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EXPERIMENTAL DATA ON SMALL-PLASTIC
DEFORMATION WAVES IN ANNEALED ALUMINUM

O. W. DiLLoN, Jr.

University of Kentucky, Lexington, Kentucky

Abstract—Experimental data on the propagation of deformation waves in annealed aluminum tubes and rods
in which the maximum axial strain is between 100 pin/in and 3000 uin/in are reported. A large variation in prop-
agation speed is observed between specimens which are thought to be identical. The variation is real and is
relatively larger near yielding than it is at higher values of strain. Strain histories from a number of specimens are
therefore averaged to provide meaningful data for possible comparison with theoretical results, The standard
deviation in the data used to obtain the propagation speed is also included. It is shown that in the averaged
history, strains above 500 uin/in propagate at constant speed and therefore are as consistent with a strain-rate
independent theory as with any other. In the averaged history strains below 300 uin/in have a speed of propagation
which decreases as the wave travels down the bar and therefore indicate an apparent strain-rate effect. This apparent
strain-rate effect may either be real or that of a mechanically unstable material. Data which strongly suggests
that the unstable material is more generally applicable is presented.

INTRODUCTION

THE case of the propagation of a uniaxial stress state into an undeformed portion of a
medium at rest is a basic one in the mechanics of continua. In particular, when the stress
exceeds the elastic limit, one would like experimental results obtained during this test to
serve as a basis for the general material response function. However in this range of the
response, there is no clearly understood (i.e. generally accepted) viewpoint on how to per-
form experiments and to interpret the results. For example, the importance of “‘strain-
rates” in the constitutive equation is not yet firmly established for common metals. The
proceedings of a recent colloquium [1] illustrate the current state of the art.

This paper makes a somewhat different point by reporting the results of tests on several
specimens which are believed to have been identically prepared. It will be shown that the
variation in the propagation speed between specimens, is large and that this is inherent in
the material response. Hence the author concludes that one can use any theory of wave
propagation and material description which has gross agreement with the experimental
data. The theory which he would “prefer” is chosen on grounds of simplicity or agreement
with tests of other types (i.e. static) but not on the basis of slightly better agreement with
data from a small number of wave experiments. Thus, except possibly near yielding, the
author ‘‘prefers”” the Karman-Taylor Rakhmatulin strain-rate independent theory as
modified by the unstable material concept. [2-4] to include the observed incremental
wave response. This result, but stated differently, was reached by Bell [5, 6] some years
ago for aluminum annealed in the same way as that used in the present experiments. In
contrast with [5, 6], we use wire resistance strain gauges, concentrate on the region near
the yield point, make measurements on a single specimen at several axial locations and
use very simple experimental apparatus which can be easily reproduced by other interested
investigators. It is hoped that these independent measurements will establish that the work
in [5, 6] is exceptionally sound and that there exists at least one material (annealed
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aluminum) for which the strain-rate independent theory is as adequate as any other.
Additional new data which is consistent with the unstable concept [2-4] but not with the
smooth stress—strain relation is also presented.

The large variation of the propagation speed in certain regions of response is the focus
of this paper. The only other example known to the author where statistical data on plastic
waves is the dominant theme is for the case of lead [12].

TECHNIQUE

Material

The commercially pure aluminum (1100 alloy) which is used here is annealed at 1100°F
and furnace cooled ; this results in a fine grained structure and makes it the same material
as that used in our previous studies [2—4]. It is also nominally the same in composition and
isannealed the same way in another [5, 6] series of basic studies of plastic wave propagation.
In view of the variation in dynamic response to be presented, it is emphasized that the
static data also has variations in it as previously reported [3, 7, 8]. Other data on annealed
aluminum, but of (possibly) different details of composition and heat treatment, are
contained in [9, 10].

The standard specimen used here is 36 in. long and is 2 0-50 in. 0.d. by 0:375 in. i.d. tube,
but other lengths and a few 0-25 in. dia. rods are also tested as indicated in the text. Care is
used in selecting specimens which are initially straight.

Impact tester

A predominantly axial deformation is produced by impacting the end of the specimen
with a steel plunger which is propelled by releasing a compressed spring. The specimen is
hung from an A frame by two long (36 in.) thin strings. After the specimen is impacted it flies
a short distance where it hits a buffer and is then caught by the operator. In the meantime
the desired data has been obtained. Positioning devices are used to align the specimen and
plunger for each hit. As described below some small bending still exists; but this can be
detected, and if desired the results of that specimen ignored.

It is a merit of the present system that it is simple and one that can readily be duplicated.
So far this has not happened for the method used in [5] which however is far more elegant
and has certain other obvious advantages for some types of information. A schematic of
the present system is shown in Fig. 1.
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F1G. 1. A schematic of the system used to produce an impact type loading.
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Strain measurement

The strain time histories at four to six axial positions on each specimen are measured by
displaying the output of SR-4-A-8 wire resistance gauges on an oscilloscope. The gauges
are attached to the specimen by means of Post-Yield Cement and are usually spaced at
two inch intervals along the bar. The change in resistance of the gauge is made into a suitable
oscilloscope signal by using an Ellis Associates Model BAM-1 Bridge Amplifier. The oscil-
loscope uses a Tektronix Type A-74 (four channel) plug-in unit which splits a single electron
beam into four traces. The gauges are connected to the Ellis Associates Amplifier using
very fine copper wire in order to reduce bending during the motion of the specimen.

Because the strain histories do not change drastically with distance, the system employed
gives good comparison data for the several axial stations especially when they are not near
the impact face. There will be some unloading and (possibly) contributions from reflections
in the plunger. Furthermore there is an impedance mismatch between the plunger and
specimen. However since strain histories at different positions are compared, these are
irrelevant. Said differently, we compare strain histories (away from the ends) and deliber-
ately do not attempt to correlate boundary conditions with internal response.

EXPERIMENTAL DATA
Elastic region
The accuracy of the apparatus described above is established by the results of tests
made in the elastic range of the material response. A typical strain history*, for the elastic
region is shown in Fig. 2 where the existence of deviations from the elementary bar theory

200~
150 4 rs ol c - “D\D““D'{J
<
~ 100
< x= B
3 L
x= 6"
4
= SO A
= i T NO 74-T
H - ld EST -
o ] ] il 1 [ 1 ]
5¢ 100 150 200

TIME (u sec)

F1G. 2. Typical 0-50 in. tubular specimen strain histories at several axial stations when the material
remains elastic.

is evident near 150 uin/in of strain. The time required for a given level of strain to propagate
between y = 4-0in. and y = 10-0in. has been measured for several tests. The average value of
these time increments and the standard deviation for these quantities are shown in Table 1.
The average of the time required for a wave to travel six inches is 263 usee./ Thus the average
value of the propagation speed is 2:3 x 10° in/sec which is (approximately) equal to the bar

velocityt given by the square root of Young’s modulus E, divided by the mass density, p.

