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ABSTRACT

There is growing significance to the tension impact test in
comparing the usefulness of materials for service conditions in which
dynamic loading occurs. Many recent investigations have begun the
study of the dynamic properties of materials, and have attempted to
correlate thelr results with the existing theories of strength of
materials. Few investigators have succeeded in developing their
experimental procedure in impact testing to the point of determining
basic tensile properties measured by the stress-strain diagram.

Thig thesis discusses a method of determining stress-strain
relations for materials under tension impact loads at various speeds,
Tension characteristics of eight different engineering alloys are dis-
cussed for rates of deformation from 10 to 190 feet per second.
Comparison with results from static tests is made for these materizls,
end the influence of the rate of deformation is noted.

The results indicate that in general, for the materisls
tested, the yield and ultimate stresses under dynamic conditions are
higher then for static conditions; and guantitative data are tabulated
as a function of the rate of deformation. The dynamic energies ab-
sorbed in tension impact are usually larger than the static values,
but they may decrease in the case of certain heat treated steels.
Results do not indicate a critical velocity of embrittlement for any
of the materials tested within the range of velocities reported. TUse
of any single type of geometrical deformation of the material as a
measure of the resistance of the material to dynamic loads is not found

possible.



Application of this test procedure is suggested as a basis
for investigating the relative usefulness of different heat treatments
and alloying of metals for service conditions involving dynamic tensile

loading.



THE INFLUENCE OF THE RATE OF DEFORMATION

ON THE STRENGTH OF MATERIALS

IN TENSION

Chapter I

Brief History of Tension Impact Testing

A. General: Significance of Various Types of Impact Tests.--Two

basically important factors in determining the strength of materials seem
to be the rate of deformation, and the temperature. This thesis deals
with an investigation of the effect of varying the rate of deformation
on the strength of materials during tension impact loading. "Impact
testing® refers to a study of the behavior of materials under applica-
tion of suddenly applied loads, or to a study of the effect of the rapid
deformation of materials. In engineering terms, "impact testing® has

in the past implied primarily the testing of notched specimens in bend-
ing, though this latter type of test is more properly referred to as a
"noteched bar test in bending." In general, there are three types of
impact tests in common use: namely, bending impact tests, of which
notched bar tests are the most common; torsion impact tests; and tension
impact tests.

For bending impact, the most common machine in use is a pen-
dulum so constructed as to permit fracture of small beams struck hori-
zontally, at the mid-span if simply supported (Charpy type) or near the
support if cantilevered (Izod type), by the center of percussion of the
pendulum hammer. Beams of ductile material must be notched across the

side opposite the hammer if rupture is desired. The change in the
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kinetic energy of the pendulum during fracture closely approximates

the energy consumed by the specimen. Other types of machines employ

a rapidly rotating disc with jaws at the periphery, in the path of which
a bending specimen may be introduced. In this case the energy required
to rupture may be determined from the change in kinetic energy of the
dise or by holding the specimen in a pendulum and measuring the change
in kinetic energy of the pendulum due to the reaction of the specimen.

In torsion testing, a twist is applied suddenly to a cylindri-
cal specimen. This is accomplished by fixing a specimen from rotating
at one end, and holding it such that the other end can be engaged cir-
cunferentially by a clutch attached to a disc rotating at the desired
speed. The energy required to fracture the specimen is obtained ap-
proximately by measuring the accompanying loss of kinetic energy of
the rotating disc as indicated by the change of angular speed. This
type of test has been developed and found useful primarily for deter-
mining impact characteristics of extremely hard materials such as tool
steels. The pendulum (Izod or Charpy) tests are not so well suited for
tests on these materials because of the small amount of energy required
to break them., ©Since tool steels are normally quite brittle, the pres-
ence of a notch makes the accurate measurement of impact energy values
difficult.

In tension impact tests, a load is applied either by a pen-
dulum or a rotating disc in such a manner that a cylindrical specimen,
firmly anchored at one end, is pulled apart in tension by the load ap-
plied at the other end., Though no one type of machine has been uni-

versally approved for this purpose, this type of test is receiving



increasing attention in engineering circles for several reasons. The
relatively complex stress conditions existing in a specimen subjected
to failure in bending are apparent. In the Charpy and Izod bending
tests, these complex stress conditions are increased by the presence
of a notch. Such procedure causes high concentrations of stress in
the vicinity of the notch--rendering the results of such tests purely
gualitative. Correlation with other physical properties of the absorbed
energy values obtained from such tests has never been satisfactory; in
fact, correlation with service conditions can only be made for the
characteristic of notch sensitivity. For ductile materials at least,
since small eccentricities of loading have 1little effect on the energy
of rupture, tensile impact tests are more accurate than notched bar
transverse tests. In attempting to study the effect of the rate of
deformation on the properties of materials, it will be noted that a
high torsional speed may not correspond to a very high rate of strain
of the actual fibers of the material. A rate of twist of 700 revolu-
tions per mimute on a 1/2 inch diameter specimen corresponds to a
strain rate at the extreme fibers of only 1.4 feel per second.

Many of the significant mechanical properties of a material
are expressed by the tensile and shear properties obtained from a
tension test; consequently this type of impact test should give more
basic quantitative information than can be obtained from a notched bar
test., In addition, if the effects of rate of deformation together with
temperature variation on tensile properties are to be investigated, a
tension impact should be employed. Finally, this type of test lends

itself to a determination of stress-strain relations during impact



loading, from which the important physical properties of yield stress,
ultimate and breaking stress, and energy absorbed, as well as reduc-
tion of area and per cent elongation, may all be determined.

B. Results of Some Earlier Investigations.--The fact that forces,

under which ductile metals yield continuously, increase in general if
the speed of deformation is increased, was noted by early investigators
of the mechanical properties of materials. In 1909 Ludwik® mentioned
the influence of the speed of plastic deformation, stating that the
internal resistance of a metal to permanent change in shape increases
with the permanent strains and also with the rate of strain. In tension
experiments with tin wires, he came to the conclusion that the ultimaste
load increases with the log of the strain rate.? The same conclusion
is discussed by Prandtl,> who, with a mechanical model of a solid body,
indicates for a certain range of plastic rates of strain that the log-
arithmic speed law gives a general expression connecting the rate of
strain with the yield force.

Several recent investigations have been made describing the
plastic behavior of ductile metals under simple states of tensile or
compressive stress when the velocity of plastic deformation is increased.4
Koerber and Storp5 found for four carbon steels that the ultimate strength
from calculated dynamic tensile stress-strain curves was 1l.15 to 1.42
times larger and the per cent elongation at rupture was 1.05 to 1.12
times larger than corresponding static values. Average rates of strain

were of the order of 8 feet per second. Honegger6

computed loads in
tension impact tests by double differentiation of the recorded relative

motion between the two heads of the test specimens. The rate of strain
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during each test varied from agbout 12 to 5 feet per second., He found
for soft aluminum and copper that the tensile strengths and elongations
at rupture were sbout one and one quarter times the static values, while
for hard copper and aluminum these values were somewhat less. Energy
absorbed up to rupture was 30 to 40 per cent larger for the dynamic
tests than for the static,

Weerts'7

investigated the effect of the speed of deformation
on stress-strain curves of single-crystal bars of pure aluminum tested
in tension, with specimens of gage length of 100 millimeters, and
diameter of 3.4 millimeters. The mean rate of strain was about one
foot per second. The results showed that the ultimate tensile strength
was dynamically about 18 per cent higher than statically.

In all the preceding experimental werk, either the pendulum
or drop-weight type of machine was used. Conseguently the speeds of
impact were limited to very low values--less than 15 feet per second.
In addition, the velocity during any one test was variable due to the
fact that the energy required to rupture the specimens was usually an
appreciable amount of the available kinetic energy of the hammer. By
decreasing the velocity of impact this fault was greatly amplified,
since the available energy varies with the square of the velocity.

