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CHAPTER 1

INTRODUCTION

Dynamic loading is important in many engineering 
application's, such as impact, high accelerations, and 
mechanical vibrations, But even in low-speed $tstaticn 
loading, if a structural member contains a notch, the 
increased strain rate at the root can have important 
effects upon the behavior of the member.

The strain rate applied in the standard "static" 
test is about 10“^ in./in./sec; but rates may vary from 
that of long-term creep tests, in which the rate 
approaches zero, to impact values greater than 2000 in./ 
in./sec. The problem discussed in this thesis is one 
important aspect of the strain-rate effect: the influ
ence of strain rate on the tensile strengths of 2024 and 
5086 aluminum alloys.

When a metal solidifies, its component atoms 
assume an ordered arrangement relative to each other.
A repeating three-dimensional arrangement of atoms is 
called a crystal; with certain minor exceptions, all 
metals are almost completely crystalline (16).*

* Numbers in parentheses indicate References,
1



. . .  . "2
Crystalline materials consist of an aggregation 

of imperfect crystals known as grains. There exists a 
close correlation between the nature of the crystal 
structure and the engineering properties of the solid. 
These properties can be attributed to the nature of the 
bonding forces between atoms, and to the presence of 
inclusions and imperfections in the structure, A class
ification of the possible crystal lattice imperfections, ■ 
other than thermal vibrations, is the following (22):

1. Point imperfections: 
vacancies 
interstitial atoms 
vacancy clusters

2. 1-dimensional, or line imperfections: 
dislocations

3. 2-dimensional, or surface imperfections: 
grain boundaries
phase boundaries 
twin boundaries 
stacking faults 
free surfaces

4. 3-dimensional, or volume imperfections: 
voids
inclusions of a second phase

Of these possible defects, most will be found in



a metallic material in an actual state. The engineering 
properties are a direct result.

Plastic yielding of a metal depends upon slip, 
which is movement of dislocations through the matrix. A 
certain stress is required to put the dislocations in 

' motion, after which they move at a rate that depends upon 
the atomic state of the metal, and upon the applied stress.

If strain rate is high, there exists little time 
for thermal or other forms of energy to assist in the 
plastic yielding! correspondingly, if the loading is slow, 
there exists time for a possible radically different mode 
of yielding to occur, and the stress will be lower. We 
are led to the fact that the stress-strain curve of a 
ductile metal is raised by increasing the strain rate.

The usual engineering stress-strain curve con
siders only nominal stress and strain under standard con
ditions, and neglects the time factor. If time is allowed 
for stress relaxation, the effect may be reduced or non
existent.

The influence of strain rate is greatest at tem
peratures high enough that recovery, grain growth, 
recrystallization, or polymorphic transformation occurs 
at a significant rate during testing.

The possible effects of these and related phenom
ena are many. The resulting uncertainty in material per-



formance has led to the use of a "factor of safety (or 
ignorance),88 requiring additional weight and cost.

Unscrupulous operators have been known to adjust 
loading rates in order to meet strength or ductility 
requirements with metals that were actually substandard. 
(16), If a definite quantitative relation were known 
between impact speed or energy, and the resulting strain 
effects, the designer would be given a valuable tool. It 
would be possible to solve the following problems direct
ly (21):

1. Ordnance work, such as the penetration of 
projectiles through armor plate.

2. Tool and power requirements for high-speed 
machining and for hot or cold metal working.

3. Rockets and aircraft resistance to gusts and 
blast loads of short duration.,

4. Cushioning materials, such as honeycomb 
structures, foam plastics, etc.

Materials are being sought increasingly for appli
cations involving dynamic loads; more information is 
necessary. Still confined to speculation are the possi
bilities of vastly reduced structural weights, if the 
dynamic yield and tensile strengths of engineering mater
ials could be utilized directly.



CHAPTER 2

PREVIOUS EXPERIMENTS

A strain rate effect of significance first 
occurred in the deep drawing of automobile bodies in the 
1920's. “Luders lines,n or stretcher.strains appeared 
in the metal. It was found that the lines could be elim
inated with the use of a proper slow strain rate, and a 
special heat treatment (21).

Prior to the discovery of the 11 lawsn of propa
gation of plastic deformation, two experimental methods 
were widely acceptedi the "notched-bar" test, and the 
tension or compression test of short cylindrical speci
mens. The first method requires specimen standardiza
tion and attempts'to compare absorbed energy, But in 
effect it is merely a measure of notch sensitivity.
The second method is to calculate the energy absorbed 
per unit volume and to compare it to static values.

The problem came more into focus as World War II 
started. The theories of elastic wave propagation were 
known| it appeared that a critical impact velocity 
existed, for which fracture must occur at the point 
where impact occurred, and the rest of the structure



would not participate in the energy absorption. The 
first theories of plastic, wave propagation, and prelim
inary experiments were reported in 1941«

The many techniques presented in the literature 
since 1872, when J. Hopkinson first described his impact 
studies, show that the most difficult problem facing the 
experimenters was that of measurement (21). The study 
of dynamic stresses has included a wide range of specimen
shapes, from the JO ft. long wires tested, by Hopkinson,
to the 0.JD5 in. thick disks investigated by Kolsky.
Strain rates extended from 10^3 in./in./sec. to 10^ in./ 
in./sec.

Manjoine and Nadai did some experimental work in 
1941* most of it concerning the strain rate effect at 
elevated temperatures (16). They used photoelectric 
cells, and an oscilloscope to record their data. Vibra
tion effects ruined their results; the graphs were quite 
wavy.

- . )
E. T. Habib, in 1948, used an energy method (21).

Fie plotted energy vs. deformation, and hence energy vs.
strain; and by numerical differentiation obtained the
stress-strain curve. To impact the tested material, a
projectile was fired with an air gun. Habib found an
increase in energy absorption at higher strain rates.

In 1949, H. Kolsky, of Chemical Industries, Ltd.,
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fired an explosive charge for loading, and found no direct 
correlation between static and dynamic behavior (21).

At Gal Tech in 1950, D. 3, Clark and P. E. Duwez 
experimented with thin-wall cylindrical specimens, de
formed by internal pressure (21). By this method, they 
hoped to eliminate any variation of strain rate along the 
specimens.

¥. R. Campbell, at the National Bureau of Stand
ards in 1951, dropped, weights over a. rod to impact a 
collar at the bottom (2). He used SR-4 gages to record 
strain and wave velocity. Numerical integration of the 
strain-time curve gave a tangent-modulus curve, which 
was integrated to obtain a dynamic stress-strain curve.
But Campbell concluded that his tests were of a qualita
tive nature only.