* Figure 2, is for a specimen previously deformed into the plastic range.
t The bar velocity is 2-02 x 10° in/sec for aluminum. See also Table 5, where this value is actually observed.
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TABLE 1. THE TIME INTERVAL, Af, FOR A GIVEN VALUE OF
STRAIN, &, TO PROPAGATE BETWEEN y = 4in. AND
¥ = 10 in. THE NUMBER OF SPECIMENS AND THE STANDARD
DEVIATION OF THE TIME INTERVAL ARE DESIGNATED AS
n AND S.D. RESPECTIVELY AND THE SPECIMENS REMAIN

ELASTIC
€ At S.D.
(uin/in) (u sec) n (u sec)
170 264 10 1-5
34-0 266 11 17
510 260 11 19
68-0 254 10 22
850 257 11 2-4
102-0 268 10 33

Average 263

The results for a series of specimens different than the ones used in obtaining data for
Table 1 are given in Table 2 and the averaged response shown in Fig. 3. There are deviations
from the elementary bar response that are most dramatic between y = 6:0in.and y = 8-0in.
In some tests the strain histories of points at 6-0 and 8-0 inches actually cross near 105 uin/in.
This is consistent with the larger standard deviation for higher values of the strain. For the
same strains used in Table 1 the average time increment in Table 2 is 26:2 gsec, illustrating
adequate reproductibility of the averaged data.
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FiG. 3. “*Averaged” 0-50 in. tubular specimen strain histories at several axial positions when the
material is elastic.

In practice these elastic impacts are very valuable because they permit the checking of
the apparatus and thereby add greatly to the reduction of bending strains and to verifying
calibration factors for the gauges and amplifier. Since the standard deviation in the overall
measurements (Table 1) is less than 3 usec, and the data for smaller intervals also has less
than this value ; we conclude that the inherent system error is certainly no larger than 3 usec.
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TABLE 2. THE TIME INTERVAL, At, FOR A GIVEN VALUE OF STRAIN, &, TO PROPAGATE BETWEEN THE DESIGNATED
AXIAL LOCATIONS. THE NUMBER OF SPECIMENS, /1, AND THE STANDARD DEVIATION OF THE TIME INTERVAL,
S.D., ARE ALSO SHOWN. ALL SPECIMENS REMAIN ELASTIC IN THESE TESTS AND ARE DIFFERENT ONES THAN

USED IN TABLE 1

x=2x=4 x=4x=6 x=6x=28 x=8x=10
& = 85 pinfin

At (u sec) — — 87 83

n — — 7 7

S.D. (u sec) — — 26 13
& = 170 pin/in

At (u sec) — 9-8 77 9-0

n — 11 7 7

S.D. (u sec) — 36 25 0-90
g = 255 pin/in

At (u sec) — 10-1 74 93

n — 7 7 7

S.D. (u sec) — 2-5 2:6 05
& = 340 pin/in

At (u sec) 10-4 9-8 71 9-6

n 2 12 7 7

S.D. (u sec) — 32 31 09
& = 425 pin/in

At (u sec) — 10-6 67 9-8

n — 7 7 7

S.D. (u sec) — 34 32 09
& = 51-0 pin/in

At (u sec) 10-2 9-7 66 9-7

n 3 12 7 7

S.D. (u sec) 1-7 39 32 1-1
& = 68-0 uin/in

At (u sec) 97 94 54 10-2

n 3 1 7 7

S.D. (u sec) — 32 46 1-7
& = 850 puin/in

At (1 sec) 72 12:0 36 10-4

n 3 10 8 8

S.D. (u sec) — 21 67 23
& = 1020 yin/in

At (u sec) 91 12:6 1-1 12:6

n 1 9 8 8

S.D. (u sec) — 10-1 88 47

However one does not have a perfect example of the elementary bar. To provide partial
knowledge of the deviations from the one dimensional stress that is assumed in bar theory,
rosette gauges were used in some specimens to measure both hoop and axial strains.

These results are presented below.
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TABLE 3. THE TIME INTERVAL, Af, FOR A GIVEN VALUE OF STRAIN, &, TO PROPAGATE BETWEEN THE DESIGNATED

AXIAL STATIONS IN 0-50-in. TUBULAR SPECIMENS OF ANNEALED ALUMINUM. THE NUMBER OF SPECIMENS, 71;

THE STANDARD DEVIATION, S.D.; THE MAXIMUM POSITIVE AND NEGATIVE DEVIATIONS IN THE TIME INTERVAL
ARE ALSO GIVEN. THIS DATA IS FOR THE IMPACT WHICH PRODUCES INITIAL PLASTIC DEFORMATION

x =2y x=4y=6 x=6y=28 y=8yx=10 y=10-y=12
& = 85 uin/in
At (p sec) 85 10-0 6-8 8-8 10-8
n 6 23 14 16 9
S.D. (u sec) 23 31 34 27 52
max. pos. dev. (u sec) 40 83 4-4 77 77
max. neg. dev. (u sec) 19 42 72 22 80
¢ = 131 pin/in
At (u sec) 111 109 80 8-8* 12-5%
n 6 27 20 17 10
S.D. (u sec) 4-0 40 59 36 73
max. pos. dev. (1 sec) 56 250 210 97 157
max. neg. dev. (u sec) 52 70 68 37 95
¢ = 170 pin/in
At (i sec) 12:5 130 12:6 14-8* 20-5*
n 6 26 20 18 10
S.D. (u sec) 67 57 15-8 138 204
max. pos. dev. (4 sec) 83 9-2 574 27-4 460
max. neg. dev. (4 sec) 83 93 126 10-8 10-40
& = 213 uin/in
At (u sec) 16:0 192 14-8 25-6* 31-5%
n 6 25 18 16 7
S.D. (u sec) 56 10-8 137 16:8 203
max. pos. dev. (u sec) 73 344 193 376 352
max. neg. dev. (4 sec) 9-4 19-3 10-3 177 224
& = 255 pin/in
At (i sec) 200 24:6 305 332 40-0
n 6 23 19 13 6
S.D. (¢ sec) 67 10-1 215 16-3 22:5
max. pos. dev. (1 sec) 9-2 362 463 22:0 259
max. neg. dev. (4 sec) 7-5 246 262 275 334
& = 298 uin/in
At (1 sec) 222 29-4 255 336 456
n S 20 15 12 5
S.D. (u sec) 56 12:9 12:9 131 232
max. pos. dev. (u sec) 9-5 47-4 32:8 24-8 360
max. neg. dev. (u sec) 47 22-8 232 17-8 272
& = 340 uin/in
At (u sec) 250 32:0 349 385 390
n 5 18 15 11 4
S.D. (u sec) 44 92 155 10-5 135
max. pos. dev. (u sec) 83 180 367 17:3 177
max. neg. dev. (u sec) 42 19:5 242 244 139

* Does not include data where specimen is elastic at these positions, i.e. like Fig. 17.
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Table 3 (contd.)