In addition, the dynamic stress-strain curves referred to were indi-
rectly derived, being calculated from the curve showing the observed
length of the test specimen as a function of time "{® during stretching
by the falling hammer or pendulum. Knowing the mass of the falling
weight, and obtaining the retardation d?l/dt? by double differentiation

of the empirical curve l = £(t), the tensile loads may be found under



which the bar is stretched., This double differentiation of an empirical
curve is hardly convenient or satisfactorily exact for rapid testing,
however,

A rotary type of impact machine was introduced in France by
Guillery® in which the kinetic energy of a flywheel is used for break-
ing notched specimens in bending. Available velocities of impact are
of the order of 18 feet per second, and the energy required to rupture
the specimen is obtained from the change in speed of the wheel measured
by an hydraulic tachometer. Moore? used the elastic extension of a
steel bar to measure the force on a tension test specimen rapidly loaded
by a falling weight. A few high speed tension stress-strain curves were

recorded by D. W, Ginns,lo

with a machine in which a large elastic spring
served for loading. Forces were measured by means of a carbon substance
whose electrical resistance varied with the pressure exerted on it.
The rates of strain investigated were of the order of 5 feet per second.
A rotary impact machine capable of producing tension impact
tests at rates up to 350 feet per second was recently described by
H. C. Mann.11 This equipment recorded impact energies up to rupture,
but not stress-strain diagrams. The most outstanding result was the
observation of a "transition" velocity or critical rate of tensile
deformation for each material tested, above which the impact energy
seened to decrease rapidly with increasing strain rate. He also
measured per cent elongation and reduction of area, and produced such
data as shown in Figure 3, page 13 of this paper.
Many other investigations have been made in the field of

impact testing, but most of them have to do with notched bar tests in
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bending. One group of experimentors in particular, working in the
laboratories of the Physico-Technical Institute in Leningrad under
the supervision of N. N, Davidenkoff,12 have made an investigation
of the effect of velocity on bend tests over a veloecity range from
static to 350 feet per second, using a rotary disc for the higher
range. Energy values only were recofded, and nominal stress-strain
velues during rupture were calculated and compared on the basis of
simple beam formulas. These data are discussed later on page 12.
As in most of the investigations mentioned above, only the values of
energy, reduction of area, and per cent elongation were obtained
directly.

Practically all of the results of these projects have been
limited either in the range of velocities attainable, or in the pos-
sibility of direct and reliable measurement of actual stresses as

well as energies, or in both respects.



Chapter II

Some Theoretical Considerstions

Concerning Tension Testing

A. Cohesive Strength and the Reslstance to Plastic Deformation.—-

Information obtained by investigaﬁors during the past twenty years has
shown qualitatively that ductility and total energy reguired to rupture
a material depend on the relation between resistance to fracture and
the resistance to plastic deformation. The normal stress reguired to
cause failure by separation across a transverse section of a tension
test bar is called the ®"cohesive strength® of the material. In a duc-
tile material, this cohesive strength is sufficiently large to support
the normal load; conseguently the maximum shear stress induced at
45 degrees with the axis of the test bar produces plastic deformation.,
As the material is deformed plastically, its resistance to shear defor-
mation increases, until it reaches a value egual to the cohesive strength,
when it fails in simple tension. If the tensile stress reguired to
produce plastic deformation is less than the resistance to fracture,
plastic flow precedes fracture and a relatively larger energy is ab-
sorbed. If the resistance to plastic flow is larger than the resistance
to fracture, a brittle failure occurs with a smaller absorption of energy.
Though ductility of a material is generally considered to be
assurance that it will not fail without plastic deformation, service
conditions may be such that the resistance to flow is higher than the
resistance to cohesive failure. In this case, the failure will be brit-
tle rather than ductile in nature and the amount of energy required to

produce failure may be greatly decreased.
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In a standard static tension test, fracture occurs after more
or less plastic extension; hence the resistance to fracture, obtained
by dividing the breaking load by the corresponding sectional area is
not the cohesive strength of the original material but of metal plasti-
cally deformed. By such plastic deformation, the cohesive strength is
greatly altered.

In order to obtain the cohesive strength of a given material
in any specified condition of plastic deformation the following pro-
cedure is suggested by W. Kuntze in his paper entitled "Questions of
Techniczal Cohesion."13 Several cylindrical specimens of this same
material are prepared with identical notches of different depths. Plot-
ting the stress to cause failure against the reduction of area due to
the notch, and extrapolating to zero area or 100 per cent reduced sec-
tion, the stress indicated by this extrapolation is taken as the cohesive
strength of the given material. This is represented in Figure l.13 The
notching of the specimens is reguired to increase the resistance to
deformation so that it exceeds the cohesive strength by limiting the
plastic strain., This straight line does not give any true stresses ex-
cept at the point of separation failure, because only there has plastic
deformation ceased entirely, and conseguently there are no variations
in stress distribution due to notch effect.

In general, the relationship between the cohesive strength
and the resisbance to shear deformation depends not only on the material,
but on its structural characteristics due to the degree of prior plastie
deformation, the velocity of strain, temperature, combination of stresses,

form and size of specimen, and presence of notches. The influence of
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prior plastic strain on the cohesive strength and the resistance te
plastic deformation is shown in Figure 2,13 for a 0.18 per cent carbon
steel. The amount of cold working during testing is represented by
abscissas in per cent reduction of area. The lower curve represents
the resistance to deformation, which rises steadily; the upper curve
gives the cohesive strength, which first rises then descends. The true
breaking stress is that stress where the resistance to deformation equals
the eohesive strength. Thus for a ductile material at room temperature,
which is deformed plastically at a slow rate, the cohesive strength first
increases abruptly, while the resitance to deformation rises gradually.
Investigations with notched bar impact tests have shown that
up to certain limits a bar mgy sbsorb more energy as the speed of defor-
mation is increased above static conditions. When the rate of strain
resches a certain value, the energy expended may decrease and the frac-
ture change from a ductile to a brittle type. In other words, the resis-
tance to deformation (true stress) has apparently increased with the rate
of strain up to certain speeds. Increasing the speed of deformation,
therefore, may be expected to raise the true stress curve above the static
curve, as represented by the postulated curves (2) and (3) in the left
half of Figure 2. For curve (2), failure occurs when the true stress
equals the cohesive strength. Curve (3), for a higher velocity, shows
the intersection at a much lower stress, with a very brittle fracture
almost withoubt deformation. The curves in the right half of Figure 2
show the same postulated stress-strain relations for a bar of the same
material deformed before testing by reducing the area sbout 20 per cent.

Tn this case a test velocity corresponding to curve (3) will not show



failure till the stress reaches a very high value at the peak of the
cohesive strength curve, resulting in a ductile fracture.

B. Effect of Velocity on the Energy of Rupture.-—-A somewhat con-

trasting theoretical possibility is suggested in the results of the in-
vestigation by H. C. Mann.ll The object of his work was to find the
effect of velocity on the energy absorbed during tensile fracture of a
specimen. Results of his tests indicated that for every material the
energy absorbed up to fracture was constantly equal to the static value
for all speeds up to a "eritical velocity of embrittlement," after which
the energy decreased abruptly To much lower values. Typlcal data from
such a test are shown in Figure 3, for an S.A.E. 1035 Steel fully an-
nealed. For this material the critical velocity is approximately

35 feet per second. ©Similar data are presented for rolled Silicon
Bronze, ! for which the critical velocity is reported as 90 feet per
second. However, the reduction of area and per cent elongation seem to
increase slightly at the éritical velocity, for all materials tested.
This would indicate that the dynamic stresses above the critical or
transition velocity are in general smaller than the static values. In
the absence of stress-strain diagrams corresponding to Mamn's tests, no
discussion of this situation was possible in his paper.

Investigations of bend testing performed in the Impact Labor-
atory of the Physico-Technicgl Institute in Leningrad12 have endeavored
to show that the temperature of the material is the determining factor
in its behavior. The investigators have interpreted the effects of
high velocity on bend testing in terms of the effect on the "eritical

temperature of embrittlement," or temperature below which a material
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always acts in a brittle manner and above which temperature the material
is always ductile. In general, an increased rate of loading has been
shomn to raise the critical temperature of embrittlement.