E. J. Sternglass and D. A. Stuart, at Cornell in 
d952, investigated the validity of the Von-Karman theory 
of wave propagation (20). They concluded that the rela
tion was not valid, but their conclusion has since been 
challenged.

Johnson, 'Wood, and Clark performed the next 
experiment, at Cal Tech (21). Theirs was a compression 
test of 2S aluminum. They obtained a dynamic stress- 
strain curve, and found that the curves in all cases fell 
above the static values.



8
' In? 1954s at the Naval Research Laboratories,

Smith, Pardue, and Vigness found that the properties of 
01020 bolts seemed better under shock loading (21). They 
plotted a stress-strain curve electronically, and used in 
addition a motion-analysis camera.

It has been just in the last five years that a 
truly comprehensive explanation of deformation on the 
atomic scale has been postulated. See, for example, ref
erences (22), (4), and (17). No theory has been proposed 
explaining dynamic effects explicitly; but several of the 
proposed dislocation mechanisms would seem to point toward 
an explanation of dynamic phenomena„

In attempting to determine stress-strain-strain 
rate characteristics of materials, experimenters have had 
several common problems. Most of these problems lie in 
the inability of the operator to measure stress at the 
same point in space and time at which he is measuring 
strain and strain rate; the difficulty is the lack of a 
valid wave propagation relation. Propagation relation
ships are needed to interpret experimental data, and ex
perimental data are necessary to verify propagation 
theories.

The inertia of the usual static extensometer has 
eliminated such instruments from dynamic tests. Until 
the recent advent of the oscilloscope and the SR-4 gage,



most of the literature on this subject was devoted to the 
description of methods of obtaining strain rate from in
direct measurements. Stress was measured as a function of 
time, at a point removed from the center of deformation. 
Calculations or assumptions were required to transfer 
stress from the measured point to the point of deforma
tion. Accuracy decreased with strain rate or distance of 
transfer.#

Stress is propagated as a wave of unknown shape, 
generated at the point of impact. It is doubtful that 
the stress would have exactly the same value at the 
dynamometer as at the point of measured strain. Hence 
the stress-strain characteristics are bound to the laws of 
wave propagation. The problem would be simplified if 
there existed a theory of plastic wave propagation that 
had been experimentally justified; but such is not the 
case.

¥„ R. Campbell concluded that static dynamometer 
calibration is valid for dynamic tests, and that a small 
test length makes valid the assumption that strain is 
constant across the length (2).

Manjoine and Nadai did not consider wave propaga
tion phenomena (13). Duwez and Clark concluded that the 
assumption of a stress-strain curve independent of strain 
rate is not entirely justified (8). Yet this assumption
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is the very basis of the Von Karman Theory, which has been 
used in many experiments as the basis of calculations„

In any machine that has been devised to date, 
there will exist a strain rate variation. The rate may 
vary by only small amounts, but in some tests it varies 
from a maximum to zero during specimen deformation.

We must be content with approximations, until 
some feasible method, such as the measurement of lattice 
parameters by x-ray methods> has been devised.



CHAPTER 3

THEORY
’3 * 1 Strain Rate Theories

Three distinct theories have been proposed to 
explain the strain-rate effect % these are by Von Karman, 
Malvern, and Prandtl. The latter two theories are quite 
similar, and both disagree with that of Von Karman.

The Malvern theory does not predict the region 
of uniform strain near the impact end of the bar, as 
found by Duwez and Clark (8). This and other results 
put the Von Karman and Malvern theories in direct disagree
ment , and is a major deterrent to the acceptance of a 
strain-rate theory. Prandtl states that for a dynamic 
stressestrain curve, the excess stress above the ”static” 
level is a logarithmic function of the plastic strain 
rate.

Sternglass and Stuart, and W. R. Campbell dis
agree, and state that stress is a direct function of 
strain rate (2), and (20). The Department of Engineer
ing Mechanics at the University of California has stud
ied the effect, and the feeling is that the theory by 
Malvern is closer to the solution.

11



1. The Von Karman Theory (1941)
Elastic waves are "sonic” waves^in a metal, 

and are propagated with a speed Co' > where Eo =
elastic modulus and ^ = density. This is an accepted 
theorem, and can be found in any text on the theory of 
elasticity. Von Karman and Taylor were the first to at
tempt a solution for the propagation of plastic, waves (23). 
Von Karman assumed a "static” stress-strain curve existed, 
concave always downward, and generalized the elastic wave 
formula to include plastic waves:

= tangent modulus.de
Thus there exists a "critical” velocity, 

where gg- = 0, and plastic waves do not propagate. The 
material will fail instantly at the point of collision. 
The literature gives conflicting evidence concerning this 
effect, and thus the Von Karman theory is subject to con
troversy. The assumptions involved in the theory are:

A. Stress is uniform in cross-section
B. Elastic and plastic waves move without 

damping
C. Lateral contraction or expansion is 

neglected
D. Strain is ordinary engineering strain



E. Bar is of infinite length; wave reflec
tions are considered later

F. The stress-strain relation is 0~ = <t (€)

and is independent of time. (Stress 
waves dependent upon strain rate, € , are 
small compared to waves dependent upon 6 
only.)

The Von Karman theory is derived as follows:

cr

- A -

Firure 3.1 Illustration of derivation of 
Von Karman relation

XX is the displacement along x, the axis of a 
circular bar of semi-infinite length. Using Mo. =£F :
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< r * T €  = T ( l + | ^ )  = ^

F AT ^ ix) — F AT > U +  TA ^  ̂
FNET =TF, ^ Mo-
e A A « &  ,or

5  = c 2 ; c i m  ?]
«/2

To calculate the Von Karman critical velocity,
compute as a function of 6, from the static stress-

F i y 
strain curve. Compute c ==J(B^)' ̂ "j
The resulting curve is

, and plot C vs. 6* .

V E L O C  I T V Co
Figure 3.2 Plot of wave velocity vs. strain, 

from Von Karman relation

V
^From this curve, calculate Vt for each 6, , using 

i = , where ^ . The largest value of V( is
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obtained for the.largest value of £ t, and this is the 
critical velocity,

r re C e '= c t  § v, = - J c" tde -  - J cde

Use a planimeter to calculate the mean C for
each 6.

From the plot of velocity versus G, it can be 
seen that there exists two wave fronts, the elastic and 
the plastic„ The two fronts diverge while the material 
is being strained.

