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ABSTRACT

This thesis presents the results of an investigation of
the influence of temperature on the tensile impact properties
of two different samples of medium steel ship plate. These
samples were designated as B-10 and C-10 with 0.16 percent
carbon and 0.24 percent carbon respectively. Properties of
these plates have been determined by static tension tests
and tension impact tests at impact velocities ffom 10 ft/sec
to 200 ft/sec, in the range of temperatures from about 80°F
to -90°F. The results of this investigation indicate that
ultimate strength is increased by low temperature at any impact
velocity in this range, but that elongation and strain energy.
absorption are decreased &t low temperatures, the greatest
decrease occuﬁ;ng between 35°F and -40°F. The engineering
critical impact velocity remains about the same or shows a
slight increese with decreasing temperature, depending on the
material. The impact velocity for zero strain propagation
decreases with decreasing temperature. Some of the specimens .
taken from plate C-10 failed in a brittle manner in tests at
—70°F at impact velocities above 100 ft/sec, while others
did not. Specimens taken from plate B-10 exhibited a ductile
type fracture at all temperatures and velocities. Under
conditions of tensile impact, ship plate C-10 showed greater
ultimate strength, elongation, and specific strain energy
than plate B-10., These test results will make possible a
better estimation of the behavior of structures of this
materisl under conditions of longitudinal impact at low
temperatures. '
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INTRODUCTION

The problem of the selection of materials to withstand
impact conditions in machine parts and structures has been
given intensive investigation for many years. The influence
of low temperatures on metals has also been studied and
recently is of increased interest, because engineering devices
are entering regions of low atmospheric temperature.

A large amount of data has been accumulated conceraning
the performance of metals under static conditions of 1oa%ing,
including the range of temperatures down to liguid airl)ﬁ.

It has long been recognized that the properties of metals may
be affected by conditions of dynamic loading, and tests have
been devised to evaluate the properties of metals under dynamic
or impact conditions.

About 1890, impact tests on notched bars were devised as
a means of indicating the relative brittleness of engineering
materials, and since that time two types of impact tests have
become standardized. The Izod test utilizes & "V" notched
square bar as the specimen, suppoerted as & cantilever. The

Charpy test uses a similar specimen with a keyhole notch and

is loaded as a simple beam,

# Numbers in parenthesis refer to references listed at the
end of the text.



The influence of temperature on the energy to fracture
one of these standard notched bars has been determined for a
great many materialsz, 3). The curve of variation of energy
vs. temperature obtained from notched bar impact tests for

a large number of materials and particularly for ferrous

alloys, has the characteristic shape shown in Fig. 1.
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Fig. 1 The approximate relation of notched bar impact energy
and temperature.

Specimens tested below the transition temperatdre show a
greatly decreased energy to rupture.

Safety codes for the construction of pressure vessels and
piping to be used at low temperature have specifications for
materials based on this behavior. The temperature a2t which the
rapid decrease in impact energy values occurs, is influenced by
steelmill practice and heat treatment. In the case of mild
steel, the method of deoxidation; the carbon, sulfur, phosphorus

and gas content; the number, size, and distribution of non-metallic



particles; the grain size; the heat treatment; and the degree
of cold work, all influence the transition temperature.

It is recognized that the notched bar test determines the
properties of a material for the constraint imposed by the
shape of the bar and notch and may have very little value for
properties under a different constraint. This makes notched bar
impact data difficult or impossible to use directly in design.
Two examples of this inconsistency are presented here. Two
samples of steel which had slightly different analyses and heat
treatments and approximately the same values of ultiméte tensile
strength and standard Charpy impact values showed widely different
results when the width of the impact test bar was doubled. Here -
both materials flowed and gave ductile fractures under the constraint
of the standard width Charpy specimen, while under the constraint
of the double width notched bar, only one was ductile. The
other failed in a brittle manner with very small absorbtion of
energy. In the case of railroad rails and frogs, some materials
have been used under severe impact conditions for long periods of
time at temperatures well below the notched bar impact transition
temperature, with no failures, while others nave failed.

The reason for this behavior can be explained by the
mechanism of deformation of metals. Metals under stress may

deform plastically by slip or twinning or fracture by cleavage.



The stress which produces these different deformations is
different at different temperatures. In ductile materials the
stress for slip is low and deformation by slip takes place,
causing cold work and a change in orientation of the grains,

until these effects cause the stress required to produce slip

to be higher than that for cleavage. In more brittle materials
the difference between the slip and cleavage stresses is smaller,
so cleavage occurs sooner, and in some cases the stress for slip
is higher than for cleavage and practically no plastic deformatign
takes place before rupture. Deformation may also tzke place by
twinning, but the amount is small_compared to slip, and the stress
at which this occurs is about the same as for cleavage4).

In the case of a notched bar in bending, the material is
constrained by the shape of the notch so that deformation by slip
can occur only near the surface of the material and the stress is
quickly raised to the point of cleavage. As the temperature is
decreased the stress for deformation by slip may increase while
that for cleavage may remain about the same. The result is that
at some certain temperature there is no deformation by slip and
a brittle failure takes place with very low absorption of energy.

Realizing the limitations imposed on the use of notched bar

.5-11)
impact data by the stress constraint, different investigators
have devised tension and compression impact tests in an attempt to

determine impact properties of materials, rather than the notch

sensitivity or the influence of a certain stress configuration.



In these tests, short cylindrical specimens were tested
under conditions of longitudinal impact and ultimate strength,
elongation, and energy to rupture were measured. In most of
the tests, ultimate strength, elongation, -and energy were
found to increase with increasing impact velocity and, in
some cases, above a certain critical velocity, the energy
decreased with increasing impact velocity. Some of the
9,10,11)
authors attempted to determine impact properties as
a function of the average strain rate. The specimens used
in these early tests showed little change of elongation and
energy with change in impact vélocity.

There was considerable disagreement between data obtained
by different investigators, and no clear understanding of thé
principles involved in longitudinal impact until 1941.

In 1941, as a result of the desire for besic information
on the dynamic performance of metals in general, and a solution
to the problem of the absorption of the energy of shock waves
in connection with bomb proof sihelters in particular, Th. von

12,13)
K&rmén conceived a theory for the propagation of plastic
strain waves in solids. Zxperimentzl verification of the theo;y
was obtained from tension, compression, and beunding impact tests
14,15) -
made in 1942, 1943, and 1944 . {Zise tests led to & clear

concept of a critical impact velocity , and to analytical and



o

graphical methods of solution of problems in longitudinal and
17)

transverse impact s

More recently the David Tzylor liodel Basin, U.S. Navy
Department has sponsored an investigation st the California
Institute of Technology on the influence of low temperature
on the tensile impact properties and on the critical impact
velocity of steel. Preliminery tests vere m&de.on an annealed

18}

0.19 percent corbon steel . &5 the result of these testis,
modifications were made in the specimen shape and testing
fixtures; to permit the critical velocity to be as clearly
defined as possible, and to give a more uniform temperature
along the length of the specimen.

