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INTRODUCTION 

In explosive forming of parts and in missile applications, 
material properties at high rates of strain are needed. In ex-
plosive forming, is the deformability of the material improved 
so as to permit greater deformations without destroying the use-
fulness of the part? Can missile parts sustain without failure a 
nearly instantaneous load which greatly exceeds the load which 
will produce failure under conditions of quasistatic applica-
tions? These are questions that need to be answered. 

Presently designs are based on material properties obtained 
from essentially static load tests. Incomplete data on materials 
subjected to pulse load of short duration indicate improved 
physical properties over those in quasistatic loadings. If this 
is true one set of properties could be used to design for con-
tinuous steady loads and another set for impulsive loads, thus 
permitting better control of the overall design. 

The research that is presented in this report includes two 
main parts: 

1. Investigations in the area of high strain rates. 
2. A proposed new device by which medium strain 

effects can be studied. 

PREVIOUS INVESTIGATION 

General Description 

The influence of rate of strain on the mechanical properties 
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of metals and alloys has been under study by many investigators 
in the past. 

The standard static testing of materials used to obtain 
most of the physical properties published in the literature is 
performed at a strain rate of the order of 0.001 inch per inch 
per second. These data are used in most engineering work. 

A survey of the literature uncovered several papers that 
pertain to the effects of high rates of loading on material prop-
erties. A discussion of the test set-ups is given in the follow-
ing. A more detailed discussion is given by each investigator 
in his paper. 

Austin and Steidel (1) used explosive type test equipment. 
Their equipment was designed to give a tensile load to a stand-
ard test specimen. The load was supplied by an explosive. Aus-
tin and Steidel (1) worked in a limited but high rate of strain 
area. Strain rates at fracture ranged from 4,480 to 22,600 
inches per inch per second. Tests were made on SAE 1018 cola-
rolled steel and 6061-T6 aluminum. The steel and aluminum in-
creased in strength as the strain rate increased. This is shown 
in Pig. 1 (Lindholm, 2). 

Shepler (3) tested several materials at strain rates com-
parable to Austin and Steidel (1) tests. Materials tested were 
NDRC steel - 0.17c, annealed; NDRC copper - commercially pure 
copper, annealed; Cr-Mn steel, heat-treated; SAE 1020, annealed; 
G.E. cast steel and malleable iron; and some low alloy steel 
plates. All showed increased fracture stress with increasing 
strain rate. Copper had the greatest per cent increase followed 
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by SAE 1020 and NDRC steel. The wrought steel and malleable iron 
were the least affected by change in the strain rate. Effect of 
strain rate on low carbon steel is shown in Fig. 1. 

Steidel and Makerov (4) and Manjoine and Nadai (5) used a 
rotary impact test machine. Strain rates varied from 100 to 1000 
inches per Inch per second. They tested SAE 1018 cold-rolled 
steel and several aluminum alloys. All showed some increases in 
strength with strain rate as shown in Fig. 1. Aluminum alloys 
showed very little gain in yield strength. Properties at frac-
ture were also obtained. Here the true fracture stress of 1018 
steel was constant while the aluminum alloys showed decreased 
strength as the strain rate increased. The per cent elongation 
increased for steel and the aluminum. The per cent reduction of 
area increased for the aluminums, and decreased for 1018 steel 
with increases strain rates. 

Harding, et al. (6) obtained a meager set of data for RR77 
aluminum, molybdenum, and super-purity iron. Their results In-
dicated increased strength under impact conditions over static 
condition. RR77 showed an increase of strength at 800 inches 
per inch per second strain rate followed by a drop in strength 
at 1750 inches per inch per second strain rate. This is shown 
in Fig. 1. 

Whiffin (7) used a flat-ended projectile fired against 
armor plate at varying velocities to evaluate the compressive 
yield stress of mild steel. His results were limited to strain 
rates from 11,400 to 16,700 inches per inch per second for steel. 
Hardly enough data are presented to conclude other than that the 
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yield strength is considerably higher than at static conditions. 
No evidence was present to indicate a steady increase or a jump 
in strength as strain rate increased. This is shown in Fig. 1. 

Sir Geoffrey Taylor (8) developed the analytical theory used 
by Whiffin (7) in his work while Taylor made a study of the 
microstructure of the deformed projectiles. Taylor (8) compared 
some experimental data he obtained with an impact tester with 
results of Whiffin (7) and predicted a stress increase for mild 
steel, as shown in Fig. 1. 

Clark and Duwez (9) used a unique design of equipment and 
test specimens to obtain their results. The test specimens were 
machined of SAE 1020. Each specimen was in the shape of a 
stepped O.D. tube. The internal diameter was honed to 0.2500 
inch, +0.0002 inch, and the external diameter of the test section 
was ground to 0.276 inch, ±0.0001 inch. Thus the test section 
was a thin-walled tube of l-l/4-inch length supported at both 
ends by a 3/8-inch O.D. section. Load was applied by a dropped 
weight impending on a plunger. The load was transmitted from 
the plunger to bulge the test section by means of a confined 
mercury pool. The test specimen was machined so that its axis 
was parallel to the direction of the falling weight. The ulti-
mate strength of the test section was obtained in the tests. 
Specimens of carbon-manganese and nickel-chromium steels were 
also tested. All three materials showed similar gains in 
strength with increased strain rate. (See Fig. 1 for the effect 
of strain rates on steel.) 

