. Thus, thé wave is becoming more and more distorted
as it travels down the specimen.

If the stress wave generatéed on impact is considered to be

made up of a series of finite steps, each traveling at a velocity

determined by the stress level, the passage of the wave along the



spe cimen and the reflections at the interface between the specimen

and pressure bar can be analyzed by copsidering each step separately

as it is reflected off the pressure bar and is superposed on the subse-
quent steps following behind it. Fig. 5 illugtrates how a wave consisting

of finite steps is distorted as it travels down a specimen.

STRESS:-

L— C

—— Co

p—s=—-  DISTANCE FROM IMPACT END

FIG. ‘5, DISTORTION OF WAVE APPROXIMATED BY
'SERIES OF FINITE STEPS

Reflections at a fixed end. 7 Consider a point, p; near a fixed
end of a specimen in which a stress wave of magnitude 'O'i is propa-
gating. The,passing stress wave will impart to p a velocity ViA
determined 'by'Eq.. (8) or

1 (% do |
Vi--;fo T ----- (9)

10



11

This particle velocity remains constant until after the wave

reflected from the fixed end passes point p traveling in the opposite
direction, 'Since the velocity at the fixed end must be zero, the
reflected wé,ve must provide a particle velocity which exactly cancels
V.. |

1

Therefore, for a ﬁxed end

1(" o, L(Td 1 (T 1 (g
P P ‘T\ip o [ o <
v i . .
or ?.Vi =‘Vt S e (11)
1 (%t do
_ - where Vt = FS‘O ol | .- - (12)

V"t is not to be interpfete‘d as the resultant particle velocity after passage
of the reflected wave,' but only as the integral given m Eq. (12). The
stress .o, is the total stress at the end of the bar after the reflection
takes. pla.ce.

The value of V as a function of stress may be computed by
obtaining the propagational velocity as a function of stress and
performing the nécessary numerical integration, C and V for |
commercially pure coppér and Tellurium lead are shown as functions

of strain in Figs. 6 and 7. These curves were computed from the

static stress-strain curves shown in Figs, 8 and 9.
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Because of the nature of the equations, it is sometimes more
convenient t6 manipulate the value of V which is determined by the
stress, rather than to manipulate the stress itself. For instance,
Fig. 10 shows the value of V bef_,,ore. and after a stress wave of
ma._gnitude‘ T, has reflected off a fixed end. Although Vt' is equal

to ZVi, o, is less than 2.0-i if the proportibnal limit has been exceeded,

t

Reflection at a semifixed end. Since the pressure bar on.

which the specimens were mounted is made of steel and has the
sé.me diameter as the specimens, it cannot be considered absolutely
rigid as compared to copper specimens, Consequently, an analysis
that considers the elastic properties of the steel bar must be made.
Consider a stress wave of magnitude o, approaching a dis'—

éontinuity in material as in Fig, 11. The total change in velocity
. of particles M é.nd_ ,-N on either side of the discdntinuity must be the
same since, after the wave reflectes from and passes through the
discontinuity, both particles must have the same velocity. The

total. change in velocity of point M is

-1 S“’i do , 1 g"t do
av, = L ¢ L {tde P § )
M pl () _C-i pl O'i Cl ’

which must be equal to

16
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Therefore .
_lg"i@.- Lg"t_d_z-i 5 ggzig“td_v s
P11 vo Cl Pl Y% Cl P1 Yo C1 P2 o CZ
or
' . ' v o
1 t ¢ t .
_Z_S‘l%‘f_=_§ 4(‘;.}E+_1_S’ (%E ..... (16)
P de M1 P1 Yo 1 P2 Jo 2

In this particular problem C2 is constant since the yield stress of

the steel pressure bar is not exceeded. Therefore, Eq. (16)

becomes
2 % ade 1 t do Tt
—_— .C_ [ J— C..-- 4 = c T (17)
P1 Yo *1 P Jo M1 P22 :

which is the equation relating the incident to the resultant. stress.

It can be solved graphically in the following manner. In Fig. 12,

- each term of Eq. (17) is plotted as well as the sum of the two terms
on the right-hand side. Point (a) on curve B is determined by the

magnitude of the incident stress, o, Or the incident particle
1

velocity Vil. A line is extended upward until it intersects curve D
(point b) which determines ZV.i.l. The ordinate of point (b) must be

equal to the right-hand side of Eq. (17). Therefore, a line drawn
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horizontally from point (b) to curve C determines the value of

o, (point ¢), The magnitude of Vt and Vtr , the transmitted

t 1 1

particle velocity, is determined by extending a line vertically
downward to curves B and A, respectively. |

The previousiy described method must not be used if the
material at the aiscontinuity is already under a state of stress and
is in motion as if an earlier stress wave had passed the section.” For

instance, in Fig. 13, a stress wave o, has passed the discontinuity

. 1
and has resulted in total and transmitted stresses of Ty and
1
o,._ , respectively. Another stress wave of magnitude ¢, - o
trl . 1, t1
approaches the discontinuity superimposed on L The problem
1
is to find o, and Top * Again, the impulse-momentum principle
2 2
is used to find the final particle velocity. Before o, arrives,
' 2
points p and q have equal velocities given by Eq. (13) and (14) or
: 0.
vo=- Lt (Tha, 2 (o
Py P1 % Cl P %, Ci so--- 18
i
and 1
¢ Tt
. 1 gt do 1
v = - ] — = ¢ —— .- - - (19)
9 P; o C2 P2C2

After the second reflected wave has passed points p and q,

the velocities must be

21
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and

o t t
' :V__l_g‘tz_dl=v__z.c—l - - - (21)
EY) 4 P2 Vg 2 4 Pa*2

Combining Eqs. (18), (19), (20), and (21), and equating the final

velocities of points p and. q vyields

" o, o, o
zgll%Jriglzgg,__zgtl%_a
P1 %o 1 P1 1 P % 1
[+
o t
. 1 t, do 2
S 2 9 4 . e (22)
P Jo & P,C>
or
2V 42V -2V_ = V_+V. - (23)
1 a 1 T2 2

~where the V's in Eq. (23) are understood to be defined by Eqs. (9) or
(22) and are not particle velocities themselves.

The st\ate of the material before the wave T, arrives is
2 .
determined by o, , which locates points 4, b, ¢, and d in Fig. 12.
i :
. ‘ o1 o
The ordinate of point b is the first term in Eq. (22). The second

term is equal to the ordinate of point g which is determined by

o, - Point h is obtained by extending a vertical line through ¢ until
2
it intersects a horizontal line through g. The third term in Eq. (22)

. is the ordinate of point j and is determined by L Therefore, the
' 1



left side of Eq. (22) must be
oc + (oh - 0)). = oc +3h e e - m - (24)

If ck is laid off to equal _]_h and a line is drawn horizontally from
k to curve C, then the ordinate of point n is equal to the right-

hand side of Eq., (22) and determines LA the magnitude of the

2
reflected strcaas after the passagce of the second wave,
This process may be used to construct graphically not only the
final value of s'tress after a wave front has passed, but also the inter-

mediate values if the wave is constructed of finite steps as in Fig. 5,

Meeting of wave fronts, When a stress wave travels down a

bar and is partially reflected off a discontinuity, there is a possibility

that the reflected portion will meet another front erhanating from the

24

* :
original source., This would produce a situation illustrated in Fig. 14.

It is desired to determine the magnitude of the resultant stress, L
propagating away from the meeting point in both directions.
Consider points p and q on either side of the meeting plane m.

Before Ty and o3 appi'oach section m, the velocities of points p

and- q must be equal and are.given by

(2
v = =1 5 1 dc . (25)
P 9 P Yo C

*The meeting of two stress waves can be thought of as
producing a reflection since both the stresses and the particle
velocities must be equal across the meeting surface. This
requirement produces waves of equal magnitude traveling in
opposite directions.
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After the wave front generating o, passes point p, Vp becomes

'V =V _%§02d"=_lg‘azﬂ .....