The purpose of this thesis is to present the results of
an investigation on the influence of temperature on the tensile
impact properties of two ship plate steels, and the results

of a comparison between the dynamic properties of two steel

plates with similar static properties.



FUNDAMENTAL CONSIDERATIONS

The concept of the propagation of elastic strains in a
long prismatical body subject to longitudinal impact is old.
This problem was enalysed by Thomas Youngl9), who established
the proportionality between velocity of impact and elastic

strain. This relation is given by the following formula:

V,:Coe ’

in which, v, is the impact velocity and & the resulting elastic

strain. C, is the velocity of propagation of the deformation.
co=1/% ,

where B is the modulus of elasticity and P is the mass density
of the material. Young observed that when the impact velocity
vi is high enough, plastic strain is induced near the point of
impact. No systematic attempt was made to determine the relations
of stress and strain above the elastic limit caused by longitudinal
impact, either by Young or subsequent investigators.
12,13)

Th. von Kérmén extended the understanding of the
propagation of waves in bars by his development of the
differential equation of equilibrium. He considered the
coordinates from the Lagrangean point of view, and related

: . . da ] :
stress to strain by & modulus of deformation ——= , which is not

dE

a constant, but is a function of the strain. The solution to



this equilibrium equation leads to relations similar to

Young's. "

v.=fc;ote

()

The above equations are only true for the case of very long
bars, but by considering the stress-strain relations during
unloading as elastic, the theory and methods of solution can
by extended to bars of finite length and with varying cross
sections. Kowever, this extension is not necessary for an
understanding of the principles.. The above relations can be
used for the solution to problems of longitudinal impact. The
slope of the engineering stress-strain diagram provides the
values of gé:asla)function of strain; so a graphicsl solution
can be obtained 7 .

It is apparent that at the point of ultimate strength
the slope of the engineering stress-strain disgram will be
zero and the velocity of propagation for strains of this
magnitude will bte zero. This leads to the concept of a critical
impact velocity, which is defined as the velocity corresponding
to the strain which propagates at zero velocity. The criticel
velocity of practicai engineering application is the impact
velocity above which the energy and elongation to rupture
decrease rapidly and failure occurs near the point of impact.
This will hereafter be referred to as the engineering criticel

impact velocity.



In some materials this point is sharply defined, while in
others there is only a gradual decrease in energy and elongeation
as impact velocity is raised above the critical value.

The solution of longitudinel impact problems, using the
engineering stress-strain diagram for the relation of %ﬁg as a
function of strain, is based on the assumption that the static
stress-strain curve represents the relations of stress to strain
under impact conditions. This is doubtful, as it has been

15)

deduced from impact tests on long iron wires , uniaxial strain
tests on ship plate steele), rapid loading tests on SAE 1015
hot-rolled steeldl), and other considerations that the shape of
the stress-strain .curve changes under conditions of impact
loading. This is perticularly evident in the case of ferrous
alloys which show & yield point. In addition to this, the

above relations as & solution of problems of longitudinel impact

-

are good only for continuous, single valued functicns of f%zr .
The discontinuous yield point exhibited by low carbon steel
¢learly violates this requirement. For these reesons the graphical
solution is limited in accuracy and was not used in this investigation.
#

The force-time relation obtained at the fixed end of the
specimen during a tensile impact test can be understood by the
consideration of plastic strain propagation. The force-time
relation caunnot te transformed into one of stress-strain, because
the rate of strain in the specimen 1s not proportional to velocity,
but veries from zero to a very high value as the strain wave

proceeds along the specimen. The shape of the force-time diagram
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is easily explained. From the moment of impact and for the
interval of time t,, force is zero at the fixed end. The time
to, is the time for the elastic wave to travel the length of the
specimen. At time t, the force at the fixed end increcses
suddenly to & certain velue. This force is greater than the
elagtic limit, because a strain wave reflection from the fixed
end adds to the incident wave. The force increases progressively
from further reflections and from the slower plastic strain wave
until e maximum is reached. This maximum value is held until =
very short time interval after rupturé when the force drops to
zero., The time interval after runture is the time for the elastic
unloading wave to travel from the point of rupture to the fixed
end.

With the understanding of the fundamentals of the mechanism
of elastic and plastic strain propagation, a proper analysis of

the experimental date ottained in this investigation can be made.



EXPERIMENTAL INVESTIGATION

A, Materisl Tested

The materiel used in this investigation came from two
samples of 3/4 in., hot=-rolled, medium steel ship plate. These
camples were obtained from the University of Californiz at
Berkeley. One sample, menufactured by the Bethlehem Steel Co.,
wasg designafed B=10; the second sample, menufactured by the
Carnegie-Illinois Steel Co., was designated C-10. The following
report of analysis, properties, and treatment was obtained from
the liechanical Engineering Depzartment, University of California,

by letter of June 12, 1947:

Analysis B-10 C-10
Carbon % 0.16 0.24
lianganese % 0.74 0.49
Silicon % 0.03 0.043
Phosphorus % 0.011 C.015
Sulphur % 0.030 0.033
Nitrogen % C.005 0.009
Properties 2 .
Yield Point 1b/in. 35,800 39,000
Ult. Strength 1b/in.2 59,600 67,400
Elongation in 8 in. 4 26 25.5
Deoxidation Practice B-10 Deoxidation Practice C-10
Ferro Manganese 80% Ferro Lianganese -
1b/ton 8% 1b/ton 6
Ferro Silicon 50% Ferro Silicon in
1b/ton 1-1/8 ladle lb/ton 2.6
Aluminum Silicate Aluminum added to
in ladle lb/ton 2% mold 1lb/ton 1/3

Small amount Aluminum
added to mold

11



The structures of the plates are shown in the photomicrographs,
Figs. 2 and 3. The structure of these plates consists of
ferrite and pearlite witn a number of small inclusions,
C-10 having about twice as much pearlite, because of its
higher carbon content. The structure of E-10 shows elongated
ferrite grains, with the pearlite arranged more or less in
layers &t the result of rolling. C=10 shows no such
arrangement. The ferrife grain size 1s approximately
ASTM No. 6 for both materisls. The average hardness was
Rockwell B 55 for plate B-10 and Rockwell B 74 for plate
C-10.

These hardness values were obteined as the result of

hardness tests made on 20 specimens from te 5-10 and

(o]
—
7]

11 specimens from plate C-10 selected at random. The
specimens were cut off at the dynemometer-end snoulder,
Four hnerdness measurements were made on each specimen in
sucn a manner as to preclude more than two points being
in the central plane of the plate. The averayge of these
four recdings was taken as the specimen hardness and tie
averace of all specimens as the plate hardness. Specimen
nardness did not vary from plate hardness by more than 4
points Rockwell B for plate B-10 and 3 points Rockwell I
for plute C-10.