x=2x=4 x=4y= 1=6-y=s35 r=8yx=10 y =10y =12
€ = 425 pin/in
At (4 sec) 29-3 384 331 40-2 -
n 5 15 10 9 —
S.D. (¢ sec) 46 10-3 80 11-4 —
max. pos. dev. (u sec) 65 22-1 90-0 15-0 —
max. neg. dev. (u sec) 35 154 20-0 402 —
& = 510 pin/in
At (u sec) 333 40-6 317 — e
n 5 12 8 — —
S.D. (u sec) 46 9-7 86 — —
max. pos. dev. (u sec) 83 218 15-8 — —
max. neg. dev. (u sec) 50 15-5 150 — —

Initial plastic hit

After the specimen has been subjected to several small impacts which produce elastic
strains, the spring is further compressed to provide a stress large enough to cause permanent
straining of the material. Typical experimental records for these first plastic hits are shown
in Figs. 4-6. Figures 4 and 5 illustrate the variety of responses which are obtained. For
example in Fig. 4 the apparent yield strain is 210 uin/in, but in Fig. 5 it is only 160 uin/in.
This variation in the yield strain for different specimens which are thought to be identical
is the source of much of the real variation of propagation speeds reported in this paper. In
order to examine whether the strain-rate was a prominent factor in the variation in the
yield strain, the plunger spring was initially compressed more than it was when obtaining
data for Figs. 4 and 5. The results are presented in Fig. 6. The larger spring force resulted in
an increase in strain-rate from 25 pin/in/usec in Fig. 5 to 10 uin/in/usec in Fig. 6 but to
within experimental accuracy the yield strain in both of these tests is the same.
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FIG. 4. Typical strain histories at several axial positions at a small initial plastic impact of tubes. The
residual strains are (approximately): 610, 610, 465, and 240 pin/in at y = 4, 6, 8 and 10in.
respectively.
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Fi1G. 5. Typical tubular specimen strain histories at several axial positions for small initial plastic
impact. The residual strains are (approximately): 365, 340, 270, 240 and 50 gin/in at y =4, 6, 8, 10,
and 12 in. respectively.
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Fi1G. 6. Typical tubular specimen strain histories at several axial positions for a large initia} plastic impact
in order to produce higher strain rates. The approximate permanent strains are: 1620, 1550, 1570, 1410
and 1020 gin/in at y = 4, 6, 8, 10 and 12 in. respectively.

Data of the type shown in Figs. 4-6 provide the time increments for a given value of
strain to propagate between gauge positions. Such data has considerable (relative) variation
in it, Hence the response of a number of specimens must be averaged to provide meaningful
data. The summary of such average results for the small initial impacts and their variations
are shown in Figs. 7-10 and in Table 3. Figure 7 is the averaged time histories at each of
the indicated stations for a series of tubes, while similar data on a small series of rods is
shown in Fig. 8 and Table 4. A comparison of the data given in Figs. 7 and 8 for tubes and
rods, shows that there is excellent agreement between the responses for distances between
z = 2:0-x = 6:0in. However the wave slows down somewhat nearer the impact face in
the case of the rods. Table 4 makes this slowing down a little easier to see.
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F1G. 7. “Averaged” strain histories at several axial positions for 0-50 in. 0.d. tubular specimens subjected
to (relatively) small initial plastic impacts.
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Fi1G. 8. “‘Averaged” strain histories at several axial positions for 025 in. rods subjected to relatively
small plastic impacts.
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F16. 9. The distribution of experimental values of the time required for a strain of 213 uin/in to

propagate between y = 4in.and y = 6 in. The number of specimens having a time interva! which deviates

from the average value of 19-2 usec is given for 5 usec intervals. All specimens are 0-50 in. o.d. tubes being
subjected to stresses which are here producing the first plastic strains since being annealed.
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TABLE 4. THE TIME INTERVAL, Af, FOR A GIVEN VALUE OF STRAIN, &, TO PROPAGATE BETWEEN THE DESIG-

NATED AXIAL STATIONS IN 0-25 in. dia. ANNEALED ALUMINUM RODS. THE STANDARD DEVIATION OF THE

TIME INTERVAL, S.D., AND NUMBER OF SPECIMENS, n, ARE ALSO GIVEN. THIS DATA IS FOR THE HIT WHICH
PRODUCES INITIAL PLASTIC DEFORMATION

y=2x=4 x=4x=6 x=6yx=28 x=8x=10 y=10y=12

¢ = 85 uin/in

At (u sec) 86 9-8 86 7-5 92

n 3 3 3 1 2

S.D. (u sec) 1-8 1-0 1-4 — 1-0
& = 131 uin/in

At (u sec) 83 10-6 92 71 92

n 4 3 3 2 3

S.D. (u sec) 21 21 1-8 05 12
& = 170 puin/in

At (u sec) 9-0 10-8 127 88 10:0

n 6 4 3 2 4

S.D. (u sec) 33 31 59 05 33
& = 213 pin/in

At (u sec) 12-8 167 242 250 40-5

n 6 4 3 2 4

S.D. (u sec) 4.3 63 260 10-0 584
& = 255 pin/in

At (u sec) 18:0 242 384 — —

n 6 4 3 — —

S.D. (u sec) 5-8 7-5 250 — —
& = 298 uin/in

At (u sec) 197 292 445 — —

n 6 4 3 — —

S.D. (u sec) 56 87 19-6 — —
& = 340 gin/in

At (u sec) 23-8 337 49-0 — —

n 5 4 3 — —

S.D. (u sec) 46 10-2 241 — —

The number of tubular specimens falling in 5 usec intervals is shown in Figs. 9 and 10
for a strain of 213 uin/in. There is considerable difference in the nature of the distribution of
times in Figs. 9 and 10. One of the main points of the present paper is the width of the
distribution function as illustrated by Fig. 9 vis-a-vis the propagation time itself (approxi-
mately 20 usec). More complete details are contained in Table 3, but typically the width of
the distribution for strains near the yield point is twice the propagation time. A typical
history near maximum strain is shown in Fig. 11 where the reflected wave is shown arriving
at the various stations in sequence. At y = 4 in. the response is just what one expects. How-
ever there is a slowing down between y = 4 in. and y = 6 in. at large strains. The response
between y = 6in. and y = 10in. is again quite normal.

Other data in which the specimen undergoes very small permanent strains on the first
plastic hit are given later in the paper.
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F1G. 10. The distribution of experimental values of the time required for a strain of 213 xin/in to

propagate between y = 6in.and y = 8 in. The number of specimens having a time interval which deviates

from the average value of 14-8 usec is given for 5 usec intervals. All specimens are 0-50 in. 0.d. tubes being
subjected to stresses which here are producing the first permanent strains since being annealed.
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Fi1G. 11. A typical strain history of tubular specimens in the vicinity of the maximum strain produced
by a small initial plastic impact. The specimen length is 35-8 in. and the permanent strains are (approxi-
mately): 700, 670, 550, 350, 300 uin/in at 2, 4, 6, 10 and 12 in. respectively.

