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CREEP STRENGTH OF ALUMINUM
ALLOY CONDUCTOR

BACKGROUND

Introduction

The use of aluminum for conductlion of electricity
from the generating station to the user is now almost
standard throughout the electrical power industry.

The change from the use of copper, formerly used, has
been brought about by the fortultous combination of

good electrical conductivity, good corrosion resistance,
light weight, and relatively good strength possessed by
aluminum, To decrease the cost of a trsnamission line it
is desirable to have as strong a conductor as possible,
consistent with other factors, to enable the use of
fewer towers, Recently, efforts have been made to
increase the strength of aluminum by alloying and other
treatments,

In addition to the electrical load, a conductor is
required to withstand mechanically induced foreces such
as tension, These cause the conductor to sag. This
sag has been found to increase over a peried of time due
to plastic flow. It is the purpose of this thesis to
investigate the characteristics and extent of this



plastic flow as a step toward evaluation of the new
aluminum alloy conductor as a transmission line material,

The elastic deformation of a metal specimen sub-
jected to a load within the proportional limit of the
material may be predicted with a high degree of accuracy,
since the modulus of elasticity remains essentially con-
stant for the material, The limit of elastic strain and
the plastic strain exhibited by metals undergoing rel-
atively short time loads above the elastic limits is not
as easy to determine, since each new alloy may exhibit a
different plastic strain rate, However, these rates may
be evaluated quickly by means of short time tests., This
plastic strain is generally of but indirect importance
to the designer who designs within the alaﬁtio limits;
he uses plastic stralin as an added factor of safety.

0f direct concern to the design engineer is the
plastic deformation exhibited by metals subjected to
constant stress at loads well below the elastic limit
for long periods of time, Under ambient temperatures
this plastic strain is almost negligible; indeed, under
some conditions it might be undetectible without the aid
of special equipment. However, in any part of great
length this plastic deformation may become quite
noticeable, Should the part be loaded for any long



period of time, the plastic strain, which may continue
indefinitely, may extend the part until it is too long,
requiring maintenance or even replaceoment.

An example of an application in which this plastiec
deformation, commonly called creep, plays & major role
is the high voltage slectrical transmission line, 1In
the field, the metal conductor is strung up on towers
a conslderable distance apart, The stress in this line
is dependent upon both the weight of conductor between
supports and upon the tension or sag with which it is
hung., The creep rate of such a line i3 some function
of the stress and temperature of operation, and thus
varies with the span between the supports, the initial
sag, the unit weight of the conductor, the electrical
load, and the weather conditions, TUnfortunately, not
all of these factors are constants. The effect of span
between supports varies with difference in elevation
of the supports, The initial sag varies with the thermal
expansion or contraction brought on by changes in
temperature, The effect of the weight of the conductor
may be greatly increased bf wind or ice loads, Finally,
the care by which the conductor is strung can introduce
further deviations from ldeal laboratory test conditions.

Since transmission lines are strung in cable form,



one could expect a certain amount of strand settling
upon initial application of the load., Experience in the
field has shown that this settling results in an appre-
ciable initial extension of the conductor, To alleviate
this problem,lths common practice today is to subject
the lines to an initial tension considerably above the
normal tension for a short period of time, then to
decrease the tension to approximately 25 percent of the
ultimate strength of the materlal., The purpose behind
this practice 1s to eliminate much of the strand settling
and also some of the initial creep from the conductor,
resulting in less future sag,