Among all of these tests, two general types of equipment 
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were used and are discussed in the following sections. The two 
types were the impact loading type and the explosive loading 
type. 

Explosive Loading Type Test 

The first preliminary work of an explosive nature was car-
ried out by A. V. deForest, C. W. Macgreger, and Paul R. Shep-
ler (3). An explosive test fixture was designed with one end of 
the specimen fixed and the other end moving, due to the explosion 
force in the explosive chamber. The load gage was attached to 
the fixed end. This apparatus is shown in Fig. 2. 

One of the difficulties with this test fixture was the find-
ing of a velocity and displacement gage. Because of the consid-
erably higher speeds and violent powders used, a long single 
strain wire between the ends of the specimens could not be used 
for displacement measurements, no adequate protection against 
burning of the wire could be found. Later a small accelerom-
eter, as shown in Fig. 2, was used. Strain gages were located 
on opposite sides of the accelerometer a definite distance from 
the free end. The weight forward of these wires caused a measur-
able force from which the acceleration could be calculated. 

For the most part specimens were of 0.5 diameter. The 
specimen was mounted in a lathe and reference marks scribed by a 
diamond. Measurements of the diameter of numerous rings were 
made before and after the loading by a dial indicator. These 
measurements were used in calculating strain rate. 
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Fig. 2. Explosive loading type tester. 
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Black powder was placed in the annular space. The powder 
was fired by two sets of ignition wires and a 6-volt storage 
battery. 

The accelerometer was attached and the whole test fixture 
tightened to a heavy base plate. Load gage leads, accelerometer 
leads, and ignition wires were then soldered to connect with the 
electrical apparatus, and then the fixture was ready for test. 

Impact Loading Type Test 

One method of securing a uniform high strain rate was to 
use a thin-wall hollow cylindrical specimen in which only circum-
ferential strain was induced by an internal fluid pressure. The 
ability of such a system to produce a desired constant strain 
rate depended upon the incompressibility of the fluid employed, 
the ability to compress the fluid by means of a piston moving at 
constant velocity, and the stress-strain relation for the material 
being tested. 

This machine is shown in Fig. 3. The frame of the machine 
used in these investigations consisted of two parallel rails six 
inches apart, providing guides for a hammer. This frame was 
supported on a large I-beam over a pit. In this machine an im-
pending hammer slid between the two vertical rails and was accel-
erated by 40 rubber bands 3/8 inch by 1 inch. The hammer which 
slid between the vertical rails of the machine was lifted to the 
desired height by means of an elevator. A solenoid-operated 
trigger released the hammer. 
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The hammer velocity was determined by measuring the time 
required for the hammer to travel between fixed points of known 
spacing placed on the frame of the machines near the point of 
impact. A record of the time intervals was made by means of a 
cathode-ray oscillograph. 

The assembly holding the specimen and actuating cylinder was 
threaded into the top end of a column rising from the floor of 
the pit through a support at the bottom of the rails, as shown 
in Pig. 3. 

The actuating cylinder is shown in Pig. 4. A free-fitting 
plug closed the lower end of the specimen and rested on a dyna-
mometer. This assembly was screwed into the column. The Inner 
cylinder and specimen were filled with mercury. The plug trans-
mitted the fluid pressure to the dynamometer and eliminated axial 
restraint in the specimen, thus providing circumferential loading. 

The dynamometer consisted of a short column of heat-treated 
alloy steel, shown in Pig. 4, to which a resistance-sensitive 
element was cemented. The elastic deformation of the dynamometer 
column produced by the fluid force on the plug changed the re-
sistance of the element, which caused a change of voltage in the 
strain-gage circuit. The voltage change was amplified and pro-
duced a vertical deflection on a cathode-ray oscillograph. 

The lower end of the piston was placed in contact with the 
mercury column. The piston was driven into the cylinder filled 
with mercury by a hammer moving at the desired velocity. A cop-
per button was placed on the piston to act as a damper to de-
crease the shock wave. 
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Fig. 3. Impact loading type tester. 
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Fig. 4. Actuating cylinder assembly of strain 
rate machine. 
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Summary 

For materials tested, in general strength increased with 
strain rates; the ductibility as measured by reduction in area 
increased with strain rates; and the energy of deformation in-
creased with strain rates. However, the results of the various 
investigators are not in very good agreement as to the magnitude 
of the effect of strain rate on the strength of the materials. 

NEW DESIGN 

Introduction 

Most of the investigations on the influence of rate of strain 
on the mechanical properties of metals and alloys had been made 
at rates of two kinds. The investigations of Winlock and Leight-
er (10) and Elam (ll) are examples of work which had been done in 
the field of relatively low strain rates. Meyer (12) obtained 
strain rates on the order of five inches per inch per second, and 
found that the ultimate strength of certain materials was in-
creased slightly at fracture. 

Clark and Datwyler (13) produced strain rates of 150 inches 
per inch per second through the use of an Izod pendulum impact 
machine. Nadai and Manjoine (5) produced strain rates at 1000 
inches per inch per second over temperature ranges to 1000 de-
grees C. on such materials as copper, aluminum, pure iron, etc., 
using a rotary impact machine. Clark (14) used a rotary impact 


