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ABSTRACT

A study was made of the effects of composition and 
strain rate on the tensile behavior of selected high-purity 
aluminum alloys„ It was found for small additions of zinc 
to aluminum, employing a moderate range of strain rates from

p -̂110 to 10 see” , that the flow curve increased with the 
percent zinc added and with the strain rate0 The ultimate 
strength increased linearly with logarithm of the strain 
rate for each alloy, and the strain rate sensitivity 
increased linearly with percent zinc added0

The results of this study also show that it is now 
possible in a practical manner to utilize the general dis
location theory of metals in predicting the flow curves of 
different alloys at different strain rates* Qualitatively, 
the addition of zinc to aluminum decreases its stacking- 
fault energy, extends the dislocations, inhibits cross-slip, 
and thus raises the flow curve of the alloy with increasing 
strain, strain rate, and percent zinc added*
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I, INTRODUCTION AND BACKGROUND SURVEY

The resistance of a metal to plastic deformation, 
for a given temperature and metallic structure, depends not 
only on the strain but also on the strain rate. In most 
cases this resistance increases with strain rate and decreases 
with temperatureo The structure of the metal also influences 
the plastic properties» This research was undertaken in 
order to determine, to a limited extent, the manner in which 
the flow curves of several selected high-purity aluminum- 
zinc alloys are changed with changing strain rate*

That metals exhibit a strain-rate sensitivity has 
been known for over fifty years, since Ludwick (1909) first 
suggested that resistance to plastic deformation increases 
with strain and strain rate, and concluded from experimental 
evidence that the ultimate strength of a metal increases 
linearly with the logarithm of the strain rate* In the 
1 9 2 0's, interest was drawn to the phenomenon of stretcher 
strains, formed on the surfaces of deep-drawn automobile 
bodies* These heterogeneous bands of deformed metal, which 
are, in actuality, slowly moving plastic shock waves, were 
eliminated by several techniques, one of which included a 
slower strain rate* Most of the early experimental work on 
the dynamic properties of materials was done in Germany*
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The imprecision of much of this work, combined with the 
artlessness of reporting data (such as time to failure or 
final elongation) makes much of it useless0 In the late 
1930"s, with the work of such pioneers as Nadai and Manjoine 
(1940) and also Clark and Datwyler (1938), much valuable 
experimental data were obtained*

1,1 Previous Testing Methods,

Many methods have been devised to obtain the dynamic 
strengths of materials* Drop-weight methods (Hoppmann, 1947), 
modified Charpy impact methods (Clark and Datwyler, 1938), 
rotary impact machine methods (Manjoine and Nadai, 1940), as 
well as explosive impact methods have been used,

Manjoine and Nadai (1940). employed a rotary impact
’- l  -

machine to achieve strain rates of 100 to 1000 sec , The 
relative motion between the testing heads of the machine was 
used to indicate strain and strain rate; a dynamometer pro
vided a measure of load on the specimen. The load-time curve 
was recorded by means of a camera mounted on the screen of 
a cathode-ray oscilloscope, Clark and Datwyler (1938) used 
much of the same instrumentation with a Charpy impact 
testing machine, modified to test unnotched uniaxial tensile 
specimens. They achieved strain rates of the order of 100 
sec" »
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Klinger (1950) tested sheet specimens, using a con

ventional tensile testing machine for moderate strain rates 
and a modified Charpy impact tester for higher strain rates0 

A load cell mounted with SR-4 type strain gages was placed 
in series with a sheet specimen mounted with high-elongation 
SR-4 type strain gages» The electrical outputs from the 
load cell and strain gages were fed to a dual-beam oscillo
scope, which acted as an X-Y recorder. This was done by 
feeding the output from the load cell to the vertical ampli
fier, eliminating the time-based sweep generator, A chopper 
was inserted across the input leads to designate time 
intervals, so that the load-elongation curve displayed on 
the oscilloscope screen was a dashed line. As in previous 
methods, a camera mounted on the screen recorded the load- 
elongation curve, J, E e Smith (1963) used an identical 
testing method but did not employ the chopper to designate 
time intervals. He" then determined the strain rate by 
measuring the impact velocity of the pendulum and assumed 
that this strain rate remained constant during testing,

1,2 Strain-Rate Effects

It is necessary to pause at this point and reflect 
upon the real meaning of strain rate to the metal itself.
In Cottrell's view (Cottrell, 1957)5 as a consequence of the 
atomic structures of metals, there are certain pacemakers.



in the forms,of molecular processes* that determine the rate 
at which plastic deformation can take place. If the rate of 
deformation is low compared to these processes* it is said 
to be "low"; and contrariwise* "high" if high.

At very high rates of strain* the behavior of the 
solid is governed by the manner in which the deformation is 
propagated. At lower strain rates* a material reacts by 
yielding and strain-hardening. Such a reaction is rapid* 
but if the stress is transmitted at very high speeds there 
may be insufficient time for the material to accommodate 
itself to the stress in the usual way. This complication 
of plastic wave propagation* combined with that of adiabatic 
heating of the sample at high strain rates* imposes a 
practical upper limit on the speed of experimentation* if 
the results are to be meaningful for this type of study.

At the other end of the scale* at very low strain 
rates* particularly at elevated temperatures* plastic defor
mation is controlled primarily by diffusion and grain- 
boundary sliding. In this region of low strain rates there 
are practical limitations on experimentation because of 
excessive testing time* high temperatures involved (if 
elevated temperatures are used)* and difficulty in inter
preting the results.

There is left a moderate range of strain rates* whose 
lower limit is determined by the rate of diffusion* and whose 
upper limit is determined by the slowest component of plastic



wave propagationo For many engineering metals and alloys 
at room temperature5 this range of moderate strain rates 
extends in order of magnitude from about 1 0 to 102 sec""̂ * 

Much of the previous experimental work listed was 
done at strain rates exceeding this upper limita However., 
the techniques used still provide valuable reference 
material0 Current work for the most part deals with these 
very high rates of strain, so that the effects of changing 
strain rate are often masked by the rate of plastic wave 
propagationo Because of this, there has been some amount 
of confusion between true strain rate effects in the mate
rial and its plastic wave propagation properties«

There are reasons why interest has shifted to 
higher strain rates* Most metals at room temperature are 
rather insensitive to changes in strain rate, making them 
uninteresting to the researcher* Also, interest began to 
shift toward impact velocities as von Karman (1950) postu
lated the existence of a critical velocity of deformation, 
above which fracture would occur at the area of impact 
without appreciable plastic deformation of the specimen* 
This critical impact velocity is high enough to produce a 
stress pulse equal to the breaking strength of the material 
Finally, metal-working operations such as punching, strip 
rolling, and wire drawing are made near the upper limit of 
moderate strain rates* Many parts in high speed aircraft.



missiles, and explosively-loaded parts in weapons are 
subjected to very high strain rates0

Because of the insensitivity of most metals to 
changes in strain rate over moderate ranges of temperature 
and strain rate, it is clear that the widest possible scale 
of moderate strain rates should be employed for optimum 
results in this study6 By changing the metallic structure 
through alloying, it should be possible to study the atomic 
pacemakers which affect the strain-rate sensitivity, of the 
material*

With the advent of the electron microscope, it has 
recently been possible to gain much knowledge concerning 
deformation processes on an atomic scale* Defects in the 
crystal structure which are responsible for plastic defor
mation can be influenced in this behavior by alloying, as 
will be more fully described later* As shown in.section 
2*4*2, small additions of a HOP metal to a FOG metal always 
decrease the stacking-fault energy* And it will further be 
shown that the decrease in stacking-fault energy is propor
tional to the amount of Solute added* The resulting effect 
on the sensitivity of the various alloys to strain rate 
changes will be studied*

To the knowledge of the author, no previous experi
mental work has been done with the express purpose of 
altering the strain-rate sensitivity of polycrystals by 
altering the stacking-fault energy of the metal through



alloying,, Such results may be useful in performing mechani
cal deformation processes.