First large hit

After several small plastic hits of the type just described, the spring is further compressed
to produce a larger force at impact. It is of course expected that yielding will occur near the
largest stress previously used and therefore there is little meaning to the value of the yield
stress in these tests. Therefore the point of interest is the behavior of the wave at larger
strains.

A typical example of these hits is shown in Fig. 12. As indicated in Fig. 12, the stations
at y = 12in. undergo less permanent strain than the positions closer to the impact face.
Data such as that contained in Fig. 12 provide the increments in time for the wave to propa-
gate between successive gauge positions. These times are then averaged as in the smaller
elastic hits. The results are shown in Fig. 13 and Table 5. The major point of interest here
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Fi1G. 12. A typical response at several axial positions for the first large plastic impact. The accumulated

previous plastic strain is (approximately): 310, 220, 170, 60 and 35 uin/in at y = 4, 6, 8, 10 and 12 in.

respectively ; while the increments produced by this hit are 1680, 1530, 1340 and 850 uin/in at y = 6,
8, 10 and 12 in. respectively.
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FiG. 13. The “‘averaged” strain histories at several axial positions for 0-50 in. o.d. tubular specimens
subjected to stresses producing (relatively) large residual strains. The specimens had variable small
amounts of plastic deformation prior to these particular hits.

is that for strains above 500 uin/in, the transit times are reasonably uniform. The distribu-
tion of sixty time increments for a strain of 595 uin/in is shown in Fig. 14. As before, thisis a
wide spectrum relative to the time increment itself. Figure 15 is the distribution of time
increments for a strain of 680 uin/in propagating between y = 4in. and y = 6 in. Figure 16
shows the distribution of sixty-six data points for strains of 850 uin/in. From Table 5 this
strain clearly propagates at a constant speed. By comparing Figs. 9 and 15 one finds that
the width of the distribution of the time increments in the large plastic strain region is
much less than it is near the yield point. As indicated in Table 5, there still is more deviation
between y = 6in. and y = 8 in. than between the other stations. Figure 16 is taken as con-
clusive evidence, that the 3 usec accuracy claimed above for the system is valid at larger
strains, since even in this figure there is some real scatter in the material response.
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Fi1G. 14. The distribution of the experimental data on the time interval required for a change in strain of
595 pin/in to propagate two inches in hits like those shown in Fig. 12. The number of specimens having
a time interval which deviates from the average value of 33-5 usec is given for 5 usec intervals.
TABLE 5. THE TIME INTERVAL, Af, FOR A GIVEN VALUE OF THE CHANGE IN STRAIN, ¢, TO PROPAGATE BETWEEN
THE DESIGNATED AXIAL STATIONS IN 0-50-in. TUBULAR SPECIMENS OF ANNEALED ALUMINUM. THIS DATA
IS FOR THE FIRST HIT WHICH PRODUCES LARGE PLASTIC DEFORMATIONS. MOST OF THE SPECIMENS HAD BEEN
SUBJECTED TO PREVIOUS IMPACTS WHICH PRODUCED VARYING AMOUNTS OF PERMANENT STRAIN, THE
NUMBER OF SPECIMENS, n; THE STANDARD DEVIATION, S.D.; THE MAXIMUM POSITIVE AND NEGATIVE
DEVIATIONS IN THE TIME INTERVAL ARE ALSO GIVEN
x=2-x=4 r=4xy=6 x=6y=38 ¥=8yx=10 y=10-y =12
& = 85 uin/in
At (u sec) — 10-2 93 11-4 10-6
n — 5 8 10 3
S.D. (i sec) — 33 1-3 2-8 24
max. pos. dev. (u sec) — 66 2:5 67 30
max. neg. dev. (u sec) — 10 17 39 30
& = 170 uin/in
At (u sec) 82 10-5 92 102 102
n 6 14 14 13 5
S.D. {u sec) 20 23 18 2-4 36
max. pos. dev. (u sec) 35 62 33 61 65
max. neg. dev. (u sec) 23 30 42 23 43
4
& = 255 pin/in
At (u sec) 10-5 14-6 104 16-2 224
n 9 17 13 15 9
S.D. (i sec) 57 61 56 137 179
max. pos. dev. (u sec) 103 14:5 12:1 388 346
max. neg. dev. (u sec) 10-5 72 55 162 220
& = 340 uin/in
At (u sec) 14-3 190 171 21-5 295
n 10 21 17 18 9
S.D. (u sec) 6-8 94 137 12-2 11-9
max. pos. dev. (u sec) 13-9 16:8 262 152 20:5
max. neg. dev. (u sec) 85 158 15-5 182 18-6
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Table 5 (contd.)

=2y =4 1=4y=6 y=06-y =8 i =8y=10 y=10-7y =12

£ = 425 pin/in

At (u sec) 235 260 210 29-5 30-3
n 10 20 17 20 9
S.D. (u sec) 70 109 12:9 171 78
max. pos. dev. (u sec) 9-8 202 229 534 63
max. neg. dev. (u sec) 152 189 188 203 137
& = 510 pin/in
At (u sec) 295 297 274 318 279
n 10 21 18 18 8
S.D. (u sec) &5 93 99 95 80
max. pos. dev. (u sec) 73 219 153 115 12:2
max. neg. dev. {u sec) 143 197 138 19-3 112
& = 595 uin/in
At (1 sec) 332 34-1 331 341 330
n 10 21 18 16 6
S.D. (u sec) 4-5 83 75 54 50
max. pos. dev. (4 sec) 59 183 170 75 87
max. neg. dev. (¢ sec) 7-4 217 139 112 55

S.D. (neglecting 2
worst, i sec) 37 54 64 44 2.5

g = 680 uin/in

At {u sec) 362 375 346 380 342
n 10 21 18 15 s
S.D. (u sec) 33 57 78 39 43
max. pos. dev. (u sec) 46 177 17-2 87 42
max. neg. dev. (u sec) 4-6 9-0 112 88 67
& = 850 puin/in
At (u sec) 390 396 342 40-8 375
n 9 20 18 14 5
S.D. (u sec) 34 48 83 37 48
max. pos. dev. (u sec) 52 91 17-5 60 67
max. neg. dev. {u sec) 65 93 142 68 67
¢ = 1020 gyin/in
At (i sec) 413 417 398 438 373
n 10 20 16 13 4
S.D. (u sec) 37 43 108 69 40
max. pos. dev. (i sec) 63 75 210 172 43
max. neg. dev. (u sec) 71 75 19-8 88 65
& = 1360 gan/in
At (u sec) 427 447 434 44-5 40-0
n 9 18 14 9 2
S.D. (1 sec) 41 48 127 53 1-0
max. pos. dev. (u sec) 89 123 333 14-2 10

max. neg. dev. (u sec) 61 11-4 142 88 10
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F1G. 15. The distribution of the experimental data on the time interval required for a change in strain
of 680 uin/in to propagate between 4 in. and 6 in. in hits like Fig. 12. The number of specimens having
a time interval which deviates from the average value of 37-5 usec is given for each $ usec interval.
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Fi1G. 16. The distribution of the experimental data on the time interval required for a change in strain of
850 pin/in to propagate 2in. in hits like those shown in Fig. 12. The number of specimens having a
time interval which deviates from the average value of 38-3 usec is given for by 5 usec intervals.