2. The Malvern Theory (12)
In his treatise in 1951, Malvern stated that 

a dynamic stress may exceed the.static for a given strain 
by an amount dependent upon the strain rate. So in con
trast to Von Karman, Malvern states that the stress-strain 
curve is a function of strain rate, and not strain alone.

The Malvern relation can be stated as follows: 
Plastic stress CT = <t (€ }€)

Elastic stress CT = CT(£)
A. _ p = O  Equation of motion

d X  K <5>t

B. ~ ~ ®  Equation of continuity

C. c ®L£ _ =r <2 fcr €) Equation of material
S t  0 J y

behavior



M  — particle velocity •
g(p;e)is the strain rate that would occur if 

a constant magnitude stress was applied. Malvern states 
that (cr; e} = klCcr - f where <1% = "static" stress $ K is 
some constant. „

The assumptions involved in deriving the Malvern 
theory are similar to those in the Von Karman relation, 
except that t

A. Plastic stress is a function of the "strain 
and strain rate.

B. Elastic deformation is independent of the 
strain rate.

C. The static stress-strain relation is a 
succession of equilibrium states,

D . Stress, strain, and strain rate are not 
uniform along the bar under impact load
ing ,

Equation (3), concerning material behavior, can 
be written

E i —  cr - g (07 e) = K (cr - Os') (3 b)

Oi —  9 the "static" relations & = stress
rate.

Rewriting (3b), = cr —
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or <3~ = Eg ~ q~ 

VC STATIC

Finally, Q~= K, (̂ E ̂  — O') 4- , from which we can
calculate the stress above the static for an increased 
strain rate. Malvern solved the three equations simul
taneously, using numerical integration techniques, to 
explain plastic wave propagation phenomena.

3. Prandtl’s Equation (1950) (21),
The relation by Prandtl is similar to that by 

Malvern, except that where Malvern assumed a linear 
approximation, Prandtl had an exponential relation. Thus 
Malvern's equation number (3), becomes, in Prandtl5s works

of characteristics and with an analog computer.

3.2 Physical Explanation
Werner Goldsmith states that the loss of energy 

upon impact of two bodies is (9):

For elastic bodies, Q  — 1 and 0, where 6  — coeffi
cient of restitution, M  = mass, and V = velocities.

It can be seen that when bodies remain elastic

The three equations are solved by the method
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upon impact, the energy loss approaches zero.

It has been seen that bodies in impact do not de
form rigidly, instantaneously, but the disturbance gener
ated at the contact point propagates into the interior 
with a finite velocity. Wave effects are a major problem; 
Goldsmith states that under certain conditions wave 
effects need not be considered: "If the period of action
is large compared to the natural frequency of the body, 
then several reflections will have occurred during the 
contact period, and the bodies may be considered to be in 
a state of quasi-equilibrium; wave effects need not be 
considered" (9). He further states that for loading rates 
greater than 0,70 in./sec., waves will be generated in the 
system, but at this speed a dynamometer in series with the 
specimen still provides a good measure of material strength. 
Also, if the gage length is a few inches, wave effects will 
become increasingly significant when the strain rate 
exceeds about 10 in./in./sec. It would seem that for a 
short gage length, strain should be somewhat uniform, and 
Goldsmith’s limit can be extended to 15 or 20 in./in./sec.

Tfre stress due to a reflected or transmitted wave 
can be calculated according to Goldsmith’s model (9):
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V, 07— vr Vf O 7

A, P, Cox A 2 ^2 Go.

Figure 3.3 Transition region in infinite bar
A, (V, + cre) = AjOV

GV = A,^i Co, f Got CT, transmitted stress

-

A 2 ̂  2 Go 2 A , 0 Go, 
A ,0i Co, + A 2 0-2 Go2 CT, reflected stress

At a free end, A 2= 0 , to calculate a reflected 
wave. It can be seen that a tension wave reflects from a 
free surface as a compression wave, and from a fixed sur
face as an additional tension wave.

Little is known about plastic wave reflection. 
They are not of the same magnitude nor velocity as elas
tic waves.

A solution of the strain rate effect may lie in
the thermodynamics of the materials reaction to loading
(16), and (13).

Slow (static) loading is isothermal, because the
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Section can exchange heat with the grips, and the surround
ings . Rapid loading does not permit time for heat trans
fer, and the deformation approaches adiabatic. So from 
the first law of thermodynamics, \A/q = AU. = adiabatic work 
= J C vd T  . (This is an approximation, since the integral is 
specified for an equilibrium state.)

Isothermal work is the area under the stress-strain
curve 2

A  •W T = \ CTd € iz* ult „ strength x 6 at rupture.
6t

Manjoine and Nadai measured the temperature change 
in the necked-down section of a plastically deformed speci
men during straining and found it reached 25° C. (13). It 
remains to be developed that the solution to the strain 
rate phenomena might lie in the thermodynamics.

It is often necessary, for studies of this sort, 
to calculate plastic wave propagation velocity. But the 
Von Karraan theory gives many velocities, and neither 
Malvern’s nor Prandtl’s methods are adaptable to a ready 
solution to this problem.

Papirno and Gerard assumed a bilinear stress- 
strain curve, and used a Von Karman-type relation for 
wave velocity (15).
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PL

cr

€
Figure 3.4 Bilinear stress-strain curve

They state that this is a very close approxima
tion in many cases; the change in plastic wave velocity 
would be less than ifo in 30 diameters, due to damping 
effects.

Using the model of Papirno and Gerard, we can 
calculate the elastic and plastic wave velocities for 
both 2024 and 5086 aluminum alloys :
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20  '

0 3*10 PS

o.2o e ,k7ZiO. IO

Figure 3•5 Bilinear approximation for 2024 alloy

40
crtPS(

E 0- 12*10 P5;

20 -

10 ■

E "’’Zo. 2 0o.to

Figure 3 .6 Bilinear approximation for 5086 alloy
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From the figures shown, and the relation c= l̂ /pl ̂

elastic wave velocity for both alloys is 2.02 x 105 in./sec. 
Plastic wave velocity for the 2024 alloy is 2.43 x 104 in./ 
sec., and for the 5086 alloy is 2.1? x 10^ in./sec,

. There are two methods of approach to a quantita
tive explanation of the strain-rate effect, The first 
approach is contained in the methods explained thus far: 
it is macro-scopic; a mathematical attempt at explanation 
and prediction based upon a differential mass of material. 
The other method appears to the author to be more logical, 
and will probably be the basis of eventual solution. It 
consists of an explanation in microscopic terms, involv
ing imperfection and dislocation theories.. There exists 
several uncorrelated explanations fitting into the second 
category, but not a single analysis subject to a quanti
tative solution.