II* THEORY

The nature of work-hardening of FCC metal single 
crystals has been formulated by a number of writers, such 
as Seeger (1957)/ Friedel (1964), and Clarebrough and 
Hargreaves (1959), It is now well established that plastic 
deformation occurs in metals by the movement of linear 
crystal imperfections called dislocations along certain 
ideally well-defined planes» Because plastic deformation 
is a result of dislocation motion, theories of work-harden
ing must be based on the nature of these dislocations and 
on the nature of obstacles to dislocation movement.

Attempts have been made to describe the stress- 
straln curve for single crystals by such a scheme, but these 
have met with serious difficulties. Realistically, indivi
dual crystals differ widely in their as-grown or fully 
annealed state in their dislocation patterns and a theory 
of work-hardening must also consider the behavior of large 
groups of dislocations, the pattern of which changes during 
deformation. Recent attempts, then, have led to closer 
scrutiny of the basic mechanisms at work in each of the well- 
established three stages of work-hardening in single crystals.

8



9
2al Dislocations and Extended. Dislocations

A dislocation may be defined as the boundary between 
the slipped and unslipped region of the lattice. Because of 
this5 a dislocation cannot end within a crystal; it must 
either intersect the crystal surface, form an internal node 
with other dislocationss or form a closed dislocation loop,
A dislocation oriented perpendicular to the slip direction 
(or Burgers vector, as it is called) is called an edge dis
location; a dislocation oriented parallel to its Burgers 
vector is called a screw dislocation.

In FOG metals, dislocations are not strictly linear 
imperfections owing to the lattice geometry. Slip occurs 
in characteristic close-packed directions on close-packed 
planes. These correspond to the {lll^ planes and the 
<110> directions. Figure 1 shows the arrangement of atoms 
on such a close-packed plane, looking down on it. The plane 
of atoms above it consists of atoms placed in the B positions, 
and the plane above that consists of atoms placed in the C 
positions. This makes the stacking order ABCABC, At first 
glance, one would expect slip to occur in the B plane simply 
by moving an atom directly from one B position to the next. 
However, it is much easier for the process to occur, and 
hence there is less strain energy required, if the B atom 
first moves to a nearby G position, and then on to its next 
equilibrium B position. When the B plane has thus shifted



10
into the intermediate C position, all of the planes above 
it shift one position also* This changes the stacking order 
to ABCAC.ABC0 Since the stacking order in HOP metals is 
ABABAB, this is equivalent to producing a four-layer phase 
of HOP structure (CACA)0

Thus, a dislocation moving through a PCC lattice 
produces slip in a two-stage process: first a translation
occurs from B to C, and then a translation occurs from 0 
to the next B position. The original B-B perfect disloca
tion has been split into a B-G partial dislocation and a 
G-B partial dislocation. These are called partial or 
imperfect dislocations because they do not transfer atoms 
to equivalent lattice positions. If B-B is considered the 
Burgers vector of a perfect edge or screw dislocation, the 
B-G and C-B partial dislocations are of neither pure edge 
nor pure screw orientationse They are of a mixed character, 
but may be thought of as a combination of pure edge and pure 
screw components. The edge components are of like sign; 
that is, their Burgers vectors are in the same direction.
The stress fields of like dislocations are identical, and so 
they tend to repel each other. The wider the partials 
separate, the more of the HOP structure is produced, A 
certain free energy is required to separate the partials, 
which is the difference in free energy between the HOP and 
PCC structures. Since the layer is so very thin, this is 
usually regarded as a surface energy. So it is that the
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equilibrium width of this "extended11 dislocation occurs 
when the mutual repulsion of the partials is balanced by 
the surface energy of the faulty stacking, or the nstacking- 
fault energy,"

The stacking-fault energy is a characteristic energy 
of the metal, depending, among other things, on the tempera
ture, the valence of the metal, and the character and con
centration of solute atoms,

2,2 The Prank Network in Real Crystals

Before proceeding to the work-hardening character
istics of FGC single crystals, it is appropriate to describe 
the nature of the crystal before plastic deformation occurs. 
It is also important to differentiate between resistance to 
deformation and to work-hardening,

2,2,1 Crystal Growth, Friedel (1964) points out 
that dislocations intersecting the crystal surface are not 
necessary for growth of a crystal from the liquid phase. 
Dislocations are instead introduced by non-uniform thermal 
gradients in the crystals. The thermal stresses and strains 
at the growth front in the crystal are relieved by the 
nucleation of dislocations in the crystal. These thermal 
gradients can lead to very appreciable dislocation densities. 

Constitutional supercooling of the melt would produce 
a variation in the concentration gradient in the crystal.
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Such a variation in the concentration gradient, however, 
can only produce rather small dislocation densities (Friedel, 
1964)„

As” the crystal grows and cools to room temperature, 
these dislocations form a regular three-dimensional network 
called a Frank net*

20202 Elastic Limit0 As such a crystal is stressed, 
those sections of the Frank net which lie in favorably, 
oriented slip directions bow out under the action of. the 
applied stress. In fact, they bow out farther and farther 
until they begin to double back on themselves from behind.
The two cheeks of the dislocation which meet behind a bowed- 
out line connect simultaneously to form a completed disloca
tion loop and also to send a dislocation segment back to the 
original configuration. By the action of this "Frank-Read 
source" it is possible to produce successive dislocation 
loops which are sent out from the source along the slip 
plane as ripples of water are sent out from a stone thrown 
in a pond.

It has been found that longer segments of a Frank 
net dislocation in the slip plane bow out more easily 
because of considerations of the line tension of the disloca
tion, Of course, once a loop has" been formed, an irrever
sible plastic strain has occurred, for the loop cannot be 
taken back by the source. The most difficult step in



producing a loop, however, is. in bowing the line out until 
a perfect half-circle is produced. The applied stress to 
accomplish this might correspond to an elastic limit 
inversely proportional to the size of the Frank net.
Friedel (lg64) points out, however, that the largest Frank- 
Read source would vary from crystal to crystal, and the 
observed elastic limit is repeatable and somewhat higher 
than that predicted from such a theory of elastic limits.
The reason for this is that the elastic limit is determined 
by "the frictional resistance of the lattice to dislocation 
motion" (Johnston and Gilman, 1959)= The most important 
frictional stress would correspond to elastic interactions 
with "forest” dislocations threading the slip plane, to be 
spoken of later. Other stresses resisting loop expansion 
would be due to the presence of such barriers as grain 
boundaries, precipitates, and the pinning effect of solute 
atoms. These will be spoken of later.

2.3 Work-Hardening in Pure FOG Metal Single Crystals

Ideally, there are three stages in the work-hardening 
curve of FCC metal single crystals,

2.3=1 Stage 1. Another name for this part of the 
stress-strain curve is the easy glide region. It immediately 
follows the onset of plastic strain. It is characterized by 
a low rate of work-hardening up to several percent elongation
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in some instances, the length depending on the orientation, 
purity, and size of the crystal, as well as the rate of 
straining. It occurs in crystals oriented to the tensile 
axis such that glide is possible on only one set of parallel 
planes. Since there is no slip of intersecting planes, the 
flow stress is governed by the ease with which these dislo-. 
cations can be created and move on the primary slip planes.