Discussion of nominal "stresses" during these bend tests is
based on calculations according to simple beam theory, which are ap-
plied to all deflections of the material up to fracture. In general,

a logarithmic relation has been assumed to hold between the velocity

of deformation and the critical temperature of embrittlement. Direct
measurenent during these investigations was limited to noting the var-
iation in angle of bend, and correlating this to the change in lateral
dimension of the specimen at fracture. This dimensional property is
used as a linear measure of all energy values absorbed up to fracture,
basing this reasoning on an obscurely obtained experimental straight-
line-relation between lateral deformation and energy absorbed (see
Figure 412). This is the basic premise of all the interpretations of
the results of this investigation; in terms of a tension test it would
be equivalent to stating that the per cent elongation, or contraction
in diameter, is a direct measure of the energy absorbed up to fracture.
That such a simple relation does not hold between energy and deformation
is suggested later. (See page 82 of this paper.) Again, in this in-
vestigation by the Russian laboratories, absence of direct measurement
of stress-strain relations or of energy values during impact tests pre-

vented reliable verification of these results.
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Chapter IIX

Object of This Investigation

The behavior of a material under conditions of tension impact
loading can be shown to best advantage by means of a force-elongation
diagram. To accomplish this, eguipment has been developed for record-
ing force-elongation curves during tension impact tests, with a simple
method of reducing these to stress-strain relations. From such rela-
tions, the basic properties of yield, ultimate and breaking stresses,
energy absorbed to rupture, per cent elongation, and per cent reduction
of area can all be obtained for materials tested at rates of strain
from 5 feet per second up to velocities of 200 feet per second. From
such data, the effect of rate of deformation may be more rationally
analyzed than heretofore possible, and comparison can be made with the
results of conventional static tests.

The purpose of this thesis is threefold:

(1) The presentation of suitable testing equipment and
procedure for obtaining stress-strain diagrams for materials under
tension impact loading, at rates of deformation from static up to
200 feet per second.

(2) Interpreting from such testing procedure the effect
of rate of deformation on the tensile characteristics of materials, that
is, on the yield, ultimate, and breaking stresses, the absorbed energy,
per cent elongation, and reduction of area.

(3) Discussion of such interpretations in the light of
the existing theories of strength of materials, pointing out where such

theories may be verified or disproved by the results of this investigation.
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Chapter IV

Eguipment and Testing Procedure

Preliminary investigation of the problem of determining stress-
strain relations during tension impact tests was made with a reconstruc-
ted Tinius Olsen Izod Impact Machine, of 120 foot-pound energy capacity.
This pendulum apparatus was revised so that specimens could be fractured
in tension at speeds up to 11.2 feet per second, and & methed was devel-
oped for recording force-time diagrams during these tests. From the
inertia characteristics of the pendulum, and by a double integration of
these force-time records, the corresponding displacement--time curves for
the pendulum are computed, which give elongation-time relations for the
specimens. Combining these with the original force-time records, stress-
strain relations for the impact tests are found. Details of this pro-
cedure are described by D, S. Clark and G. Ditwyler in an article enti-
tled #Stress-Strain Relations under Tension Impect Loading," presented
before the American Society for Testing Materials in July, 1938.14

By simplification of this procedure, eguipment was devised
by the author for recording directly force-elongation diagrams at
velocities up to 11.2 feet per second with the same pendulum machine.

The technique used was essentially the same as described later in this
thesis. Various engineering materials, including both ferrous and
non-ferrous alloys, were investigated at this speed of 11,2 feet per
second and the results compared with static tests. Data were of suf-
ficient interest and the technique was found satisfactory for application

to higher velocities. Conseguently a rotary type tension impaet machine
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was designed for this purpose, capable of testing al variable speeds
from 5 to 300 feet per second.

A. Construction of Apparatus.

1. Loading Equipment.-~A 750 horsepower hydraulic impulse

turbine with the exciter generator was obteined on loan from the Southern
California Fdison Cempany. The water-wheel buckets were removed; and

the machine, with suitable electric wiring for operation either as a
variable speed motor or generator, was installed in a pit 8 feet wide,

12 feet long, and 6 feet below the floor level (see Figure 5}.

The dise, A in Figure 5, has a diameter of 44 inches, turns
on a horizontal shaft, and together with shaft and rotor weighs ap-
proximately 2000 pounds. <Suitable striking jaws, B, and counterweights,
C, are connected firmly to the periphery of the wheel, a2s shown in
Figures 5 and 6.

The normsl operating speed as a water-wheel was 750 revolutions
per minute, with a corresponding peripheral velocity of 150 feet per
second. Reasonable overspeeding for short intervsels is permissible,
and provides impact velocities up to 300 feet per second. Due to the
inertia of the rotating mass, and because of the relatively small amount
of energy reguired to rupture the specimens in tension impact, the velo-
city of the wheel is effectively constant during fracture at any oper-
ating speed. Elongation-time measurements in support of this are dis-
cussed on page 30,

The disc can be stopped from any operating speed within 20
seconds, by operating the machine as a generator and dissipating the

electric energy through a suitable resistance. As an additional safety



Fig. 5
Rotary Impact Tester in Pit

Fig. 6
Disc Showing Jaws and Counterweights
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feature, the pit is covered with heavy timber bolted to the walls of
the pit.

Flectric control of the machine is centered gbove the pit
at the main control panel shown at D in Figure 7.

The force-measuring unit, or dynamometer, E, into which a
specimen screws, is firmly anchored in the end of a 715 pound anvil,
F, machined from a 9 inch by 9 inch by 43 inch billet of steel,
and shown in Figures 6 and 8., Normally this anvil is bolted rigidly
to a sub-base G, Figure 8, which slides horizontally on finished ways,
under the action of a gear-crank and rack shown at H in Figures 6 and
8. Thus, for the purpose of replacing specimens, the specimen holder
is moved back from i1ts usual operating position tangent to the under
side of the disc, as in Figure 9.

The anvil can also be mounted on two vertical flexible
fixed-end columns of clock-spring steel, 1.00 inches long and 0.015
inches thick, one under each end of the anvil, clamped as shown at I,
Figure 9. This anvil is designed so that tensile forces acting on the
specimen during impact pass through the center of gravity of the
anvil F, Hence it may be used as an inverted pendulum, By measuring
the maximun velocity imparted to this anvil during fracture of the
specimen, and by computing the momentum of the anvil acting as an in-
verted pendulum, an independent check is possible on the amount of
impulse transferred through the specimen as indicated from the
force-time diagram obtained with the recording oscillograph shown at
J in Figure 7 and discussed later. This provides an independent ex-—
ternal check on the relisbility of the force measurements as recorded

by the testing eguipment.
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Fig. 7
Control Panel, Oscillograph, and Camera

Fig, 8
Dynamometer, Anvil,
Jaws, and Yoke, before Impact



Fig., 10
Specimen just
before Impact

Fig. LL
Solenoid and
Trigger Mechanism

2L,

Fig. 9
Specimen, Dynamometer,
Extensometer, and Tup, Assembled




2. Specimens.—-The unnotched specimens are machined from
1/2 inch dizmeter red. They are threaded at each end and have a cylin-
drical gage length of 1,00 ¥ 0.005 inch, and a gage diameter of
0.200 £ 0.001 inch, as shown at K in Figure 12 and in the accompanying
sketch, Figure 15. One end of the specimen screws into the end of the
holder as at L, Figures 9 and 10, and on the other end of the specimen
is screwed a tup or 1 inch square piece of steel 1/2 inch thick, shown
at M, Figures 9 and 12. Thus the specimen is held firmly in a hori-
zontel position tangent to the under edge of the wheel in such a manner
that the jaws of the dise, under normal rotation, clear the specimen
and tup by a small amount (see Figure 10). After bringing the wheel up
to any desired speed, shown by the speed indicator at N on the control
panel (Figure 7). a trigger mechanism is operated by a solenoid O (Fig-
ure 11}, synchronized with the disc rotation. Instantaneous tripping
of the trigger is accomplished by thyratron action. This trigger, P,
releases a torsional spring which raises a flat yoke (Q, Figures 8 and
10) behind the tup into the path of the striking jaws. This yoke engages
both the tup and striking jaws, after which the specimen is pulled off
in tension. One end of the specimen, together with tup and yoke, flies
off tangent to the wheel and is deposited in a container full of cotton
waste at R, Figure 1l.