P, Py Jg C P

1

The reflected stress wave ¢, reduces that velocity to

N it Nt s “ra? gt g “t®

<
o
-9
)
)
ofv
oL/ﬁ
Q

3]

[o N

al§

+

'Olr—a
\/)
q

L

[oR

ol§

In the meantime, point q has attained a velocity giveri by

__1§"1 g+_1§“3£_1§“495
A P, © p(,lC p.3C

2 S""l do , 2 §G3 de 1 5“4 do
Vv R _t = —_— - — —_—
q4 p “o C P Jo C P o C

Obviously, the final velocities of points p and q must be equal,

therefore equating them yields

1?“4$=1§“2§z+1§“32-1§“1§£‘
pJ, C PJ, C p . C P J, C

e N Nt gt S s

(28)

(29)



Since o, , G and L are all known, o, may then be computed with

1

the aid of a V versus ¢ curve such as curve B of Fig. 12.

4

Diagrams of state, A diagram of state is a graph on which

the state of stress“of a bar is given as a function of position along

the bar and time afte;‘ impact, Since there are three quantities

involved, i.e., stress (or strain), distance, and time; the

graph should be three-dimensional in ordér to visualize its

construction. | |

1. Copper. Fig. 15 ié the diagram olf state of a commer-
cially pure copper cylindér with one end fixed which
has been str'uck w1th é. rigid pfojectile moving at a
velocity of 780 inches per second (ips-). The coor-
dinates of distance and time are nondimensional;
distance is given in terms of specimen length, I(_., '
and time is in terms of the propagational velocity of
the elastic wave, Co’ and the specimen length. The
time when the elastic wave reaches the end of the
specimen is always unity, regarciless of si;ecimen
length,
. The stress' wave resulting from the impact is

approximated by ten finite steps .repre‘sented by the
ten straight lines radiating from the origin in Fig. 15,
Each step is traveling at a velocity determined by its

position on the stress-strain curve, The velocity in

turn determines the slope of the characteristic lines

27
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represenfing'the individual steps. In order to facilitate
the construction of the diagram of state, the stress
wave is divided into ten équal particle velocity incre-
ments of 78 ips each., This enables the stress resulting
Awhen. a step is reflected off the fixed end or off other
steps to be compufed wit_h the least effort, It can be
- seen 'tha't the first steps to be reflected off the fixed
' end interfere with the slower moving steps.of the ‘
inéident wave, The interferences prodtice higher
‘stresses for both the incident and reflected steps
which result in still lower propagational velocities,

The lower propagational velocities cause the charac-
tefis_tic lines. to be steeper with respect to the distance
“axis, ‘The resulting figure is a series of polygons whose
time durations gradually increase. Each polygvorl1 shown

in the figure and marked with a number represents a
- particular state,
f‘ox; instance, in all pol&gons marked (7), the
stresses and strains are equé,l and are constant through-
out, If the diagram were plotted in three dimensions
- with stress or strain as the third dimension, €ach
. 'poly'gon would form a p]..ateau. of constant stress or
strain. The values of stress, 'strain, wave veloc;ity,

and V (as given by Eq. (9)) are given in Table I for
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TABLE I. Data for Figure 15

Plateau v € ' Cavg v é ;-9
in./sec in., /1n in. /sec psi psec/in,
1 78 - .00055 138,000 8, 200 7.25 1.02
2 156 . 0011 127,000 16,000 7.88 1. 11
3 234 . 0019 105,000 24,800 9.53 1. 34
4 312 .0028 87,000 31,700  11.50 1,62
5 3§0 . 0039 65, 000 | 36,900 15,40 2,17
6 468 . 0055 44,000 40,500 22,80 3,21
7 546 . 0076 28, 000 (42, 900 35.70 5.02
8 624 .0120. 16,000 44,400 62.50 8.80
9 702 . 0156 14,200 45,400 70.40 9.90
10 780 . 0200 13,800 46,400 72.50 10, 21
11 858 . 0244 13,500 47,400 ‘ 74.10 10. 44

each numbered polygon. The reflections of each step

off the fixed end and off later arriving steps were

computed by the generai method described previously..
An example of the use. of the method of computing

the-. resultant stress when two waves traveling in opposite.

directions meet is as follows. The stress distribution

at the time represented by the line T1 in Fig. 15is

similar to that described in Fig. 14 by the solid lines



with the exception that here the two waves meet'ing

are equal. The situation in Figs. 14 and 15 would"
be identical if Cpr Tp O3 a,nd.o'4 were replaced by
T Ogs Tgs and Ty respect1ve;y. It follows from

previous analysis that

, o T o
1S92‘1=2S'8§E_-}.. G . (30)
P o C P J,C

. T @
thch may be solved using the V versus. ¢ curve

for co-ppeAr in Fig, 12, Thé distribution after the wa.ves
meet is aé given by the line TZ..whi_ch.corI"esponds to
the dotted line in Fig. 14.

The diagram of state is usefull in that it portrays
the strain-time history of each point .in the rod, and
also the si:rain distribution throughout the bar at
any time after impact., For ex@plé, if the stress ,andA
strain histories at the fixed end 'were wanted, the.
values given in Table I for the polygons intersected by
the line x /L = 1 would be plotted‘versu..s time. Such
a plof would resﬁlt in the stress and strain-time curves
approximated by the steps shown in Fig, 16. The |
histories at any other point in.the bar could have
Be,en found. by drawing a line parallel to the time axis

through the point in question. The intersection of that

31



80 40
7.0
|
60} 30
™
il

_ sol- w = e ]
;, IIIZJ —‘rr_—:_-.___J__ _~
I | o ‘ 4 /
n 401 ' 20
2 2 4
2 : e
? 30 » //

20 1.0

1.0

oL oL . -

o 30 . 40 50 60 7.0

TIME AFTER IMPACT — —9L°—'

FIG. 16, STRESS AND STRAIN TIME HISTORY FOR COPPER SPECIMEN WITH FIXED END

(43



line with the polygons and the vaiues of the polygons
would determine the required history. A Iﬂot
consisting of finite stepé would be produced. Smooth
‘curves could be drawn through the steps to represenf
the actual history.
~The diégram of state f(;r a.cépper specimen which

will more nearly coincide with the physical problem is
one in which the elastic properties of the steel pressure
bar are considex;ed. Such a diagram is shown in Fig., 17.
- There 'appearé to be little differerice between Fig. 17
and.Fig. 15 whére the eﬁd was 'consideredﬁxed; however,
the characteristic lines near the pdsition x/L =1 in
Fig. 17 are steeper with respect to the. time axis."which
indicates highef propagational velocities and, hence,
lower strains as caﬁ be seen in Fig. 18. Fig. ‘18. |
shows thé stress and strain history for the coppér- at
the elastic bar end'of the specimen. |

Table II lists the information concerning each
plateau iﬁ the dié.gram of state in Fig, 17.

The diagrams in,-Figs. 15 and 17 are for irhpact
- velocities of 780 ips. If the diagram is desired for any
~other impact veloéity, ‘say 390 ips, then of the steps
emanating. from the impact end, only thosé corresponding
to V = 390 ips and below shouid be considered. If Fig. 17

were to be used for an impact velocity of 390 ips, the

33
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TABLE II. Data for Figure 17

Plateau .V % v .C _ %)
ips psi ips

1 .78 . 055 8, 200 138, 000 1.02
1t 89  .063 9, 200 136, 500 1. 04
a 167  .120 17, 600 125, 000 1. 14
at 180  .133 19,000 122, 000 1. 15
b 245  .200 25,700 103, 000 1.37
c 258 ..220 27,400 99, 000 1.42
o' 278 - .240 28,900 95, 000 1.48
d 323 .295 32,600 84, 500 1. 67
336 .312 33,500 81, 500 1. 73

£ 356  .341 35,000 75, 500 1.87
£ 368  .357 36,700 70, 200 2.00
g 401  .410 37,500 62, 000 2.28
"h 414  .435 38,200 58, 000 2.43
f 434 .480 39,200 51, 500 2.74
k 446  .500 39,600 49, 000 2.88
K 510 .651 42,000 35, 000 4.02
L 479  .580 41,000 41,000 3,44
i 492  .610 41,300 38, 500 3. 66
n 512 .657 42,000 35, 000 4,02
P 524  .695 42,300 32,000 4.40
q 588 .900 43,600 22,000 6. 40
q' 630 1,15 44, 200 16, 000 8. 80
r 557  .800 43,200 26, 000 5. 40
8 570  .850 - -43,500 24,000 5.86
t 590  .930 43,700 21,000 6.70
u 602 43, 800 19, 000 7.40