It must hot be forgotten that such a crystal is
interlaced with a very fine Frank network of dislocations,
Those segments of the network intersecting the slip planes 
are called "forest" dislocations. And just as one would 
expect reeds growing in a pond to disrupt the movement of 
water ripples through them, there is an interaction between 
these forest dislocations and the expanding Frank-Reed 
loops,

The resistance to expansion of these loops depends 
on the orientations of the particular forest dislocations. 
Those forest dislocations which lie perpendicular to the 
slip plane can produce "jogs" or wrinkles in the disloca
tion lines which cut through them. These jogs in turn can
produce the point defects of vacancies and interstitials.
As Friedel (1964) points out, however, these jogs and point 
defects do not contribute much to work-hardening for the 
following reasons. Resistivity measurements have shown 
that the hardness of a crystal does not decrease as point
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defects anneal outj what is more* the jogs produced may 
possibly glide to annihilation, or even if not, the drag 
they exert on the dislocation line is negligible compared 
to other work-hardening mechanismse

At this point it is important to emphasize that such 
work-hardening can occur only when the resistance to flow of 
successive dislocation loops is increased,, Flow must be 
made increasingly difficult,, This can happen only if the 
dislocation density is increased or the size of the disloca
tion network is decreased* One speaks of a Frank net as the 
initial dislocation configuration and a dislocation network 
as the increasingly tangled arrangement of dislocations as 
plastic deformation occurs*

In Stage I glide, with dislocations moving on parallel 
planes out by the Frank net, work-hardening seems impossible* 
These expanding dislocation loops should travel freely to 
the crystal surface much the same as ripples to the shore 
of the pond* Once reaching the surface they should each 
produce an increment of fine slip*

Taylor (1934) proposed a model by which work-harden
ing may occur in Stage Ie Essentially it depends on the 
fact that dislocation loops may be formed faster than they 
can disappear at the crystal surface* The increase in 
dislocation density reduced the average size of the dislo
cation net, and this is the basic mechanism by which harden
ing occurs in crystals* ; Further, the active slip planes



become closer together as more of them become active0 This 
Increases hardening in two ways. Those forest dislocations 
which intersect the slip planes at non-perpendicular angles 
cause an elastic curling of the dislocation lines into 
favorable orientations as they cut through the "trees," 
Dislocations of the net which lie in parallel neighboring 
planes cause the moving dislocations to go through stress 
maxima by the interactions of their elastic stress fields. 
These two effects can cause work-hardening in Stage I if 
the density of the dislocation network is increased through 
more plentiful dislocation production.

If two dislocations in parallel slip planes of 
opposite Burgers vectors come on top of one another* by 
long-range elastic attraction* an equilibrium position is 
reached. In this equilibrium position* a "dipole" is formed* 
usually of edge orientation. These dipoles do not produce 
long-range stresses* because their combined stress fields* 
of opposing edge orientations, cancel at large distances,
At smaller distances, however* these dipoles cause elastic 
interactions with dislocation loops moving on neighboring 
parallel slip planes. These interactions produce hardening 
as more dipoles are formed, and there is the possibility of 
dipole-dislocation elastic interactions to produce more 
complex dislocation entanglements to further densify the 
dislocation net.
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With further entanglements# dislocations tend to 

line up into cell walls* which are woven onto the disloca
tion net« The dislocation net has become increasingly 
finer in this process of "slip polygonization," These 
walls can begin to move under higher stresses to form "de
formation bands*" on meeting and combining with walls of 
opposite sign6 These deformation bands* however* contribute 
only slightly to the general work-hardening* since their 
stress fields are highly localized»

The crystal continues to suffer macroscopic shear 
as slip occurs along these primary planes* causing a rotation 
of the crystal with respect to the tensile axis* ¥hen the 
crystal* through excessive primary slip, has rotated such 
that other slip planes become favorably oriented to slip. 
Stage I ends and Stage II begins0

2o3o2 Stage II«, The most rapid work-hardening 
occurs in Stage II* where the stress increases in an approxi
mately linear fashion with strain*

Singular to Stage II is the production of immobile 
dislocations through the combination of the leading partials 
of two extended dislocations on intersecting slip planes*
The partials combine to produce another partial dislocation 
which cannot glide for it must remain attached to the two 
stacking faults* For this reason it is immobile* or sessile* 
These are called lomer-Oottrell locks* and they act as
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barriers to flow because dislocations following them on 
these planes cannot pass through them.

As these dislocations continue to pile up behind the 
barriers, a sufficiently high stress field is generated at 
the head of the pile-up to activate Frank-Read sources in 
the volume surrounding the piled-up loop* This volume is 
roughly shaped like a parallelogram doughnut, and it is 
called a “relaxation cloud" because as dislocations are 
sent out to the pile-up, the high stresses at the head of 
the pile-up are relaxed partially (Friedel, 1964)0

The resistance to flow is increased in a rapid, 
approximately linear fashion as these pile-ups and relaxa
tion clouds are formed. Work-hardening occurs as higher 
stresses are required to activate, the relaxation loops 
(where the long-range back-stresses on the slip planes have 
de-activated the original "easier11 Frank-Read sources behind 
the pile-ups), and also as the relaxation clouds provide a 
large volume of dislocation-entangled material, further 
refining the dislocation network.

When a sufficiently high stress is reached, these 
barriers are circumvented and the rate of work-hardening is 
decreased. This signals the onset of Stage XII slip,

2,3,3 Stage III, Because an edge dislocation and 
its Burgers vector define a plane, being mutually perpendi
cular, it is confined to move in that plane. Screw dislocations.
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however, being parallel to the Burgers vector, define no 
particular plane, and may be considered to move on any plane 
which contains the Burgers vector. Screw dislocations, 
then, may circumvent such an obstacle as a Lomer-Cottrell 
lock by simply selecting another plane to slip on which 
contains the Burgers vector. This is called cross-slip.

The process of cross-slip is a thermally-activated 
one, because the dissociated dislocations of the PCC struc
ture must re-combine to allow cross-slip to another plane,
The activation energy is obviously twice that of a con
striction in the stacking-fault ribbon, since there are two 
constrictions necessary, and the stacking-fault energy (or 
energy of constriction) is known to be inversely proportional 
to the width of the extended dislocation, Friedel (1957) 
concludes that there is a critical resolved stress for cross
slip, which is a function of the strain rate and temperature, 
because the process is thermally activated.

Stage III begins as these screw dislocations start 
to cross-slip. Because this process reduces the long-range 
stresses produced in Stage II, the onset of Stage III 
results in a decrease in the rate of work-hardening from 
a linear to a parabolic relationship between stress and 
strain. The decrease in the rate of work-hardening is asso
ciated with the process of "dynamic recovery," as screw dis
locations circumvent Lomer-Cottrell locks by cross-slip.
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2o3<,4 Summaryo The stress which marks the onset 

of Stage III5 and a decreased rate of work-hardening, is 
the same stress which produces cross-slip,. Gross-slip is 
thermally activated, for it is necessary to constrict a 
dissociated screw dislocation before cross-slip is possible0 
Thus, the stress which marks the onset of Stage III is a 
function of temperature, strain rate, and stacking-fault 
energy0 It should be decreased for higher temperatures, 
lower strain rates, and higher stacking-fault energies0

2,4 Alloy Hardening

There are many alloy hardening effects which do not 
occur in the alloys used in this study, and so they will not 
be considered. The three basic ways that solute additions 
alter the work-hardening characteristics of the alloys used 
are due to the frictional forces presented to the disloca
tions, to a decrease in stacking-fault energy, and to a 
dislocation locking mechanism,

2,4,1 Frictional Forces, Since solute atoms are by 
definition not the same as those of the parent lattice, they 
must present a fluctuating stress field to a moving disloca
tion, There is in addition a fluctuating electrical field 
since solute atoms cannot be electronically identical to the 
solvent atoms. These two fields cannot greatly contribute 
to hardening, however, since on the average the dislocation
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line would sense no large net force on it0 It Is possible, 
on the other hand, that a dislocation line would bow out 
for a distance either due to a local variation in internal 
stress or because it is pinned by two solute atoms. This 
bowing requires an additional shear stress.