3. Dynamometer.--The dynamometer for measuring forces
during impact, shown at E in Figures 8 and 9, consists of a hollow
cylindrical bar of S.A.E. 4140 steel, 13/16 inches in outer diameter,
and 7/8 inches over-all length. It is threaded internslly at the open

end with 20 thresds per inch, into which one end of the specimen may be
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Fig, 12
Specimen, Dynamometer
Extensometer, tup (details)

%r@mmwwmw
Vb ; MY

Fig., 13 Specimen-type strain gage

Fig., 14 Preliminary Design of Extensometer Core
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screwed. The other end of the dynamometer fastens rigidly into the
anvil, F. The strain gage winding is laid longitudinally along the
outer surface of this cylinder, and consists of approximately 30 feet
of number 40 constantan wire formed into a mat in zig-zag fashion,
coated with Glyptal as an insulating binder and baked at 250 degrees
Fahrenheit. For purpose of protection, the wire is covered with scotch
tape as shown at S, Figure 10. This constantan winding is referred to
as the "pick-up" resistor.

The leads from this pick-up on the dynamometer are connected
to the electric circuit shown in Figure 16. This circuit consists of
a 140 volt battery, a series resistor placed in series with the pick-
up, and a calibration resistor for purposes of calibrating the force
measurements of the dynamometer as discussed later. The resistance
of the series resistor is made very high compared to any change in the
pick-up resistor during impact, so that a constant current of approx-
imately 100 milliamperes is maintained in the circuit.

When a tension impact force acts on the specimen, it is trans-
mitted through the specimen to the dynamometer, which elongates elasti-
cally in proportion to this force according to Hooke's Law. The wire
covering the dynamometer bar follows this increese in length, changing
its resistance in a linear manner in proportion to the force acting.
Numerous tests, of which the data in Teble I are typical, indicate that
the change in resistance varies linearly with the lead over a range of
forces exceeding that used in any tension tests. With high strength
steel specimens, 6000 pounds is ordinarily the maximum force which will

occur.,
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Fig. 17
Force-time-elongation diagram,
showing calibration curves for force and time

Aluminum specimen
20 feet per second
5 kilocycle timing-wave
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TABLE I

Typical Pick-up Calibration Data

o
e

Total Load Total Resistance Resistance Change
pounds ohms ohms
0 848,080
0.430
2,000 848.510
0.434
4,000 848944
0.446
6,000 849.290
0.458
8,000 849.848
0.412
10,000 850,260
0.428
12,000 850,688
0.438
10,000 850.250
0.442
g,000 849.808
0.438
6,000 849.370
0.435
4,000 848,935
0.425
2,000 848.510
00417
0 ) 848.093

Up to 12,000 pounds and back to zero load, as fast as possible
(within 10 seconds), gives:
0 848,093
12,000, held for 10 minutess 850.724 ohms, with no visible change.
6,000, held for 10 mimutes: 849.410 ohms, with no visible change.
o] 848,080
Results: Average resistance change: 2,180 ohms per 10,000 pounds,

or /585 pounds force per ohm change in resistance.
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It is to be noted that the resistance for loading and unload-
ing agree, within small limits of experimental error, indicating that
the Glyptal binder is sufficiently strong to permit the wife of the pick-
up to follow the change in length of the dynamometer under load. By
measuring the change in voltage produced by this change in the resistance
of the pick-up circuit, the forces can be determined as indicated later.
The linear relation between the impact forces and the dyna-
mometer deformations is valid as long as the period of the natural
vibration of the dynamometer bar is short compared with the duration
of impact. The natural frequency of the dynamometer developed in this
work is 35,000 cycles per second, which gives a time for a half period
of 1/70,000 second. This is practically the upper limit of frequency
for this type of dynamometer bar, since further shortening of the bar
is impractical. The natural frecuency is determined by striking the end
of the dynamometer and comparing the vibrations set up on an oscillograph
screen with a wave of known frequency. With this dynamometer, reliable
force~time records are available up to impact speeds of 200 feet per
second.,

/4. Recording Apparatus.--The voltage changes in the

circult produced by the elastic deformation of the dynsmometer are
amplified by a two-stage alternating current amplifier. From the ampli-
fier the signal is sent to an RCA TM-168-A cathode ray oscillograph,
shown at J in Figure 7. The connections are made such that the voltage
changes will produce a vertical deflection of the electron beam. The
scale for the vertical deflection in terms of resistance (ohms per inch)

is determined by suddenly changing the resistance of the dynamometer



circuit a known amount, For this purpose, the calibration resistor
shown in Figure 16 is used to produce a force-calibration curve after
each test. The change in resistance of the dynamometer winding for
given loads may be determined statically in a tension testing machine,
as shown in Table TI.

The circuit of the oscillograph is arranged so that a single
horizontal sweep of the electron beam can be obtained at any desired
speed. The sweep speed is determined by connecting a known freguency
to the oscillograph, and producing a broken timing across the screen
after each test,

This force-time curve traced by the beam on the screen of the
oscillograph is recorded photographically with the camera shown at T
in Figure 7. The camera is eguipped with a Zeiss Biotar f:l.4 lens.,

The horizontal single sweep of the oscillograph beanm is
started across the sereen slightly in advance of the impact of jaws
on tup by means of a small firing pin projecting beyond the front
surface of the yoke. This pin is insulated from the yoke and con-
nected through the wire shown at U, Figure 11, to a condenser in the
control panel shown at V in Figure 7. The other side of the condenser
is connected to ground. TWhen the jaws of the disc strike the end of
the pin the condenser is discharged, thereby starting the sweep of
the electron beam. An instant later the hammers strike the tup,
producing a force-time diagram in the center of the oscillograph screen.

5. Extensometer.——The picture photographed from the

oscillograph screen is essentially a force-time disgram, with ordinates

proportional to force and abscissas propertional to time. Units of
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elongation may be added to the same disgram by means of a small exten-
someter, a preliminary model of which is showm in Figure 14. In final
design, it consists of a small cylinder, 1/4 inch in dismeter and one
inch long, mounted on the end of the dynamometer parallel to and above
the specimen gage length, as in Figures @ and 10. This cylinder con-
sists of 115 alternate lsyers of 0,009 inch celluloid and 0.001 inch
aluminum foil, pressed onto a central steel shaft in such a manner that
the aluminum discs make electrical contact with the central shaft (see
W, Figure 12). The outer surface of the cylinder is turned smooth in
a lathe. A narrow ribbon of clock-spring steel, carrying a needle
point at one end, is fastened firmly to the tup prior to fracture of
the specimen; this ribbon is held along an element of the cylinder by
an elastic rubber tube. Figure 12 shows the parts, which are assembled
in place as in Figure 9. As the tup is drawn forward during deformation
of a specimen, the needle point scratches the surface of the cylinder,
alternately making and bresking an electric circuit after every 0.Cl0
inch of elongation., This produces successive modulations on the force-
time diegram, corresponding to deformation units of 0,010 inch. Such
modulations are shown in Figure 17 for sluminum, broken at 20 feet per
second.

Investigation of these and similar disgrams indicates that
the velocity of the wheel during impact is essentially constant, since
equal units of elongation are marked out in equel time intervals. In
addition, elongation measurements obteined with the extensometer check
sufficiently close with those based on the assumption that the rate of

deformation during fracture is constant and egual to the velocity of
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the jaws. Conseguently this extenscometer device is used only occa-
sionally as a check on the operation of the dynamometer-oscillograph
unite

Table II shows a few typical values of elongabion measured
from specimens and compared with corresponding values recorded from
the photographed curves., The time reguired for fracture is also given.
It is interesting tc point out that with 20 per cent elongatien, or
2/10 inch deformation up to fracture, the time required for fracture
at 150 feet per seecond is 0.00011 second, or 1/9,000 second. Also,

150 feet per second corresponds to 180,000 per cent elongation per

second,
TABLE 11
Elongation~-Time Results
Velocity Measured Elengation Time Ei:
Specimen Elongation taken from Fracture

ft./sec. in, Curves,in. sec.
Cold Drawn Steel #8 10 0.150 0.15 0,00125
Cold Drawn Steel #17 10 0,157 0.155 0.,00130
Cold Drawn Steel #10 30 0.185 0.165 0.00049
Cold Drawn Steel #16 50 0.145 0.15 0.00025
Cold Drawn Steel #1 75 0.120 0.12 0.00013
Brass #1 20 0,250 0.24 0.00104

178T Duralumin #15 20 0.250 0.245 0.,00104
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B. Stress-Strain Relations under Impact Loading.

