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Abstract

High speed tension of a bar of finite length is analyzed using cha-
racteristics basing upon plastic wave theory. The solution of the relation
of breaking strain €,versus tensile velocity V, is derived in an explicit
form. Next, the relation is determined experimentally for several metals,
in the velocity range up to 200 m/s( strain rate i = 4.4x10%/8 ). It is
found that £,in high speed tension is larger than statical £}, for some met-
als, but smaller for the others. Some remarkable correlation may be observ-
ed between the variation of €,with increasing V; and crystal structure for
tested metals.

Introduction

It is found that Epin high speed tension is larger than statical ¢p
for some metals, but smaller for the others, by our preliminary experiment.
To clarify the relation between the tendencies and crystal structures of
metals, a series of high speed tension test is carried out. A newly deve-
loped high speed loading machine using explosion pressure of low explosives
vhich may realize tensile speeds up to 200 m/s is used. To compare the expe-
rimental relation of € versus V, with the corresponding theoretical rela-
tion, the latter is derived basing upon plastic wave theory. The obtained
theoretical relations are never flat, but of saw-teeth, and seem to be use-
ful to explain several tendencies in the experimental relations, especially
scattering of £,values.

Theoretical Analysis of the Plastic Wave Propagation
in High Speed Tension of a Bar of Finite Length

The equation of motion for an element initially of length dx, of a bar

under temsion, is
Afax, 125 (1)
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where x: Lagrange coordinate along initially unstrained bar

u: displacement of a section

0': nominal stress, force per unit initial cross-sectional area

€ : strain = PY/fy

A: initial cross-sectional area of bar

t: time

f: density of material unstrained.

Elasto-plastic material having a linear stress-strain relation in the

plastic range as shown in Fig.1l and (4) is agsumed.

0% 0% oy £=07/E
yso € = €y +(0-63)/Ep (4)
The propagation velocities of waves are obtained as
*=c3= B/l for the elastic range } (5)
*= Ep/P for the plastic range
The characteristic lines in (x,t) plane for (2) are
dr/dt = tc (6)
The shock conditions are
(Fev+0), =(pcvra), (7)
for waves travelling in the positive direction, and
(Pev-6), = (Pev-07)2 (8)

for waves travelling in the negative direction, where points 1 and 2 are
Jjust ahead ang behind of a stress wave front, and ¢ is the absolute value
of the velocity of wave propagation, though stress o and particle veloci=-
ty v may take positive or negative values. Application of (7) and (8) ena-
bles to determine stress and particle velocity distributions in the (x,t)
plane.

We consider a bar extending from x=0 to x=1 and assume that the free
end point at x=0 ig put into motion instantaneously at t=0 with the cons-
tant velocity v= -V) whereas the other end x=1 is firxed as shown in Fig.2.
V, is assumed large enough to cause the stress ¢ not smaller than 0y at x=
0, t=0. In this case, (x,t) diagram is as shown in Fig.3. If E is assumed
to approach to infinity as a special case, Fig.3 reduces to Fig.4

This simple case is considered first. If stress and particle velocity
are put equal to 63, and Unrespectively in the region n, (o;L,u,L) are deter-
tined generally as et
Oy +nfey, =V, (14 (<1)7)/2 (9
The relation of breaking strain versus tensile velocity V) may be deriv-
ed using (9). If we assume breaking will occur instantaneously, where the
condition:

Sy +npey, 200 > 03 +(n-1) poy, (10)

n: integer not smaller than O

holds, breaking occurs at t=(n-1)1/c, and z=1 if n is even, or x=0 if n is
odd, and

¢y =(n-1) pcy, /Ep= (0=1)(V, /Vep ) Em (11)
where Ve, =(5v';:—0'§)/f‘c is the critical impact velocity for a bar of finite
length and coincides with the one calculated for a bar of semi-infinite
length,

The condition (10) can be written in the form:

Ver /(n-—l)>Vlg y./n (12)
The plot of the relation of Zpversus V, is obtained as shown in Fig.5.
That is, the breaking strain €, 0f a bar of finite length in high speed
tension is not always equal to the static breaking strain £m.

When E is not infinity, the stress 07 and the particle velocity V; for

each region i are determined from Fig.3 as follows:
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region 0:{ 0, og/} ) g13§
region 1:{ 6y, G/pc, 14
region 2: o"=(1—‘7fv)<§ +feV, -V = -%-‘%* ;_;_22) (15)
region 3: (1+%,)07, 0} ° (16)

Generally,
Ca,«ya -~Oa =0"+%°;—6;= j’cV/ = Const. (17)

where, @ ig integer larger than 0,
If we assume breaking will occur insta.ntaneously, where the condition:
07 Z 0m (18)

is satisfied for the first time, the breaking points may be A,B,C,D,E andF
F. Their coordinates and abscissae are shown in Table 1. The residual st-
rain distribution after breaking is not uniform and the mean value is de=-
fined as

€=1XEg +(1-x) €, (19)
The values of X (Fig.6) for each breaking point are obtained as shown in
Table 2, considering the progress of stress waves before meeting with un-
loading wave after breaking.