Moreover, screw dislocations that pile up against 
a Lomer-Cottrell barrier In a pure metal are straight, but 
the elastic strains due to large solute atoms could give the 
screw dislocations a corrugated appearance, as Thomas and 
Hutting (1956) have suggested. Because only pure, straight, 
undissociated screw dislocations are capable of cross-slip, 
an additional cross-slip activation energy would be required. 
It seems, in the author’s opinion, that such waviness could 
aid in the formation of a constriction in an extended dis
location, This would have an opposite effect on the activa
tion energy for cross-slip, tending to cancel the above 
effect,

2,4,2 Decrease in Stacking-Fault Energy, Dorn (1963) 
has defined the stacking-fault energy as the excess free 
energy of the faulted region above that of a solution of the 
stable phase of the same composition as the fault. The 
extended dislocation in the BCG structure is thus treated 
as a separate phase of HOP structure four atomic layers 
thick. For a FCG metal, solute additions decrease the free 
energy difference between the FOG and HOP phases of the same
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composition«, Since the stacking fault may be regarded as 
a HOP phase, small solute additions should decrease the 
stacking-fault energy0 Overlarge additions can create 
short-range ordering or precipitate phase changes=

Seeman and Stavenow (1961) have found that the 
staeking-fault probability in aluminum-zinc alloys is pro
portional to the amount of zinc added up to 5 a/o zinc*
Since the staeking-fault probability is a measure of the 
frequency of faults found by x-ray diffraction techniques, 
it is inversely proportional to the staeking-fault energy0 
Thus the decrease in staeking-fault energy should be 
directly proportional to the amount of zinc added for small 
amounts of solute addition*

By small additions of zinc to an aluminum-zinc alloy, 
then, the staeking-fault energy should be decreased, the 
dislocations should be more extended, cross-slip should be 
more difficult, and the stress for the onset of Stage III 
should be raised, depending on the time and temperature of 
testing,

2*4*3 Suzuki Locking* This locking mechanism pro
posed by Suzuki (1952) occurs as solute atoms segregate to 
the faulted region due to the difference in free energy of 
the alloy in the FGC and HCP structures. In order for the 
extended dislocation to begin to slip, it must destroy this 
low energy state, requiring an additional activation energy.
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This activation energy is directly proportional to the 
amount of solute added for small amounts. This locking 
mechanism has a relatively shallow potential valley, so that 
it requires a critical shear stress which is not greatly 
diminished by thermal activation0 For this reason, the 
effect is almost independent of strain rate.

2.5 The Effect of Strain Rate on Work-Hardening

As with alloy hardening, many interesting effects of 
strain rate must be omitted for clarity and brevity. Three 
general alloy hardening effects pertinent to this argument 
have been described. The frictional force on moving dislo
cations was shown to be small; thermal activation moreover 
could help free pinned dislocations which might bow out from 
pinning solute atoms and their stress fields. The Suzuki 
locking mechanism was shown to be approximately independent 
of the strain rate, since its broad potential well could not 
be overcome by thermal activation. Attention is then shifted 
to a decrease in the stacking-fault energy as most respon
sible for increased strength at higher strain rates.

It is often convenient to think of strain rate as 
having the same effect as inverse temperature. By raising 
the strain rate, the flow curve is raised; by raising the 
temperature, the flow curve is lowered.

The reason for this effect is due to the nature of 
thermal activation in metals. A particle can surmount an



energy barrier if it has enough energy at the right time, 
which means that it will succeed provided it has enough 
tries* At higher temperatures the., thermal energy of the 
particle is increased so that it can surmount the barrier 
in a shorter time* Suppose that the resistance to motion 
of a dislocation is presented by such barriers. At higher 
temperatures, the resistance is more easily overcome, hence 
the flow curve is lowered* For higher strain rates, suffi
cient attempts to overcome barriers are not given time to 
occur, and so the resistance to dislocation movement is 
increased, and the flow curve is raised.

Because thermal activation is necessary for the 
cross-slip of extended dislocations to occur, the stress 
which marks the onset of Stage III ought to depend very 
markedly on temperature, strain rate, and staeking-fault 
energy. Measurements of the temperature and strain-rate 
dependence of this stress have been used by Seeger and 
Schock (1953) to deduce the staeking-fault energies of 
several alloys.

For these reasons it is expected that additions of 
zinc to aluminum will decrease the staeking-fault energy 
of aluminum, inhibiting cross-slip, and will raise the 
stress for the onset of Stage III hardening. Since pure 
aluminum has a very high staeking-fault energy, its disloca
tions are very little dissociated* For such narrow extended
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dislocations cress-slip is easily thermally activated; 
increasing the strain rate by many orders of magnitude 
should not greatly increase the stress for the onset of 
Stage III hardening,. With additions of zinc the disloca
tions should become more dissociated, thermal activation 
for cross-slip should become more difficult, and the stress 
for the onset of Stage III should be much more strain-rate 
sensitiveo In fine, small additions of zinc to aluminum 
should increase the strain-rate sensitivity of the alloy 
compared to that of pure aluminum»

206 Work-Hardening in Folycrystals

So far only single crystals have been considered; 
in view of the polycrystalline nature of the samples used, 
some modifications to the theory should be made*

Plastic deformation in polycrystals is much more 
complex than in single crystals, although the same deforma
tion mechanisms are at work* In order for the polyerystal 
to maintain continuity across its grain boundaries, Taylor 
(1938) has shown that it is necessary for each crystal to 
slip on at least five slip systems,, Thus, Stage I slip is 
not possible in polycrystals0 Deformation occurs by various 
combinations of Stage II and Stage III slip, depending on 
the orientation of each crystal with respect to the tensile 
axis,. Because of this, and because grain boundaries present
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insuraotmfcafole barriers to slip# the flow curve of the 
polyerystal is usually higher than that of the single 
crystal and shows no definite three-stage work-hardening <>

Because the various stages of work-hardening cannot 
be seen# the stress for the onset of Stage 111 slip cannot 
be defined for a polycrystalo Tensile tests can provide 
only a relative indication of the stacking-fault energy| a 
higher stacking-fault energy will tend to lower the stress- 
strain curve and decrease the strain-rate sensitivity,,

Since grain boundaries present insurmountable 
barriers to slip# no amount of thermal activation can aid 
dislocation movement through them* Since thermal activa
tion cannot overcome this barrier# the number of grain 
boundaries should not affect the strain-rate sensitivity 
of a metal0 In conclusion# the strain-rate sensitivity of 
a metal should be approximately independent of the grain 
size*



Ill, EXPERIMENTAL PROCEDURE

The experimental procedure consisted of preparing 
test specimens and then measuring their tensile properties* 
Additional information on experimental procedure beyond that 
given helow is supplied in the appendix*

3*1 Specimen Preparation

In order to study the increase of strain-rate sen
sitivity of aluminum with small additions of zinc, specimens 
were prepared from high-purity aluminum, aluminum-3 a/o 
zinc, and aluminum-5 a/o zinc*

High-purity aluminum, of the following chemical 
analysis, was donated by the Aluminum Company of America:

Cu 0*002 io
Fe 0.001 $>
Si 0,001 fo
Mg 0,000 %

High-purity zinc, of the following chemical analysis, 
was donated by the Bunker Hill Company:

Pb 0,0007 %  .