Part of the solution may lie in an explanation by 
Cottrell (4). "The stress field surrounding a moving dis
location is different from that of a stationary one.
This is because the equations of elastic equilibrium have 
to take into account the inertial forces set up by the 
motions induced in the elements of the body by the moving 
dislocations. The velocity of sound C= ^  in the

body plays the same role of a limiting velocity as does
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the velocity of light in the relativity theory,18

The stress field of a moving screw dislocation is 
the same as that of the stationary one except that x is 
replaced by ft—  »/> .

0 -  v 2 / c l)
If we evaluate the energy density in the field of 

the dislocation by adding the density of strain energy to 
the density of kinetic energy, we obtain U = ̂  '/g

for the energy of the moving dislocation in terms of its 
rest energy Llo. Since UL becomes infinite as V-t=- C , dis
locations cannot travel faster than the elastic wave.
• The reasoning for edge dislocations follows a

similar line. Dislocation velocity is again limited, but 
complicated by the fact that longitudinal and transverse 
wave speeds are different.

Referring to the thermodynamic theory presented 
earlier. Van Bueren states that since thermal activation 
energy plays an important part in finally overcoming 
Cottrell barriers, and permitting additional slip in the 
range of ultimate stress, a fast deformation that does 
not give the metal time to take heat from the surround
ings to use for this energy, will necessarily have to 
break through the barriers by brute force (12). Less heat 
per unit volume is available as deformation rate increasesi 
Therefore the apparent tensile strength must rise with
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deformation rate.

In impact, there may be formed different types of 
imperfections or dislocations than are formed under static 
conditions. Professor Weertman, at Northwestern Univer
sity, has been doing work on moving dislocations. One 
conclusion is that “like” dislocations may reverse their 
udual behavior and attract when moving at high speeds.

The process of recovery is time and temperature 
dependent. Through various mechanisms, strain hardening 
may be reduced and the metal may recover the properties 
it had in the unworked state. The increase in strength 
is a function of strain, due to work hardening. But an 
increase in strength with strain rate may be a function 
of work hardening with insufficient time for recovery.

Dislocations “pinned” by inclusions are subject to 
a time delay. When a load is suddenly applied, a definite 
time must elapse before plastic deformation occurs (22).

Dieter states that “The velocity of propagation 
of stress waves in solids lies in the range of 3000 to 
20000 fps, while the velocity of crack propagation is 
about 6000 fps. Therefore, with impulsive loads it may 
be found that cracks may have formed but did not have time 
to propagate before the stress state changed.” (6 ).

The explanation might also involve the timed oper
ation of Frank-Read sources, and how the stress-strain
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curve of a single crystal is highly temperature- and strain- 
rate dependent. See, for example. Ref. (22).

3-3 Determination of Specimen Shape.
To solve the problems facing them, investigators 

have experimented with a great variety of specimen shapes, 
methods of loading, and measurement techniques.

Besides the problems mentioned, there exist ones 
of a more fundamental nature, such as stress-concentrations 
and material dimensions; all the problems can be reduced 
to the question of what is the best test piece to give a 
true indication of material properties?

Several factors are involved in tension testing 
that do not occur in compression testing. The compres
sion piece needs no reduced section in order to localize 
the point of failure. But introduction of a gage section 
introduces also the problem of triaxiality at the shoul
der. When the tensile load is applied, the axial strain 
in the gage section will be greater than in the shoulder.
The Poisson contraction will be affected likewise. The 
larger sections, which are more rigid, exert stresses 
pulling outward on the material in the gage section. In 
addition, the material just above the shoulder carries 
little axial load, and therefore tends to resist deforma
tion. The center section carries most of the load and
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tries to contract laterally, but is hindered by the resis
tance of the unloaded material. Unless the gage section 
is eliminated entirely, the most ready solution is minimi
zation of the effect, by (a) a small change in gage sec
tion and shoulder diameters, and (b) a generous shoulder 
radius.

A gradually tapering shoulder is best, but this 
introduces plastic deformation beyond the gage section, 
making actual gage length uncertain.

Clark and Duwez state that strain varies along 
the specimen (8 ). Therefore, to achieve constant, uni
form strain, a short gage length is necessary, even less 
than one inch.

If the calculated gage length is the effective 
length in testing, and if no energy is absorbed by mem
bers other than the test piece, then strain rate C = •— -*G{. L.
where is the velocity at which the specimen is 
"pulled**. One advantage of a free-fall mechanism is 
that it does not have the structure of the tensile mach
ine, and does not include the same machine deformation. 
Some acceleration-caused stresses,., present in a direct- 
connection machine, also are eliminated through the use 
of a free-fall :system.

The next problem is that of fastening the specimen 
to the supports. Stress-concentration in the grips is no
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longer a problem because of the introduction of the gage 
section. For tests at lower rates, where waves are not 
generated, the fastening device is not of great importance. 
For reproducibility of results, however, specimens must be 
of the same dimensions.

. To facilitate specimen changes, threaded fasten
ers were selected. If the threads are carefully made, 
they will maintain close contact with the grip. Since 
the threads remain elastic, it might be logical to assume 
that the connection is rigid, and there is no energy 
loss in damping or reflection as a wave traverses the 
section. This assumption was made by several investiga
tors.

Again for the sake of reproducibility of results, 
the same load cell should be used for each test. The 
specimens will be made such that the SR4 gages may be 
mounted close to the gage section, but in a position that 
excludes end and shoulder effects. The strain gage would 
ideally be located at the point of deformation; but no strain 
gage can withstand deformations of this magnitude. No dir
ect method for reading load has yet been devised.

The size effect is another factor to be consid
ered. This is actually a statistical problem. As the 
specimen is increased in size it becomes likely that more
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crystals will be oriented in a direction favorable for 
slip, and there is a greater .chance for the material to 
include some imperfection sufficient to initiate easy 
slip. As size decreases, higher strengths are therefore 
expected and also a greater variation among tests at the 
same conditions.

The size effect has its most significant influ
ence upon the yield strength. The gage section must be 
small enough to permit rapid deformation with the equip
ment available, yet large enough to minimize the size 
effect. Dietz and Birch state that an ’’overriding” 
part in failure will be changed by high speeds; the 
geometry of flaws becomes more important than their 
size (7).

Surface conditions and residual stresses can 
affect results. To minimize the effect, all specimens 
were cut from the same bar stock. The final machine cut 
was light, to lessen surface stresses, and all specimens 
were annealed.