The plates were oxy-acetylene torcn cut into sectionsg,

- S A ‘a Al s N :
thien bars 3/4 in. wide by 10% in. long were savued out
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Fig. 2 Photomicrograph of ship plate steel B=10.
Nital etch, X100,
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Fig. 3 Photomicrograph of ship plate steel C=10.
Nital etch, X100.
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of the sections. All porticns of the plates within one
inch of the torch cut edges vere cscvwed off and discarded.
Tect specimens were macnined from the biérs, with the axis
of the specimen parallel to the direction of rolling, to
the dimensions shown in Fig. 4. The gege portion of the
gpecimens was firished by grinding to a surface roughness
between 10 and 25,# in. RMS, with variation on individual
specimens within 4 M in., as determined with a Brush
Development Co., licdel SA~2, Surface Analyser.

Specimen dimensions were selected to satisfy the
limitations of the equipment’and to provide & proper ratio
of length to diameter that will clearly define the critical

22,23)
velocity . The slots in the tup-end threads are to

admit the cooling fluid.
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B. Xquipment and Procedure

(a) Outline of Tests

Static tension and tension impact tests were made at
four different temperatures: 70°F, 35°F, -40°F, and -70°F.

A few additional impact tests were made on the B=10 materieal
at temperatures of about o°F.

Load and elongation were measured at a constant
temperature during the static tests. Tension impact tests
were made at impact velocities of 10, 25, 50, 75, 100, 125,
150, 175, and 200 ft/sec, at each of the temperatures. &
record of the force vs. time at the fixed end of the specimen
was obtained and the final length of the specimen was

measured,

(b) Static Tests

Static stress-gtrain data were obtained from tests made
with a 30,000 1b Riehle universal testing machine. 4
photograph of the static test assembly is shown in Fig. 5.
The stress was computed from the load on the specimen and the
original cross sectional area. Strain measurements were
obtaeined with two dial gages mounted on opposite sides of the
specimen. The specimen, with testing fixtures, is shown in
Fig, 6. These gages measure the total elongation in the 8 iﬁ.

gage length, plus the deformation in the shoulders and threads
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of the specimens and in the fixtures. For a more accurate
determination of strain, a Huggenberger extensometer with a
20 mm gage length was used in the first part of the tests at
room temperature. These tests were made very slowly, taking
about two hours for each test. The specimens were allowed to
creep for about two minutes after the load was applied before
reading load and elongation so that equilibrium conditions
would be approximated.

The static yield point and ultimate strength were
determined with an accuracy within % 2 percent and £ 1 percent
respectively. The dial gage feadingé for elongation were in
error by the amcunt of elongation in the specimen shoulders
and threads and in the fixtures. This can be corrected by
assuming that the strain outside of the gage length is elastic
and proportional to the load. Using E=29 x 106.lb/in.2 for
the specimen, obtained with the Huggenberger extensometer as
the basis for the correction, the total static elongation can
be determined within 4 1 percent. This correction was not made
because it amounts to only about 3 percent, which is well
within the normal scatter encountered in total elongation.
Reduction of area was determined to within about % 3 percent by
measuring the diameter of the necked-down section of the
specimen with point micrometers after rupture. Specific

energy was determined from the arez within the stress-strain
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curve to within % 4 percent.

The cooling system consists of an insulated box containing
a stainless steel tank. A small reservoir is provided within
this tank and connected to a centrifugal pump and copper heat
exchange coil. The tank is filled with a mixture of dry ice
and denatured ethyl alcohol. The reservoir is filled with
denatured ethyl alcohol., The pump circulates the alcohol through
the coils placed in the tank containing the cold mixture,
through tubing to a brass cylinder surrounding the specimen in
the Reihle testing machine, and back to the reservoir. The
above system was used for tests made at approximately -90°F. For
tests at approximetely -45°F, the number of coils in the cold
mixture was decreased and a number of coils were inserted in the
coolant line ahead of the specimen cooling cylinder. These
coils were heated by placing two 150 watt incandescent lamps at
their center. For tests at 320F, the specimen was cooled by
circulating water directly from the tank containing a mixture
of ice and water, then through the cylinder around the specimen
and back to the tank. No cooling or heating was required for the
70°F tests. Specimen temperatures were determined by means of
a copper-constantan thermocouple and a Leeds and Nortarup
micromex recording potentiometer. The thermocouple and
potentiometer combination was calibrated using equilibrium
mixtures of ice and water, and dry-ice &nd ethyl alcohol as

temperature standards. The thermocouple wzs held in contact
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with the center of the specimen with rubber tape. The temperature
of the coolant was measured by thermometers in wells at the inlet
and outlet of the cylinder surrounding the specimen to indicate
when thermal equilibrium prevailed.

Temperature variation during the static tests was less
thant3°F, except for the -450F tests where the variation weas
within EOF. The Micromax scale indicated temperatures to an
accuracy within % 1.5°F. During the tests the temperature
differences between the center and the ends of the specimens

were found to be of the order of D.ZOF.

(¢) Impact Tests

The impact machine used in this investigation consists of
a 350 hp hydraulic impulse turbine wheel 44 in. in diameter on
the shaft of a direct current motor. The buckets have been
removed from the wheel and striking jaws and counter-weights
added. The total weight of the rotating parts is approximately
2000 1lb. The motor, wheel, and jaws are shown in Fig. 7. The
test specimen is mounted horizontally below the wheel with one
end screwed into a force measuring dynzmometer. The dynamometer
is screwed into a 715 lb. steel block which slides in ways
securely fastened to the floor. The steel block is moved on the
ways to place the unsupported end of the specimen between the
jaws of the wheel and into position for the impact, and then

the block is firmly clamped in place.
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The dynamometer is made of heat treated AISI 440-C stainless
steel with 4 Baldwin Southwark, AB-14 strain gages in series
cemented to a hollow cylindrical section. The resistance
sensitive elements of the gages are parallel to the axis of the
specimen. A flange on the dynamometer serves to hold a brass
coolirng cylinder around the specimen. Axial fins are present to
assist in the transfer of heat from the heavy steel block in
low temperature tests. The dynamometer was calibrated on a
static tension testing machine with a sensitive Wheatstone
bridge to an accuracy within % 5 percent at 75°F and at -83°F.
The difference in the calibration at the two temperatures is
less than the 5 percent measuring error. Calibration curves
for the dynamometer are shown in Fig. 8. This small effect of
temperature is in agreement with data reported by Campbell%

A square tup is screwed onto the unsupported end of the
specimen and locked in position. ‘When the wheel is at the
desired speed, a strong spring is released by a solenoid-operated
trigger which brings a yoke up around the specimen, between the
tup and the striking jaws. The jaws strike the yoke, which,in
turn, strikes the tup producing the impact and the unsupported
end of the specimen is pulled at the tangential velocity of the
wheel to failure. A brush and commutator system on the wheel
shaft permit the yoke to be moved only when the striking jaws

are in the proper position. After rupture, the end of the
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specimen, tup, and yoke are ceught in a bin of cotton waste. A
diagram of the details of the specimen and accessories,mounted
in the rotary impact machineyis shown in Fig. 9.