The initial pretensioning of transmission lines is
not excessively difficult or expensive upon initial con=-
struction of the line; however, any takeup required
after the line has been put into service 1s not only
expensive but requires interruption of service through
that line for an appreciable period of time., It is,
therefore, generally considered desirable to restretch
transmission lines not oftener than every 50 years., A
study of economics reveals that the most economical
span length occurs when the cost of takeup per year
equals the annual deprecilation upon the line supports.
The use of a conductor material with an excessive creep

rate would necessitate both more frequent takeups and
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reduced spans, increasing the cost of the line and the
cost of maintenance to the point of prohlbiting the
use of that materilal, If excessive sag 1is permitted,
there 1s danger of gusty winds whipping adjacent lines
together, resulting in a short circuit, In many cases,
a minimum ground clearance for conductors is set by law,
Good practice also requires a minimum clearance for
safety's sake, Increased tensions require more sube
stantial supports, increasing the unit cost, Therefore,
the above factors must be analyzed and combined to
determine a minimum acceptable creep rate; any proas-
pective conductor materlal must possess a creep rate
within these set limits to be acceptable for use in
high voltage transmisslon of electrical energy.

Aluminum, although its electrical conductivity 1s
somewhat less than that of copper, has long been used as
an electrical conductor In view of its light weight and
excellent corrision resistance, However, until recently,
its use was limited to relatively short spans, since
pure aluminum is weak and in alloyed form it leses much
of its electrical conductivity., It is commen, on long
spans, tc use a core of steel cable for strength,
surrounded by strands of eleectrical conductor grade
aluminum, A typlcal example of the above uses 2 19

strand steel cable supporting 30 strands of aluminum,



However, this approach has not been completely satils-
factory. In the first place, the combination of steel
and aluninum In such close proximity iavites galvanic
corrosion, necessitating speclal treatment such as
galvanizing, for the steel, Secondly, the cost of
bimetallic conductors is higher than conductors of a
single metal, Thirdly, bimetalllic condicutors make
splicing difficult, since both the steel and the alumie
nun must be joined separatly. And finally, such a
bimetallic conductor loses much of the weight advantage
inherent in an all aluminum conducter,

It comes as no surprise %o learn that a great deal
of research has been carried out in an effort to improve
the mechanical properties of aluminum without seriously
affecting its electrical conductivity. One of the
aluminum producers has recently developed an alloy that
apparently fulfills the above requirements; it has a
tensile strength of nearly 50,000 psi, or nearly twice
that of hand drawn aluminum, while still retaining
85t0897% of the electriscal conductivity of electrical
conductor grade aluminum, Hewever, to be economically
feasible for use in the relatively long spans of high
voltage electrical transmission lines, the new alloy
must possess satlsfactory creep rates, The determination



of these rates is the subject of this thesils,

ObJjectives

The primary objective of this project was to
determine the minlwmum creep rates of gpecimens of the
new 2luninum 8lloy conductor subjected to different pre-
loads, Specimens were taken from two different manue
facturing lots in which some difference in smelting,
procesgsing, and heat treating probably existed, Any
effect upon creep rate brougl on by varlations in
mamafacturing is of groat importance; part of the
primary objective of this peper was to determine this
effect,

There were three secondary objectives, Two single
strands of conduvetor wire, each the center strand from
2 length of conductor, were tested., The first second=-
ary objlectlive was to determine the effect of stranding
upon the creep rate of the conductor by analyzing its
ereep in comparison to that of a single strand, Next,
an equation was to be determined which would predict
the amount of plastic strain in a given conductor at any
time in the future., Finally, recommendations were to
be mads to aild future investigators in testing and

analyzing creep of aluminum alley conducter cable,



Scope

The scope of this project Includes the tests and
test results that were performed by the writer on two
manufscturing lots, This includes twelve test speclmens,
of which the flrst slx were designated as Series III and
the last six as Serles IV, All analyses were basod
primarily upon the results of these tests; however, the
results of prior tests using the same apparatus but
covering a study of cresp by means of slightly different
tosting procedure ere referred to when in suppori of or

in disagreement with date taken by the writer,

History
It is difficult to determine when creep was dise

covered, Lead sheeting which centuries ago was used for
roofing was observed to droop under its own weight and
to hang over the edge of roofs., This fact, although it
may have been man's first observation of creep, was
viewed as merely a curiosity; attempts made to explain
this phenomeria,if any, were not of any significance,