. 990



TABLE II. Data for Figure 17

(Cont'd)
| C
Plateau _V . % v .C - _C?
: ips psi ips
v, 666 '1.35 44,800 14, 500 9.7
w 708  1.59 45, 500 14, 000 10. 1
x - 635 1,18 44,400 15, 800 8.9
v 648  1.26 44, 600 15,000 9.4
z 668 1,35 44, 800 14, 500 9.7
wt 825  2.25 47,000 13,500 10. 4
a 680  1.43 45,000 14, 500 9.7
B 744 1.80 46,000 14,000 10. 1
v 786 . 2.03 46,400 13, 800 10. 2
A 713 1,53 45,300 14, 200 - 9.9
e 726 1.69 45, 700 14, 000 10. 1
4 756  1.86 46,100 14,000 10
n 768  1.93 46, 400 14,000 10
N 832  2.30 47,000 13,500 10. 4
" 791 2.06 47,000 13,500 10. 4
V- 804  2.10 47,000 - 13,500 10. 4
3 834 2.4 48,000 13,000 10. 8
g! 412 . .434 38,200 - 58,000 2.43
0 425 .460 38,800 54,000 2.61
o' - 438 .485° 39,300 . 51,000 2.76
® 445 .500 39,600 49,000 - 2.88
b 458 . 530 40, 200 46, 000 3.06
Pt 478 . 580 41,000 41,000 3.44
Q 457 .530 40,200 - 46,000 3.06
p 470 . 550 40, 500 44, 000 3.21
490 © .600 41,200 39,000 3. 62
- 502 635 41,700 36, 500 3.86
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. characteristic lines separating polygons 5, g, h, j, k,

and k* must be extended without regard for any line

‘resulting from steps- 6 through 10. The continuations

of those lines and their subsequent reflections off the
impact end are shown in Fig. 17. It is seen that for

an impac;t veloc;.ity of 390 ips the first reflection gets
back to the impact end in three times the time it takes
the elastic wave to.travel 'the length of the bar, whereas
for an impact velocity of 780 ips, a much longer time

is required,

Lead. The diagram of state for an impact velocity of 120

ips on a specimen of tellurium lead is shown in Fig. 19.
In the computations the bar end of the specimen was

considered fixed since the relative stiffness of the steel

bar is very large as compared to that of the lead.

Table III contains the pertinent information for
each polygon in the’ﬁgure. |

The stress and strain occurring at the bar end
of the specimen are‘shown in Fig., 20. The quantities
a‘r'e.-'p'lotted in the nondimensional timé units previously

described. An'interesting result of the diagram of state

- for lead is that the strain-time curve increases linearly

up to 0.5 per cent strain, but then.increases much more

rapidly. This sudden.increase.in strain rate is caused by

_the arrival of several wave steps in quick succession

which is the result of their propagational velocities
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being very nearly equal. The nearness of the propa-'
gational velocities is caused by the fact that the static
stress-strain curve has a portion which is very nearly

a straight line as can be seen in Fig. 9.

TABLE IIl. Data for Figure 19

: : C
[o]
Step i\;s €% p¢Si i(;:;s ols
1 5 .020 240 36, 200 1. 000
2 10 . 030 390 35,800 - 1.011
3 15 . 045 595 31,750 1. 141
4 20 . 060 720 28, 200 1.283
5 25 . . 080 850 22,100 | 1. 637
6 30 . 100 940 20, 200 1. 791
7 35 . 125 1040 17,150 2.11
8 40" . 160 1140 13,500 2.68
9 45 .195 1190 10, 000 3.62
10 50 . 240 1220 9, 300 3.89
11 55 .284 1250 8, 900 4.07
12 60 . 330 1280 8, 600 4,21
13 65 . 377 1320 . 8,350 . 4,33
14 70 .428 1350 '8, 100 4.47
15 75 .478 1380 7,950 4,55
16 80 . 530 1420 7, 800 4, 64
17 85 . 584 1455 . 7,680 4,71
18 90 .644 - 1495 7, 600 4,76
19 95 . 708 1540 7,520 4,82
20 100 . 775 1580 7,420 4.88



TABLE III

(cont!d) ;
C
Step .V e% , o . C _Eo
ips psi ips
21 105 .843 1620 7310 4,95
22 110 .920 1660 7150 5.07
23 115 .995 1700 6980 . 5.18
24 120 1.08 1750 6750 5,37
25 125 1.17 1790 6500 5.57
26 130 1.26 1840 6200 5. 84
27 135 1.35 1860 5900 6.14
- 28 140 1.45 1885 5600 6.47
29 145 1.56. °© 1910 5200 6.96
30 150 1.68 1940 4800 7.55
31 155 1.81 1970 4300 8,43
32 160 1.94 2000 3900 - 9. 29

33 165 2,08 2030 3700 9.78

s

Effects. of changes in ¢-¢ curve, If a material under study is

thought to be strain-rate dependent, that is, the stress is a function
of strain rate #s well_as strain, 'then the static stress-strain .'curve
will not determine ‘the state of the material subjected to impact. In
;n e.ffort to determine what effect a change in the stress-strain curve
has ‘on the. results és pr’edictéd by the elementary theory, another
diagram of state and hence, strain-time curve, was cofxsfructed using

a stress-strain curve which was only slightly different from the one



used previously for lead. The second stress-strain curve used had the
same shape as thé first except that the yield stress and all stresses
beyond yield were increased épproximately 450 psi. The two curves
are shown in Fig. 21. Curve B in the figure can be thought of as
that curve resulting whén a speéimen which is strain-rate sensitive is
strained at a high rate, It is, therefore, a dynamic stress-strain
curve. |

TAhe sensitivity of strain and stress-time curves to changes in
the stress-strain curve are shown in Fig, 22. This figure shows the
stress and strain in the material at the bar end of the specimen as a
function of time, The curves are labeled according to the stress-
strain curve used to compute them,

It is obvious that changing the stress-strain curve affects béth
the stress and strain at the bar end, but it is especially significant
that the change affects the stress much more than the strain. This

indicates that strain alone is not a good criterion by which to judge

the validity of the nonstrain-rate theory.
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'Strain-Rate Theory.

A material in which the stress depends not only on the strain
but also on the strain rate is said to be strain-rate sensitive. In

such material, the stress is assumed to be

o = Fe, gy e -ea-- (31)

where ¢ is the plastic strain and &' is thec plastic strain rate. The

elastic slress is assumed to be independent of strain rate, therefore
¢ = E* - - (32)

where é! is the elastic strain rate. If, in Eq. (31) o is an

increasing function of ¢" and €" , then

o= Gle,e) 0 e (33)

will be single-valued and can be obt ained, where ¢ is the total strain,

Combining Eqgs. (32) and (33), the total strain rate becomes

+ Glo, €) ' === (34)

m
1l
&)

The above equation may also be written as -

E¢ = & + glo,¢) i (35)

where

glo,e) = EG(o,¢) ' ---=--(36)



Since the strain ¢ is defined as

d¢ i du bv

9t ~ ot  Jx 9x

where v is the particle velocity. Thus the propagation, according to

the strain-rate theory, is described by the following three equations.

% - g: = 0 Equation of Motion - - - - - (39)
d¢ av

= " 3% = 0 Equation of Continuity- - - - - (40)

%. - -‘3—: = g(o,e) Equation of Material

Behavior - -~ - - (41)

E

~

The function g(&, €) describes the flow or strain rate which
would occur if a constant magnitude stress were applied to the material,

This function is assumed to be of the form

glo,e) =Klg -0 )  —---- (42)

47



where o, = f(e) is the ''static' stress-strain relationship or the

stress-strain curve obtained at a very low strain rate. The function
described in Eq, (42) is a linear approximation of the more general

strain-rate theory formulated by Prahdt16 which was

_ T -o
glo,e) = K1 {exp ( K, ) - ljl e (43).

. The linear approxirhation is made to greatly' simplify the numerical
computations. |

The equations can be solved by the method of characteristics
and in order to facilitate finite difference compﬁtation with a digital

computer the equations are nondimensionalized by introducing the

following definitions and notations.