A "strobotac™ is used in conjunction with appropriate
markings on the side of the rotating wheel to measure the
impact velocity. The tangential velocity of the jaws is
determined from the speed of the wheel and the distance from
the center of rotation to the point of impact. This
mezsurement is accurate to within % 1 percent. The kinetic
energy of the wheel is such that the decresse of velocity
during the test, caused by the energy required to rupture the
specimen, is 25 percent at 10 ft/sec, 5 percent et 25 ft/sec, and
0.3 percent at 100 ft/sec.

For low temperature tests a cylinder is placed around the
specimen and cooled denatured ethyl alcohol pumped through it as
in the static tests. The fluid enters through slots in the tup-end
threads, passes over the specimen, and leaves the cylinder at the
dynamometer end.

Temperature is measured with a copper=-counstantan thermocouple
held on the specimen with rubber tape, and the Leeds and Northrup
Micromax used in the static tests. The arrangement of the equipment
for the low temperature impact tests is shown in Fig. 1C. The
cooled alcohol is circulated until the system is in.equilibrium
"as indicated by a thermometer in the outlet line and by the

Micromax record. Then the rotating wheel is brought up to speed
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and the test made. The air circulated by the rotating wheel,
while coming up to speed and in the few moments while final

ad justments are being made, varms up the system enough to raise
the temperature of the specimen 2 to 10°F for the low temperature
tests. This also causes a temperature difference between the
fixed and moving end of the specimen of about O.EOF for tests at
velocities of about 25 ft/sec and about 5°F for tests at about
150 ft/sec. Immediately after the specimen is ruptured, valves
in the coolant circulating system are closed.

All recording equipment and actuating controls are centered
in the recording and control unit shown in Fig. 11l. The recording
system consists of a strain gage bridge, amplifier, sweep genefator,
timing system, RCA Type 327-A Cathode Ray Oscilloscope, camera,
end power supplies, and other auxiliary equipment. The control
unit conta;ns the operating controls for the rotary impact
machine and other equipment not concerned with this investigation.
The recording system is used to record force on the dynamometer
vs. time during impact. A schematic diagram of the recording
system is shown in Fig. 12,

The dynamometer strain gage is one leg of a 1l:il voltage
dividing circuit. The second leg is a dummy gage of similar.
mechanical construction to provide a voltage divider having
symmetrical characteristics with respect to temperature drift,

capacity, and inductance. The strain gage signal is calibrated



Fig. 11 Photograph of control and recording unit.
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by shunting a known resistance across the dummy gage during
a sipgle sweep of the oscilloscope. The sweep initiation and
the closing of the calibration switch are synchronized with
relays to make a vertical step in the trace on the oscilloscope
screen. By knowing the resistance of the calibraticn resistor,
the strain gage and the dummy gage, the gage calibration in
lb/ohm, the height of the vertical step on the calibration sweep
can be computed in pounds. The force on the dynamometer during
the impact can be computed by comparison of the vertical deflection
of the force-time diagram with the calibration trace. A timing
calibration is provided by the time calibration oscillator, which
supplies a separate single sweep with sharp vertical "pips" on
the oscilloscope screen just below the force calibration base
line. The timing oscillator consists of a Hewlett-Packard,lodel
200-C variesble frequency oscillator and a differentiating
circuit, to convert the sine wave output of the oscillator into
sharp-peaked time "pips" at the same frequency. For accurate
setting, the variable frequency oscillator signal is compared with
a signal from a Hewlett-~Packard,Model 100-A COrystal oscillator
by means of an auxiliary oscilloscope.

The maximum sensitivity of the oscilloscope is approximately
70 mv/in. and the average signal from the strain gage is 120 to
220 mv, making a record on the oscilloscope screen approximately

2 in. high. To take full advantage of the 9 in. screen on the
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oscilloscope, a capacity coupled, DC pre-amplifier with a
fixed gain of about 10 is used with the oscilloscope gain and
strain gage battery voltage slightly decreased.

The sweep is initiated during the test by the jaws of the
impact wheel striking a contact wire on the yoke. An intensity
modulator is used in conjunction with the sweep generator to
blank out the beam in the c athode ray tube at all times except
during & sweep. The impulse required to turn on the oscilloscope
beam is supplied by the sweep generator.

The oscilloscope screen is pﬁotographed on 35 mm Eastman
Linograph Ortho film, using a special stationary film camera with
a Zeiss Biotar f:l.4 lens. The record consists of three traces
on a single frame of film: a vertically stepped calibration
trace, 2 horizontal timing trace, and a force-time record from
the dynamometer strain gage. BEnlarged tracings from typical
oscilloscope records are shown in Fig. 13. A robot control is
incorporated in the recording unit which operates the room
lights and camera shutters, applies the timing and force calibrate
traces, and triggers the impact yoke; performing tnese functions *
in the proper sequence.

To analyze the data, the 35 mm film records are projected
with an enlarger to about'7.5 diameters and traced on cross-
section paper. From this record and from the original dimensions

of the Specimen; the stress-time relationship at the fixed end
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timing frequency 1000 ¢/sec
ultimate strength 66000 lb/in.2
elongation 14.4% in 8 in.
specific energy 790 ft 1b/in.)

\
) | |
- o \ | Calibration step 5150 1b
\
\

calibration step 6420 1b
timing frequency 5000 c¢/sec
ultimate strength 89000 1b/in.2
elongation 15.8% in-8 in.
specific energy 1170 f£t 1b/in.”

(b) Ship plate specimen 59C tested at -7O°F, impact velocity 49.8 ft/sec

. calibration step 3940 1b
/ timing frequency 15000 c/sec
: . ‘ultimate strength 76000 1b/1in.°
~ A o _ elongation 11.5% in 8 in.
specific energy 730 ft 1b/in.3

(c) Ship plate specimen 48C tested at TUCF, impact velocity 195.9 ft/sec

Fig. 13 Tracings of typlical oscillograph records
of tensile impact tests. Enlarged about
3 times. '
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of the specimen is determined. This measurement of stress is
subject to errors in measuring the specimens, measuring the
displacement of the force-time record and the calibration step,
and to errors introduced by the electronic system, and subject
to the limitations of frequency response of the electronic

and mechanical system. An irregular sine wave 1s superimposed
on the force-time record which is damped out before the end of
‘the longer tests. This transient oscillation is caused by lateral
vibrations of the specimen and longitudinal vibrations of the
dynamometer. The contribution from each source can be
identified from the frequency of the oscillations. The cross
sectional area of the specimen can be determined within about
#+ 1 percent. The amplitude of the irregular sine wave in the
force-time record is often very large, meking the measurement
of the maximum average force subject td a possiblg error of

2 to 10 percent. The height of the force calibration step can
be measured to within £ 5 percent. The frequency response of
the entire system from strain gage to oscilloscope screen is
flat to within 4 percent from 20 to 100,000 cycles. It is
reasonaile to assume that the gage sensitivity and Young's
modulus for the dynamometer ere not affected by the impact
velocity. This leads to an overall possible error in determining
the ultimate strength of from % 10 to % 20 percent depending

on the force-time record.
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The total elongation was determined from measurement of
the original and reconstructed gage length of the specimen to
within % 1 percent when there was 20 percent elongation.