1. Materials Tested.--Using the procedure outlined

above, between ten and twenty specimens of each of eight different
engineering materials were prepared and broken in tension impact.,
With each material, tests were performed at velocities ranging from
static conditions to rates of deformation of 150 feet per second or
mors. The materials tested were as follows:
(a) S.A.E. 1112 Free Cutting Steel, cold drawn.
(b) S.A.E. 1035 Steel, fully annealed.
(e) 16% Cr - 2% Ni Stainless Steel, oil guenched
from 1800 degrees Fahrenheits
(1) drawn at 1200 degrees Fahrenheit
(2) drawn at 900 degrees Fahremheit
(3) drawmn at 700 degrees Fahrenheit.
(d) 18% Cr - 8% Ni Stainless Steel.
(e) Rolled Silicon Bronze (Herculoy), 96.25% Cu,
3.25% Si, 0,59% Tin,
(f) 17ST Duralumin.
(g) 24ST Aluminum Alloy.
(h) Dow Metal X, extruded.

Typical photographs of the force-time curves as photographed
on the oscillograph screen are shown in Figure 18 for the 16% Cr -
2% Wi Stainless Steel drawn at 1200 degrees Fahrenheit, for Silicon
Bronze, and for 17ST Duralumin.

Such curves are photographically enlarged, and traced at a

sultable size by drawing a mean line through the vibrations of the
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diagram, after which the force, time, and elongation scales are deter-
mined. Successive force measurements and corresponding elongations may
be recorded in suitable units, and the areas under the curves measured
with a planimeter. Knowing the initial cross-sectional area and length
of each specimen, stress-strain values are computed, and the curves
plotted. The energy reguired to rupture the specimen is obtained di-
rectly from the area of the force-elongation curve. For purposes of
comparison, static tests were made with each material, and corresponding
data obtained,

2+ Analysis of Test Records.——A complete analysis of the

stress—strain curve for 17ST Duralumin broken at 51 feet per second is

carried out in Figure 19, and the results are tabulated in Table ITI.
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351 /sec. 751 /sec.

16% Cr.-2% Ni. Stainless Steel,
0il Quenched 1800°F., Tempered 1200°F.

101 /sec. 381 /sec. 531 /sec. 901 /sec.

Rolled Silicon Bronze

50t /sec. 701 /sec.  147'/sec.
17 ST Duralumin

Fig, 18
Typical Force-time Diagrams

17 57 Duralurmimr 51 ftysec AL 0.253"
Spec. 5 o RA. 495 %
/0 KC 2
S
&

e
I‘ 76000 *l

Fig. 19
Typical Analysis
of Enlarged Force-time Diagram
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TABLE III

Complete Analysis of Stress-Strain Curve of Figure 19

175T Duralumin
Specimen: 5

Film Holder; 4

Timing Wave: 10 kilocycles

Time of Break: 0.,000416 sec,
Velocity:s 50.5 ft./sec,

Force Scale: 1 in. = 2670 1b.
Elongation Scale: 1 in. = 0.0727 ft.
Energy Scales 1 sqg.in. = 19.4 ft.1lb.

Original Sectional Area: -%_ sg.in.
4 Elongation: 25.3 100
% Reduction of Area: 49.5

Planimeter Readings 1.94
Planimeter Constants 1,113
Area of Diagram: 2,160 sg.in.

Energy of Ruptures: 41.9 ft.1lb.
Yield Stress: 59,400 p.s.i.

Ultimate Stress: 71,300 p.s.i.
Breaking Stress: 51,000 p.s.i.

Elongation Force Units Force Stress
in./in. (50ths of an inch) 1b. 1b./sq.in.
0.001 35 1870 59,400
0.002 33 1760 56,000
0.004 38 2030 64,500
0.007 40 2135 68,000
0.012 42 2240 71,300
0,016 40 2135 68,000
0,022 3 1975 62,700
0.024 33 1760 56,000
0,025 30 1600 51,000
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Chapter V

Test Data and Results of

This Investigation

In accordance with the above test procedure, representative
values of yield stress, breaking stress and ultimate stress, when this
last is distinet from the yield stress, are recorded in Tables IV to
XTI, for each material at various speeds of impact. Likewise the per
cent elongation, reduction of area, and energy required to rupture the
specimens are recorded. Ratios of the average dynamic to static values
of yield strength, absorbed energy, per cent elongation, and reduction
of area are plotted in Figures 20 to 23 respectively. For purposes of
comparison of these properties, the materials are grouped into (a) fer-
rous and (b) non-ferrous alloys. Significant stress-strain curves for
each material at pertinent rates of deformation are shown in Figures 24
to 33. Curves showing the variation of the physical properties with
rates of deformation are shown in Figures 24a to 33a.

Due to the limited number of specimens available, these mag-
nitudes of the physical properties are not considered to be definitely
or exactly established within a range of plus or minus 5 per cent.
However, the trends of these quantities are very pronounced, and it is
believed they afford a basis for the following discussion.

A, Tor Tables IV to XI, see pages 37 to 41.

B. For Figures 20 to 33, see pages 42 to 68.
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TABLE IV

Tensile Properties

S.A., 1112 Steel -~ Cold Drawn

e Pty io iy
—m———

Velocity Yield Ultimate Breaking Energy Reduction Elonga-
Stress Stress Stress of Area tion
ft./sec. p.s.i. pefisle pesei.  ft.lb. % %
Static 90,600 105,000 84,300 26,3 37.8 10.5
10 123,400 T 85,000 46.5 40,6 16.0
24, 135,200 81,500 43.4 48.1 15.2
37 136,000 not distinct 86,500 445 &T+5 15.2
53 143,500 from 90,000 53.0 5264 18.2
80 150,000 yield stress 75,000 36.3 45.0 13.0
23 155,000 l 91,000 47.1 43.8 1465
145 160,000 110,000 37.0 475 11.2
155 163,000 114,000 42.8 44,0 13.0

TABLE V
Tensile Properties
S.A.E. 1035 Steel - Fully Annealed

Velocity Yield Ultimate Breaking Energy Reduction Elonga-

Stress Stress Stress of Area tion
fto/SGCQ p.Soio poSoio poSoio 1 . 1 % %

Static 417,700 76,500 63,600 49.0 51,0 26.5
10 87,500 95,500 69,500 59.9 5245 26,0
39 92,800 99,000 68,000 62.1 53.7 26.5
&7 105,500 108,500 75,300 72.0 5377 28.0
57 102,300 105,400 78,000 62.2 53.7 27.0
67 107,500 109,000 76,000 60.2 51.7 25.0
a8 118,000 114,000 73,800 71.6 55.1 26.9
120 120,000 112,000 64,000 69.9 55.7 27.5
130 125,000 107,000 57,000 79.1 56.5 30.5
140 121,000 97,000 55,000 75.8 56.7 32.0
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TABLE VI

Tensile Properties

16% Cr - 2% Ni Stainless Steel
0il Quenched 1800° F.

a: drawn 1200° F.
bs drawn 900° F.
¢: drawn 700° F.