T = % where: ¢ = actual stress - 1b/in. 2
. .2
_ E = elastic modulus - 1b/in.
€ = €
¢ = strain - nondimensional
v
v = Z:o v = partial velocity - in. /sec
Ct A C'o = NE/p = bar velocity - in. /sec
I
t = time - sec
x = Tx_‘ ‘L. = specimen length - in,
_ KL x = distance from impact end - in.
K = ol

o K = flow constant -.1/sec
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After Eq. (42) and the nondimensional parameters are substi-
tuted into Eqs. (39), (40), and (41), the following equations are

_ obtained:

E 5 —_—_
9x 0ot .
g S oo
ox ot

% X -R(F-5) - (46)
5t ot

The solution of the differential equations by the method of
characteristics involves obtaining the total derivatives of the dependent
variables o, ¢, and v along some arbitrary curve in the x -t plane

expressed in parametric form as

n

_:_:A x (w)

P A o

t(w)

|
"
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The total derivatives are obtained with respect to the para-

meter w and are

do 9 dx 9¢ dt

_— e =t = == e e e (48)
dw 5% dw 5T dw

de de dx 9e dt

v ~ —daw i —7> @ - (49)
W 9% w 3? w

dv . v dx , oV dt |

™ T Wt , ---- - B0

ox 8 :

The above equations along with Eqs. (44), (45), and (46) are six
equations which include six first derivatives, one of each dependent
variable with respect to x and t. The equations are written in matrix

form as follows:

dx dt 0 0 0 0 | _a_‘ET do
aw dw ' o dw
dx dt 9o de
0 0 s £ o0 0 2 de
dw dw 5t dw
dx dat 3 dv
0 0 0 0 & a = ITw
X.
o= | = 1--(51)
1 0 0 0 0 -1 = 0
ot
0 0 0 ‘110 &v 0
ox
v
0 -1 0 1 0 0 A K (o - cs)
ot
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. The resulting set of linear differential equations can be solved for each
of the unknowns unless the determinant of their coefficients vanishes.
The zerés of the determinant yield the characteristics across which
discontinuities must exist if they are present at all. The characteristics

of Eqé. 51 are

[o 9
»
]
[oNY
[n
— S’ s ?
]
]
]
1
]
—
(8,
N
~—

These characteristics are shown in the x-t.plane in Fig. 23.
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- Along these characteristics, Eqs. (44), (45), and (46) reduce to

total differential equations given by the following.

de - do = K(o -Fs) dt along dx = 0 - oo - (53)
do -dv = -K(o - Fs) dt along dx = dt =  ----- (54)
de + dv = -K(E-Fs)d? along dx = -dt = - - - - - (55)

These equations can be solved by writing them as finite-difference
equations expressing the changes in the variables along the prescribed

characteristics. Fig. 24 shows a portion of the network of Fig. 23. If

<—— A X —

FIG. 24 ELEMENT OF CHARACTERISTIC PLANE
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the values of o, €, and v are known at 'poin'ts a, b, and c; then the
finite difference equations will include only the th.ree unknown quantities
at pointvp.' | The values of ¢ and Fs in the right-hand side of Eqs. (53),
(54), and (55) are taken as the avefage values of the quantities between
the two points being considered. Eqs. (53), (54), and (55) in finite

difference notation become

p.
I A
-7 - G, -7 =-K| 5= - =25 at - - - (57)
(T +T, T _tT .
@y -T)+ @ - ) =K B - (=R )| at © - - - (58)

Thesg three equations contain three independent unknowns, ?p’ E:p’ A
and ;p’ and one dependen_t unknown, —&sp’ which is va'function of

—ép. The' function Fs is stored in the computer as a polynomial ine.
The equations are solved by a successive approximation or iteration

process for which a digital computer is best suited. After they are -

simplified, they become:

@-%) -G -5,)=% [(Ei‘l-‘i’l).+ @, -Esb)]At Lo s9)

P pr p °,'sp
along dx = 0
R N i iy g 15 - | at :
@ -7,) - (,-7,)=-K [Gp %p )t O, - "-sa’]—z— (60)

along dx = dt



@ -7 - (% -7) =K [‘?;'I‘F;'l’ tlo E’]'%ﬁ o o

along dx = -dt

'The superscript i represents the it'h approximation.

When the three quantities are obtained for pointp, the computer
may transfer tp an adjacent point and repeat the process.

In order that the unknowns at all of the points within the x -t
space bounded by the lines x = 0, t > Xx, and t <2 -x in Fig. 23

may be computed; four of the six quantities along the lines x =1t

1]

and x = 0 must be known.
If an impact takes place such that the particle velocity at

x = 0 experiences an instantaneous jump, then a discontinuity will

54

propagate along the line x = t, and the material is assumed to behave

elastically at the wave front, That is

a'J = -p CO vj ' : - - = = -
or
o, = -V, . aaaa-
J J
and
. = 9o. i aaa
J J

where ;j' E:i, and -‘;j are the values associated with the discontinuity

at the wave front. The negative sign must be used for a front moving

from left to right because particle velocities to the right are considered
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pbsitive and compressive stresses are negative., It must be emphasized
that Eqs. (62), (63), and (64) apply only at the wave front and that as
the front moves along .the Bar,Eq. (60) applies. If the magnitude of
the velocify step at x = 0 is known, then Egs. (60), (63), and (64)
are sufficient to determine thé stresé, strain, and particle velocity all
. along the characteristic x = t. |

If the particle velocity variation at x = 0 is not a step function,
but has a finite rise timme, then a fine grid must be chosen so that the
time variation of particle velocity can be approximated to a sufficient

degree of accuracy by a series of finite steps.

Reflections at the Ends of the Specimen

If a step in stress of magnitude o, appr'oaches the end of a
copper specimen supported by the steel bar, then any reflection that
occurs will be purely an elastic reflection so that

p‘shcs B pccc

T = . ea- e 65
0—r. psCS + pCCC %3 (65)

where ;r is the magnitude of the step propagating back toward the
impact end and the subscripts s and c denote steel and copper,
respectively. The resultant stress after the reflection is then

¢ =9¢_+o,. +0. e eaaa (66)
(o) 1 r



56

where ;o was the stress present at the end of the spe;:imen when the
step ;i arrived,

A reflected step at the impact end will have the same magnitude
as the incident step since the projectile is assumed to b'e rigid; hence,

"the resultant stress at the impact end after the reflection is

3]
n
al
+

2o, - - - (67)

where 'o_'o was the stress present at the impact end just before the
step Fi arrived. . h |

The governing finite difference equations were solved on the
I.B. M, 650 Digitai Computer in The Univ-ersityiof Texas Computing
Center, Sqme of the results of the computations.iﬁ“eAshown in Figs, 25
and 26, Fig. 25 is a comparison of the stréss-time history at tf'}e bar
end of thel specimen as prediétéd by the stfain-r.ateut‘}ie‘ory with thét
predicted by the nonstrain-rate theory. The stfai‘n;rate éurve was
computed using a vali;e of K "equal to 60 x 10'4 per second, It is.
obvious that the two curves do not agree in either shape or magnitude.
One reason for the disagreement is the fact that é‘step velocity is
assumed at the impact end _and for the strain-rate theory, a large
percentage of the step arrives at the bar end,

The strain-time histories are shown in Fig. 26, These curves would
be in very Agood agreement if it were not for the sudden jump at the

beginning of the. strain-rate curve.



Obviously, the strain-rate curves can be changed by varying the
flow constant K and by varying the particle velocity-time variation
at the impact end. The effects of these variables will be shown in a

later section of this report,
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EXPERIMENTAL TECHNIQUE FOR STRAIN MEASUREMENT

In general, the experimental problem is that of mounting a

copper or lead specimen on a steel pressure bar and subjecting it

to an impact of some kncwn velocity., A schematic diagram of the

setup is shown in Fig. 27.

\ SPECIMEN

STEEL PRESSURE BAR (g

FIG. 27, SCHEMATIC OF EXPERIMENTAL SETUP

The measurements to be made include the impact velocity, the

strain-time variation at sections A and B, and the stress-time varia-

tion at section B which is the interface between the specimen and

pressure bar,

'

Description of Equipment

The equipment used in the experimental work includes a 1. 5-in.-

60.

; bore air gun to fire the projectile against the specimens, a 0. 5-in steel



pressure bar, a mou.ntiﬁg system to hold the specimen in true Align-
ment .with respect to the projectile, a photoelectric system to measure
the impact velocity, and a battery of oscilloscopes and cameras to
recordl:the measured qﬁantities.