This measurement is less accurate for less elongation.
Elongation can be computed from the length of the force-time
record, the timing calibration and the impact velocity, but

the length of the record is sometimes uncertain since the

sweep may be initiated after the instant of impact. The length
of record can be mezsured to within about =% 5 percent and the
timing calibration to about =+ 2 pe;pent, making the possible
error in these elongation measurements at least 4 7 percent.
For greater accuracy, elongation was therefore determined from
the reconstructed length of the specimen.

Specific energy was determined by integration of the force-
time diagram. A correction was made on the length of the
diagram when in disagreement with elongation as determined from
the reconstructed length of the specimen. This method allows a

possible error of £ 5 to 13 percent depending on the diagram,
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C. Test Results

(a) Static Tests

The results of the static tensile tests are given in Table I
and the static stress-strain curves are presented in Figs. 14,
15, 16, and 17. Curves showing the variation of static ultimate
strength, yield point, elongation, and specific energy with
temperature are presented in Fig. 18.. As the temperature is
lowered, the yield point and ultimate streungth are increased,
total elongation remains essentially constant, producing about
the same increase in specific energy as in ultimate strengfh.

The shape of the stress-strain curved is not changed by reducing
the temperature. Reduction of area ig sligntly lower at low
temperatures.

Plate B-10 has an ultimate strength of about 50,000 lb/in.2
ot 74°F, this im ineressed o abowb 55,000 Thfin et «98°F,
Plate C-10 has higher strength and lower elongation and reduction
of area than B~1l0 as is expected from tneir respective carbon
contents. C-10 has an ultimate strength of about 65,000 1b/in.2

at 77OF, this is increased to about 73,000 lb/in.2 at -90°F.

(b) Impact Tests

The results of tensile impact tests on the two materials are
given in Tables II through X. Curves of ultimate strength,
elongetion, and specific energy vs. impzact velocity,for each

temperatureyare given in Figs. 19 and 20. Because of the



TABLE I

RESULTS OF STATIC TENSION TESTS ON SHIP PLATE STEEL

Spec. Temp. Yield ~ Ultimate Elong. Specific Reduction
No. deg. F Point Strength Percent Energy of Area
1b/1n.°2 ° 1b/in.2 tn 8 tn. £t 1b/in.3  Percent
7B 76 26400 51800 25.8 . 1008 68.6
8B Yil4 23900 48200 : 28.7 1078 (66.4
5B 31.5 26000 51000 26.7 1020 66,4
6B 32 24800 50000 26,1 980 62.3
1B -50 29800 54800 27.3 1107 65.7
3B -50 29900 55600 29.8. 1230 65.1
2B -91 33500 56200 -2k, 1002 63.1
4B -90: 33200 55300 25.1 1028 62.7
ic 78 33200 64800 18.8 913 _.97.3
6c 77 32100 65100 19.8 960 i i
7C 33 33300 65500 19.9 1002 57.6
8c 33 34200 67300° 20,2 1088 5T.0
4C -bs5 33400 72300 20,3 1113 53.0
5C -4o 32200 70700 1.2 1126 54,2
2C -90 36200 73500 19.8 1043 50.8
3 -50 34200 73300 22.8 1260 5%.8

37
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Fig. 14 Static stress-strain curves for ship plate steel at 77°F.
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TABLE II

RESULTS OF TENSION IMPACT TESTS ON SHIP
PLATE STEEL B-10 at 75°F.

Spec. Impact = Ultimate Elong. Specific ~ Reduction . Temp.
No. Velocity Strenggh percent - Energy of Area deg. F
£t/sec 1b/1in, in 8 itn. £t 1b/in.> . percent

7B Static 51800  25.8 1008 -

68.6 76
8B Static 48200 28.7 1078 - 66.4 7
26B 2k.8 - 56200 27.8 . 1260 66.6 71
37B 26.7 58900 28.7 1320 6L.4 T2
68B 4o.8 63000 29.9 1450 68.0 %
24B k9,9 - 64100 . 25.6 1320 71,5 81
27B 50.7 63800 23.2 1180 63.8 T
36B T 2:9 62600 23.8 1179 66.5 - 72
28B 4.2 * - 23.8 * 66.1 Tl
20B -100.5. * 4.9 . 53.7 71
33B 101.0 * 20.1 * 64,0 76
35B 103.9 64100 16.4 - - 832 - 65.4 172
34B 125.5 64000 12,9 640 66.3 72
21B - 125.5 * 16.4 * 66.3 81
'31B 147.2 65300 7.0 - 381 61.5 77
32B - 14g.8 LA 11.1 * 69.2 72
22B 150.7 o 6.4 * S 66,0 81
30B 170.0 57200 6.7 320 _ 63.7 17
23B 172.3 * 7.3 * 64,9 81
4oB- 179.5 * 6.1 * : 67.0 1.5
38B 179.8 54500 L8 - 218 64,6 75
LB 197.0 54600 L.y 200 65.5 5
25B 202,1 53300 b4 195, 6k .2 78
L4B 202.2 58400 6.1 297 - 70.5 71.5
6.0 290 69.4 78

29B 206.9 58000

*No force-time record obtained for this test due to improper operation of
the recording equipment. ‘ : '
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TABLE III

PLATE STEEL B-10 at 35°F.

RESULTS OF TENSION IMPACT TESTS ON SHIP

Spec.  Impact Ultimate Elong. Specific Reduction Temp.
No. Velocity _Strenggh Percent Energy of Area deg. F
ft/sec  1b/in.’ in 8 in.  ft 1b/in.> percent

SB. Static 51000 26.7 1020 66.4 31,5

6B Static 50000 26.1 980 62,3 32.0
59B 24,3 - 65800 26.6 1360 70.0 35
56B 25.3 66400 29.5 1520 66.1 35
7B~ k.0 o 253 * 61.5 33
60B 4o .k * 28.8 * C6l.4 3
58B bo. b 68100 ©25.0 1350 63.1 3
61B - 5.4 68700 18.6 1000 68.8 33
62B 7.% 68000 23,6 1270 63.2 33
63B 100.1 . 72000 20.2 1160 “69.2 - ' 33
69B - 101.0 71500 18.2 1020 60.9 N
72B 125.2° 62200 8.0 420 60.3 33
T71B - 126,2 68600 9.0 510 60.3 33
4B 152.0 70400 - 6.4 360 60.2 3l
73B 157.5 » 9.4 * 62.0 35
5B 180.3 75300 s 5.8 310 . 61,0 37
78B 200,1 64000 3.9 190 63.2 36
200.6 * 5.3 * 60.7 3l

T76B

*No force-time record obtained for this test due to 1mproper operation
of the recording equipment. '
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TABLE IV

RESULTS OF TENSION IMPACT TESTS ON SHIP
PLATE STEEL B-10 AT ABOUT O°F.