In spite of Andrade's extensive experiments be-
ginning about 1910, the significance of creep was not
fully realized until some years later, Metallurgical
advances in steels had permitted the increasing of -
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pressures and temperatures in steam boilers; designers,
unaware of the extent of plastic {low, began to encounter
failures in parts stressed well below the elastic limit,
Further examination of the fractured parts revealed
that, in some cases, well over five percent elongation
had occurred. Alarmed, the American Soclety for Testing
Materials and American Society of Mechanical Engineers
organized a join committee to study creep. Meanwhile,
creep became more important as modern machinery demanded
lighter welight, higher temperatures, and increased
speeds., A modern example of a part which must show an
outstanding resistance to creep is the gas turbine blade,
Clearance between the moving blade and the casing is so
small that an extension of 0.2 percent over a 25 year
period is the maximum permissible. On the other hand, a
5 percent elongation over a 5 year period is acceptable

for some furnace parts,

Definition of Terms

Creep 1s defined as the relatively slow plastic
deformation of a material held for long perilods of time
under constant or slowly changing loads., With regard to
metals, creep 1ls associated with the time rate of
deformation present under stress intensities well below

the yteld point, the proportional limit, or the apparent
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elastic limit for the temperature in question. Creep
rates, although they rise rapldly with increasing |
temperatures, maj easily be of consequential magnititude
at normal temperatures, depending upon the material in
question and the degree to which freedom from plastic
deformation is required.

The creep strength of a metal is that stress which
will just produce a creep rate of some specified amount
for a glven prolonged periocd of time and at a given
temperature, For some applications, the creep strength
is listed as the stress whlch will produce a plastic
deformation of 1 percent over a period of 10,000 hours

at the operating temperature,

UNIT STRAIN —>

- -



THEORY

Fagtors Affecting Creep

The curve shown in Figure 1 represents a very
idealized form of creep of a specimen subjected to a
constant tensile load and constant temperature. As
is evident from the curve, it is composed of three
stages, ocourring after the initial extension, The
first stage of creep, also called the initial,
primary, or diminishing rate stage, is characterized by
a relatively high rate of plastic deformation, However,
at temperatures below which thermal recovery can take
place, this plastic deformation is accompanied by strain
hardening, by an almost negligible reduction in area,
and sometimes by strain aging. The above combination of
factors acting on the specimen combine to slow down the
rate of deformation until it becomes essentially constant.
The shape of the primary oreep curve 1is approximately
parabolic,

The second stage of creep, also called the second=-
ary, constant rate, or steady state stage of creep, is
characterized by a relatively constant creep raks., This
has been explained by claims that the strain hardening

is just balanced by the reduction in correctional area,
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that the rate of resoftening by recovery balances the
rate of strain hardening, and that same unknown
mechanism is operating. Most probably; the actual
cause of the steady state stage of creep is a combination
of the sbove, Some modern investigators deny that the
second stage of creep is actually constant; they claim
that it is but a transition from the first to the third
stage.

The third stage of creep is characterized by a
continually accelerating rate of creep culminating
ultimately in fracture, Early explanations for this
stage, also called the tertiary, increasing rate, or
final stage, claimed that the increasing rate was due to
the reduction in cross sectional area of the specimen.
If this were the caese, then, why was the creep rate
falatively constant throughout the second stage? The
cross sectional area was decreasing there, too, Later
investigations revealed that the rate of creep through-
out the third stage is much higher than that ascribable
to reduction in cross sectlonal area alone. Evidently
there 1s present,at least in the third stage, some
unknown factor unexplainable by simple theory,