Air gun, The 1.5-in, air gunis shown'in Fig. 28. Dry nitrogen
is. aétually used instead of air to operate the gun since it can be obtained
more conveniently than the compressed air. The projectiles are 6, 12,
and 18-in. long and we1gh 3, 6, and 9 1b. respectwely, and are made of
SAE 1060 steel The cylindrical surfaces were case hardened to
Rockwell C-60 to a depth of about 1/8-in. and the end surfaces were
flame,.harde;xed. All thé surfaces were ground and polished. The 48-in.
‘gun barrel has a wall thickness of 0. 625-in, and is made of AISI 4140
steel heat treated to a hardness of Rockwell C-58, The bore is groun&
'and honed to a diameter of Yl.499-in. with tolerances 'of plus 0. 001,
minus 0.000-in. in the last 12 in, and plus 0, 004-in. minus 0. OOO;in.
througﬁout the rest of the barrel. The projectile diameter is I. 4989-in.,
plus 0. OOOO-in. minus 0, 0004-inches. The projectile and barrel are
lubricated with a very light household oil, |

The extreme preC1S1on is necessary so that absolutely no lateral
motion of the projectile is allowed that will produce an oblique. impact.

The principle of operation of this gun is essent‘ially the same

as that for the MK2, MOD O gun described by Benedick. 8
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Pressure bar and alignment system. The pressure bar is a

10-ft piece of 0, 5-in, case hardened, SAE 1060 steel with one end
ground and polished to obtain as flat a seat as possible for the
specimens. The bar is held inside a tube of 1,0-in. inside diameter
and 1. 5-in. outside diameter by four teflon rings spaced throughout
its length. The tube is mounted in two teflon bushings held in a

pair of two-way Universal vises, The vises are used to vary the

alignment of the pressure bar and specimen with respect to the

projectile so that as near a plane impact as possible is obtained. The

pressure bar and mounting system is shown in Fig. 29. The tube,
which is allowed to slide in the teflon bushings, dissipates the excess
kinetic energy by crushing a pad of paper honeycomb placed between
the back end of the tube and a steel and concrete bhattering block.
Thus, after the required measurements are recorded, the projectile
strikes the tube which protects the pressure bar from damage.

Two Type A-7, 1/4-in. strain gages are mounted 2. 5-in. from
the impact end of the pressure bar, The gages are wired into a
Wheatstone bridge so that the symmetric strains are recorded and
the bending strains are cancelled. The system is used to measure
the stress exerted by the specimen on the bar,

Photoelectric system. The impact velocity is calculated by

measuring the time it takes the projectile to cut two narrow beams
of collimated light positioned a known distance apart. A photograph

of the collimating light source and the receiving photomultiplier
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with power supply is shown in Fig. 30. A detailed description of
the entire photoelectric system may be found in Ref. (8).

Instrumentation. The quantities to be recorded are four strain

measurements, one on each side of the specimen at sections A and B
in Fig. 27, a stress as indicated by the gages on the pressure bar and
the output of the photomultiplier which is an indication of the impact
velocity. This requires a minimum of six ouscilloscopes. However,
in order to obtain strain records at various sensitivities and sweep
rates, ten traces are needed. The available scopes included five
Tektronix Model 545's, three Model 535's, and one Model 551. The
Model 551 has a dual-trace beam which results in a total of ten traces
available for recording. Each scope is equipped with a DuMont

Oscilloscope Recording Camera with Polaroid back.

Preparation

The two materials used were commercially pure unannealed
copper and tellurium lead. All of the specimens were 0.5-in. in
diameter. The copper specimens were 0.5, 1.0, and 2. 0-in. long.
The lead specimens were all 1, 0-in. long. All the specimens were
machined from 0. 5-in.. diameter rods.

The specimens were cut to length and the end surfaces faced in
a lathe. The end surfaces were then hand lapped by rubbing them on
No. 400 Emory cloth spread over a hardened, ground, flat surface

made for that purpose. The end surfaces were lapped until all tool
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marks were gone and the ends were flat across. The lapping was
continued until the two end surfaces were as near parallel as could

be measured with a micrometer capable of measuring to 0.0001l-inches.
The end surfaces of the copper were within 0, 0002 radian of being
parallel. The lead specimens were more difficult to lap and the
finishing touches were made by lapping them on a sheet of paper

spread over the flat surface. The paper cut the lead quite satis-
factorily for the purpose. The very tedious preparation procedure

was necessary to insure as near a plane impact as possible,

Mounting the strain gages. The cylindrical surfaces were

prepared for the gages by blasting them with a very fine sand. The
specimens were then cleaned with acetone.

The gages used on the 1,0 and 2. 0-in., specimens were Tatnall
Type C9-111 which are 1/16-in. long. Type C9-1x1-32 gages which have
a length of 1/32-in. were used on the 0.5-in. specimens. The gages
are etched foil mounted on epoxy backing. They were bonded to the
specimens with Armstrong Epoxy Resin Type C-2 with Activator E.
The use of Type C-2 with the foil gages enabled strains as high as
3 per cent to be measured. The resin was heat cured at 230F for
one and one-half hours. The curing also served to stress relieve the
specimens. On every specimen, the gages were mounted as near the
end surfaces as possible. A group of specimens before the gages
were mounted is shown in Fig. 31.

Procedure, After the specimens were prepared and the gages

and lead wires were connected, a shot was ready to be made. The
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particular specimen to be used was mounted on the end of the pressure
bar using a very thin film of Duco cement, The specimen was held
firmly in place until the glue dried to insure as intimate a contact as
possible between the specimen and bar.

The four strain gages on the specimen were connected to four
Wheatstone bridges so that the strains could be recorded individually.
The bridge outputs werc then connected to the various oscilloscopes.

The impact face of the specimen was made to fit flat against
the surface of the projectile to insure a plane impact. Adjustments
were made with the two-way Universal vises and the planeness was
checked carefully by shining a light between the projectile and
specimen. After proper alignment was assured, the projectile was
pushed to the rear of the barrel in firing position.

The scopes were triggered by the projectile coming in contact
with a piece of piano wire protruding in front of the impact face of the
specimen as shown in Fig. 32. The triggering wire is attached through
a 45-volt battery to the external triggering circuits in the scopes.
Fig. 32 also shows the specimen in firing position.

Calibration must be made just before firing since the gages and
specimens are destroyed by the impact. This also helps to minimize
the effects of amplifier drift and other instability factors. The cali-
brations are made by shunting the active leg of the Wheatstone bridge
with a precision resistor which results in an apparent change in
resistance of the strain gage, thus indicating an apparent strain, The

shunt resistor is connected and disconnected rapidly by a mechanical

69



FIG. 32

SPECIMEN AND TRIGGER

<N

- ‘ i :
St 3 &,
~ N .\'

NN

IN FIRING POSITION

70



71

chopper which results in the appearance of two dots or pips on the
oscilloscope screen. The dist_ance between the two pips represents

a known stlrain determined by the value of the shunt resistor., The
scopes recording the output of the four gages on the specimen 'and

the strain gages on the pressure bar are all calibrated in the above
manner, Of c'ourse,‘ the Young's modulus-of the steel pressure bar is
‘used to convei‘t strain to the stress in thé pressure bar,

It is not necessary to calibrate the photoelectric system since
the magnitude of its output is unimpoftant. -The only measured quanti-
ties are the distance between the light slits passing in front of the speci-
" men and the time bétween A'successive‘ steps on the photomultiplier
output signal. Oscilloscope grids, calibration pips, and records are ‘
- all superimposed on the same photograph.

With the calibrations ma‘d'e, the gun is pressurized with dry
nitrogen to the pressure ﬁe.cessary to give the r.equired impact
velocity.

When all preparations for firing have been completed the camera
shutters' are opened aﬂd the gun is fired. | ‘

An example of the photographs obtaingd are displayed in Fig. 33.

The records shown are for one of the 10 fps shots on lead.
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EXPERIMENTAL RESULTS

Copper

The experfmental program for coppér was conducted with
specimen length and impact velocity as the variable parameters.
Lengths of 1/2, 1, and 2-inches and impact velocities of 33, 65, aﬁd
110 tps were included in the proéram. .The diameter, it will be
recalled, of all specimens was 1/2-inch. All three lengths were
impacted at 65 fps and all three velocities were used on l-in,
specimens., The measured results include stress at the bar end as
measured by the pressure bar and strain measured on the specimen
by gages at thg impact end aﬁd the bar end as previously indicated.