Spec. - Impact Ultimate Elong. Specific - Reduction Temp,
No. Velocity Strength percent - Energy . of Area deg, F.
£t/mec 1b/1n. in 8 fn, £t 1b/in.? percent

90B 2k.9 59800 28.2 -~ 1380 62,2 8
66B 25,1. 66200 = . 23.6 1280 - 61,6 -15
91B 25.6 63000 - 23.8 - 1210 -70.7 6
5TB -25.8 * 29.0 * 62,3 22
102B 48.2 * 16.2 * 67.9 -28
67B k9.2 66500 - 20.0 1080 67.h4 -12
92B 51.2 68200 20.2 1100 62,4 8
93B 52.2 67200 23.0 1250 67.0 9

- 9hB 4.5 * “17.2 B 66.2 10
9%B  75.3 * 18.8 » 59.8 10
98B 76.9 * 10.8 * 58,4  -15
101B 99.0 * 5.0 * 60.8 -17
99B 101.5 * 7.6 » 6L.7 -8
96B 102.2 * - 17.9 » 66.8 9
97B  ,104.0 * 16.1 - * 63.4 13
100B  123.0 * b5 * 55,0 -21

4.9 258 56,2

19B - 124.8 55100

~ * No force-time record obtained for this test due to lmproper operation .
of the recording equipment,



TABLE V

RESULTS OF TENSION IMPACT TESTS ON SHIP
PLATE STEEL B-10 at -4OOF.

Spec. Impact Ultimate Elong. Specific Reduction Temp.
No. Velocity Strength Percent Energy of Area deg.
ft/sec 1b/in.2 in 8 in. £t 1b/in.”  percent
1B Static 54800 27.53 1110 67.3 =50
3B Static 55600 29.8 1230 65,1 =50
188 9.1 * 11.8 * 63,k ¢ -38
17B 20,2 69200 12,6 710 65.9 -38
9B 24 . 4 68700 12,1 650 65.7 -55
16B 37.0 68500 12.5 710 59.8 N
10B k9.7 % 12.6 * 67.6 -50
15B 50.2 71100 11.6 T00 67.8 -40
84B 61.0 69200 12,6 730 67.2 <45
888 66.9 76000 14,5 900 66.9 . -51
89B 73.2 72300 12.5 750 56.6 41
11B 4,0 * 7.1 * 6.k 43
14B 76.6 70400 6.0 352 61.4 -40
86B 99.h4 82100 4.5 300 57.1 -50
12B 102.7 * 6.6 * 63.9 b
L7B 103.3 78200 L, 7 290 58,4 -hs
13B 103.6 * 3.2 * 57.0 42
87B 120.7 78000 6.7 400 64,1 -k

*# No force-time record obtained for this test due to improper operation
of the recording equipment.
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TABLE VI

RESULTS OF TENSION IMPACT TESTS ON SHIP
PLATE STEEL B-10 at -70°F.

Spec. Impact | Ultimate Elong. Specific Reduction Temp.
No. Velocity Strengah percent Energy of Area deg. F,
£t/sec 1b/1in. in 8 1n. £t 1b/in.>  percent

2B Static 56200 24,9 1022 63.1 -91
4B Static 55300 25.1 1028 62.7 -90
55B 10.1 66000 1.4 790 61.4 -78
79B . | 66900 113 630 58.6 =17
54B 15.0 * 17.1 * 66.5 82
438 24.8 70700 - 8.7 520 62.1 ~57
L6B 26.3 73400 b 250 57.3 =70
80B 26.8 68400 10,5 600 57.8 . -78
53B 30.8 71200 14,1 840 58.5 =72
42B kg 2 * 17.3 * 65,2 -63
45B 50,2 71600 9.3 550 62.8 -T1
81B 50,2 72000 11.3 700 60.5 -7€
boB 50.4 71200 9.1 550 64, 4 -66
51B 73.4 80600 10.2 680 €7.3 -76
4L8B 76.9 75800 9.7 610 58.3 -68
83B 89.2 84800 k.5 320 59.5 -T2
50B 99.4 82000 k.5 300 59.0 -70
828 122.3 * 3.6 * 56,2 -T70
52B 130.5 83200 4.1 235 62,2 =70

* No force-time record obtained for this test due to improper operation
of the recording equipment.
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TABLE VII

RESULTS OF TENSION IMPACT TESTS ON SHIP

PLATE STEEL C-10 at T5°F.

Spec. TImpact Ultimate Elong. Specific Reduction Teup.
No. Velocity Strength percent Energy of Area deg. F.
ft/sec 1b/in.” in 8 1in, £t 1b/in.?  Percent
1C Static 64800 18.8 913 o 78
6C Static 65100 19.8 960 57.3 77
53C 25.4 76300 25.8 1591 58.8 "
36C 26.4 70200 25.4 1360 59.3 73
52C 50.2 70100 28.8 1630 62,4 Th
Lzc 50.3 78800 26.3 1679 67.5 73
Loc 50,4 78500 34,2 2130 61.6 73
63C 51.2 * 20.8 * 58.4 68
51C 72.5 76200 26.9 1660 60.9 4
81C 73.8 80000 23,7 1520 56.6 73
hic 75,4 82600 22.3 1464 57.5 73
90C 87.7 * 16,0 * 5947 70
50C 101.0 78700 27.0 1718 60.3 Th
%ely 102.2 78400 22.8 1407 61.4 T3
35C 125,0 * 20,0 * 55.9 70
36C 127.5 * 17.8 * 55T 80
Ny 147.8 82200 7.0 1090 57.6 73
Lgc 154,2 86000 17.7 1190 60.3 s
LéC 173.8 82700 13.9 901 59.7 Th
4sC 176.8 81700 15.4 977 58.4 ™
48c 199.9 76000 11.5 699 5.7 T4
(o 202,6 64700 8.0 391 68.2 Th

#No force-time record obtained for this test due to improper operation of the

recording equipment.
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TABLE VIII

RESULTS OF TENSION IMPACT TESTS ON SHIP
PLATE STEEL C-10 AT 35CF.