The complete creep curve as described app@ara only
for tests made in simple tension, at moderate temperatures,

and in response to constant loads that produce fracture



13

within the time of the experiment, Either one or two
of the stages may be absent from the creep curve,
Whenever a specimen 1s loaded in such a manner that
necking does not occur, the third stage of creep, if it
exlsts at all, does not resemble that of the ideal,
Under tension or bending, then, fracture wnuldﬁnormally
oceur during the second stage or at the beginning of the
third, It is belleved that tensile tests made under
constant stress do not exhiblt a third stage; further
tests are necessary to substantiate this, Under a com-
pressive load, only the first stage 1s evident; any
plastic straln 1s accompanied by an increase in coross
sectional area which decreases the stress, Thus the
creep rate in compression decreases until it 1s essential=-
ly zero. A series of tests performed over a wide range
in temperatures reveals that the creep curve is not
accurate at elther very high or comparatively low
temperatures,

It is relatively easy to formulate mathematical
expressions for the above simple general explanations
of creep phnno&pna. However, in light of the many
exceptions to all previous simple explanations of
plastie rlqw, it is necessary to consider the variables
known to affect creep.

Creep 1s, of course, influenced greatly by changes



in temperature and variations in stress, However,
changes in heat treatment, grain size, chemical compo=
sition of the alloy in question, presence of impurities,
differences in dispersions throughout a given alloy, and
presence of residual stresses within the material also
have a pronounced effect upon the creep rate of a
material, These variables require further explanation,

One is not surpriaed'to learn that the stress to
which a specimen is subjected has a pronounced effect
upon its creep rate, The extent of this effect varies
among different alloys.

A factor that must be controlled most accurately
in creep tests 1s the specimen temperature. It has been
demonstrated that some materialsunder certain loads
may exhibit a creep rate twice that of simllar specimens
under similar loads at a ten degree lower temperature,
This fact explains why early investigations working with
relatively high temperatures (obviously hard to maintain)
reported much conflicting data on creep rates; indeed,
some rates reported varied several hundred percent from
other rates taken under supposedly similar conditions.

It has been found in connection with gas turbine
work wherein extremely small creep rates are a necessity
that sometimes a particular alloy is completely acceptable,
whereas another alloy, only slightly different from the
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first, is uselessj its creep rate is just too high.
Chemical compositlon ang presence of impuritles thus
have a profound effect u;on creep rates,

Gledt, Shelby, and Dorn(18) have run extensive
tests on aluminum-copper alloys, varylng only the slze
of intermetallic compounds dispersed throughout the
aluminum. They concluded that particle size has a
substantial érfect upon creep rates, Furthermore,
they determined that,whereas in general the coarser
dispersions exhibited more favorable creep rates, at
low temperatures and high straln rates finer dispersions
had more favorable creep rates, At high temperatures,
too, creep rates were lmproved in specimens with finer
dispersions., Thus one can see that the effect of size
of the dispersed particles is not an independent
variable, but changes with changing temperatures.

The effect of grain size upon creep rates may best
be analyzed by comparing the strength of the grain
boundary with that of the grain, shown schematically
in figure 2. Thus at high temperatures fallure occurs
in the graln boundarles, whereas at low temperatures
failure: occurs across the grains, The boundaries are
more important in determining creep characteristics of
of a fine grained material than those of the coarse

grained materlal because of the greater grain boundary
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GRAIN BOUNDARY STRENGTH

4@»:: STRENGTH

UNIT STRENGTH ——

TEMPERATURE —

“1IXURE 2. Effect of Temperature on the

stren;ti of 3Zralins and Grain Soundaries
area, precentagee~wise, Iin the former case. One could
expect, then, that low temperature creep properties are
superior in fine grained materials, whereas for high
temperatures the reverse is true, Experimental
evidence also supports this argument(35), Linked in
with the grain size of a material is the heat treate
ment 1t receives, Heat treatment is also a prime factor
in determining age hardening and the amount and size
of dispersions in a glven alloy. It becomes very dife
ficult to determine the preclse effect each variable
has on the creep rate of a material because the

varisbles are so interlocked that separate analysis for
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each becomes almost Impossible.