Stresses and strains recorded for two 1/2-in. specifnens
impacted at 65 fps are shown in Fig. 34. The maximum stress
indicated for these impacts is 55, 000 psi whereas the maximum
stress on the static stress-strain curve shown in Fig, 8 is only
45, 000 psi. This increase is consistent with results obtained by
other investigators. 1, 2, 10

'The strain curves which begin at t = 0 were recorded from
the gagés at the impact end. The strains at the bar end begin at the
time required for the elastic wave to travel the length of the specimen.
The strains measured at diametrically opposite positions do not always
Eegin at the same instant. This is probably Because the impacts

cannot be exactly plane, which results in a stress-wave front
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| th'a.‘t} is not perpendicular to the specimen axis. The fact that there
are at times wide diécreﬁancies -in strains measured at the same end
of the specimen indicates also that the wave is not uniformA even if it
is plane. The strains at the bar eﬁd,of Shot No. 15 agree reasonably
well, | while those of Shot No, 14 do not. _Noté that the strains at
both the impact and bar ends have approximately the same slope and
continue to increase in a .s.traight line. .

Fig. 35 shows the results for the 65-fps impa;cts on l-in,
sﬁecimens. The stress record for Shot No. 5 was not obtained.
The mdximum stress obtained for the l-in. specimen was approxi-
mately 45, 000 psi. . Previous 'investigatorsl'o*have'shown the maximum
stress for these conditions to be approximately 51, 000 psi. The
strain at the impact end for both shots appears to have reached a
maximum in about 15 pusec instead of continuing to increase as with
the 1/2-in. specimen., The two strain records at the impact end for
Shot No, 5 were identical until one of the signals was lost, probably
" because of a broken gage or lead wire, Because of this, it is surprising
that the strains at the ‘bar end are so different., For Shot No. ’6, strains
at the impact end show a large discrepancy, but those at the bar end are
in very good agreement. This indica;tes that there is little correlation
between the uniformity of the strain wave at the impact and thé bar

ends of the specimen.

N :
Unpublished results obtained in Structural Mechanics Research

Laboratory also indicate the maximum stress for this condition to

be -about 50, 000 psi. '
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Fig. 36 presents the results for the 65-fps shot on the 2-in,
specimens., The maximum stresses are again approximately
45, 000 psi, The strains at the impact end are very similar to those
measured on the 1-in, specimens. This is to be expected, since the
materiél at the impact end must react as if the specimen is Ainﬁnitely
long, at least until a reflection has had time to travel from the bar -
end back to the impact end.

The strains measured at the bar end of tﬁe 2-in. specimens

are much lower thari',those measured on the 1-in. and 1/2-in. specimens,
This is not surprising since the strain wave has had time and distance
in which to become distorted and.flattened.

The results of the 33-fps shot on the l-in. specimens are shown
in Fig. 37.. The maximum stress obtained is approximately the same
as that shown on the static stress-strain éurve. The strains measured
at the impact and bar ends of the specimens were approximately the
same although they differ considerably for the .two shots.

As shown in Fig. 38, th‘e 110-fps impact on the l-in, specimens
produced a maximurﬁ stress of from 48, 000 to 50,000 psi which is
less than that measured on the 1/2-in, specimens impacted at 65 fps,
The stress was lower even though the impact vglocity was higher probabiy
becaus¢ the 1-in; specimens allowed the stress time and distance in
which to spread out ovez; the specimen length, thus reducing its ampli-
tude. |

The strains m.easured  on the l-in. specimens impacted at 110

fps are also shown in Fig. 38, The strains at the impact end increased
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very rapidly to above 3 per cent strain in approximately 10 psec.

_ Although this is much larger than the strains measured on any of the
other specimens, the strains at the bar end are practically the same
as those measured on the 1-in. specimens af 65 fps. An explanatlion ,
for this will be offered later when the experimental results are com-

pared to the results predicted by the ﬁonstrain-rate theory. -

Lead

The shots on lead were made on l-in. specimens at anfimpact
velocity of 10 fps, The results are shown in Fig. 39. On one of the
stress records, oscillations appear that have been‘recorded. pfeviously
in numerous tests on lead. It is not believed that the c;scillations are
caused by the instrumentation, but that they are due to successive
slipping of the sl_ipl planes in the lead and possibly grain boundary.
interference. 1 There is. no indication of these.oscillationis on the
strain records of Fig. 39. The strains recorded at the impact end

for the two shots showed wide scatter while those at the bar end were

very nearly equal.
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.COMPARISON OF EXPERIMENTAL WITH THEORETICAL RESULTS

In the comparisons presented in this section, each of the curves
representing experimental results is an average of all the original
curves obtaingd for a particular test condition. The curves repre-
senting the nonstrain-rate theory were obtained from the diagrams of
state discussed previously. The curves representing-the strain-rate

theory where ‘plo‘tted directly from the digital computer data.

Comparison of Experiment with Nonstrain-Rate Theory

Copper. The stx.'ess-time records as rneAasured by the pressure
bar are compared with those predicted by the elefnentary theory in
Figs, 40 through 45. In each of these figures, there seems to be a
lag between fhe theoretical and the experimental cgurves. The initial
portions of the theoretical curves rise much faster than the experimental
curves. Undoubtedly, this is due partly to the assumption in the theory
that the stress wave begins at the impact end as a step which has zero
rise time. If the initial wave were assumed to have a ri.se time of
three or four pusec, then the first portions of the theoretical stress-
time curves would probably come nearer agreeing with the measured
values. The disagreement is also partly due to‘ the assumption that
the projectile is rigid instead of elastic.

In every case, the maximum stress measured is from 10 to 20

per cent above the theoretical curve with the exception of the’
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33-fps shot on the 1-in., specimens as shown in Fig. 36. In Fig. 41,
the stress measured on the 1-in. specimens impacted at 65 fps is
approximately 10 per cent gréater at the peak, but ;:hen drops to a
value only slightly larger than the theoretical curve as time ihéreases.
The stress me'asured on the 1-in, specimens impacted at 110 fps as
shown in Fig. 42 is 50, 000 psi as compared to the 45, 000 psi pre-
dicted by theory. The greatest difference in the magnitude of
measured and theoretical stresses occurs in Fig. 43 for the 65-fps
impact on the 1/2-in. specimens. The maximum measured stress
is approximately 55, 000 psi while the maximum t};eoretical stress is
only 45, 000 psi.

This is a difference of 10, 000 psi as compared to 5, 000 psi
for the 65-fps shot on the 1-in. specimens. This indicates that
there is definitely a strain-rate effect and that a shorter specimen
.ha.s more effect than a higher impact velocity in producing higher
measured stresses.

In Fig. 44, the maximum stress produced by the 65-fps shot
on the 2-in. specimens is 46, 000 psi which is practically the same as
that produced by the same velocity on the 1-in. specimens. This
pattern has been obtained before in Ref, (10) when it was found that the
maximum stress produced by an impact was affected only slightly
by the length if the length-to-diameter ratio wereAgreater than two

-
and the diameter were held constant,



33-fps shot on the 1-in, specimens as shown in Fig, 36, In Fig. 41,
the stress meas>ure‘d on the 1-in, specimens impacted at 65 fps is
approximately 10 per cent greater at the peak, but then drops to a
value only slightly larger than the theoretical curve as time increases,
The stress measured on the .l-in. specirﬁe,ns impacted at 110 fps as
shown in Fig, 42 is 50, 000 psi as compared to the 45, 000 psi pre-
dictea by theéry. The grcatest dilference in the magnitude of
measured and theoretical stresses occurs in Fig., 43 for the 65-fps
impact on the 1/2-in, specimens. The maximum measured stress
is approximately 55, 000 psi while fhe maximum theoretical stress is
only 45, 000 psi.