Spec. Impact Ultimate Elong. Specific Reduction Temp,
No. Velocity Strengzh percent Energy of Area OF
ft/sec 1b/1n, in 8 in, £t 1b/in.> percent
TC Static 65500 19.9 1002 57.6 33
8C Static 67300 20.2 1088 57.0 33
62C 2k, 6 * 27.1 . # 60.4 33
72C 2hk.9 74700 19.9 1180 61.2 3
26C 25.1 * 23.0 * 58.1 33
10C . 25.3 * 21.7 * © 60.5 33
9C 25.8 * 20.0 * 57.6 34
T4C 49.5 80300 23.9 1540 56.7 37
11C 50.3 * 24,2 * 61.6 3
25¢ 50.3 * 22,1 * 59.4 35
6L4C 52,2 - * 27.8 * 61.0 33
2lc Th. 4 * . 22,5 o 60.7 3l
756 - 74.8 78000 25.2 - 1600 60,0 37
12C 75.9 * 2k, 1 * 61.6 3
65C 76.2 * 2k.5 * 60.6 33
76 . 98.9 81700 19.7 1270 60.3 36
16C 99.1 - * 18.9 * 60.5 3h
23 99.7 * - 17.1 * 59.4 33
66C 101.6 * 23.9 » 59.3 33
22C 124.1 * 20.8 * 56.8 33
17C 125.6 ° * 15.4 * 58.3 3Y
67C 127.5 * 18.8 * 58.4 33
T7C 129.4 83000 22,5 1510 59.2 4o
68C 145.3 * 171 * 65.0 37
15C 150.8 * 13.9 * 60.8 . 3h4
21C 150.9 * 144 . ST.2 ' 55
78¢C 154,6 86500 22.8 1580 57.0 L6
20C 17h.1 * 8.5 * 59.0 3T
69C 176.0 * 11.7 * 56,2 35
84C - 177.0 76700 10,7 680 58.9 b1t
19C 178.8 * 9.4 * 56.5 36
TLC 194.7 * 8.7 * 56.4 37
13C 199.5 * 6.9 B 57.2 %5
85¢C 201.8 85200 75 500 57.5 35
14¢ 202,2 * 6.3 * 58.9 36

*No force-time record obtained for this test due to improper operation
of the recording equipment.
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TABLE IX

RESULTS OF TENSION IMPACT TESTS ON SHIP
PLATE STEEL C-10 AT -LOOF,

Spec. Impact Ultimate Elong. Specific Reduction Temp.
No. Velocity Strenggh percent Energy of Area deg. F
£t/sec 1b/1n. in 8 1n, ft 1b/in.) percent

Le Static - 72300 20.3 1113 53.0 =45
5C Static 70700 21,2 - 1126 54,2 -40
T0C 10.6 72400 19.5 1100 58.8 -41
80C 2. L 79500 20.3 1320 60.1 -b5
33C e5.2 * 13,0 * 57.2 =51
3kC 49.1 * 12,9 * 56,1 -35
31C kg, 6 78500 12.7 795 52.3 -32
T73C 5L.0 87800 20.7 1480 57.9 =42
30C 75.4 * 9.2 * 56.8 -35
93C 75.5 84500 22.1 1530 56.6 b2
79¢C 99 0 88000 14 b4 1050 59.0 -49
27C 105.1 79000 9.6 - 632 58.0 = -30
32C 117.8 * 8.0 * 558 -16 #
96C 125,6 88500 14,2 1050 - 55.4 -2
29C 127.6 * 6.6 * 57.7 +2
89C 147.6 89500 8.5 590 56.6 -43
STy 151.0 84500 8.8 620 53.0 +5
82¢c 174.1 85700 7.0 480 56.k -37

* No force-time record obtained for this test due to ilmproper operation
of the recording equipment. : ,

# System warmed up Just before the test,
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TABLE X

RESULTS OF TENSION IMPACT TESTS ON SHIP

PLATE STEEL C-10 AT -70°F,

Specific -

Reduction

Temp.

Spec.. JImpact Ultimate Elong.
No. Velocity Strenggh percent Energy of Area deg. F.
ft/sec 1b/1in. in 8 1n. £t 1b/in. 3 percent

2C Static 73500 19.8 1043 50,8 -90

3C Static 73300 22.8 1260 53,8 -90
54C 10.4 L 16.5 * 58.0 ~Th
55C 15.9 * 15.2 . 53.5 ~75
56C 26.6 86700 16,0 1090 54.8 -72
57C 26,9 86200 17.4 1240 56,0 -73
58¢ 49.8 84500 13.1 920 55.6 =55
59C 49,8 . 88800 15,8 1110 60.0 -70
60C 4.7 92000 16,6 1270 55.2 -72
61C 16.7 93100 17.% 1340 5k, k4 -66
88c 85.1 89300 18.5 1350 - 58.2 -61
92C 95.2 92200 13.5 1050 55.6 -4
87c 102.0 +=* 0 H® 0 -68
86C 102.3 +H# 0 £ 0 -67
91C 111.7 88200 12,0 880 55T -68
83C 120,0 # 0 #* 0 -58
99C 122.2 90500 8.5 630 55.8 =Tl
100C - 126.5 H# o # 0 -65
101C &+ 0.5 “@* 6.3 -68

* No force -time record obtained for this test due to 1mproper operation
of the recording equipment. :

137.8

# No force-time record obtained due to brittle type fracture at the mbving-

end of the specimen,
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Ultimate Strength (107 1b/in.2)

Elongation (percent in 8 1n.)

Specific Energy (£t 1b/in.>)

100
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Fig. 19 Ultimate strength, elongation, and specific energy each
ve. impact velocity at T5OF (A ), 350F (© ), O°F (x), -40°F
(o), and -TOOF (V) for ship plate steel B-10.
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Fig. 20 Ultimate strength, elongation, and specific energy each
vs. impact velocity at 759F (A ), 35°F (o), oOF (x),
-40°F (o), and -70°F (v ) for ship plate steel” C-10,
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similarity of the data, a single curve was passed through
the points for the 75°F and 35°F and another curve through
the -40°F and -70°F points. Tests were made on a few plate
B~10 specimens at about 0°F to determine the nature of the
transition between the two temperature ranges.

The reduction of area is 5 to 10 percent lower at the
low temperatures, but is not affected by impact velocity.

The ultimate strength increases with increasing impact
velocity to approximately a constant value above 75 ft/sec.
This constant value is about 40 percent above static value;
for plate B-10 and 20 percent above static values for plate
C=10. The impact ultimate strength of plate B-10 is increased
about 20 percent, and of plate C-~10 about 12 percent as the
temperature is lowered from rfoom temperature to -70°F.