Clark and Wood determined that for study of the 
Von Karman critical velocity, length-to-diameter ratio 
L/D— 13, but shape of cross-section does not influence 
the strain rate effect (3 ). (They also concluded that 
the determination of stresses was best done using a 
dynamometer in series with the specimen).
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But there exists disagreement on this point. 

Troxell, Harman, and Wiskocil conclude that gage length 
should be 4x specimen diameter (5). But if L/D> 2, then 
end restraint is minimized, and for L/D >1, the only 
effect is upon the segment of the stress-strain curve 
beyond the ultimate strength.

Based on these considerations, it was concluded 
that the best specimen design for the information desired 
is as shown in figures 3*7 and 3 .8 .

i.o

Figure 3.7 Drawing of final specimen shape
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Figure 3•3 Photograph of finished specimen

During the design of the specimen, the problem 
arose concerning the gage length that is actually deformed 
during testing.

Referring to figure 3-9 (a): When the gage length
is strained to the point (2), some point on the shoulder 
will be strained to (1). Therefore, part of the shoulder 
should be included in the gage length.

cr

Y.P
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Figure 3.9 Figures illustrating effective gage length
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When strained to the ultimate, there will be a 

A l  and a AL. ((Figure 3 .9 (b) ). ( A L  - A 1 ) = elonga
tion of additional gage length. The amount of strain to 
ultimate strength is known from experimentation, so 
( AL - A  1 ) fu.s. " additional gage length.

Actually, effective gage length will change with 
the stress level, but this calculation will give the 
maximum variation. If the effective gage length is close 
to the actual, it is legitimate to use the actual.



CHAPTER 4

EXPERIMENTATION

The specimens were machined from 3/4” diameter 
bar stock in three steps. First, each piece, 5in long, 
was turned to 9/16” O.D. and center drilled. Next, both 
ends were threaded 9/l6rt-12-N.C., using a turret lathe.
The third step consisted of turning the pieces to shape, 
using a lathe equipped with a hydraulic follower to 
insure continuity of dimensions.

The gage section was turned to 0.001n, The final 
cut removed a maximum of 0.010** from the diameter.

To obtain maximum effect upon material properties, 
the specimens should be dead soft. Two sample specimens 
were first annealed in an electric oven, to determine if 
there would be any warpage. No measurable distortion 
resulted, so the remaining pieces were annealed. The 2024 
specimens were heated two hours at 775°F. and furnace 
cooled; the 5086 specimens were brought to a uniform 
temperature of 775°F. and air cooled.

Two “fixtures1* had to be made: an “impact plate11 
to transmit the impact force from the moving mass to the ; 
specimen, and a specimen grip adapter, 3/4”-10 to

33
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9/l6n-12 N.G., useable as a dynamometer. These fixtures 
were machined carefully to insure that they would Intro
duce no bending. /

Three different test machines were used during 
the experimentation, to obtain the range of strain rates 
desired. The slower rates were achieved on the nInstron86 
machine in the Physical Metallurgy Laboratory. This 
machine is mechanically driven, and instrumented completely. 
Intermediate rates were achieved with the Tinius-Olsen 
hydraulic machine in the Mechanical Engineering Laboratory. 
Finally, for dynamic velocities, the recently-developed 
drop tower in Aero 104 was adapted for this investigation. 
(See figure 4*1)•

The experiments to determine effective gage 
length were performed on the Instron machine. The gn 
gage length was marked on one specimen of each alloy. A 
mechanical extensometer was mounted across (L) on the 
shoulder. (See figure 3.9). Each test piece was then 
mounted in the machine and deformed slowly. Gage length 
(1 ) at the ultimate load was measured with dividers, and 
A  1 was compared with the A  L indicated by the exten
someter.

Results for 5086;
' Ad-= 0.07?•p n't A1 =0.077 irt.

(AL--A1)^U S =0.0005X0.77 =0.00003 85 in.
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(a) Instron 
•machine

(b) Tinius- 
Olsen 
machine

(c) Impact
apparatus

Figure 4.1 Experimental apparatus
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It was therefore concluded that for experimentation the 
effective gage length for this alloy is 0.5 in.

Results for 2021+%
Zxl =0.082 in. A L  = O.OS2 m.

To the limits of available accuracy, all the plastic 
deformation took place within the gage length. So for the 
2024, as with the 5086, it, was concluded that effective

/ gage length was 0.5 in.
It can be seen that the elastic deflection in the 

shank part of the test piece will be- about 0.0003 inches, 
within the span of the extensometer, This deflection is 
beyond mensurable accuracy and can be neglected.

It was next necessary to determine the compata- 
bility between- testing machine crosshead speed and speci
men strain rate. It has been shown that effective gage 
length is 0.5 in. It would be ideal to prove that strain 
rate ^  = Vo/Lo, where Lo = 0.50, and Vo is machine cross

head speed, or impact velocity.
*

Crosshead speed and strain rate are not neces
sarily equal, because deflection is inherent in the mach
ine, the specimen grips, and the elastic parts of the 
specimen.

. • Goldsmith gives the relation as (9):



From this it can fee seen that strain rate will 
differ most at the yield point, and will become equal to 
Vo/Lo at ultimate strength. The deflection can fee 
described by the model shown: -L/J-J-J-J—

K-j (machine) is much greater than Kg (specimen), 
but its deflection is never zero. If is large, the 
machine is "hard," and the second term in the denomina
tor may fee neglected; c~_ = Vo/Lo. But if the machine isd tJ
"soft,* this assumption does not follow. Soft machines 
tend to hide yield point stress and other discontinuous 
phenomena.

Some machines depend upon a deflection to give a 
load reading (e.g., a load cell), and so cannot fee rigid. 
This particular effect could fee eliminated by using a 
hydraulic machine that gets its load from fluid pressure, 
but still, deflection would not fee eliminated.

There exist several possibilities for determining
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machine deflection!

1. Note readings of deformation vs. load as given 
by the machine, and compare with the elastic modulus of 
the material.

2. Calibrate the machine constant directly; 
this method has several inherent difficulties.

3. Connect an extensometer across the gage 
length, and compare deflection vs. load (or time} with 
that recorded by the machine. If the two coincide, the 
desired conclusion can be drawn.

A 5086 specimen was deformed in the Instron 
machine, as in method (3 ). At specific time intervals, 
a mark was made on the load-elongation curve (the mach
ine automatically plots load vs. crosshead travel).
But when the curve was compared with extensometer read
ings, the results were inconclusive. There appeared to be 
a constant difference, indicating a constant machine 
"backlash," and a "hard" machine; but more proof was de
sired. It was felt that the time delay between reading 
the extensometer and marking the recorder chart is great 
enough to cause considerable error.