——c

Velocity  Yield  Ultimate Breaking FEnergy Reduction Elonga-

O T

o) o o

& o

Stress Stress Stress of Area tion

f’b./Sec. p.S.i. p.s.io poS.io ft.1b. % %
Static 99,000 126,000 84,000 57.1 61.5 18,5
Static 204,000 215,000 143,000 110.0 63.5 21.0
Static 194,000 204,000 154,000 73.1 53,0 15,0
37 158,000 158,000 85,000 70.9 64,90 20.0
33 196,000 176,000 89,500  54.9 60.3 14.6
33 204,500 197,500 88,500 59.2 60.3 1.1
65 267,000 215,000 116,000 82.1 60,3 16.6
61 256,000 232,000 100,000 84.6 60.3 1642
5 166,500 173,000 85,000 94.3 65.8 2l.5
83 ‘225,000 195,000 113,000 72,0 60.3 16.3
81 216,000 135,000 97,000 64.3 60.3 16.0
107 192,000 168,000 85,000 86.4 66,3 2365
105 214,000 170,000 68,000 66.4 61,2 17,5
127 294,000 225,000 127,000 107.0 61.2 20.0
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TABLE VII

Tensile Properties
18% Cr - 8% Ni Stainless Steel

Velocf%y Yield Ultimate  Breaking Ené}gy Reduction Elongation

Stress Stress Stress Of Aresa
ft./sec, p.s.i. BBk Petals FhuIb. % %
Static 44,000 97,500 88,000 163.0 70,3 ”
5 70,000 111,000 79,000 116.8 63.4 .
9 70,400 117,000 92,000 127.8 64.0
22 77,000 127,000 103,000 154.3 61.5 .
49 95,000 131,000 109,000 164.5 60.3

L]
OMNDOMNOOROO

73 106,500 127,500 109,000 182.0 59.0
90 102,000 119,000 8,500 148.8 60.3
106 98,000 117,000 87,000 145.8 61.5
143 124,000 130,500 104,000 153.7 61.5

WX Ut Ut 0t Ut Ut D '
[oANESNORN] H\ngﬁ
]

TABLE VIII

Tensile Properties

Rolled Silicon Bronze

Velocity Yield  Ultimate Breaking Energy Reduction Elongation

Stress Stress Stress Of Area

ft./sec. p.s.i. Delele p.s.i.  ft.lb. % %
Static 71,600 73,100 37,600 36.0 79.0 21.3
10 92,000 95,100 52,400 63.5 76 4 27
22 95,600 99,000 46,200 64.7 774 28.0
38 99,000 95,600 42,800 8.1 78.4 32.0
53 97,000 90,600 39,600 65.2 78.4 30.0
61 104,500 99,500 45,000 74.0 78.4 30.7
66 110,000 107,000 51,700 65.6 7.0 27:5
75 100,000 98,250 44y 4 400 755 8.4 34.0
89 97,600 93,000 38,000 70.3 77.0 33:5
120 105,500 99,000 33,000 83.0 78.0 38.0
148 114,000 98,000 25,000 H8.2 77.0 32.5
168 112,000 88,000 20,000 76.0 7.0 31.6
187 115,000 98,500 15,000 TT5 79.8 31.0
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TABLE IX

Tensile Properties

17ST Duralumin

Velocity Yield Ultimate Breaking Energy Reduction Elongation

_ Stress Stress Stress of Area

ftofsee. peseds  Dedode p.s.i. ft.1b. % %
Static 31,800 54,700 4k 4 500 30.7 452 23.0
11 45,700 58,600 45,600 3440 49.0 23.8
16 51,600 66,200 51,700 38.2 46.0 2401
31 56,000 67,600 51,100 4005 51.0 2543
3 59,400 71,300 51,000 41.9 49.5 25.3
70 57,300 68,000 45,900 41.0 524 25.8
109 60,500 65,200 45,600 40.5 53.0 27.5
139 66,000 62,500 35,500 40.9 5405 28.3
147 72,000 72,000 45,500 48.0 5503 28.1

TABLE X
Tensile Properties
24ST  Aluminum Alloy
—— — - — ——
Velocity Yield Ultimate Breaking Energy Reduction Elongation
Stress Stress Stress of Area

f'b./Sec. p.s.io p.S.i. PoS.io ft.1b, % %
Statie 46,000 65,600 64,000 32.0 33.0 20,0
10 56,000 73,000 63,000 35.7 2.7 202
37 67,100 77,800 65,400 43.0 40,6 223
6/, 75,000 81,800 70,000 46.0 36.8 2365
89 71,300 76,100 63,400  40.4 40.0 22,0
117 79,600 78,000 61,500 46,0 41.5 2.8
1.8 84,800 78,000 61,500 46.6 41,0 25.0




TABLE XI

P e )

Tensile Properties

Dow Metal X

ey - "
_—T=T =

Velocity Yield Ultimate Breaking Energy Reduction Elongation

Stress Stress Stress of Area

ft./sec. p.s.i. 7 T U0 B o« % 1 % %
Statiec 30,000 39,000 34,000 13,0 39.8 kel
10 45,600 45,600 33,000 16.9 46.7 15.4
33 49,000 49,000 32,000  14.8 46,0 1.5
70 61,300 51,000 33,000 21,2 45.3 17.0
110 62,000 46,000 . 29,000 22.6 5.3 19.2
135 67,000 51,500 34,500  21.9 k2.0 17.5
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68.

C. Discussion of Results.

As a result of the experimental work just outlined, it is
possible to discuss the relative ability of engineering materials to
withstand tension impact loading simulated by these testing condi-
tions. From the results shown, it is seen that some materials show
a marked increase in the dynamic properties over corresponding static
values as the rate of deformation increases; while other materials

are relatively unaffected.

The cold drawn S.A.E, 1112 steel indicates a marked rise in
yield stress from 90,000 p.s.i. to 130,000 p.s.i. with an increase
in rate of deformation from static to 20 feet per second; and the
energy required to rupture the specimen rises from 26 to 47 foot-
pounds in the same range. Above 20 feet per second the yield stress
continues to rise, but the energy increases only slightly to 60 feet
per second and then decreases, indicating that for the same elonga-
tions the plastic stresses are decreasing. The stress—-strain

diagrams of Figure 2/ bear out these results.

Annealed S.A.E. 1035 steel shows a remarkable increase in
yield stress from 47,000 p.s.i. to 92,000 p.s.i., an increase in
ultimate stress from 75,000 p.s.i. £o 100,000 p.s.i., and an energy
rise from 49 foot-pounds to 62 foot-pounds with a change in rate of
loading from static to 20 feet per second. At higher rates of
deformation, the yield stress continues to rise to 125,000 p.s.i.
at 140 feet per second, the ultimate stress rises to a maximum of
115,000 p.se.i. at 90 feet per second and then drops off gradually,

while the energy continues to increase to 78 foot-pounds at 140 feet
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per second. Reduction of area and per cent elongation show'no abrupt
changes over the entire velocity range.

With this and other materials, when the ultimate stress is
reported smaller than the yield stress, there are indications of a
marked decrease in the resistance to deformation beyond the yield
strength, sometimes followed by a slight increase to the ultimate,
as may be observed in Figure 25. This figure gives an excellent
example of the increase in yield stress with a higher rate of deforma-
tion, preserving even at high speeds the same general form of the
static stress-strain curve. As can be seen, the rise in yield strength
is considerably greater than the rise in the ultimate. Other examples
of this are shown in the stress-strain diagrams for 16% Cr - 2% Ni
Stainless Steel, the Rolled Silicon Bronze, the 17ST Duralumin, and
Dow Metal X. For an analysis of this marked rise in yield stresses,

see page T4.

Specimens of 16% Cr - 2% Ni Stainless Steel, oil cuenched
from 1800° F., were tempered at three different temperatures, 1200°
F., 900° F., and 700° F. Results of tests with this material may bé
compared in Figures 26a to 28a, at velocities up to 110 feet per
second. Due to the few specimens available, these results are
considered as preliminary; though they are quite interesting. Values
of per cent elongation and reduction of area are almost identical for
all three materials and remain constant over the velocity range; the
stresses and absorbed energy, however, behave cuite differently. For

the weaker static material, tempered at 1200° F., moderate improvement
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in properties is shown under rapid loading up to 80 feet per second,
with the absorbed energy rising from 58 to 96 foot-pounds. The
material tempered at 900° F. shows a decrease in ultimate and yield
strength and energy up to 45 feet per second, but it is noted that
the minimum values are not appreciably lower than the minimum values
of the material tempered at 1200° F. The ultimate strength, yield
strength and energy values of the material drawn at 700° F. do not
change much up to speeds of 40 feet per second, after which the
values increase appreciably. This might seem to indicate that the
dynamic tensile properties of this steel are reasonably satisfactory
in absolute value for any of these heat treatments. Lower Izod impact
tests for the material tempered at 900° F. have indicated a notch
sensitivity over other heat treatments, but its dynamic tensile
properties are guite good, though not so high as for the specimens

tempered at 700° F.