This is a difference of 10,.000 psi as compare'd to 5, 000 psi
for the 65-fps shot on the 1-in, specimens. This indicates that
there is definitely a strain-fate effect and that a shorter specimen
has more effect than a highe:r impact velocity in producing higher
.measured stresses,

'In Fig. 44, the maximum stress produced by the 65-fps shot
on the 2-in. specimens is 46, 000 psi which is practically the same as
that produced by the same velocity on the 1-in, specimens. This
pattern has been obtained before in Ref. (9) when it was found that the
maximum stress produced by an impaét was affected only slightly
by the length‘if the lengih—t‘o-aiamet‘er ratio Qere vgreater than two

and the diameter were held constant.
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The comparisons of the measured strains with thosevpredicted
by the theory are shown in Figs. 45 through 49. For every test
condition, the strains measured at the impact end of the specimens
are from 30 to 50 per cent less than those predictéd by theory. The
initial slopes of the measured curves are also considerably lower.
This may be due to the assumption that the projectile is rigid.

The strains measured at the bar end of the l-in., 33 fps and
the 1/2-in., 65-fps tests in Figs. 45 aﬂd 48 are considerably lower
than the theory predicts. However, the bar end strains for the l-in.
65 and 110fps and 2-in., 65-fps tests agree reasonably well with
t he respective theoretical curves as shown in Figs, 46, 47, and 48.

It was mentioned before that the measured strains at the bar
end £01" the 6_5 and 110 fps shots were very nearly equal. The reason
for this can be seen in Fig. 17 which is the diagram of state for copper
mounted on the elastic bar and impacted with a velocity of 65 fps, The
step which represents the maximum étress wave is the plateau numbered
10 in the figure., If the stress waves resulting from(s'tep 10 are
followed down the bar, i.e., steps p, v, § , etc., it can be seen that
the effects of step 10 could not be observed at the pressu‘re bar until
Cot/L is greater than eight, which corresponds to a time of 56 psec for
a 1-in, specimen, Therefore, for the time shown in Fig, 47,
according to the nonstrain-rate theory, the strains at the bar end of

the specimens impacted at 65 and 110 fps are exactly the same..
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In Fig. 48 for the 1/2-in, specimens impacted at 65 fps, the
theoretical strain at the impact end reaches a plateau of 2 per cent
and then begins to rise again after 20 psec has lapsed. This second
rise is produced by the arrival at the impact end of the first reflected
wave, This increase is somewhat substantiated by a corresponding
rise in the strain 'which was measured at the impact end, although the
magnitude of the measured strain differs. The time at which the
corresponding rise of measured strain occurs is about 17 psec after
impact, but since the strain is lower than that predicted the reflected
strain wave should arrive sooner because it is being propagated faster,

In Ref, (Z), dynamic stress-strain curves were constructed
by measuring stress versus time and assuming the strain to be equal

Vt

to - This assumption is repudiatéd by the strain-time records

obtained in this study.
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In order to calculate the strain rate, the slopes of the experimental

strain-time curves must be obt ained. Differentiating an experimentally

obtained curve is a very crude process, especially if there are any
unexplained variations.in the curves or if there is much scatter among
curves taken under the same conditions, At best, only an estimate
of the strain rate can be obtained from the .curves rééulting from these

experiments, The slopes of the strain-time curves for both the impact
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and bar ends for copper for each test condition are shown in Table IV,
The theoretical average strain rate over the length of the specimen is
listéd in the column labeled V/L. The impact velocity and specimen

length are listed also.

TABLE IV, Measured and Average Strain Rates

v L V/L Strain Rate 1/sec
in. /sec in, 1/sec Impact end Bar end
780 1/2 1560 3000 480
1300 1 1300 3000 . 300
780 1 780 - 2000 370
396 1 . 396 500 250
780 2 390 1300 250

There is a wide range of values for the measured strain rate,
especially for the impact end. Logically, one would assume that thé
strain rate at 'the impact end would depend on the impact velocity alone
instead. of V/L, since the material at the impact end cannot detect an
effect of the length until some time after impact. Conversely, 't:he
strain rate at the bar end shbuld depend on the length alone as long '

-as the velocity is such that a plastic wave reaches thé bar end. The

figures in the table follow this pattern somewhat, although they are
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inaccurate, The relationship between the strain rate at the impact
end and V/L seems to be meaningless, although there appears to be
some pattern in the relationship between V/L and the strain rate at the
bar end., This pattern for copper is demonstrated by plotting the

ratio of measured strain rate, ém, to V/L as a function of impact
velocity as shown in Fig. 50. The strain rate ém used for this plot
was measured at the bar end of the specimen. It is seen that as the
impact velocity increases, the ratio ém/V/L decreases f&r the 1l-in,
specimens., This is contrary to the results reported by Turnbow2

as shown by the dashed lines in the figure. Although the results reported
here cover a different range of impact velocities, the point for the
lowest i'mpact velocity falls in the center of Turnbow!'s data.

Turnbow made his measurements on hollow aluminufn and copper
tubes, instead of solid cylinders, with gages placed in the center of the
specimens, This difference in technique could very \;vell account for
the disagreement in results. In any case, there is not enough informa-
tion to draw a definite conclusion,

The variation of ém/V/L with specimen length for a constant
impact velocity of 780 ips, is shown in Fig. 51, For sh;orter lengths,
the quantity ém/V/L decreases for lengths as short as 1/2-in. which
agrees with Turnbow (see Fig., 50). However, one must logically
conclude that as the length gets ‘very short, the measured strain rate
must appi'oach V/L, that is, if the projectile and pressure bar are

rigid compared to the specimen, For a copper specimen and a steel
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projectile and pressure bar, one would expect ém}'V/L to approach
some number less than 1,0, but certainly greater than. 0.2 as is
indicated by a continuation of the straight line in Fig, 51. Therefore,
the curve in Fig. 51 should turn up as the specimen length approaches
zero as indicated by thé curyed dashed line, though there are no tests
to support this postulation.

Lead., The comparisons of the experimental to the theoretical
results for lead are shown in Figs. 52 and 53. Fig. 52 shows that the
measured and experimental stfains at the bar end of the specimen
agree very well for the first 100 psec after impact. The sudden rise

in the theoretical curve at that time is caused by the arrival of several

strain steps traveling at very nearly the same velocity. The magnitude

of the strain measured at the-impact end is in fair agreement with the

theory although the shapes of the initial parts of the curves differ

considerably., The tail end of the theoretical curves -are dashed because
of the lack of accuracy for the higher strains. The rise of the theoretical

strain at the impact end after about 120 psec is caused by the arrival of a

reflected wave from the fixed end. A corresponding rise is observed
éxperimentally, also,

The theoretical and measured stresses are compared in Fig. 53.
The wave shapes are very similar, but the theoretical stress is abog.t
30 per cent less than that which was measured. This indicates that
lead is definitely strain-rate dependent and does not follow the static

stress-strain curve during an impact.
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As was stated previously, if a material is suspected of being
strain-rate dependent, an improvised stress-strain curve may be
drawn to simulate the effects of strain rate, Such a stress-strain
curve was presentéd in Fig. 21, The stress and strain at the bar
end of a specimen following the "dAynamic" curve were shown’in
Fig. 22. * These"quantities are replotted in Fig., 54 where they arAe
compared with the measured stress and strain at the bar end. | The
use of the '"dynamic" stress-strain curve increased the strain slightly
so that it does not agree with the mgasured strain as well as that from
the static stress-strain curve. However, the stress was increased
considerably so that it compares very favorably with the measured
stréss. Even better agreement would have been obtained had a

""dynamic!' stress-strain curve of higher stresses been used.

A *The "dynamic' stress-strain curve shown in Fig. 21 is one
obtained when a strain-rate-sensitive material obeying a linear
strain-rate law is subjected to a constant strain rate only, but
since the strains measured at the bar end were linear with time,
the technique described is valid.
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Comparison of Experimental with Nonstrain-Rate and Strain-Rate
Theories ' '

The results‘ of the experiments are compared with the elementary
and s.train-rate theories in Figs., 55 through 60, Fig. 55 is the stress-
time variation at the bar end of a 1/2-in. copper specimen impacted
- with a velocity of 65 fps. It can be seen that for values of K equal to

60 x 104/sec and 90 x 1'04/86_(:, the strain-i'atg theory predicts a
. stress that is approximately 10 per cent abﬁve the experimental curve;
however, a still higher value of K would reduce the stress predicted
by the sfrain-rate theory so that better agreement could be obtained.

