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ABSTRACT

The strain-rate dependence of the mechanical properties of thorium in com--
pression at room temperature was studied using an Instron testing machine
and a split Hopkinson bar. Results revealed that thorium is strain-rate dependent
even at low strain rates, - '
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SUMMARY

A conventional Instron testing machine and a split Hopkinson bar were employed
to investigate the strain-rate dependence of the mechanical properties of thorivm
in compression at room temperature, The results, which covered a strain-rate
range of about seven orders of magnitude, show that thorium is a strain-rate-
sensitive material even at low strain rates,



INTRODUCTION

The strain-rate dependence of the mechanical properties of thorium is an
important characteristic. of parts which are subject to |mpcct Ioadmg and
those which are fabricated by material-working operations.

In the study of the compressive strain-rate properties of thorium, anlnstron
testing machine was used over a low strain-rate range; higher compressive
strain rates were achieved through a split Hopkinson bar., By combining the
test results gathered through the use of these devices, the strain-rate de-
pendence of the mechanical properties of thorium was determined over a
strain-rate range_of approximately seven orders of magnitude.
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COMPRESSIVE STRAIN-RATE PROPERTIES OF THORIUM

STRAIN-RATE MEASUREMENTS

Quasistatic Measurements

For the quasistatic tests, an Instron testing machine was used to compress
specimens at low strain rates, The approximate strain-rate range covered
by this machine was from 10-4 sec™! to 10-1 sec™! (crosshead speed from
0.001 to 1.0 in/min), o

The experimental arrangement used for measuring large strains is shown in
Figure 1. A subpress with a spherical seat was used to obtain axial loading
on the specimen, An LVDT-type deflectometer mounted across the compression
platens of the subpress was recorded on the X axis of an X-Y recorder, while
the load was recorded on the Y axis, From the resulting load-deflection curve,
the yield stress and stress at large strains were determined,

Dynamic Measurements

The Hopkinson bar-type tester has been described previously,(]) but some
modifications have been made since this report. A schematic diagram of the
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Figure 1. QUASISTATIC EXPERIMENTAL ARRANGEMENT.



apparatus is presented in Figure 2, A gas gun propels a projectile bar into the
input pressure bar, sending a longitudinal elastic wave of constant stress level
down the bar. The specimen, held in contact and alignment with the input and
“output bars, will transmit the stress that it is able to support to the output bar.
Semiconductor strain gages are mounted on the elastic input and output bars
at a distance of 8.5 inches from the bar/specimen interface to record the
incident and transmitted stresses, respectively, The data are recorded on a
Tektronix 565 dual-beam oscilloscope and preserved on Polaroid film,

The oscilloscope is electrically triggered on impact by completing a circuit
between the previously isolated input and output bars and the grounded pro-
jectile bar. A delay time is introduced between the impact and the oscilloscope
sweep to permit the use of the maximum oscilloscope sweep rate which will
record the entire stress pulse duration, |

In compression; the output signals from the semiconductor strain gages are
nonlinear with respect to stress, so it is necessary to establish an accurate
relationship between stress and output voltage. The equation:

Tektronix 565

||All ||Bl|
Vertical Vertical
®3A75 3A75 ®
Base "A" o
Delay Base "B
Timer Pt ® ® ®
Delay Time
Amplifier
|
. Constant Constant
Photodiode Current Current
Gas . Supply | Supply
. Trigger
G ' 99 [Semiconducfor Strain Goge—\

Projectile Input Bar ¢ Soecimen \ OQutput Bar
Bar (titanium) (titanium ) : P (titanium)

. . |

Q —
&\ ) ight Source

Figure 2. SPLIT HOPKINSON BAR APPARATUS.
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where:
0 represents the stress,
B a constant dependent upon the exc‘ifctipn current and gage resistance,
V .the strain gage voltage, and

A a coefficient which must be determined experimentally for each set of
gages, has been found to accurately relate voltage output to stress,

To determine the coefficient, A, a series of no-sample tests, with the input and
output bars carefully butted together, were conducted at various stress levels,
and both strain gages were recorded photographically. The projectile impact
velocity was measured by using a light source, a photodiode, and two reference
lines mounted on the projectile bar, The reference lines are a known distance
apart. As each line crosses between the light source and photodiode, the light
path is broken and a pulse transmitted through an amplifier to a timer with
the first pulse starting the timer and the second pulse stopping it. Knowing
the distance between the reference lines, x, and measuringthetime interval
required for both lines to pass the photodiode, t, the projectile bar velocity,
V, can easlly be found by: ' -

V = x/t.