As shown in Figure 29a, the 13% Cr - 8% Ni Stainless Steel
shows a very abrupt decrease from the static values of energy, elonga-
tion ané bresking stress at low rates of deformation below ten feet
per second. Above this speed, however, the energy values recover,
apparently because the plastic stresses are continually increasing up
to speeds around seventy feet per second. The yield stress rises
above the static value abruptly with increased rate of loading, as
shown in the stress-strain curves of Figure 29. The elongation and
reduction of area drop rather abruptly from the static values of 70

per cent, and remain almost constant at 50 per cent and 60 per cent



respectively for all speeds above ten feet per second.

The remarkably large values of absorbed energy result from
the great ductility of this material. Of all the materials tested,
this 18% Cr - 8% Ni Steel absorbs the most energy up to fracture. The
abrupt decrease in elongation cited above might be taken as an indica-
tion of a very low critical velocity of embrittlement inherent in the
material itself. However, it seems more likely that this character-
istic results from the combined effect of the time of deformation on
the plastic yielding, and on the plastic stresses. Under static
loading, this material does not come to egquilibrium like other
materials tested, but continues to deform plastically with time. With
low speeds of impact, as alt five feel per second, less time exists
for this plastic deformation, hence the elongation is much less. At
higher rates of loading, the elongation does not change appreciazbly,
but the increasing stress values produce a rise in the energy sbscrbed.
Consequently, this does not seem to be a "eritical velocity"
phenomenon, as previously suspected from the results of preliminary
tests on this materisl and as discuessed by D. S. Clark and
G. Datwyler.14

Further detailed investigation with this stainless steel at
much slower rates of loading (from one inch per second to five feet per
second) would be of value in determining the properties of this
particular materisl.

It is pertinent to call attention to Figures 20 to 23,

presenting the ratio of dynamic to static values of yield stress,
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absorbed energy, per cent elongation and reduction of area. These
curves indicate the relative ability of the materials to withstand
dynamic loads compared to static loads. For the ferrous group, and
particularly for the 16% Cr - 2% Ni steels, the curve for the
stainless steel tempered at 900° F. is below all others. It may be
stated here that heat treatment is a factor to be investigated
further in discussing the ability of a materisl to withstand shock
stresses. Though this same stainless steel dramm at 900° F. is con-
sistently weaker under dynamic conditions compared to its static
behavior, the absolute physical values of the properties are high
enough to classify it as a tough, strong steel, particularly for

static service conditions.

In the case of the rolled Silicon Bronze, 2 large rise in
yield and ultimate stresses and energy vaelues occurs between the
static tests and those at 25 feet per second, beyond which the values
remein essentially constant up to the limit of speed investigated.
This material shows clearly the development of a high yield stress
followed by a decrease in resistance to plastic flow at higher
velocities of loading. (See Figure 30.) TFigures 21la and 22a indicate
that the ratios of dynamic to static elongation and energy absorbed
are superior to those of the other non-ferrous alloys tested. Of all
the meterials tested, this material alone indicates no variation in
maximum reduction of area from 77 per cent for all velocities of
loading. The bresking stress rises to a maximum at 10 feet per

second, znd then decreases gradually. In terms of the cohesive
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strength for an amount of plastic deformation corresponding to 77 per
cent reduction of area, this would indicate that the rate of deformation
has the effect of increasing the cohesive stress for velocities up to

10 feet per second, but éf lowering the cohesive strength at higher

speeds.

In the cases of the light alloys, 17ST Duralumin, 24ST
Aluminum alloy, and Dow Metal X, definite rises in yield stress and
absorbed energy are again found with increased speeds of impact. All
these show a slight general increase in the dynamic elongation and
reduction of area. In the main, the 24ST alloy shows superior
strength and higher values of energy absorbed compared to 17ST. These
materiasls also exhibit a high dynamic yield in the form of a peak

increasing in height with speed of loading.

It is significant to report that, for the range of
velocities used, none of the materials shows a definite "critical
velocity of embrittlement," or rate of deformation at which the energy
reguired for rupture decreases sharply. Considerable precautions were
teken to investigate two materials, notably rolled Silicon Bronze and
annealed S.A.E. 1035 Steel, which have been reported by other inves-
tigators to show this phenomenon very definitely at specific rates
of loading, i.e., 90 feet per second and 35 feet per second respec-
tively. It is believed that such a characteristic can be conclusively
proved or disproved only on the basis of stress-strain considerations,

L1

and not on energy considerations alone,” as had been done by others

in the case of these materisls. Present results do not demonstrate
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this phenomenon.

It is also believed that such embrittlement, if it exists,
must be accompanied by a marked and continual decrease in the per
cent elongation and reduction of area. Examination of Figures 22
and 23 fails to disclose any evidence of such an occurrence at rates
of loading here used. More recent preliminary tests on rolled
Silicon Bronze at impact speeds of 250 feet per second have shown
absolutely no change in the ductility from the values of elongation
and reduction of area indicated at lower speeds.

Further investigation of this phenomenon should be made in
connection with much higher speeds of loading, before this matter can
be decided upon.

Inspection of Figures 20a and 2la shows several pesks and
depressions in the dynamic energy and yield stresses of Dow Metal
and Stainless Steel at certain velocities of loading. No conclusion
has been reached as to their absolute accuracy or as to their cause.
However, such changes in the characteristics of materisls are often
noted, due to temperature effects for example. Curves of ultimate
stress, reduction of area, and per cent elongation show this familiar
feature at different temperatures in the static tension test of a
medium carbon steellA. It seems possible that such an occurrence as
a function of velocity might be caused by a temperature effect
occurring at the slip planes in the material during the instant of

impact.

Reference was made on page 69 to the merked rise in the
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dynamic stresses prior to plastic deformation, exhibited particularly
in the stress-strain curves at high velocities for S.A.E. 1035 Steel,
rolled Silicon Bronze, and 17ST Duralumin. An explanation of this
rise in yield stress may be found on the basis of a force-wave
analysis.

At higher rates of speed the entire fracture takes place
during a surprisingly short time. Consider, for example, an initial
speed of impact of 150 feet per second, and a total elongation of
0.25 inch in the one inch gage length of the specimen. The elastic
deformation of the dynamometer during rupture amounts to perhaps
0.0005 inch; consequently the fixed end of the specimen may be
considered essentially stationary during the test. The velocity
of the disc is quite unchanged by the relatively smell amount of
energy reguired for fracture of the specimen. Therefore rupture
must occur during the time required to move 0.25 inch at 150 feet
per second: 1i.e., approximetely 0,00014 second, or_é%aﬁ second.

Lacking a basis for the contrary, it seems reasonable to
assume that the modulus of elasticity of the specimen materizl is
unchanged during rates of deformation as small as 150 feet per
second, compared to the velocity of sound in the material. However,
at such a rate of deformation, the material will behave during the
elastic stage and prior to plastic flow very differently from a
static tension test. Beginning at the instant of impact of the jaws
on the tup, a stress-wave will pass from the tup down the specimen

gage length, moving with the speed of sound in steel or about 203,000



inches per second. V;==v@ﬁ§§?, where E is the modulus of
elasticity of steel and w is the density of the material in pounds
per cubic inch. The magnitude of this stress wave is computed as
follows:

Assume Vi 1s the tup velocity after impact, Vg the
stress-wave velocity, and S the resulting stress intensity. In an
interval of time dt, the wave will move Vgedt inches along the
specimen, and the resulting elongation of the specimen will be
-S'Vsdt inches. Ignoring plastic yield at first, this elongation will
equal the forward motion of the tup, or Vi°dt; consequently,

S = E‘%ﬁ.. For a steel test specimen, and tup moving at 150 feet per

second, the front of the wave of stress would have an intensity of

‘107 . 150 - 12
310 203,000 “ 270,000 pounds per scuare inch.