Very small plastic strains

Other interesting data are obtained during tests where the intention is to produce an
elastic wave, but where the spring is inadvertently compressed a bit too much. Typical results
are shown in Figs. 17-19. In Fig. 17, definite plastic strains existed after the test at y = 4 in.
while y = 12 in. was perfectly elastic in its response. The gauge at y = 8 in. indicated some
plastic strains after the test, but the value was within the variation due to other causes.
However, if one uses a stress—strain relation where the tangent modulus continuously
decreases, there is ample time for the plastic wave to propagate to y = 12 in. That is, it
would only be a few percent slower than the elastic one. It is noted that the existence of a
point of material instability near 150 gin/in in a static test of annealed aluminum is reported
in [8]. Test No. 80-4, reported as Fig. 18, is very similar, except that the small, slowly
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FiG. 17. Strain histories at several axial stations in a 0-50 in. 0.d. tube in which the gauge at y = 4 in.
undergoes a plastic strain while y = 12 in. remains elastic.
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FiG. 18. Strain histories at several axial locations in a 0-50 in. o.d. tube in which the hit was intended
to cause only elastic strains. However the point y = 10 in. is here seen to strain more than the others
and also has a residual strain of 45 uin/in after the test.
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F1G. 19. Strain histories at several axial locations (two gauges at y = 8in.) in a 0-50 in. o.d. tube in which
x = 12 in. remains elastic while the others have permanent changes. The permanent changes are:
240, 270, 180, 85 and O pin/in at y = 4, 6, 8, 10 and 12 in. respectively.
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propagating wave, is observed farther down the bar. In both Figs. 17 and 18, one observes
deviations from the elementary picture of a bar which are similar to those found in the
elastic range.

The largest impact in which y = 12 in. barely undergoes a plastic deformation is shown
as Fig. 19. The rapidly decelerating wave is very clear at a strain of 175 gin/in. It is noted that
this is the same specimen as shown in Fig. 17 and that is why the point y = 4 in. responds as
it does. The fina! permanent strain in Fig. 19 is 100 uin/in at y = 8 in. while the record indi-
cates 5 uin/in at y = 12 in. The latter value is not very reliable due to sensitivity and drift in
the method of measurement. There are several examples where the reflected wave arrives
at y = 12 in. before the oncoming plastic one. That is Fig. 19 is typical and not a unique one
except for the size of strains at the forward gauges.

Other data

Figure 19 also contains a typical example of the “‘good” bending response as it includes
the histories of two gauges located at the same axial station ; but where one is located ninety
-degrees around the tube from the other. One cannot distinguish the difference between their
responses at the scale used in Fig. 19 which demonstrates that there is very little bending in
this test. In most tests, some bending could be observed at a more sensitive scale, but it is
generally small. One can usually tell by the elastic response whether there will be appreciable
bending in the plastic hits or not. This is considered to mean that, lack of initial specimen
straightness is a prime cause of large bending in a properly aligned test.

This series of experiments was actually started to study the strain history at a given
station; in order to observe if possible, whether or not a “shock wave” developed which
would result in a jump in strain at a given gauge. This was not observed. The most interesting
evidence in this direction was found in 2 0-25 in. 0.d. x 0-1875 in. i.d. tube in an exploratory
type test; the response is shown in Fig. 20. It is possibly relevant that these specimens do
not have quite the same metallurgical properties as the larger tubes and rods. In this
specimen, a distinct plateau develops near 200 uin/in of strain and lasts for 160 usec when
the strain rate at y = 12in. increases rapidly. When the strain-rate increases rapidly, the

2000

1500

o
o
o

STRAIN (uin/in)
(¢
o
(o]

0 80 160 240 320 400
TIME (u sec)

F1G. 20. Strain histories at several axial stations in a 0-25 in. o.d. tube showing an example of larger
strains propagating faster than smaller ones, especially between y = 8 in. and y = 12 in.
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propagation time required for the larger strains (say 500 uin/in) to propagate between
x = 8and y = 12in. is less than it is for smaller values (say 250 uin/in). One can possibly
interpret this as the initial phase of the formation of a “‘shock wave’ near the position
x = 12in.

Typical strain histories of tests which used 90° rosette gauges to measure hoop strain
as well as the axial component are shown in Figs. 21 and 22. These experiments were made
in order to provide data on the deviation from the one dimensional state of stress assumed
for the bar. As in the other tests, there is considerable variation in these data. The one
invariant is the ratio of hoop to axial strains which remains after the test was over. This
ratio is always between (-48 and 0-50, consistent with the idea that plastic deformations are
nearly incompressible. This is true for large or small residual strains.

The strain histories shown in Figs. 21 and 22, have a ratio of hoop to axial strains some-
what less than the 0-50. In Fig. 21, the ratio is approximately 0-42 for times prior to the

|
600 !
AXIAL L/l;-nsn.ecnous
€
< 400~
£
2
Z
é 7 p— - & A b
- 200 HOOP xug _aea
m - -
| A _cn"’/ “O~-w.p, .o -0
o2 HOOP x=10" e
& TEST NO. 73-6
[+] I 1 1 1 i 1 1 i
o 100 200 300 400

TIME (psec)

FiG. 21. Typical hoop and axial strain histories at two axial stations in a 0-50 in. 0.d. tube. This specimen
has no previous plastic deformation.
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FiG. 22. Typical hoop and axial strain histories at two axial stations in a 0-50 in. o.d. tube for the
(relatively) large impacts. This specimen had previously been deformed so that y = 4 in. had undergone
about 1100 uin/in permanent strain and y = 8 in. had been deformed by 900 uin/in.
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arrival of the reflected wave while the ratio is nearly 0-50 at y = 4in. in Fig. 22. Perhaps the
most important data, however, is the interval between 160 usec and 320 usec in Fig. 21 for
the position y = 4in. During this time the ratio of the increment in hoop strain to the
increment of the axial strain is only 0-24. Therefore it seems clear that there are three dimen-
sional (radial oscillations) effects which modify the elementary bar state of stress. However,
these are not severe enough to invalidate certain other conclusions based on “averaged”
data. In the elastic range, the ratio of maximum hoop to maximum axial strain is between
0-35 and 0-40; more frequently near the latter, indicating some three dimensional effects
exist there as well.