The variation of elongation with impact velocity, within
the temperature range covered by this investigation, is similar
for the two ship plate steels studied. The curves for tests
made at the room temperstures show an increase of elongation
with increasing impact velocity followed by a gradual decre=ase.
The curves for tests made at -40°F and -70°F show an immedizate
drop in elongation from static tests to tests at low impact‘
velocities, and then show nearly constant values of elongation
until & certain critical velocity 1s reached, followed by a
rapid decrease to a minimum velue. 8§his result is similar to

1

that obtained on preliminary tests with annealed 0.19

percent carbon steel.
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Five of the seven tests made with specimens from plate
C-10 at -70°F at impact velocities higher than 100 ft/sec
exhibited a brittle fracture at the tup-end fillet with no
measurable elongation.

Fig. 21 presents & comparison between the structure at
the fracture of specimens exhibiting brittle and ductile
failure under similar conditions of loading. In Fig. 21 (a)
the failure appears to have occured by cleavage and passes
through the grains with little or no deformetion. The dark .
streak is a crack extending into the specimen from the face of
the fracture. Fig. 21 (b) shows a structure characteristic
of a normel ductile fracture with severe elongation of the
grains near the fracture surface.

Curves of cpecific energy vs. impact velocity reflect the
trend of elongation. because the ultimate strength is essentially
constant.

The variation of elongation with tempefature for each of
the impect velocities used is shown in Figs. 22 and 23. These
curves show that for any specified impact velocity, the
principal decrease in elongation with decreasing temperature’

occurs within a fairly narrow transition range.



(a) Specimen 87c, brittle fracture at =68°F at impact
velocity of 102.0 ft/sec. Nital etch, X300.

(b) Specimen 92¢, ductile fracture at =74°F at impact
velocity of 95.2 ft/sec. Nital etch, X300.

Fig. 21 Photomicrographs of tensile impact fractures of ship
plate steel C~10 at low temperatures.
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DISCUSSION OF RESULTS

The slight decrease of ultimate strength obtained from
some tests at impact velocities above 150 ft/sec is probably
due to the character of the force-time record rather than to
a change in properties.

In the force-time records of all tests of impact velocities
of 150 ft/sec or higher, where there has been sufficient
elongation that the record includes four or more cycles of
dynamometer vibration, the average value of the first 2, 3,
or 4 cycles on the record is lower than the average of the
subsequent oscillations. The average height of the record
after the first four cycles has been taken as the force
corresponding to the ultimate strength wherever possible,
This effect can be seen in Fig. 13 (b), (c).

A scattering from the smooth curve of points obtained for
ultimate strength is expected from the estimated X 10 to % 20
percent possible measuring error. However, only 12 points
differed from the curves by more than 10 percent and all but
one of these 12 were from tests at high velocities with smell
elongation.

The decrease of percentage elongation with increessing.
impact velocity can be explained by the decrease of velocity
of plastic strain propagation. The decreazse of elongation
with decreasing temperature for any impact velocity shown in

Figs. 22 and 23 cannot be explained so easily. One explanation
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may be that the shape of the dynamic stress-strain relation’
may be affected by tempersture and that a transition from

the room temperature relation to the low temperature relation
occurs between 35°F and -40°F, eand that the relation is such
that the velocity of plastic strain propagation is reduced

at low temperatures.

The scattering in values of percentage elongation is
very wide. This effect is inherent in any tension test and.
is caused by natural variation from one specimen to another.:
In addition to this, in tensile impact tests the final strain
distribution mey vary widely }rom one specimen to another,
because of the inconsistency of strain wave reflections from
the ends of the specimen.

In the range of impact ve}ocities and temperatures
covered in this investigation, the elongation in the necked
down portion of the specimens is nearly constant. This
elongation zmounts to about 5 percent in 8 in., and is the
reason that the minimum value of percentage elongeation
obtained in all tests except the five with brittle fractures
is about 5 percent.

The occurence of the brittle fracture, obtained in some
of the low temperature, high velocity tests on C-10, might
be explained by the relation between critical slip and

cleavage stress caused by the constraint of the tup-end
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shoulder and by the elastic strain wave corresponding to the
impact velocity which would have returned to the moving-end
shoulder 0.03 x 1073 sec after the impact. This explanation
is weakened by the fact that some of the impact tests exhibited
ductile fractures and that the specimens were extremely ductile
under static conditions. This would indicate that the low
temperature behavior of this material is influenced by impact
veloclty, strain rate, and perhaps other factors. No
satisfactory explanation has been found.

Curves of specific energy vs. impact velocity are used
to determine the engineering critical impact velocity. From
an examination of Fig. 19, the engineering critical impact
velocity of ship plate B-10 is found to be about 50 ft/sec at
room temperature and about 75 ft/sec at low temperatures, and
from Fig. 20 that of plate C-10 is found to be about 90 ft/sec
at room temperature and at low temperatures. While the
engineering velocity of these samples of ship plate may be
about the same or slightly higher at low temperatures, the
energy to produce rupture is much lower at the low temperatures.
The velocity for zero strain propagation is determined from
the elongation vs. impact velocity curves, as the point that
first reaches the minimum elongation. This is at about 190
ft/sec at room temperature and about 90 ft/sec at low temperatures
for plate B-10, and above 200 ft/sec at room temperature and
about 140 ft/sec at low temperatures for plate C-10. These
different critical velocities are shown plotted against

temperature in Fig. 24,
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SUMIARY

The results of this investigationvon two types of

medium steel ship plate can be summarized as follows:
1. The static yiéld point, ultimate strength, and
specific energy increase with decreasing temperature.
2. The static elongation remains essentially constant
with decreasing temperature.
3. The static reduction of area decreases slightly
with decreasing temperature.
4, 1In tensile impact tests, ultimate strength
increases with increasing impact velocity and
decreasing temperature.
5. LElongation and specific energy remain constant
or increase with increasing impact velocity depending
on temperature, and above a certain critical velocity,
decrease with increasing impact velocity. Elongation
and specific energy decrezse with decreasing temperature
for any impact velocity, the greatest decrease is between
35°F and -40°F.
6. Reduction of area is not affected by impact velocity,
but is slightly reduced by decreasing temperature.
7. The engineering critical impact velocity increéses
slightly with decreasing temperature for plate B-1l0 and

remains about constant for plate C-10. The velocity
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for zero strain propagetion decreases with decreasing
temperature for both ship plate steels.

8. The reasons are not known for the decrease in

tensile impact elongation with decreasing temperature

for both materials, and the brittle failure of some
specimens of plete G-10 at low temperature and high
impact velocity, but may be due to the effect of
temperature on the relative stresses for slip and
cleavage in mild steel, and may be associlated with the
relations of impact velocity, strain rate, and temperature.
9. On the basis of this investigation it can be
concluded that pléue C-10 would be more satisfactory
than plate B-10 for use under conditions of longitudinal
impact at low temperature because of higher energy
absorption and higher critical impact velocity. However,
when using plate C-10, caution should be exercised and
conditions of high velocity impact be avoided at
temperstures below -40°F, because of the possibility

of brittle fracture with very low energy absorption.
Plate B-10 does not exhibit this brittle fracture

characteristic.
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