The initial parts of the strain-rate curves rise instantaneously
because of the assumed step-velocity impact conditions. Had the particle
velocity at the impact end been assumed to rise in a finité interval of
time, then the initial parts of the experimental and strain-rate curves
woiild have been inl much better agreement,

It is appai‘ent that the strgin—rate curve could be made to fit thé
experimental curve by varying the flow constant K along with the particle
vgléci_ty rise characteristics at the impact end, This does not necessarily
indicate that the strain rate mechanism gives a éorrect phenomenological
description of plastic ‘wave propagation, however. Radial inertia may
affect the observéd strains and stresses in the same way they are
affected by strain rate,

| A better test of the strain-rate theory would be the comparison

of it with the experimental results of tests on a longer specimen where
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the radial inertia is no longer significant. Fig. 56 shows a set of results
for a 2-in, specimen. The values of' K for which the strain-rate curves
are shown, are 60 x 104/sec and 80 x 104/sec. In order to match the
experimental curve, it is obvious that a much higher value of K must
be chosen and also more realistic impact conditions must be assumed,

Fig., 57 shows the computed. and experimental results of the
strain history at the impact end of a 1/2-in, copper specimen, The
nonstrain-rate curve is considerably different from that which was
measured as are the curves representing the strain-rate theory. However,
if a finite rise time were assumed in the partic;le velocity-time variation,
the curve for K = 60 x 104/sec or less would be in reasonable agree-
ment with the experiment,

Fig. 58 shows the same quantities for the bar end of the 1/2-in,
specimen, Here the nonét'rain-rate theory is approximately 60 per cent
greater than the experiment while the strain-rate curve for
K = 60 x 104/sec is approximately 120 per cent greater, Even if the
step at the beginning of the strain-rate curves were eliminated, the
curve for K = 60 x 104/sec still would not agree with the experiment
because of the difference in slope., A relatively large radial inertia
effect in the short specimen could have caused the measured strains to .
be so much lower than the two theories,

Figs. 59 and 60 show the strain records for the impact end and
bar end of the 2-in. copper specimen., In Fig. 59, the strain as predicted
by the nonstrain-rate theory is considerably higher than the experimental

curve while the strain-rate-theory curves are only slightly higher., If the
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initial step of the strain-rate curves were removed, the curve for

K = 60x 104/sec would be in fair agreement with fhe experimental
curve. . It appears that é. curve computed for K = 50 x 104/sec would
“be in even better agreement if the step velocity were removed.

The strain-time variations at the bar end of the specimen are
shown in Fig. 60, For this condition, the nonstrain-rate theory is about
25 to 30 per cent higher than the experimental curve while the curves
from the strain-rate theory are approximately 120 per cent highér. Apgain,
if the particle velocity were assumed to have a finite rise time, the strain-
rate -theory curve could be made to fit the experimental curve by proper

_choice of the flow constant. The proper choice would require that K be
decreased to some value less than 60 x 104/sec.

There are two contradictory requirements being placed on the
value of K when the stresses and then the strains from the strain-rate
theory are compared with the experimenta]; results, The stress records
would indicate that K should be approximately 250 x 104/sec while the

"strain records indicate that it should be less than 60 x 104/sec. Obviously,
both of these values cannot be used simqltaneously; therefore, the linear
approximation of the general strain-rate theory cannot be expected to
agree with the expefimental results. There still remains, ;however, .the
possibility that the more general strain-rate theory can be made to satisfy
the experimental results since it contains two flow constants which can be

varied independently.
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Comparison of Modified Nonstrain-Rate and Strain-Rate Theories

A set of curves was constructed using the nonstrain-rate theory in
which a stress-strain curve was assumed such as one would expect
from a strain-rate sensitive material subjected to a constant strain
rate. The curves were constructed in the same manner as those for
lead which were described in the section on .the effects of changes in
the stress-strain curve, page 42. A mod_ified stress' strain curve
was chosen so that the maximum stress was approximately 15 per
cent higher than the original stress-strain curve as shown in Fig. 61.

The results of the modified nonstrain-rate theory are presented in
Figs, 62 and 63 where they are compared with the experiments and the
strain-rate theory. Fig. 62 shows the stresses at the bar end of the
1/2-in. specimen. It is apparent that if the input particle‘ velocity had
a finite rise time, the strain-rate theory, by adjusting K, could be
made to match exactly the modified nonétrain-rate-theory curve, The
maximum value of the stress-strain curve (Fig. 61) used in the modified
nonstrain-rate theory was selected to correspond to the maximum stress
on the experimental curve,

Fig. 63 shows the three stress curves for the 2-in. specimens.
Again, it appears feasible that the strain-rate curve could be made to

fit almost exactly the modified nonstrain-rate-theory curve and both would

agree very favorably with the experimental curve. However, there still
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remains the inconsistency of the required value of K obtained from
the stress records as compared with that required by the strains.
Even the strains predicted by the modified nonstrain-rate theory differ
greatly from both the experimental curves and the elementary theory.
Evidently, when analyzing the stresses and strains at distances
less than two diameters from the impact end, the problem is overly
simplified when considered to be one-dimensional because of the

effect of radial inertia on the measured guantities.



CONCLUSIONS

The following conclusions can be drawn concerning the results
presented.

1. The nonstrain-rate or von Karmén-Taylor theory
predicts the variation of strain with tirme with
reasonable accuracy except in the vicinity of the
impact. |

2. The average strain rate over the length of the specimen,
V/L,. has no relation to the strain rate ;neasured at the
impact end,

3. The ratio of the measured strain rate at the bar end
to V/L decreases as the impact velocity increases,
but increases as the specimen length increases.

4, The magnitude of the strain rate measured at the
bar end for coiaper decreases with increasing
specimen length, but has little relationship to
the imi)act velocity for velocities above 33 fps.

5. An impact which is slightly out of plane affects the
strains measured at the impact end considerably, but
has little effect on those measured at the bar end.

6. Measurement of strain alone is not a very sensitive
test aé to the validity of the nonstrain-rate theory.

7. AA step Jin particle velocity at the impact end of a

specimen does not produce results which compare
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favorably with experiment when the problem is
considered to be one-dimensional.

The stresses predicted by the strain-rate theory
indicate that the flow constant K for commercially
pure copper should be approximately 250 x 104/sec.
The strains predicted by the strain-rate theory
indicate that K s.hould be about 40 to 50 x 104/se¢.
The linear approximation to the strain-rate theory
cannot be made to predict both the stresses and the
strains experienced by copper specimens subjected
to impact.

The nonstrain-rate theory using a ""dynamic' stress-
strain curve will predict the same stress-time
variation as the strain-rate theory for a large value
of K if a finite rise time is used instead of a step
in particle velocity.

The effect of radial inertia in the first two diameters
produces measured strains which are much smaller
tha_.n those predicted by either of the two theories.
Observing the phenomenon of plastic wave propagation
is a fruitful way of studying the dynamic stress-strain

characteristics of materials,
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14. Since the radial inertia is most pronounced when
the strain rate is large and since it is small when
the strain rate is-small, and since it has been shown:
that both can have thé same effect on the experimentally
determined quantities, then it can be concluded that
the two cannot be separated and must be analyzed |
concurrently unless the material being studied is
either.very sensitive or completely insensitive to

strain rate,
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RECOMMENDATIONS

It is apparent ‘thatA neither the nonstrain-rate nor the linear
stra\\in—fate theory correctly prediéts or explains all of the observed
phenomeha in a material subjected to impacts, It is, therefo;'e,
recommended that a detailed ﬁnalysis be made employing the exponen-
tial strain-rate theory and that this analysis be made for the three-
dimensional problem so that radial inertia and shear effects can be
considered.

Since the linear strain-rate theory approaches the nonstrain-
rate theory as the flow constant K increases without limit, it
‘ woﬁld ‘be well to coﬁsider the three-dimensional problem when K is

allowed to increase; that is, apply the nonstrain-rate theory in

three dimensions,

Mqre expérimex;tal information is needed -coﬁcerning the strain
distribution along the specimens. Tests should be made in which gages
are placed in the middle as well as at both ends of the specimens.

Since there is'a possibility that radial restraint affects both
the stress and the strain records, theh work should be performed to
determine the effect of the amount and type of lubrication between the
specirﬂen and the two bounding surfaces, the pressﬁre bar and the
projectile,

Because of the inherent inaccuracy of resistance strain gages

when used to measure large, rapidly changing'strains, it is recommended
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that some of the experimental tests be repeated using a diffraction-
grating-type strain gage and compare the results with those obtained

with the resistance gages.
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