tallurpgical Explanations

A reasonable understanding of methods of analysis
of plastic flow is not complete without an understanding
of the mechanism of the permanent deformation during
creep; therefore, some further explanation is in order,

When the deformation of a metal is rapld and
extensive, it occurs principally by slip. A single
crystal of metal generally contalns one plane that 1s
weaker than the others; fairly_high stresses force these
weaker planes to slip slightly. Thus a polished specimen,
strained above 1ts yleld point, exhibits concentric
parallel bands readily visible through a microscope.
This slipping is the primary mechanism present in the
first and third stages of creep; its rate varies with
the amount of strain hardening induced by the slip. As
long as slip is the primary cause of creep, the effect
of temperature can be explained on the basis of its
effect in eliminating strain hardening, Thus at ine
creased temperatures, the strain hardening taking
place is oliminated as 1t takes place by increased
recovery rates, This has the same effects upon
strength as overaging, With all strengthening effects

nullified by increased temperatures, a specimen
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sub jected to any load of enough magnitude to induce
slip will gradually extend until 1t fails. This
rapid stage of deformation is now commonly called
transient creep.

The second stage of creep, characterized by a slow,
relatively constant creep rate, is now known as viscous
or quasi-viscous creep. It is primary importance
because most of the service life of a part subjected
to plastic deformation occurs at a time when quasi-
viscous <reep is the primary mechanism, This form of
creep is called viscous because it resembles the plastic
flow of a true amorphous material such as pitch; it 1is
termed quasieviscous because the materials in which 1t
is present are not truly amorphous. Thus the flow rate
is not directly proportional to the stress.

Quasi-viscous creep has been further subdivided
into two mechanisms, quasi-viscous flow and slipless
flow, The rate of deformation of these two phenomena
is so low that 1t is of no importance except in a study
of creep.

Viscous flow is a thermal flow occurring in the
grain boundaries, The grains themselves thus are left
undeformed, much as a gravel in an asphalt road re=-
mains undeformed in spite of amorphous flow occurring

around 1t, As viscous flow produces no apprecilable
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change in individual grains, it produces no slip bands
within the grains; however, it does change the relative
positions of different grains, much as asphalt flow
within the surface of a highway may disturb the rel-
ative locations and positions of gravel within the
roadbed. It is possible to see the effect of the
viscous flow with a microscope;'rree surfaces under
stress become covered with elevations and depressions
which are grains that have changed their relative
locations,

The concept of viscous flow is comparable to that
of recovery in that their modes of operation are similar,
Both are accomplished in regions whnre, because of une-
favorable crystal location, eccentric loading, or
higher temperature, the internal energy within the metal
is exceptionally high; both act in an effect to reduce
the distortion within the metal by diffusion of atoms
under the highest stress. Both processes increase
with temperature, both are very slow. The two differ
in that recovery occurs pr;poipally within the grains
themselves, reducing stresses developed by previous
mechanical deformation, whereas viscous flow occurs
only within grain boundaries, reducing stresses developed
locally by external loading. '
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It must be understood that the various mechanisms
of ¢treep do not occur alone; rather, especially in the
primary and tertiary stages, they may occur simultane=-
ously. Thus, especially at higher temperatures and high
stresses, although deformation by slip greatly exceeds
that by viscous flow, they are both present., This fact
becomes especially important when a specimen is subjected
to a load of insufficient magnitude to produce slip and
to a relatively high temperature, Even under light
loads, when the temperature 1is high, the internal energy
of the specimen is also high, It has been demonstrated
(35)that when the internal energy of a metal reaches
the energy of self diffusion, rapid diffusion of atoms can
occur. To understand the effect such dispersion may
have upon creep, one must analyze the structure of a metal
on an atomic level,