Cu .0,0006 io
Fe 0,0003 %
Gd 0,00005 i
Zn 99o99835 i

27
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Melting was done in a vacuum induction furnace0 The 

pure aluminum was melted under a vacuumj the alloys were 
' melted under an argon atmosphere0 The alloys were stirred, 
while molten and while freezing, by a manually-driven 
eccentric graphite stirring rod to render them homogeneous 0 
As further insurance of this, the castings were subsequently 
inverted and remelted again.

After hot-working at 400°G, on a 30-ton bench press, 
the billets were beat treated in a muffle furnace, The 
pure aluminum was heat treated for 3© minutes at 500^0* to 
refine its grain size, and quenched. The alloys were given 
a progressive homogenizing heat treatment as a precautionary 
procedure to offset any segregation which may have occurred. 
First they were heated just below the eutectic to avoid 
local melting in case of local segregation. Then, as dif
fusion took place toward homogeneity, the lowest possible 
solidus at any composition gradually increased. To meet 
these precautions, the alloys were homogenized 9 hours at 
350°©,, 24 hours at 450°©,, and 24 hours at gOO°C, They 
were furnace cooled, .

The billets, sectioned to provide four blanks from 
each, were then solution treated in the muffle furnace for 
12 hours at 450°Co, and quenched.

The specimen blanks were then cold-worked on a 
10©-ton Tinius-Olsen press at a speed of 0,2 inches/sec.
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A Teflon film served as lubricant* After an initial reduc
tion in area of 23*5$, they were given an intermediate anneal
in a salt pot for 15 minutes at 300oS6, and quenched* A
second cold reduction of 26*4$ followed this anneal*

To prevent warping of the specimens, a two-stage 
machining process was used* The specimens were first rough- 
machined in this hardened condition* They were then given 
the following anneals in a salt pot to obtain a common 
0*14 mm* grain sizes

pure aluminum 60 minutes at 250°C*
3 a/o zinc 48 minutes at 300°Co .
5 a/o zinc 15 minutes at 3©o°C,

These anneals were followed by a water quench to maintain 
single-phase solid solutions in the alloys* ThepPthey were 
fini shed-machined to the dimensions shown in Fig* 2*

X-ray fluorescence techniques were used to check the 
homogeneity of each of the alloy castings from end to end*
On this evidence, one casting had to be rejected, although 
in the others zinc content was found to vary no more than 
0*2 w/o from end to end*

3*2 Measurement of Tensile Properties

Four strain rates were used to measure the flow 
curve of each specimen* An Xnstron tensile testing machine, 
with a type F load cell and clip-type strain gage bridge.
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was used at crosshead velocities of 0*005 and 2o0 
inches/rain*

Experimental equipment for high strain rates is 
shown in Fig* 3* These included impact velocities of 11*3 
and l6o0 feet/sec* Fig* 4 is a block diagram of the entire 
high strain rate testing system*

For high strain rates, a Wiedemann-Baldwin impact 
tester was used, modified as shown for uniaxial tensile 
testing* Load was measured with a high frequency cell; a 
type PA-3 Baldwin-Lima-Hamilton high-elongation strain gage 
was cemented to the specimen with Eastman 910 cement* The 
bridge outputs from the load cell and strain gage were fed 
through a calibrating circuit into a model 502 Tektronix 
dual-beam oscilloscope* By switching the strain signal 
input to horizontal amplification, the time-base generator 
was eliminated, producing a direct X-Y plot of stress and 
strain* This also eliminated the necessity for a trigger
ing mechanism* The load cell and strain gage were cali
brated against the Instron load cell and clip gage* A 
Tektronix type C-12 camera, mounted directly on the oscillo
scope, with type 47 Polaroid film, provided a permanent 
record of the flow curve *



IVo EXPERIMENTAL OBSERVATIONS AND DISCUSSION 

401 Evaluation of Experimental Data

4old Definitionso A primary job of the experimenter
is in choosing what parametersto measure „ The choice has 
been simplified here because tensile testing requires values 
of stress and strain0 In conventional tensile testing, 
stress is defined as the instantaneous load divided by the 
original cross-sectional area of the specimen:

The conventional strain is defined as the change in length

taneous cross-sectional area and the instantaneous gage 
length change with time. For these reasons, the parameters 
of true stress and true strain were used* These are defined 
as (Dieter, 1961):

CD

of the gage length divided by the initial gage length:

o
(2)

These parameters do not, however, give a realistic 
picture of the deformation process, since both the instan-
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From this point on, all references to stress and strain will 
refer to true stress and true strain unless noted otherwise0 

In addition, it is convenient to think of the total 
strain as composed of the sum of the elastic strain and the 
plastic strain:

£t = £E ̂  ̂ p (5)
where £  p is the plastic strain0 For many materials, 
including those used, the stress increases as a power 
function of the plastic strain:

cr = K C  £ (6)

where n is defined as the strain-hardening exponent and K 
is defined as the strength coefficient, A linear equation 
results if the logarithm is taken of both sides of the 
equation:

In CT = IhK 4- n In £  p (7)

The curve, plotted on log-log paper, should be a straight 
line with a slope of ne



It has been shown by Dieter (1961) that at maximum 
load, the plastic strain is equal to the strain-hardening 
exponent* The stress at this point is 0><- and is defined as 
the true ultimate stress, and it is related to the conven
tional tensile strength by equations (l) and (3)=

where v is the velocity of head motion and LQ is the initial 
gage length* For the static tests, the velocity was taken

the manufacturer) was assumed to remain constant during 
dynamic testing, and was used for the strain rate values* 
The strain-rate sensitivity measured at ultimate stress is

and it is a measure of the increase in flow stress with 
increased strain rate (Dieter, 1961)*

4*1*2 Static Tests* (See Appendix B) Evaluation

The strain rate is defined as

(8)

as that of the cross-head motion* The impact velocity of 
the pendulum hammer against the tension anvils (as given by

defined as

(9)

of the flow curves was done by a graphical process* The 
X-Y recorder on the Instron tensile testing machine was
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calibrated to read conventional stress and strain. At 
regularly spaced points on the conventional stress-strain 
curve, lines were drawn parallel to the elastic portion of 
the curve, Intercepts of these lines with the strain axis 
provided readings of conventional plastic strain. These 
readings were in turn converted into true stress by using 
the values of total conventional strain at each value of 
stress,

4,1,3 Dynamic Tests, Figure 5a shows a tracing of 
a photograph taken of the cathode ray screen for a dynamic 
test. The curve is irregular, exhibiting a zig-zag pattern. 
Recent investigators (Tardif and Marquis, 1964) have pointed 
out that such a pattern is due to characteristic vibration 
of the test equipment. These investigators were not able 
to eliminate these vibrations, although several suggested 
methods were tried. The present study assumes that the 
vibration was due solely to a spring-like harmonic oscilla
tion of the load cell about a mean position. The only 
other measuring transducer, the strain gage, was assumed 
to contribute no oscillatory motion because it was firmly 
mounted on the specimen. Thus the tracing was assumed to 
have a zig-zag pattern solely due to stress oscillations 
about a mean point.