This wave will travel down the one inch gage length in
1/203,000 second. From the far end of the specimen, where there
is an abrupt change in section, a wave of the same velocity but of
smaller intensity will travel down the dynamometer and a reflected
wave of approximately equal intensity will travel back through the
specimen, increasing the total stress intensity by a little less than
270,000 pounds per square inch at each reflection. If the intensity
adds up so fast that the cohesive strength of the material is
exceeded before plastic deformation occurs, a brittle break, without
appreciable ductility, will occur. Usually, plastic yield will
intervene unless extremely high impact rates are used; hence the

necessary elongation can be furnished without calling for these very



high stresses. In other words, the stress wave will be damped out
in two or three cycles. The crest of the wave may start out with
the full computed height as given above, so that for an instant the
materisl in the specimen is stressed above its normal elastic
limit,

From a consideration of the cohesive strength theory
expressed in Figures 1 and 2, it seems possible to define the criti-
cal velocity of embrittlement as that velocity of deformation above
which the stress intensity in the tension wave exceeds the cohesive
strength of the material. In this case, the high initial stress
exceeds the resistance to fracture and produces a tensile bresk in
the specimen before plasticity has an opportunity to relieve the
situation. As a result, a brittle fracture might occur in an impact
test on a material which statically shows considerable elongation and
reduction of area.

From an energy viewpoint, this large rise in yield stresses,
coupled with the possibility of a brittle fracture, may indicate that
a specific material is unsafe under dynamic loading. There would be
1ittle assurance that the energy-absorbing cepacity of the material
would prevent outright failure under shock loads. If, however, the
cohesive strength is not exceeded early in the deformation, this rise
in the yield point may be considered an improvement in the elastic
properties, giving an additionsl inherent factor of safety in design
for dynamic service conditions. Therefore, added importance is

attached to further investigation of this phenomenon of brittle
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fracture, no specific example of which, however, has yet been found

at velocities of impact reported in this thesis.

D. Limitations of This Investigation

It is to be emphasized that data represented in the curves
of Figures 20 to 33 are not considered as exact and precise. In
such testing equipment and with the complex technigue described,
including as it does a combination of mechanical, electrical,
photographic, graphical and asrithmetical procedures, there is of
necessity a range of tolerances to be expected in the over-all
accuracy of results. Again, such an investigation in a new field is
not expected to establish quantitative laws on the basis of a few
dozen or even s few hundred test specimens.

It can be stated with certainty, however, that digressive
investigations concerning details of the equipment have been carried
out as the apparatus was in process of development. These showed
that the over-all range of gquantitative results is accurate to plus
or minus five per cent, This means that, whereas only two or three
specimens of a given material have been broken at a given speed in
this series of tests, a range of results of plus or minus five per
cent is the meximum variation to expect from this equipment., In time,
it is believed that the accuracy can be improved as simplifications
of the apparatus are insugurated.

For example, it is believed that an improved design of the
force-measuring strain gage or dynamometer can be applied to the gage

length of each specimen, thus improving the frequency characteristics
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of the responce of the recording unit. The natural freguency of the
strain gage unit of Figure 12, used in the work reported zbove, is
35 kilocycles. For velocities of impact zbove 200 feet per second
such a natural freguency is too low, since fracture can occur in s
period of time corresponding to five or six cycles of the response.
An improved strain gage winding can be obtained by Windingva
resistance pick-up directly to the shoulder of the specimen as shown
in Figure 13. For such a dynamometer the freguency may be as high
25 100 kilocycles. Difficulties of producing and calibrating such
gages uniformly and in quantity have already been almost entirely
eliminated.

Some trouble has been experienced atv ilmpact rates above
150 feet per second in preventing bending of the yokes, which are
acted on by terrific inertie forces at the instant of impact with
the jaws and tup. Improved design in this mechanism perhaps will
permit simplification of its manufacture, permitting easier
replacement.

The photographic technique might be simplified for record-
ing great numbers of tests in a short time by installstion of an
automatic film changer or movie-camera in place of the contax film
holder now used. It is to be noted that photographic enlargement of
the test curves is made with the same lens and approximately the same
size factor as used in taking the original photograph. Individual
force calibrations on each test record are made to decrease further

the source of error.
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It is to be pointed out that even with supposedly identical
specimens, tested in conventioﬁal manner in a static testing machine,
with the period of fracture ideally lengthened to five or ten minutes,
a range of results of three or four per cent may occur.
Non-homogeneities in the material, machining effects (thermal and
mechanical}, as well as any accidentel eccentricities in loading, all
tend to produce variations in resulbs.

Further idealization of the testing procedure would result
from testing a large number, say 100, specimens of a given material
at each rate of loading, and producing a probsbility curve for that
particular speed. In such a manner, definite quantitative results

could be assured.
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Chapter VI

Summary and Conclusions

It has been the purpose of this thesis to present a suite-
ble testing procedure for obtaining stress-strain disgrams for
materials under tension impact loading. This is intended to offer a
more logical impact test than preceding methods, in that it separates
the effect of the speed of loading on the strength from other
conflicting factors, and permits measuring more basic tensile
characteristics than heretofore possible.

Tension properties of several different ferrous and
non-ferrous alloys have been investigated at rates of loading from
10 to 200 feet per second, and the results are compared with corres-
ponding values obtained from static tension tests.

Study of the resulting data shows conclusively thet high
velocity tests are essential to bring out the actual dynamic properties
of materials. There is a very marked dynamic effect on the values of
energy required to fracture specimens in tension. For no material
investigated has the energy velue failed to vary over the low velocity
range, in direct contrast to the results of investigations made with
pendulum equipment by other investigators. No critical velocity of
embrittlement has been observed within the range of speeds used in
this investigation, though such a phenomenon may occur at higher

velocities of impact than used up to the present.
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For many of the materials tested there is a relatively
large rise in absorbed energy values and in yield stresses for rates
of deformation up to 20 or 30 feet per second, after which the values
tend to become more constant. Other materials, such as the 16% Cr -
2% Ni Stainless Steel drawn at 900° F., may show, however, a
considerable weakness compared to the static properties when subjected
to impact loads. This suggests that the effect of heat treatment
may bear considerable investigstion regarding tension impact proper-
ties before choosing materials for service conditions involving
dynamic tension loading.

Up to loading speeds of 200 feet per second no appreciably
abrupt variation in ductility is noted for these materiasls, except
for the 18% Cr - 8% Ni Stainless Steel at speeds under 10 feet per
second, Comparison of such tensile properties as absorbed energy,
per cent elongation and reduction of area for various materiasls
indicates that no single geometrical characteristic, such as change
in length or area during fracture, can be used as an exact basis for
comparing energy values or other strength characteristics under
rapldly epplied loads. Inspection of the stress-strain curves in
Figure 24 checks this, for example, since stresses and elongations may
vary independently.

The existence of abnormally high stresses in several
materials during the instant before plastic flow has been shown at
high rates of loading. An analytic explanation of this occurrence

has been presented on the basis of a stress-wave analysis. Such a
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calculation gives a reason for the possible occurrence of a brittle
fracture at sufficiently high velocities of loading according to the
cohesive strength theory, for materials normally ductile under static
tension conditions. It is quite apparent that total energy values
alone, determined by the conventional pendulum impact test for a
single speed of impact, are not suitable criteria for serviceability
under widely varying tension impact conditions.

There is evidence of a more complicated relation between
the resistance to deformation and the cohesive strength of materials
than has been suggested by the theory of Kuntze. The increasing
elongation and reduction of area with higher velocities of impact do
not seem to check this theory. It is possible that the cohesive
strength may not be independent of the velocity of deformation.

Tests on rolled Silicon Bronze at 77 per cent reduction of area give
a contradictory effect of velocity on the cohesive strength of this
material. Further investigation of this point may permit closer
correlation of these test data with the true behavior of materials
under dynamic conditions.

In conclusion, the development of stress-strain relations
over an even wider range of speeds, and for meny more metals and
alloys, should present a useful basis for selecting materials for use
in machine design and for structural parts subject to impact loading.
It is hoped that increasing investigation of these tension impact
properties as a function of heat treatment may prove of assistance

both to the designer and to the metallurgist.
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