The ideal metallic erystal would be many times
stronger than any metallic substance we have today. An
ideal specimen would be but one crystal, formed of even
rows of atoms. No impurity would mar this perfect crystal;
not one atom would be out of place. To subject this
specimen to a stress sufficlent to culminate in: fallure
would require a proportionally enormpus load, for fallure
is preceeded by slip. But for slip to occur within the

ideal crystal would require simultaneocus movement of
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atoms over an area at least equal to the cross sece
tional area of the specimen, It has been determined
mathamatically that the shear strength of the perfect
metal specimen would lie between 103 and 10+ times that
of a normal metal specimen,

It 1s not surprising to learn, therefore, that the
actual crystal is filled with dislocations and vacancies,
A dislocation 1s a defect in the periodicity of an atomic
lattice; for example, a plane of atoms either at an
oblique angle with respect to the majority or overhang-
ing an edge of a crystal, A vacancy is an absence of one
atom from its regular position within the crystal lat-
tice, Thus a load imposed upon an imperfect specimen
need not shear a plane of atoms equal to at lsast the
cross sectional area of the specimen, but need only
shear the small sections of a crystal at the dislocation,
causing the dislocation to move. Thus plastic strain
involves not only flow of grain boundaries, but proceeds
through the grains as well, Since individual grains are
irregular in shape, these surfaces provide ideal points
from which dislocations can form. These newly formed
dislocations, together with those already present in the
erystal, in turn move through the grains, absorbing
vacancies in some places and creating new ones in others.

The grains thus elongate plastically under load. When
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two or more dislocations moving in different directions
come together, they create a barrier to further movement,
A higher level of energy 1s then necessary to force one
of the interacting dislocations to c¢limb into another
plane of atoms, that moveﬁant may proceed, This
movement of dislocations 1s called slip. Some authors
term the slip predominant in the primary and tertiary
stages of creep as normal slip and the slip predominant
in the secondary stage as slipless flow, Slip, by its
interaction of dislocations imparing further movement, is
generally considered to be the cause of strain hardening.

It would seem coneeivable that the movement off
dislocations could tend to absoro more crystal imperfecte
ions than they create, However, this theory obviously
could not be extended to mean that creep would eventually
produce a perfect metal crystal. The grain boundary,
which generally flows at a different rate than the rate
of crystal extansion, continually provides new areas
of high energy concentrations in regions where a group
of dislocations or a precipitated particle interrupts
either grain elongation or grain boundary flow. If the
areas have insufficient energy to formulate new dise
locations immediately, if the stress is high enough, the
dnternal energy will increase until it approaches the

activation energy, at which time diffusion takes place.
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The diffused atoms may then result in the formation
of new vacancies, so that the progress of plastic flow
continues, Thus, although the movement of vacancies
and dislocations may result in improved mechanical
properties of individual grains, it can be no means re-
sult in a specimen of extreme strength.

In a specimen subjected to high temperatures but
to relatively low stresses below that necessary to
produce much normal slip, creep ogours primarily by
viscous flow., As has been said before, viscous flow
is an extremely slow process, raquiring years to
accumulate a total strain producible in minutes in a
short time tensile test. However, since the specimen
temperature is high, only a small amount of additional
energy is necessary for diffusion, Therefore, a
considerable number of atoms are continually loosed from
their positions within the grains and the grain
boundaries and are dispersed throughout the specimen,
In the grain boundaries especially, where a relatively
great number of dislocations are present, this movement
affords easy condensation of dislocations which enlarge to
the extent of forming a small pore., Were the creep rate
faster, thls pore would probably be closed immediately
by erystal deformation, but normal slip, requisite to

rapid flow, is not present. The presence of the pore
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creates areas of stress concentration around it, increas=-
ing the energy level in its vieinity, diffusing more
atoms., Thus the pore extends into a small crack., If
this theory 1is correct, fallure would occur soon, and
at surprisingly low stresses and total strain. It has
been found by actual tests that failure in specimens
sub jected to high temperatures and low stresses does
occur in the above manner and fracture is intercrystale
lino; as this theory would predict, This one circum=-
stance is the cnly case wherein creep failure may be
attributed primarily to quasieviscous creep.