From the impact velocity, the stress level introduced into both the input and
output bar strain gages can be calculated using the elastic equation:

2 2t 7
where:

Z represents the dcoustic impedance of the titanium bars.

The value of the coefficient, A, 'For each strain gage can then be established

by relating input stress with output voltage.

 Following this calibration procedure, tests were conducted on- a specimen;

and the stress, strain rate, and strain determined by the application of the
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one-dimensional wave propagation theory in elastic bars to the input and
output bar stress/time records, If Ojn represents the stress which reaches
the input bar/specimen interface, part of it is transmitted through the specimen
into the output bar, and part is reflected, 0. The transmitted stress, 0, is
recorded by the output bar strain gages. The average stress acting on the
specimen at any time is:

. Tave = 1/2 [(oin B c,r) * a.t] Ab/As’

where:

Ap and Ag represent the cross-section areas of the bars and specimen, respec-
tively, A

The strain rate, &, at any time is the difference between the particle velocities
at the bar/specimen interfaces divided by the specimen's length, or:

where:

Uin and ugys represent the particle velocities at the input bar/specimen
interface and the output bar/specimen interface, respectively, and

L the length of the specimen,

Since particle velocity and stress are related by:
V] =

(o]
Zr

the input bar/specimen interface particle velocity can be expressed as:

and the output bar/specimen interface particle velocity by:

g
U —_ _t_
ot Z°

Y, —
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The strain rate then becomes:

. - or) -0

n t

ZL )

¢ =

Integration of the strain rate with respect to time then gives the specimen
strain, €, or: ‘

t t

- 0 )
e—fo edr—ZL_ X [(ain or)-cf]dt.

SPECIMEN MATERIAL AND SPECIFICATIONS

Thorium. is the test material investigated in this study, Fabrication involves
taking virgin material and forming.it into an electrode, The electrode is then
double-arc melted, forged, cold rolled, and annealed, The results of a chemical
analysis are reported in Table 1, Carbon tends to increase the strength of

Table 1

ANALYTICAL RESULTS ON THORIUM
(All Values in ppm Except Where Noted)

Element Content
Al 12
B 9

" Be <3
Bi <10
C 310
Ca 35
Cd <3
Co <1
Cr 12

CQu 20
Mg o<
Mn . 2
N2y 160
Ni 105
0, 0.277 wt %
Pb 4
Si ] 25
Sn . <4
A <1
Zn <10

Zi o 1}
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thorium; zirconium which combines with carbon to form carbides tends to
decrease the strength. Therefore, as a result of the high carbon content (310
ppm) and the low zirconium content (8 ppm), the net result is an increase in
the strength of thorium,

RESULTS

Figure 3 is a plot of the compressive stress versus strain rate for strains
between 5 and 20 percent. A plot of the 0.2 percent offset yield stress is also
included, The curves are for the convenience of associating the points at a
particular strain, A straight horizontal line on this graph would indicate
that no strain-rate effect is present, but the plot shows that thorium is strain-
rate sensitive even at low strain rates, As is evident, the compressive strength
‘increases with an increase in strain rate. For example, the stress at 5 percent
strain increases from 29,400 psi at 0,0000333 sec=! to 55,300 psi at 690 sec'],
an increase of 80 percent, which is substantial, Figure 4 shows the stress-strain
relationship for thorium at strain rates ranging from 0.0000333 to 900 sec™1,
Strain rate for the dynamic-measurements curve is stated as varying from 400
to 900 sec™! because each point on the curve has a different strain rate, but all
are included within this range.
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