The machine was recalibrated, and a 5086 specimen 
deformed, as in method (1). The elastic modulus was cal
culated from the,curve plotted by the machine. The cal
culated modulus was an order of magnitude smaller than
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the known value of 10.3 x 10^ psi. It appeared the mach
ine was considerably softer than anticipated.

Using now a titanium alloy specimen, recorded 
crosshead travel was compared with extensometer readings. 
The results were qualitatively as shown in figure 4.2a.
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Figure 4.2 Deflection studies for Instron machine

Machine deflection must be the difference between total 
and specimen deflections; about 10^ lb/in. As a final 
check, an additional method was devised; a gage was 
applied as shown in figure 4.2b and the net deflection 
was read at different loads. (Analysis by "strengths of 
materials" methods shows the lower crosshead deflection 
to be less than 0.001"). Net deflection is found to be 
identical with that recorded by the dial gage. It was 
concluded, therefore, that the Instron machine constant



was 10& lb/in.
It was then calculated from Goldsmith9s formula 

that the strain rate for the specimens tested varied dur
ing deformation from about to Vv°/^o . In order to

assume a constant strain rate, it then becomes necessary 
to say that - 0.79 ̂°/\_0 • This assumption will hold for

the Tinius-Olsen machine, and, moreover, to a lesser degree 
for the drop tower, since similar grips were used in both 
cases.

Tests were run at different velocities over the 
range covered by the Instron machine: 0.002 to 2 in./min. 
For the first few tests, an entire load-vs.-crosshead 
movement curve was plotted. .It was noticed that for the 
5086 alloy a very pronounced discontinuous yield was mani
fest. (See figure 4.3). -
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Figure 4-3 Stress-strain curve for 5086 
alloy at 0.01 in./min.

It is apparent that the load varies almost 100 lb. during 
the discontinuous yield. So for ultimate load, the aver
age value was taken. The discontinuous effect was not so 
pronounced at faster strain rates, nor was it in evidence 
for the 2024 alloy at any speed. For the remainder of the 
tests, only the load axis of the recorder was used; elonga
tion data was not needed.

A few tests gave erratic results that could not be 
explained, except for the fact that tests were conducted
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over a period of several weeks and the machine might have 
been set up differently. These few tests were repeated 
and the results fell more in line with the expected data.

Because of the continued recalibration of the 
Instron machine against known dead weights, it was deemed 
accurate. For faster tests, the hydraulic machine was 
calibrated against the Instron, using the following meth
od : A 0.250** diameter titanium alloy specimen, with a
two-inch gage length, was deformed elastically in the 
Instron machine. The extension at each of several loads 
was registered by a mechanical extensometer. The specimen 
was then transferred to the hydraulic machine, and the 
load scale was adjusted to correspond to the load regis
tered by the Instron at each elongation. It appeared 
that there was some inherent sluggishness of the indicator 
needle. The Tinius-Olsen machine is not well-suited for 
rapid testing.

The machine was adjusted to apply the load as 
rapidly as possible; time to ultimate load was recorded 
with a stopwatch. Knowing elongation at ultimate load, 
the strain rate can be calculated. No claim of extreme 
accuracy is made; but, the expected error is less than 10$. 
The scale when originally set at 1300 lb. was low by almost 
150 lb.

The data recording systems in dynamic tests must be
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electronic, or partially so. For this reason, the data 
recording system was based upon the 3R-4 strain gage 
and an oscilloscope, equipped with camera, to record load 
variation.

SR-4 gages, incorporated into a Wheatstone bridge 
circuit, were use^ as transducers to get an electrical 
output proportional to strain. (When the gage is mounted 
on an elastic member, the electrical output is propor
tional to the load in accordance with Hooke’s law.)

The circuit is shown in figure 4.4.

SCOPE

•Figure 4.4 Circuit for impact data recording

The bridge output was connected across a 
Tektronix type 533 Oscilloscope equipped with an internal 
trigger and single sweep mechanism. The scope had an 
internal resistance of 10 megohms, allowing no current to 
flow across the bridge.

The Oscilloscope is triggered by the initial sig
nal from the circuit. This signal is the change in output
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voltage that results from the increase in gage resistance 
due to loading. The sweep was recorded by a Polaroid 
oscilloscope camera.

As set forth previously, the original intention 
was to use a. separate strain gage on the shoulder of each 
specimen in order to eliminate possible wave effects.
Later, it was deemed-necessary to use a dynamometer in 
series with the specimen because:

1. The system would be electrically identical 
for each test and the readings, therefore, comparable.

2. The initial cost of strain gages is quite
high.

3.' A load cell incorporated into the specimen 
cannot be calibrated beyond the yield strength of the gage 
section.

It was decided to break a specimen with the gage 
on the shoulder, to compare results from a similar test 
using the dynamometer.

Type PAP. foil gages were selected because of 
their increased sensitivity to dynamic strains. The Strain 
gage length was just one-eighth inch; therefore, the as
sumption of uniform strain across the gage was justifiable.

The dynamometer was machined from high carbon 
steel, and quenched after machining to insure that no per
manent deformation would occur. The diameter was then
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calculated to insure a deflection great enough to be re
corded without the necessity of an additional D-C ampli
fier.

Using the bridge-circuit relation (11):
_ g o  S 2. ̂  ̂  I

Where ET0= applied voltage
R,= strain gage resistance

temperature compensation gage resistance 
= Eo • € • C^.f )

(refer to figure 4«4).
The resultant diameter was 0,275 in.

The dynamometer was calibrated on the oscillo-
(

scope by loading it in series with the calibrated titan
ium specimen. A load-deflection curve was plotted and 
this curve used to evaluate the dynamic data. The neces
sary amplifier sensitivity also was determined from these 
tests.

Immediately after calibration, the circuit was 
transferred to the drop tower and the dynamic tests per
formed without changing any settings in order to insure 
continuity of results.

The setup for the dynamic tests can be seen in 
figure 4«1 and in figure 4.5: .
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Figure 4-5 Impact mechanism schematic

The impact mass was u-shaped and travelled past 
the specimen, which it strained in tension upon impact 
with the plate connected to the far end of the specimen 
Impact velocity was recorded simultaneously with each 
test, using two microswitches and a Beckman counter in
stalled as shown in figure 4.6.

sw. /  sw.