Between the stress regions of rapid plastic
extension due to normal slip and the extremely slow
creep rates attributable to viscous flow lie the areas
of primary industrial Importance, These are regions
where the stresses high enough to be of value produce
acceptable creep rates., Creep in these regions ococur
primarily through a phenomena called slipless flow,

Early observers of slipless flow found that, unlike
normal slip, it produced no visible slip bands on
prepared specimens; hence its name, Later, however, it
was found that slipless flow produced changes in the
general shape of individual crystals that greatly
resembled the shape changes induced by normal slip.

Furthermore, slipless flow produced a strain hardening
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effect equal to that of normal slip. now, although
other mechanisms may induce straln hardening, only slip
is known to produce 1t; hence most observers now feel
that, in spite of 1ts name, slipless flow does involve
some slip, Evidently this slip occurs on a smaller
scale than normal slip, producing many more disturbances
but much smaller in size, affecting planes lnéividually
rather than in groups; else it would be visible, This
type of behavior is probably alded somewhat by recovery
which is in turn linked with diffusion, Kowever, the
ma jor cause of slipless flow 1s belleved te be the viscous
flow of grain boundarles, It has been found that when
polished specimens having mixed grain size are deformed
slowly under moderate temperatures, all crystals
exhibit similar changes in shape, but only the larger
erystals develop slip bands, This 1s another indication
of the great influence that graln boundaries play in
influencing the creep mechanism, Since the major part
of resistance to slip of a glven specimen is thought due
to the existence of a graln boundary which, although
filled with dislocatlions, offers few planes favorable to
slip, i1t is not inconceivable that only the larger grains
be subject to normal slip, The smaller grains; having
a much greater surface and area per unit volume, are more

affected by dlslocations and diffusion induced by grain
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bbundary movement, Evlidently these mechanisms combine
to provide extension of small grains without as severe
a slip as that induced in large crystals, Obviously,
dislocation and diffusion caused by grain boundary dis-
turbances affect larger crystals too; their effect 1is
proportionally much less on larger crystals,

Another theory given to c¢xplain the lack of slip on
small crystals is based on findings that the grain
boundary 1is extremely thin; calculations have shown it
to be of the order of thirty atoms thick. In view of
the slow rate of viscous flow, yielding of the grain
boundaries would permit only a very limited displacement
along each slip plane as it became exposed., This dis=
placement would be far too small to be seen in the form
of slip bands, Thus the so-called slipless flow would
occur at a rate proportional to that of viscous flow; in
other words, if would proceed at a very slow rate, even
though deformation occurred by slip. Thils interaction
between the viscous flow of grain boundaries and the
go=called slipless flow provides a very satisfactory
explanation for quasi-viscous creep. The reader should
understand that the foregoing pages contaln primarily
theorles which attempt to explain the seemingly simple
phenomena of creep on a rather complex basis, No

present theory satisfactorily explains all the
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mechanisms known to affect ecreep. The mere presence
of so many theories indicates that the nature of creep
is yet largely unknown and poorly understood,

In review of this theoretical material, some dlse
cusgion of these theorles and thelr correlation with
experimental facts 1s in order, The creep curve showed
that a specimen under just sufficlent load to culminate
eventually in fracture will generally undergo a peried
of high but rapidly decreasing atrain rate followed by
a time wherein the strain rate 1ls approximately constant
followed by a period of rapldly increasing straln rate
ending in fracture. This may be explained in theery as
Tfollows, Upon initial application of the load, s*rain
183 sufficient toc produce a considerable amount of inter=-
crystalline slip, This slip produces a strain hardening
effect that rapidly decreases the creep rate, until the
specimen has sufficient strength to withstand the imposed
load without further normal slip. A% this point quasie
viscous creep, which is really a combination of quasie
viscous flow and slipless flow, and which has been
acting at a slow but'constant rate since application of
the load, now becomes the dmportant factor in determining
the creep rate., Since viseous flow is constant at a
given temperature, and since slipless flow 1s a function