The evaluation of the dynamic stress-strain curves 
was made by a graphical process similar to that for the



static, stress-strain curvesc A  high point and. adjacent low 
point of a zig-zag were selected first (see Fig0 5b)» Them 
the midpoint of the line joining them was chosen as a 
representative stress-strain point for the following reason* 
Geometrically^ that point represents the midpoint of the 
hypoteneuse of an incremental stress-strain triangle* By 
Euclid8s laws, the midpoint of the hypoteneuse equally 
divides the X and Y components of the triangle* Thus, the 
midpoint of each zig-zag line represents the average stress 
and strain for that incremental stress-strain triangle, and 
the locus of these midpoints is the average conventional 
stress-strain curve for the dynamic test*

From these midpoints, lines were drawn parallel to 
the elastic portion of the curve, similar to the evaluation 
of the static stress-strain curves (See Appendix B)„ Values 
of the conventional plastic strain.and conventional total 
strain were then converted to true strain with the previously 
made calibration curve* The conventional stress was then 
converted to true stress, using recalibrated values of total 
conventional stress* The recalibrated conventional plastic 
strain was used to find the true plastic strain by equation
(4)*

In evaluating the experimental results, it was found
that the flow curves of the two dynamic tests at 1*99 and 

P2*56x10 sec were indistinguishable* They were then both
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assumed to occur at a strain rate of 2o56xl02 sec"^* As 
seen in Fig, 7 S this difference in strain rates is negligible 
in comparison with the broad range of strain rates used,

4,2 Interpretation of the Experimental Results

The results of this study are contained in Figs, 6-8 
and Table I, Figure 6 shows the flow curves obtained.
Figure 7 shows the variation of ultimate stress with strain 
rate for the various alloys. Table I gathers much of the 
pertinent data, " Figure 8? summarizing the significant 
results of Figs, 6 and 7, depicts the variation of strain- 
rate sensitivity with alloy content.

As point out in section 2,4,2, Seeman and Stavenow 
(1961) demonstrated that a decrease in stacking-fault 
energy in an alloy of zinc in aluminum should be directly 
proportional to the amount of zinc added for small amounts 
of solute addition. However, at this writing no values of 
the stacking-fault energy for the aluminum-zinc alloys used 
can be found in the literature, It would thus be unwarranted 
to use the term H stacking-fault energy" in the interpretation 
of results when only the composition is known. The basic 
assumption that additions of zinc decrease the stacking 
fault energy should, however, be kept in mind while reading 
the following sections.
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402el Alloying Effects on the Flow Curve0 Fignre 6 

shows the flow curves obtained for the various alloys and 
strain rates* In this figures each different symbol on each 
curve represents a unique test specimen* It is readily 
apparent that the curves in each group are nearly parallel 
and fairly equally spaced vertically* Curves 1-3 correspond 
to the 5 a/o zinc curvesj curves 4-6 correspond to the 3 a/o 
zinc curvesj curves 7-9 correspond to the pure aluminum flow 
curves*

From Fig* 6 it is apparent that the flow stress for 
all parts of the curves"increased with increasing zinc con
tent* This effect was also relatively independent of the 
strain rate, because the curves are approximately equally 
spaced vertically* It may then be attributed to the fric
tional forces of alloy hardening on moving and pinned dis
locations*

4*2*2 Alloying Effects on the Strain-Rate Sensitivity* 
The general effect of increased flow stress with increased 
strain rate is also shown in Fig* 6* A simple demonstra
tion of this behavior is that the flow curve for each alloy 
is raised with increased strain rates* Fig, 7 shows the 
variation in ultimate strength with strain rate for the 
various alloys* The ultimate strength increased with addi
tions of zinc as expected* Furthermore, the ultimate 
strength of each alloy increased with increasing strain rate*
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As noted from the slopes of the lines In Fig6 7, 

Increased'' additions of zinc increased the strain-rate 
sensitivity of. the alloys* In Fig* 8 it is seen that the 
strain-rate sensitivity of the alloys increased approxi
mately linearly with increasing additions of zinc*

Table X shows many of the results obtained* The 
strain-hardening exponent5 m, and the strength coefficient,
K, vary in the same way; they increase both with alloy con
tent and with strain rate* However, they are much more 
sensitive to changes in strain rate* On the other hand, it 
must be noted that this slight increase in the strain- 
hardening exponent has the effect of slightly increasing 
the ultimate stress, since the ultimate stress would occur 
at increasing strains with increased n*

4*2*3 drain Size Effects on the Flow Curve* It is 
a recognized fact that increasing the grain size decreases 
the flow stress of a polycrystal* At the same time, large 
grain sizes promote rapid work-hardening, while smaller 
grain sizes have smaller rates of work-hardening * This effect 
is true with smaller grain sizes because the effects of dis
location pile-ups at grain boundaries become less significant 
with increasing strain* Thus, for ductile materials, smaller 
grain sizes have higher yield stresses and lower rates of 
work-hardening, while larger grain sizes have lower yield 
stresses and higher rates of work-hardening * This makes the
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yield stress sensitive to grain size and the ultimate stress 
fairly insensitive to grain size. Because the rate.of work- 
hardening increases with grain size, so does the strain- 
hardening exponent n 0

The above treatment leads to the conclusion that the 
ultimate strength and strain-rate sensitivity are fairly 
insensitive to grain size (see also section 206) <, It was 
also pointed out that the rate of work-hardening decreased 
with grain size. Table I shows the average grain sizes of 
the various alloys, measured after testing because of a 
variation in the strain-hardening exponent. The 3 a/o zinc 
alloy had the largest grain size and the largest.strain- 
hardening exponent; after this followed the 5 a/o zinc, and 
pure aluminum. This is in agreement with the above theory 
that grain size affects the strain-hardening exponent but 
not the strain-rate sensitivity or the ultimate strength,

4,3 Suggestions for Further Work

The study was a rather limited one, using basically 
only three strain rates and three compositions. Further 
work could be expanded in some of the following ways:

a, Seeman and Stavenow (1961) have found that the 
stacking-fault energy would decrease with additions of.zinc 
to aluminum until a minimum was reached. For further addi
tions of zinc, the staeking-fault energy would increase, To



show that the strain-rate sensitivity is traly a linear 
function of stacking-fault energys alloys of higher zinc 
content might be used0

b0 Methods of measuring and evaluating high strain 
rate tests could be refined» Attempts could be made to eli
minate vibration in the equipment, or to introduce electronic 
filters in the circuit to reduce recorded vibratione .