When the unloading wave arrives at the interface, there is a separation of the specimen
and plunger. There remains in the specimen however, a small amplitude wave which
continues to propagate to and fro. When the impact is an elastic one, the amplitude of this
wave is about 55 uyin/in. When the impact is a plastic one, the amplitude is initially much
larger than this and in fact, separation may not occur on the first reflection. By initially
biasing the Ellis Associates Amplifier, it is possible to use exactly the same oscilloscope
settings for observing this small wave in both the elastic and plastic ranges of the response.
A schematic of the observations in a plastic impact is shown as an insert in Fig. 23. Also
shown in Fig. 23 are typical results for the elastic, small plastic and large plastic impacts. At
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F1G. 23. A typical history of the decay in the amplitude of the strain increment that remains in the
specimen after the plunger and specimen have separated (and therefore unloaded). Curves (a), (b) and
(c) are for hits producing elastic, small plastic and large plastic strains, respectively.

the settings used, no measureable decay is found after 35 cycles in a hit where the amplitude
of the pulse remaining is 55 uin/in in an elastic impact. However, in a hit which produces
plastic deformation in part of the bar (due to reflections it is only in part), the wave is more
rapidly attenuated and in fact is reduced well below 55 uin/in after 35 cycles, even though it is
initially much greater. Figure 23 indicates a different damping mechanism for the very small
strains, when plastic deformations exist and is possibly interesting from a metallurgical
viewpoint.

The permanent strains that are produced in these specimens have a variation which is
much less than we have reported above for the wave speeds. For example ten specimens
were subjected to identical initial impacts which produced an average permanent strain of
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1740 pin/in at y = 4in. The standard deviation for these data is only 81 uin/in, a value
which is only 4-5 percent. To the author this reinforces, from a different viewpoint, that the
averaged stress~strain curve for these specimens is about the same. However the different
specimens have a wider variety of the tangents to these curves than in the relations them-
selves. Figure 24 illustrates representative spatial variations in the permanent strain distri-
bution for small, moderate and large initial impacts which produce plastic deformations.
There is nearly uniform distribution in Fig. 24 for the first six inches.
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F1G. 24. Typical spatial variation of the permanent strain. The values are nondimensionalized by the
strain at y = 4 in, which are: 610, 355 and 1620 yin/in for specimen no. 34-11, 68-7 and 70-7 respectively.
All of these are the first impact which produces permanent strains.
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FiG. 25, A typical strain histories at several axial stations for the second large plastic impact. The

total plastic strains prior to this impact are approximately : 3800, 3800, 3600, 3150 and 2750 xin/in at

x = 2,4, 6,8 and 10 in. respectively, The plastic strain increments produced by this impact are: 2320,
2170, 1940, 1600 and 1130 gin/in at the same locations,

Hits after the first large plastic impact show the same variation in their details that the
others do, and because of initiai nonhomogeneity are even more difficult to interpret. Figure
25 however, is a response which is typical of many tests which produce large plastic deforma-
tions. It is the results of a second large impact at the settings used in producing first impacts
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like Fig. 12. The permanent strains produced by the previous impacts of this specimen are:
1350, 1400, 1200, 925, and 670 uin/in during the small plastic hits and 2500, 2500, 2400,
2200, 2050 pin/in during the first large plastic hitat y = 2,4, 6,8 and 10 in. respectively. The
significant feature of Fig. 25 is the discreteness of the maximum and permanent strains.
Note in particular that the responses at y = 4in., y = 6 in. and probably at y = 8 in., are
flat prior to the arrival of a reflected wave at each position. The fact that the gauges at
x = 6 and y = 8in. do not continue to strain until they reach (or exceed) the response at
x = 41in. is believed to be related to a combination of three dimensional effects and unstable
material response. Discussion of this point is delayed to the next section except to note that
data like that in Figs. 11 and 12 is what one expects in Fig. 25 if the material is stable.

DISCUSSION AND INTERPRETATION

General

The data presented above is experimental data which is intended to be either as typical or
as abnormal as possible, and to be relatively free of interpretation. The major point which
it is believed the data given above has established is that the dynamic response of annealed
aluminum in the plastic range is such that there is a real variation in propagation speed
which is very large. Specifically, some individual specimens exhibit a response in which the
propagation time between gauges is as much as double the average value, while others take
nearly zero (see Fig. 2 and Table 3) time to propagate two inches. In this sense, Figs. 9 and
10 are regarded as typical. A second major point which the data establishes is that the
response in the vicinity of yielding has an appreciably larger relative variation in propaga-
tion speed than it does at larger plastic strains. It is considered that a comparison of Figs. 9
and 10 with Fig, 15 proves this point.

The major cause of this wide spread in the propagation speed near yielding is the varia-
tion of the yield strain itself for specimens thought to be identical. Static test results [7]
also have a deviation in them and the dynamic response being more or less related to the
tangent of the stress—strain curve is even more sensitive to variations in the specimen proper-
ties. It is considered that the data in Table 3 suffices to demonstrate that above 500 uin/in
the average speed of propagation is constant with distance down the bar (within the interval
2-12 in.) and therefore large amplitude waves are as adequately described by the strain-rate
independent theory as by any other known to the author. This conclusion agrees with that
reached by Bell [ S, 6] several years ago. The strain-rates in the present study are about one
percent of those involved in [5, 6] and more importantly, the maximum strains are much
less than used by Bell. Furthermore we do not attempt measurements near the impact face
and thereby we avoid the region where changes in the structure of the wave are severe. All
of these contribute to making strain gauges appear to be adequate sensing devices. In
addition we compare responses of identical systems, so that some errors of an absolute
value are bypassed. Our system has the distinct advantage of making simultaneous measure-
ments on the same specimen rather than on many as is done in [5, 6].

Dynamic yield strain

When one has very small hits so that some stations remain elastic while others go
plastic, it is easy to define and measure a value of a ““dynamic yield strain” which separates
the elastic and plastic regions of the response. When plateaus are observed, as in Figs. 17
and 18, one also finds that the stations having a plateau suffer no permanent strain. Thus the
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value of the plateau is also the “dynamic yield strain”. Problems arise when every point
undergoes plastic straining; but we are inclined to believe that an equivalent definition
would be to use the value of the strain where the propagation speed becomes less than the
elastic value.