Figure 4.6 Impact velocity measurement circuit
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The switches were set a known distance apart and 

were closed in succession as the missile contacted them.
The elapsed time was recorded by the counter. The times 
were found to vary only in the third decimal place. When 
an oscilloscope with a timed sweep was substituted for 
the counter, closely corresponding velocities were obtained.

The impact mass was released from two different 
heights, resulting in impact velocities of 229 and 275 
in./sec.

Several trials were required to obtain the correct 
sweep rate, triggering sensitivity, and beam intensity.
Four examples can be seen in figure 4.7. The traces 
shown were reproduced from photographs recorded by the 
Polaroid camera.
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(b) 2024 alloy
Vo = 275 

in./sec.

(c) 5086 alloy
Vo = 228 

in./sec.
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(d) 5086 alloy 
Vo = 275 

in./sec.in./

Figure 4-7 Typical load-time traces from impact studies

The large pulse was taken as that corresponding 
to the ultimate transmitted load; the smaller wave is a 
reflection. An average line was drawn through the vibra
tions and the load was measured from this line.

Reproducibility of traces for corresponding im
pact velocities was within 10 percent. An average load 
was recorded for each velocity. The variation observed 
can be explained in several ways and will be covered in 
the next section.

As was mentioned, the load-cell obtained by mount
ing the strain gage on the shoulder of the specimen could 
not be calibrated. Therefore, a specimen comparison fac
tor was calculated to make the data comparable to that of
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the dynamometer. The comparison factor considered the 
ratio of the diameters, the moduli of elasticity for the 
steel dynamometer and aluminum specimen, and the gage 
factor of each strain gage. Using the bridge circuit rela
tion (page 45) and elasticity relationships, it was found 
that a load recorded by the dynamometer is 1.145 times 
that recorded by the shoulder-mounted gage. By use of 
this multiplication factor, a very close correlation was 
found between the two load measuring systems. A trace 
plotted from the shoulder specimen is seen in figure 4.8.

Figure 4.8 Load-time trace from shoulder- 
mounted gage

It appears that the substitution of a dynamometer is 
therefore valid for these tests.

It should be mentioned at this point that the
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impact and tensile machines are not exactly equivalent. 
Ideally, the impact test would increase from zero to maxi
mum load in a linear fashion, as do the "static" tests:

0<fo

b IMPACT TIME.
a TENSit-S

Figure 4.9 Comparison of loading methods, 
static and impact

It has been assumed that the impact mass lost
little energy upon impact. A short calculation will show
this to be reasonable:

Mass weight = 15 lb. (V; m a*s ̂  25 fps )
Energy absorbed by deforming specimen ^  area under

stress-strain curve, ^  ultimate strength x 6 runture
100 in.-lb., or S.35 ft.-lb. for aluminum.

But K.E. of moving mass = 1 ? 2 L . = 292 ft.-lb.32.2
The mass loses less than 5^ of its kinetic energy. 
The experimental results for both 5086 and the 

2024 alloys are plotted in figure 4-10.
5086 Alloy:
For this allov, the strength follows a definite 

rise with increasing strain rate. It is seen that more
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scattering of results occurs in the impact tests than in 
the tests at low speeds. This scatter is attributed to 
bending in the specimens. The existence of bending is 
further evidenced by the fact that several of the load- 
versus-time photographs show negative loads of short dura
tion, which could be caused by reversed bending..

Von Karman assumes that there exists a static 
stress-strain curve for each metal. But the experimental 
results contradict this theory; no "static" strength 
value occurs. Instead, strength rises with strain rate 
over the entire range tested. For this reason it is felt 
that the Von Karman relation might be used for an-approxi
mation in wave propagation studies, but it is based upon 
an assumption that appears incorrect.

The curve follows a low-order exponential rela-
» M  Ortion, such as € = C + B, where C, m, and B are constants. 

It has been seen that Malvern9s equation states that the 
dynamic stress may exceed the static by an amount depen
dent upon strain rate. But Malvern9s "static" stress may 
be assumed to be that at a very low strain rate, and the 
increase in strength above this value may be calculated 
for some faster strain rate.

Thus O' — K(fE€ — O') + O-static, as before. As an 
approximation, this equation will "fit" the data; the 
constant may be chosen to correspond to the Increase
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observed. Because of the slight curvature of the plot, 
an exponential relation would be more accurate; but the 
exponent is not much greater than unity and Malvern6s 
relation will closely approximate the results.

It was seen previously that Malvern6s 66equation 
of material behavior” is a linear approximation to the 
exponential relation proposed by Prandtl.

2024 Alloy:
This age-hardening alloy shows somewhat more var

ied results as strain rate increases. The results can be 
seen in figure 4.10.

In the range of strain rate between 10~^ to 10"̂ " 
in./in./sec., the results indicate a decreasing strength 
with increased strain rate. At a rate of about 0.1 
in./in./sec., the curve begins to rise.

Similar to the results for the 5086 alloy, the 
results of the impact tests were, however, more erratic.
A rate of 550 in./in./sec. indicated lower strengths than 
a rate of 458 in./in./sec. The scatter of results for 
each strain rate can be attributed to bending; but it is 
difficult to extend this reasoning to account for the drop 
in strength.

Because of these results, it is felt that the 
Malvern relation may provide an approximate solution over 
a limited.range of data; however, none of the proposed



relations will fit all the data recorded for this alloy.
Figure 4*11 shows five representative samples of 

the fractured specimens of each alloy, which were broken 
at different rates.

(a) 2024 Alloy

l frdCRCesS IMG, S T R A I N  CATE- ------------
  f N  c (2 E AS I N  5 Vf^AirsJ P A T  ̂

Figure 4 .11 Ductile-brittle transition with 
increasing strain rate
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It is apparent that the 5086 alloy shows an increasing 
tendency toward brittle fracture with an increasing strain 
rate, while the 2024 alloy does not display this variation.

This phenomenon in the 5086 alloy might be ex
plained by stating that the yield strength is affected to 
a much greater degree than is the ultimate strength; and 
when the yield strength is raised to the vicinity of the 
ultimate, some transition may be expected. A direct con
sequence of this reasoning is that after a certain strain 
rate is reached in testing, a continued increase measures 
the effect upon yield strength, and no longer upon the 
engineering ultimate.

The increased strength of the strain-hardening 
alloy 5086 depends upon the resistance to dislocation 
motion at higher velocities. It has been shown that this 
increased resistance may be explained upon the basis of 
several existing theories of atomic structure.

The 2024 alloy hardens by precipitation of a secon
dary phase, which acts as an inhibitor to dislocation 
motion. It would appear from a study of structure that 
this alloy is less likely to be affected by varying strain 
rates than is the 5086.