For the region of V, whered;20;, that is, V,Z2%/ £ o, holds, the rela-
tion of mean residual strain after breaking €4 versus V/ is obtained as
follows:

region 2: When

02 =(1-Z)65 + pev;, z o5, (20)
holds, breaking occurs at point 0 and
€p =0 (21)
Because the condition (20) may be written in the form:
Yz Y, +(On-c3)/pc (22)
the critical impact velocity is
Ver =%/, + (Om- 0y /e (23)

region 4:
Yer > V2 Vor - e, 2,24 0690 -2(%50y +(14%) pev}  (24)
By the same process,
Vet -Oy/Peo> V) 2 % Yer € =(%6-J) pey, (25)
EVer> Viz S(vy=/ec) g, - 5(%5-7E) {-2( %) 05 +(3+ AT (28)
2 F ¢V,

é(Vcr—"%"caPV,zé-Vcr &y =(/5-) o (27§
7YV E S Or- 5 /rce) 2y = L6, %) {-2%) oy +(5+ %) ey, ) (28
30407 vz Ve 2y (- 1E) 3pet, (29)

and so on. The plot of the relation of €y versus V; is of saw-teeth, as
shown in an example, Fig.7, for which the numerical constants are,

E = 2x10% kg/mn} Ep = 2x10* keg/mi® 9y = 40 kg/mn} 6= 80 kg/mm®
€y = 0.002, &m= 0,202, £ = 8x10 2g.cu #s? ¢, = 52107 n/s,
¢ = 5x10* m/s, PeVy = 0.40 ¥, kg/mmz(V/ : m/s)

High Speed Tension Test of Several Metals

A high speed tension testing machine applying the explosion pressure
of low explosives is developed. In the testing machine, high speed ten-
sion is given to the specimen through a striking jaw from the projectile
ejected by the explosion pressure., The actual tensile speed of test speci-
men is smaller than the projectile speed, because the rigidity of load-
introducing jaw is not infinity, The tensile speed is measured by means of
a ultra high speed camera MLD—S(framing speed is ranging up to 200, 000
frames per second) or an electronic counter. In the present state actual
tensile speed is ranging up to 200 m/s. The testing machine and accesso-
ries are shown in Figs.8 and 9, Main dimensions of test specimens are as
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follows: Total length:108 mm, and for central measuring part of uniform
width: length: 45 mm, width: 10 mm, thickness: about 1 mm. E£p is measured
by means of parallel grids marked on the measuring part in the direction
perpendicular to the direction of tension with intervals of 2 mm. Test
materials are 99.5% A1(2s), 99.99% Al, 2024C-0 Al alloy, SPC-1 mild steel,
18-8 stainless steel and ST-60 Ti. Uniaxial tensile test are carried out in
the velocity range from O to 200 m/s, that is, the strain rate range from
0 to about 4.4x10%/s.
The relations of &, versus v
Figs.10 and 11. Following results are observed.
(1) Por 250 Al, 2024C-0 Al alloy and 18-8 stainless steel, £, in high speed
tension is larger than the static ones, in a wide range of L/
(2) For spc-1 mild steel and ST-60 Ti, ¢}, decreases with increasing V) in
eneral tendency.
?3) Pure Al are studied in more detail(Fig.11). Test materials are 99.5%
A1(2S) and 99.99% A1, in hard(as roll) and annealed(340s 10°C, 2~3 x10°mn
Hg, 18 hr) conditions. For 99.5% Al, in both conditions, £, in high speed
tension is larger than the static ones. For 99.99% Al, it increases in
hard condition, but decreases in annealed condition.
(4) For metals of face centred cubic lattice, ¢4in high speed tension is
generally larger than the static ones in the velocity range above mention-
ed, except annealed 99.99% Al of very coarse grain. For metal of hexagonal
close packed lattice, Epdecreases with increasing V,. For metal of body
centred cubic lattice, a preliminary experiment on 6/4 brass is made also,
in which €} increases with increasing V; . So, for metals of b.c.c. lattice
there are two tendencies of decreasing (sPc-1 mild steel) and increasing
(6/4 brass) with increasing V; . The universality of these remarkable corre-
lations between the variation of Zpwith increasing V, and crystal structure
should be studied further in a wider selection of materials.
(5) In comparison with the theoretical results, following points may be
pointed out.
(j) The values of critical impact velocity basing upon the measured sta-
tical stress-strain relations are shown in Table 3. For these specimens,
breaking elongation Eb keep rather large values at some velocity range
higher than Ver .
(ii) Considerable portion of scattering observed in the measured relation
of €, versus V; may be an essential behaviour as shown in the saw-teeth
theoretical relation.
(ii1) Some part of apparent decreasing of £, with increasing V, may be
attributed to the theoretical behaviour. So, for SPC-1 mild steel and ST
-60 Ti, Emin high speed tension is expected not so decreased than stati-
cal®y . For the materials that showed increasing tendency of £p with inc-
reasing V; , £;yin high speed tension shall be considerably larger than
staticalgy,.

obtained experimentally are shown in
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Table 1. Breaking point Table 2. The values of X
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Table 3. Critical impact velocity calculated basing upon

measured statical stress-strain relation

25-0 | 2024C-0 SPC-1 18-8 stain- | ST-60
atorial | ax kit ety b isn sreen | 1oa steel T4
Ver (m/s)]49.7 63.1 30.0 152.3 61.8
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Fig.10 Experimental relation of breaking strain €pversus tensile

velocity V) for several metals.
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Fig.11l Experimental relation of € versus V; for pure aluminiums.
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