In the analysis of the experimental data, there is still a lack of precision to the above
statement. We use the propagation speed between y = 4in. and y = 101in. to establish a
dynamic yield strain, since many specimens do not have any gauges at either 2 in. or 12 in.
Furthermore, data from elastic impacts between these stations gave reasonably good
agreement with the bar velocity. The response of three typical specimens, illustrating the
variety of responses in individual tests, are shown in Fig. 26. Most specimens had responses
like those labeled (D) and @) in Fig. 26. That is where the propagation speed is constant
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F1G. 26. Typical propagation speeds between gauges at y = 4in. and y = 10in. as a function of the strain
for the first impacts producing permanent strain. Curves labeled (D) and ) are typical of most specimens
The dynamic yield strain is taken to be the point labeled ¢, on the on curve ).

for a region, increases slightly* and then falls rapidly. Since there is the slight speeding up
in Fig. 19, it was decided to use the strain on the falling side of Fig. 26, at the value where
the speed equalled that of elastic region as the ““dynamic yield strain”. These are indicated
as ¢, in Fig. 26. A few specimens responsed like curve () in Fig. 26, in which cases the strain
at maximum speed is (arbitrarily) used as the “dynamic yield strain”. Thus we establish
experimental values of the ‘“‘dynamic yield strain”, for the entire group of 31 specimens
which had gaugesat y = 4in.and y = 10in. The average value and standard deviation of the
“dynamic yield strain’ are 173 gin/in and 33 gin/in respectively. In this 31 specimen sample
the maximum and minimum “‘dynamic yield strain’ is 232 and 110 uin/in, respectively. The

* This speeding up may be due to a change in the relative percentages of hydrostatic and deviatoric deforma-
tions in the actual state. This would be some basis for using the point where speeding up begins as a measure
of the dynamic yield strain.



Experimental data on small-plastic deformation waves in annealed aluminum 219

number of specimens falling within 10 uin/in intervals from the average of 173 uin/in are
shown in Fig. 27. It is noted that the data in Table 3 is already appreciably slowed down to
a speed of 137 x 10 in/sec at a strain of 170 uin/in. Thus the average of the yield points does
not correspond to the yielding of the average response due to a difference in the nature of
the averaging involved.

In the author’s opinion, failure to consider the variation represented by Fig. 27 is at the
heart of many of the discrepancies in the conclusions drawn by various investigators in the
area of plastic wave propagation. It may be that the spread in our data is somewhat wider
than in other studies, but it is believed to be a real fact of life that specimens have a wide
variation in their response, and that dynamic tests are more sensitive to these than static
results.

NUMBER OF SPECIMENS
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60 40 20 4] 20 40
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60

FIG. 27. The distribution of experimental values of the dynamic yield strain (¢, of Fig. 26). The number
of specimens in each 10 uin/in interval from the average of 173 uin/in are shown.

A derived stress—strain relation

One likes to compare the stress—strain relation obtained in static tests with that which
applies to the dynamic problem. Under the assumption that the material is in fact strain-
rate independent* this is easy to do. Either the Karman-Taylor-Rakhmatulin approach or
the method of characteristics yield a stress—strain relation

&
o= J. pctde (1
0

in which c?(e) is regarded as the experimentally observed wave speed function and p is the
mass density of the material. The data in Table 3 should be used directly for this calculation.
However within the elastic region, the speed is slightly greater than the bar velocity
(202 x 10 in/sec) and is presumably due to the same thing that causes the speeding up in
Fig. 26. The data in Table 3 therefore yields (if used) a modulus greater than 10-5 x 106 psi.
To avoid this high modulus, the elastic region is therefore forced to travel at the bar velocity
(see also Table 5) in this stress—strain calculation. The data for locations from y = 4in. to

* A strain-rate effect means the inclusion of ¢ in the constitutive relation, not the observation that one gets a
different stress—strain curve by moving the crosshead of the testing machine at different speeds. A material with

a strain rate independent effect is one where stress o is related to the strain ¢ by a relation of the type o = 8(¢)
and a strain-rate ¢ dependent material is one where the relation is of the form o = &(e, €).
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x = 10in. in Table 3 are used to construct a c{¢) curve similar to those shown in Fig. 26.
The bar velocity intersects this curve on the decreasing side at 135 uin/in. The data in
Table 3 is then used in equation (1) to produce the plastic part of the stress—strain relation.
The result is shown in Fig. 28 where it is compared with data from two static tests on the
same material. The variation of the derived relation from the static curves is certainly within
normal [3, 7] scatter for such data. It is noted that this agreement happens even though the.
data do not quite meet the test of having a constant speed of propagation.
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FiG. 28. The comparison of static and dynamic stress-strain relations. The dynamic curve is derived
from the data between y = 4 in. and y = 10 in. in Table 3 and equation (1). The slope in the elastic
region is forced to be equal to Young’s modulus.

Unstable material data

The author has recently considered [2-4] annealed aluminum to be a mechanically
unstable solid and illustrated some aspects of wave propagation in such substances. By an
unstable material one means, that a small change in stress (say 3 psi) causes a large change in
strain (say 200 uin/in) at certain discrete stresses while neighbouring values of the load
cause nearly elastic changes in strain (say a 3 psi change in stress causing 0-5 uin/in change
in strain). In particular it has been shown that certain properties of deformation waves
which are sometimes attributed to strain-rate effects in the constitutive equation are also
consistent with the unstable material concept and therefore may still be strain-rate in-
dependent. The serrated stress—strain relation has the advantage that one uses the same
constitutive relation for slowly loaded tests.and for impact studies. The only experimental
fact* known to the author which is at variance with the unstable concept being applicable
to annealed aluminum is the absence of a sudden jump in strain at a given axial station (see
Fig. 15 of [2]) as predicted by using the serrated relation. One shows by the analysis of a

* This is really not a disturbing fact because the theory used is a shock approach utilizing “jump” conditions
and the method of characteristics. By analogy with gas dynamics, one would expect to include heat conduction to

study the “structure” of the shocks. Alternatively, strain-rate effects may enter at discrete stresses and be important
in the structure of the wave in this sense.
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boundary value problem that in unstable materials, due to “slow waves”, the force on the
end of the specimen depends on how fast the crosshead moves. Furthermore the strain is
not uniform and therefore crosshead position is not a reliable measure of strain in such
materials.

In order to avoid controversy, it is recalled [ 2] that the speed of propagation of most of a
large amplitude wave is nearly the same for the material considered as being stable or
unstable. The difference between stable and unstable materials is greatest in incremental
situations. Clearly waves produced by incremental stresses can propagate at the bar velocity
in the unstable material but will travel at a much lesser value in the stable one. The unstable
concept is in much better agreement [8] with the experimental observations. Furthermore,
there is Fig. 25, where the initial plastic deformation at y = 4 in. which is caused by previous
impacts, exceeds those produced at y = 6 in. One therefore expects, if the material is stable
and strain-rate independent, one of two things to happen. First, both positions could con-
tinue straining with time; or secondly, if the gauge at y = 4in. reaches a plateau, the
associated stress should propagate to the point y = 6in. where it would be expected to
cause the response to exceed the strain at y = 4 in. by the amount of the initial inhomo-
geneity. An example of this expected case is in fact given in Fig. 20. The fact that the gauge at
x = 4in. in Fig. 25 is constant for so long, as well as the slowing down of the response at
x = 6in.istaken to mean that conceivably (i.e. likely) a “‘slow” wave is propagating between
x =4in. and y = 6in. On the assumption that the unloading wave has not arrived at
x = 8in. during the time shown, the evidence then suggests another slow wave between
x = 6in.and y = 8 in. The gauge at y = 10 in. definitely sees an unloading wave at 285 usec.