The discrepancy between expected and observed 
results for the 2024 alloy could be explained in part by 
noting that about six weeks elapsed between the slow and



high speed tests, and annealed specimens might have age 
hardened somewhat within this time.



CHAPTER 5

CONCLUSIONS

For the tests conducted at a strain rate at which 
stress waves are not generated, the data can be considered 
of good accuracy. There is little scatter, and that which 
does exist can be attributed to the size effect. At this 
small diameter, any tool marks or other flaws may have a 
significant effect upon deformation properties. It 
appears, therefore, that the specimens should be ground 
to final dimensions, and, ideally, electropolished. A 
greater specimen diameter will make the size effect less 
critical, but a test facility of greater capacity then 
becomes necessary.

In order to impart sufficient energy to the mis
sile, it is necessary to impact the specimen at consider
able velocity. For this reason there is a range of inter
mediate strain rates for which no data could be obtained. 
To further confirm the trend in results, it will be neces
sary to obtain data in this range.

The scatter of results at impact velocities has 
been attributed to bending in the specimen, as a result 
of non-central impact, etc. Bending was not a problem in

58
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the slower machines because of the incorporation of uni
versal joints in the loading mechanism. No such device 
was included in the impact machine, but the impact plate 
and mass were checked for flatness of contact before 
testing.

Two methods are feasible for eliminating any 
bending effect:

1. Install strain gages on either side of the 
load cell, so that bending recorded by one will be can
celled by the other.

2. .Incorporate a universal joint into the speci
men support.

It will be recalled that experiments were per
formed to justify the use of a dynamometer in place of 
the strain gage mounted upon the specimen. Although the 
results seemed to indicate that for the velocity ranges 
concerned, this was a justifiable substitution, there 
still exists the problem 'of measuring strain and stress 
at the same point in space and time,. For this reason, it 
can be said conclusively only that the load measured at 
the dynamometer is the load corresponding to that strain 
rate. It does not follow rigorously that this is equal 
to the force in the gage section, but until more advance 
methods of measurement are developed, it has been and 
Shall be assumed to be a valid representation.
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It has likewise been assumed that the strain gage 

is capable of following the dynamic strains. It appears 
that since the gage was sensitive enough to record vibra
tion in addition to the strain waves, that it is suffi
ciently sensitive to record accurately strains of the 
magnitude and frequency demanded. For the range of 
velocities tested, a static calibration should be valid.

It is felt that because of the small amount of 
scatter at lower speeds, a statistical distribution of 
results is not necessary. At higher velocities, this 
assumption may not be as precise, but because the objec
tive was to plot a trend, and not individual results, a 
great number of tests was not necessary. However, 
additional results may have been of benefit in drawing 
conclusions.

Considering the discussion in this and the pre
ceding sections, it is concluded that:

1. The strength of both 5086 and 2024 alloys 
varies with strain rate.

I ■ .

2. The data for the 5086 alloy may be approxi
mated by the Malvern equation, and that for the 2024 
also, within a limited range only.

3. The Von Karman relation appears to be invalid 
because of the assumption upon which it is based.

4. The strength-strain rate relation for the 5086
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appears to be a low-order exponential. For this reason 
the Prandtl relation may be most accurate.

(



CHAPTER 6

.RECOMMENDATIONS FOR FURTHER INVESTIGATION

Several different methods have been used to 
attempt a solution to the problem studied in this thesis. 
Muoh additional work remains to be done, both in attempt
ing to substantiate existing theories, and possibly in 
proposing new ones.

As stated previously, the author feels that the 
eventual solution to the problem will be based upon a 
microscopic viewpoint because it does not appear that a 
solution based upon mechanics, and the assumption of a 
continuous uniform medium can account for the great 
variation in properties displayed by different metals, 
or for the same metal under different metallurgical con
ditions.

For further investigation of the problems 
developed during this experimentation, it is recommended 
that:

1. The specimens be ground and/or polished,
2. A universal joint and/or the use of two strain 

gages be incorporated to eliminate specimen bending ef
fects.
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3, A wider range of strain rates be studied, and 

also those intermediate values hot covered in this thesis.
4« More specimens be tested at each strain rate 

to eliminate the question introduced by erratic results.
5. The testing be extended to include tests at 

other than room temperature.
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2024 Alloy 
5086 Alloy

B. Data for Figure 4.10:
,2024 Alloy

6 in/in/sec ult.str. 
Ib/in2

1 . 5.34x10“5 35*000
2 . 5.34x10“5 35,000
3. 2.72x10 34,600
4« 2.72x10-4 35,600
5» 2.72x10-4 35*000
6 . 2.67xl0”3 34,900
7 » 2.67x10-3 34,500
8 . 2.67x10-3 34,200
9. 2.67x 10“3 34*200
10. 5.32x10-2 34,000
11. 5.32x10-2 33*900
12. 0.252 34,200
13. 0.252 34,000
14. 0.252 34,500
15. 456 50,000
16. 456 52,000
17. 550 44,800
18. 550 46,800

Cr Cu
4-5

0.10

5086 Alloy
€ in/in/sec ult.str.,

Ib/in^
19. 5.34x10“5 41,800
20. 5.34x10-5 42,100
21. 2.72xl0“4 41,700
22. 2.72x10“4 41,300
23. 2.72X10-4 41,500
24. 2.67x10-3 41*700
25. 2.67x10-3 41,700
26. 2.67x10-3. • 41,900
27. 2.67x10-3 41,900
28. 5.32x10-2 42,100
29. 5.32xl0-2 42,500
30. 0.225 42,400
31. 0.225 42,600
32. 456 44,700
33. 456 41,000
34. 456 47,800
35. 456 46,800
36, 550 50,900
37. 550 42,800
38. 550 55,000

APPENDIX ;
A. Chemical composition (percentages):

Mn Mg
0.6 1.5
0.45 4.0
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Co Yield point data (for those tests at which yield point 

data were recorded)?

2024 Alloy 5086 Alloy
in/in/sec yield str.

5.34xlO~5 
5.34x10-4
2.72x10-4
2.67xl0~3
2.67x10-3

Ib/iin*-
12,300 
12,290 
15,250
13,500 
15,250

in/in/sec

5.34x10-5
2.72x10-4
2.72x10-4
2.67x10-3

yield str,
lb/in2

19.500
18.500 
20,000 
20,200

The above data were recorded on the Instron mach
ine. Because of the method used to record data, the 
hydraulic and impact machines recorded ultimate load only; 
however, the existing data indicate a rise in yield strength 
with strain rate.

/