Go The grain size might be kept constant, eliminat
ing this variable from the experiment0

d0 Experiments might be made on pre-strained and
annealed specimens to determine the influence of Suzuki 
locking on the flow curve (Panin, et alc, 1962)0

e» More fundamental, single crystal experiments
might be performed,. In this case, stacking-fault energy 
might have some quantitative meaning0

fo Shorter gage lengths might be used to increase
the effective strain rate on the specimen*

go Far greater changes in the stacking-fault
energy are possible with additions of solutes to copper as 
a base metal instead of aluminum* A more drastic change in 
strain-rate sensitivity with solute additions is thus 
possible with copper* Further, aluminum, having fairly 
unextended dislocations, is not as typical a FCC metal as 
is copper, which has well extended dislocations*



Vo CONCLUSIONS

lo For the small additions of zinc to aluminum#
and for the moderate range of strain rates used, the flow 
curve increased with the percent zinc added and with the 
strain rate* Ludwick’s law (Ludwiok, 1909)» that the ulti
mate strength of a metal increases linearly with the 
logarithm of the strain rate, was obeyedG

2» For the above conditions, the strain rate
sensitivity increased linearly with the percent zinc added* 

3p The ultimate stress and strain rate sensiti
vity were shown to be approximately independent of the grain 
size*

41



REFERENCES

Glarebpouglij, L0M0 and Hargreaves# M0E0 (1959), Prog* In Metal Physics  ̂ 8,. 1*
Clark, D0S0 and Datwyler, C* (1938), Proe* ISTM, 38 IX,

98o m  . .  • ; ■

Cottrell, 1SH* (1953), Dislocations and Plastic Flow in 
Crystals, Oxford University Press, Oxford; "(195777" 
Behavior of Materials Under High Rates of Strain, 
Institution of Mechanical Engineers (London), I*

Dieter, C0E0, Jr* (1961), Mechanical Metallurgy, McGraw- 
Hill, New.York, 248*

Dorn, J„Eo (1963), Acta Met*, II, 218.
Frank, F<,C0 and Stfoh, A.M.' (1952), Pro©. Phys0 Soc0,

B 65, 811. . , ' ~
Friedel, J. (1957), Proc. Roy. Soc. (London), 242A, 147J 

(1964), Dislocations, Addison-Wesley, Reading, 
Massachusetts.

Johnston, W.G. and Gilman, J.J. (1959), J. Appl. Phys.,
30, 129.

Hoppmam, II, M.H. (1947), Proc. ASfM, 4f, 5330
Klinger, R.F. (1950), Proc. ASTM, 50, 1035.
Ludwick, P. (I909), Physlkalische Zeitschrlft, 10, 411.
Manjolne, M.J. and Nadai, A. (1940), Proc. ASTM, 40,822.
Panin, ir.Ve., Sidorava, T.S. and Bol8 shanina, M.A. (1962), 

The Physics of Metals and Metallography (U.S.S.R.),,
14. 88.

Seeger, A. (1957), Dislocations and Mechanical Properties 
of Metals, Wiley, New York, 243.

Seeger, A. and Schock, G. (1953), Acta Met., 1, 519*
" 42



Seeman5 Y0H 0Jo and Stavenow, F0 (1961)* Zeito Pur 
Metallkunde, 52 , 6 6 j 0

Smiths JoE0 (1963)5 Materials and Research Standards 
( ASTM) s . Sept a 5 19635' 713 o ~  :

Snznkis H* (1952)5 Sci3 Rep0 Tohoku Unlv0 3 Kk, 455=
Tardifs H0P0 and Marquis# H 0 (1964)# Metal Progress#

Peh. # 1964# 80* .
Taylor# d.I, (1934)# Proco Royo Soc., k  145, 362; (1938)# 

Jo Insto Metals# 62# 307o
Thomas# G» and Nutting# Ja (1956)# JQ Inst* Metals# 85# 1,
Von Karman# Tti and Duwez# P0E0 (195©)# Jo Appl0 Phys##

. 21# 9870 - :" , .



APPENDIX A



A, NOTES ON EXPERIMENTAL PROCEDURE

Following are some additional notes on experimental 
procedure0

(1) The pigs for the pure aluminum castings were 
first pickled in cone* HC1 to remove surface oxidese Nine 
portions of aluminum, for the nine castings, were measured 
outc Properly measured portions of zinc were weighed after 
the zinc had been pickled in dilute HOI; these were given 
an additional light etch just prior to meltings

(2) Melting was done in a specially constructed 
vacuum induction furnace0 A 6 KM Ajax Induction Generator 
of a spark-gap type was used because of the deep penetrating 
quality of its low frequency current0 The crucible, of 
high-purity graphite, was 6 1/2" high, with a 3" 0oDo and 
1/4" wall and bottom® The inside wall was given a slight 
taper to facilitate casting removale A water-cooled copper 
fixture supported the crucible, which was placed inside a 
vacuum system® This system consisted of a fused quartz tube 
(4 1/2" 0aDe, 14" high, with a 1/4" wall) and a water-cooled 
brass top and base» A vacuum pump was attached through this 
base, as was a valve for injecting inert atmospheres0

Nine pure aluminum castings, weighing approximately 
750 gm® each, were made by placing the crucible full of
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aluminum into the vacuum housing <, The vacuum was pumped 
down to 25 micronscurrent turned on, and the aluminum was 
observed through a Pyrex window in the top of the housing»
When the metal was thoroughly molten, the current was turned 
off and a more rapid flow of water was introduced into the 
cooling fixture0 This rapid cooling prevented excessively 
large grains from forming in the casting, besides shorten
ing the cooling time0 The vacuum was then destroyed and the 
castings, approximately 2 1/2" in diameter by 5" high, were 
removed from the system0

The aluminum alloys were prepared by placing a pre
viously melted aluminum casting in a crucible and placing 
the required amount of zinc on top0 The zinc, being heavier 
than the aluminum, and having a lower melting point, would 
then mix with the aluminum as they melted. After inserting 
the crucible in the vacuum housing, a manually-driven 
eccentric mixer with a graphite stirring rod was inserted 
in the top of the vacuum housing, replacing the Pyrex window. 
After introducing a 25 micron vacuum, the pump was isolated 
from the system and 14 psig of argon gas was injected into 
the system. Current was turned on, and the stirring rod was 
lowered and rotated manually when the metals began to melt.
The molten alloy was maintained at the melting point.and 
vigorously stirred for 15 minutes. Current was then turned < 
off, and the water flow through the coolant fixture supporting



the crucible was fully turned up0 The alloy began to 
solidify from the bottom up, and the stirring rod was 
withdrawn slowly, being rotated upward along the solid- 
liquid interface to prevent segregation* After solidifi
cation^ the argon gas was sealed off and the casting 
removed* To help obtain homogeneity, the alloy was then 
inverted and remelted*

(3) The nine castings were hot-worked and homo
genized* They were sectioned lengthwise into four sections 
each of one inch square cross-section* One surface of one 
quarter from each casting were polished and macro-etched 
in Flick’s etch (15 ml cone* HOI, 10 ml 48$ HF, and 90 ml 
water)e There were no visible defects, and the etch 
revealed a fine grain size with no segregation*

(4) A G*E0 XRB-5 fluorescence spectrometer was 
used to determine specimen homogeneity* Liquid samples were 
prepared by dissolving 10 gm/l of metal in cone* HOI* A 
platinum x-ray tube was used with a LiF analyzing crystal 
and a 0*01 degree Boiler slit* The tube was operated at
50 K W  and 15 ma® The 1*0* power supply for the scintilla
tion counter was operated at 1*30 KVF* Standard samples 
were made of 6*99, 11*32, and 15*00 w/o zinc, and intensity 
ratios were based on the intensity of the 15*00 w/o standard 
sample * In order to test for homogeneity, samples were 
taken from both ends of each alloy casting* Samples taken
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from one casting showed, a variation of roughly one weight 
percent from end to end, and so this casting was rejected. 
The other castings varied less than 0.2 w/o from end to 
end.

(5) The clip gage for the Instron tests was 
designed for a one-inch gage length. It was made from 
watch-spring steel, mounted with a Wheatstone bridge of 
four Budd C6-141-B strain gages with a shielded collective 
lead. Two B.L.H. EAP-25-12 strain gages were mounted on the 
reduced section of the load cell for dynamic tests. A  

shielded cable leading to two external precision wire-wound 
temperature-compensated 120 ohm resistors completed the 
bridge. The load cell and strain gage for the dynamic tests 
were calibrated on the Instron, and only the dynamic strain 
gage bridge produced a non-linear output across the bridge.
A  calibration curve was drawn up, and subsequent calibra
tion of the oscilloscope was more easily accomplished by 
inserting equivalent external resistances into the bridge 
by means of a decade box.