It appears to the author to be clearly established by the data shown in Figs. 17 and 19
that “proper” experimental technique gets a plastic deformation wave started along the
specimen and that this disturbance then propagates* as a “‘slow” wave. That is at a propaga-
tion speed which is much less than the strain-rate independent theory of Karman, Taylor
and Rakhmatulin or that in Fig. 7. The main feature of the experimental technique is
simply to attempt to observe slow waves by hitting the specimen at a stress slightly above
the yield point or by locating gauges farther down the bar, which we have not done. Using
shock wave techniques one can show [2] by the analysis of unstable materials that one
must do this type test in order to observe “slow’” waves. Otherwise one excites a deformation
which is a mixture of slow and fast waves which in turn propagates at a speed insensitive to
the local material response curve. That is to say, at a speed which cannot be distinguished
from the value given by the Karman-Taylor-Rahkmatulin theory with a smooth stress-
strain curve. In particular one does not expect to see slow waves between y = 2 in. and
x = 4in. in unstable materials with an impact force as large as that used in Figs. 4-7. A
comparison of Fig. 7 with Figs. 17 and 19 proves to us that there is ample time for the
plastic wave to reach y = 12in. before any reflected waves arrive there if the material is
mechanically stable.

At first sight the data in Table 3 would be interpreted as proof that the response is that
of a viscoelastic or viscoplastic (strain-rate sensitive) material. By curve fitting this can be
made as reasonable as any other judgement if this is all one knows about the material. 1t is
noted that the data are somewhat biased because specimensin whichy = 10in.ory = 12in.

* Clearly these are not flukes which are attributable to strain gauge response. They always happen such that
the deformation propagates through successive gauges. They are completely consistent with considerable data of
a different type [4, 7]. Responses something like one of these figures are found every time one attempts to produce
a very small plastic impact. That is the response in such attempts are either elastic or like one of these.
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remain elastic are ignored, since averaging them with the others seems unreasonable. It
is very clear that in the vicinity of the “‘yield stress”, annealed aluminum is either : (a) visco-
elastic or viscoplastic (b) unstable or (c) both. None of the solutions of strain-rate sensitive
problems known [say 13, 14] to the author precisely cover the present boundary-value
situation. However none of them even hints at phenomena like that shown in Fig. 19. The
strain-rate near yielding at y = 4in. in Fig. 7 is 45 yin/in/usec while it is 1-9 in Fig. 19.
Thus any “smooth’ description of the response which applies would necessarily have a
very high sensitivity to strain-rate in this region and therefore is likely to be inconsistent at
larger strains. Furthermore tests in the direction of slightly higher strain-rates such as shown
in Fig. 6, do not indicate high sensitivity to strain-rate. Considering the variety of results
already [2, 4, 7] unified by the unstable material concept and the additional data presented
here (Figs. 17, 19, 20, 25), as well as the nonexistence of explicit strain-rate results which apply
qualitatively, the author concludes that it is appropriate to regard annealed aluminum as
mechanically unstable. This is not inconsistent with using other descriptions of annealed
aluminum in problems of limited range, provided one gains simplicity by doing so. In
particular it is consistent with annealed aluminum being strain-rate independent in tests
like those used in [5, 6], and represented here by tests given in Table 5.

CONCLUSIONS

1. The dynamic response of annealed aluminum in the plastic range is such that there is a
real, large, variation in the propagation speed.

2. The variation in the response is (relatively) largest near yielding.

3. At strains above 500 uin/in the speed of propagation is constant along the bar in large
impacts and therefore for large amplitude waves the material is as adequately described
by the strain-rate independent theory as by any other.

4. The small amplitude pulse which remains in the specimen after unloading, attenuates
very much more rapidly when plastic deformation has taken place than when the entire
response is elastic. (See Fig. 23).

5. Additional data (i.e. Figs. 17-19) consistent with the concept that annealed aluminum is
an unstable solid, but which none the less is possibly strain-rate independent in its response
is presented. The variety of responses unified by the unstable concept make it desirable to
first consider annealed aluminum as an unstable solid and to approximate to this according
to the particular problem being considered. (Figs. 17-20, 25 of this paper as well as [2, 4,
7, 8]).
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AScTpakT—IIpHBOAMTCA 3IKCOKPHMEHTANbHBIE DE3yNbTarbl pPacHpOCTPAHEHHA BONHBL aehopmaruu B
OTXKHIAEMBIX ATIOMHHHEBBIX TPYDaX H CTEPXHAX, B KOTOPBHIX MaKCHMAJIbHAaA oceBas aedopMallus Haxo-
autca mexay 100u piodim/pioliM 1 3000 aroitMm/moliM. Habmozaercs GonbiumMe n3MEHEHHE CKOPOCTH
pacnpocTpaHeRusa Mexay o6pa3lamMi, KOTOpPbie CYHTANOCh ONWHAKOBRIMH. OTO M3MEHEHHE SBIAETCH
AeACTBHTENIBHBM U PENIATUBHO GONBIIMM B ONM3M mpeaena TeKy4ecTH, YeM IpH GoNbIIMX BeAHYMHAX
nedpopmatmu. [ns 3T0T0 yCpeAHAOTCA UCTOPHHM OedopMaLMK, MOMYYCHHBIX Ha HEKOTOPOM vucie obpas-
11eB, YTOOBI GBUIO BO3MOXHBIM CPABHHTH MHOIO3HAYUTENIbHLIE Pe3yJIbTATHI C TEOPETHYECKHMH pe3yilb-
TaTaMu. Brimiodaerca Taxke CTaHAAPAHOE OTKIOHEHHE PE3YNbTATOB, HCNONb3YEMOE IS MOJYHEHHS CKO-
pocTd pacnpocTpaHesusi. OKa3bIBAaeTCH, YTO B YCPEIHEHHOM HCTOPHH Aedopmauuu ceuliie 500 modim/
AroitM PacIIpOCTPaHAIOTCA C MOCTOAHHOR CKOPOCTBIO M MO3TOMY OHH COTJIACHBI € TeOpHel He3aBUCHMOMN OT
ckopocTh Aedopmanum, KaK M ¢ WHOH Teopued. B ycpeaHenHoM ucropuu aedopmaunu MeHbie 300 p
grokim/atofim obnaaaloT Takoi CKOPOCTBIO AehopMauyu, KOTOpas YMEHBIUAETCS NPH NPOXOXKICHHU
BOJIHBI BAONb CTEPXHA M IUIA 3TOrO BIMAET Ha oueBMIHBIN 3pdexT ckopoctH pedopmaumu. ITOT
oueBMIHBIH 3PdexT CKOpOCTH IHeDOPMALMM MOXET XacaThC ACHCTBUTEABHOTO MM MEXAHHYECKH
HeyCcTORYHMBOro Matepuana. IIbHBOANTCA Pe3yNbTAT, KOTOPBIA CTPOrO NMOAYEPKHBAET, YTO HEYCTOMYWBLLH
matepuan sBiserca Gonee obLue TPUMEHHMBIM.