Considering other equipment for the dynamic tests, 
the camera lens was set at f/1.0 and focused with'a ground 
glass screen. The grid intensity was greatly diminished 
while the recording spot was turned well up in intensity.

The dynamic test specimen was adjusted so that the 
top contacted the two tension anvils when the pendulum was



vertical 6' $tie pendulum was raised into position for 
testingo The oscilloscope spot was set at its zero posi
tion on the gride The time exposure setting on the camera 
was set for one secondQ Simultaneously# the pendulum arm 
was released and the camera lens opened0 "When the tup 
connected with the tension anvils at the bottom of the 
pendulum's arc# stress and strain signals were fed into 
the oscilloscope9 The dot rapidly traced the flow, curve 
as the specimen deformed and fractured# and the camera lens 
automatically closed at the end of one second,,

The test positions were specified by the manufac
turer » Testing at 11»3 ft/sec was done with the pendulum 
set in its low position# and testing at 16*0 ft/sec was 
done at the high position*
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B0 SAMPLE CALCULATIONS

The following procedure was used to obtain flow 
curves, such as those of Fig, 6, from the load-elongation 
trace of the Instron testing machine (static tests), and 
from the photographed trace of the oscilloscope (dynamic 
tests)o

Bolo Static Flow Curves

Figure 9a shows a typical load-elongation trace 
obtained from the Instron testing machine, The machine, 
however, was calibrated to read conventional engineering 
stress and strain. The method used to calibrate the load 
cell was to place dead weights on the machine, and divide 
this load by the cross-sectional area of the specimen.
With the clip gage in a calibrating micrometer, using a 
one inch gage length, elongation was numerically equal to 
the engineering strain. The X scale of the Instron X-Y 
recorder was then calibrated to a convenient scale, such 
as in the case of Fig, 9a, to a scale of 2^/in, of chart.

After the trace was obtained, lines were drawn 
parallel to the elastic portion of the curve, as in Fig, 9%= 
Here line BG is drawn parallel to OA, Point B represents 
the conventional stress S^, The total strain at is



e d = 0o02Olo Length 00 represents the conventional plastic 
strain @qco These were converted to true stress and true 
strain through equations (3) and (4), section 4plol, to 
obtain the corresponding point on the flow curvee For 
example, the point on flow curve 8, Fig* 6, corresponding 
to log cr = log 9620 and log £  •= log 0*0189 was obtained
as follows:

cr = Sb(l + eQd) = 9410(1 + 0*0201)

€.p = In (1 + eoe) = in (l + 0*0191)

B026 Dynamic Flow Curves

Figure 9b shows a typical trace given by a dynamic 
test* The Y axis, in centimeters, was calibrated to con
ventional stress as in the static tests* The X axis, in 
centimeters, was calibrated to conventional strain in a 
similar manner* The procedure to obtain the flow curves 
was identical to that of B*l* As already covered in section 
4*1*3, the conventional stress and strain were obtained by 
an averaging process (see Fig* $b)* The stress at B, or 
Sb, represents the midpoint of the hypoteneuse of the stress- 
strain increment at B* It occurs at a total strain e d*
The strain from 0 to C, or e , is the conventional plastic

= 9620 psi* 

= 0*0189*
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straino For example# the point on flow curve 1# corres
ponding to log CT s= log 30700 and log £. = log 0*0248 wasP
obtained as follows;

CT = sb(l + eod) = 29700(1 + 0*0302) = 30700 psi*

C  =» In (1 + eQd) = In (1 + ©,0252) = 0*0248*
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FIGURE 1. 

FCC Stacking Order. 
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FI GURE 1



FIGURE 20 
Specimen Dimensions»

Notes;
Ac 45°-l/32M chamfer both ends*
B* 1/4” radius*
Go 9/16”-12 NC3 threads both ends*
D* Center both ends *
E0 It is important that the center-line of 

the specimen be aligned with the threads0
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FICBBE 3o 
Dynamic Test Equipment0 
AQ Equipment Used0 
B, Close-up of Testing Head*
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FIGURE 4»
Block Diagram of Equipment,,

Ac Pendulum Heade 
B0 Tup on Specimen Head,
CQ Load Cell Output,
Do X Power Supply,
E0 Y Power Supply,
F, Calibration Box,
G« Tektronix Model 502 Dual-Beam Oscilloscope, 
Ho Tektronix 0-12 Camera,
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FIGURE 5«
Dynamic Stress-Strain Curves 

A 0 Tracing of a Dynamic Stress-Strain Curve, 
B„ Interpolation Figure0
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FIGURE 60
Flow Curves

1. 5 a/o Z n at 16 ft/sec*
2„ 5 a/o Zn at 2 in/min*
3, 5 a/o Zn at 0*005 in/min*
4*' 3 a/o Zn at 16 ft/sec*
5o 3 a/o Zn at 2 in/min*
6, 3 a/o Zn at 0*005 in/min*
7. Pure 11 at 16 ft/see*
8* Pure 11 at 2 in/min*
9p Pure 11 at 0*005 in/min*
Note; Eaeia different symbol for each 

curve corresponds to a unique 
test specimen*
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FIGURE 70
Ultimate Stress vs0 Strain Rate Curves
Notes Each data point corresponds to an 

ultimate stress obtained in curves 
1-9, Fig0 60
Ao 5 a/o zinc alloy
B0 3 a/o zinc alloy
C o Pure aluminum
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FIGURE 7



FIGURE 8,

Notes

Solute Influence on
Straln-Rate Sensitivity*
Measured at ultimate strength, 
values taken from Figure J a 
Composition w i t h i n 0*1 a/o Zn„
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FIGURE 9,
Traces Obtained0

A 0 Load-Elongation Trace
B«' Gathode-Ray Oscilloscope Trace
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ERRATA

Page 65 
Table I Test Results
Column headed "Strain-Rate 
follows:

Sensitivity" should read as

Curve

1
2
3
4
5
6
T
8
9

Strain-Rate
Sensitivity

lo543x10 
I,543x10 
lo543x10 
1O695xl0 
1o695xlO“ 
10695x10 
1o835x10 
1„835x10 
lo835x10

-2
-2
-2
-2

-2

-2
-2



TABLE I 
Test Results

Curve Alloy Strain Rate 
(see-1)

Ultimate
Stress
(ksi)

n K
(ksi)

Avg, 
Grain 
Diam, 
(mm,)

Strain-late
Sensitivity

1 Pure A1 8a33x10 9.85 ,062 11,7 0,12 1,835x10”2
2 Pure A1 3o3xl0"2 10,4 ,068 12,3 0,12 l,835xl0~2
3 Pure A1 2o56x102 12,4 ,097 15.6 0,12 1,835x10”2
4 3 a/o Zn 8,33x10 22,6 .213 31,5 0,21 1,695x10~2
5 3 a/o Zn 3,3x10”2 24,7 ,219 34,5 0,21 1,695x10“2
6 3 a/o Zn 2,56x102 29,1 ,226 41,0 0,21 1,695x10~2
7 5 a/o Zn 8,33x10 31,9 ,169 43,0 0,15 1,543x10™2
8 5 a/o Zn 3,3x10"°2 36,8 ,168 50,5 0,15 1,543x10~2
9 5 a/o Zn 2,56x102 42,0 .171 57,0 0,15 1,543x10“2