of viscous flow, the creep rate remains essentially
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constant for a considerable period of time. The strain
rate, although constant, gradually increases the in-
ternal energy of the metal, until it becomes almost
equal to the energy of self diffusion, At this point,
diffusion, which formerly had occurred primarily in a few
areas of high energy concentration only, now plays a
ma jor role in the behavior of the specimen by releasing
eritical atoms from their bonds, promoting recovery.
Then slip begins again, and since recovery now occurs
simultaneously with strain hardening, the creep rate
increases rapidly, reducing the cross sectional area of
the specimen which increases the creep rate further.
Failure of the specimen is imminent within a short time,
It is important that the reader realize that the theory
of creep mentioned above is not limited to specimens
which follow the 1deal creep curve, Rather, the be-
havior of any specimen known to the writer may be
analyzed reasonably well on the basis of that theory,
no matter where or how failure occurs, and even 1f
fallure does not occur at all, As it stands, this
theory is but a hypothesis which seems to explaln
experimental data; it must not be interpreted as proven
fact.
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Creep Correlations
Perhaps the first investigator of real importance

in the fileld of creep was Andrade(l) whose work was first
published in 1910, His work was primarily acedemic, In
1922 the first creep studles of true industrial im-
portance was published by Dickenson(2); his work was
done in behalf of the boller industry and was concerned
primarily with varilous steels subjected to high tempera=-
tures within furnaces, Perhaps his most significant
discovery was that commercial metallic materials, when
used at elevated temperatures, underwent an alarming rate
of plastic flow well within the stresses allowed by good
design practice and safety factors at that time,

A great deal of experimentation was wasted during the
slx years after Dickenson's work was published, in an
effort to prove the exiaténoe of "creep limits", then
defined as that practical stress at which, for elevated
temperatures, creep either no longer would take place
or at least was of inconsequential magnititude., Creep
observations were made from this point of view, and both
French in 1926 and Lea(2) in 1927 attempted to show
that proportional limits determined with sufficient
delicacy might be regarded as creep limits. Refinements
were later made on the creep testing apparatus, produc-

ing more accurate data, and Kanter and Spring(2) published
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8 treatise in 1928, revealing that creep strain was
exhibited by metals at stresses well below the lowest
proportional limits obtainable.

A considerable expenditure of money and effort
wag used in an effort to derive long time creep rates
on the basis of very short time tests, _Gillett(32),
among others, has demonstrated, however, that materials
require in general from 50 to 500 hours to settle down
to a relatively constant rate of oreep. Since short
time data reveals only the primary stage of creep,
such data are generally worthless for long time
predictions, Thus investigators who arrived at
empirical formulas which attemnted to extrapolate
vears into the future from the results of tests of but
a few hours duration either were in error for many
alloys, or were compelled to use an abnormally high
factor of safety. | ‘

Andrade, who, as was mentioned earlier, first
published articles on creep in 1910, later arrived at
the concent of primary or transient creep as the
prineipal mechanism of plastic flow throughout the first
stege of creep and of quasieviscous flow as the
mechanism of plastic flow during the extended second
stage of creep. He, on the basis of experimental data
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arrived at the following equation for creep, commonly

€
called the {73 law:

1= 1, 1= Bt ) exp KT

Where: l, = initial length
1 = final length
1 = time
B = a constant
K = a flow of constant rate per unit length

In the light of metallurgical background given
earlier, it can be seen that B represents transient creep
which decreases rapidly with the cube root of time., K,
on the other hand, expresses the concept of quasieviscous
flow, Reasonably good results may be found by using
this equation for specimens under moderate temperatures,
Under ambient temperatures, Wyatt(l) found that another
equation becbmes necessary; under high temperatures,
still another, Thus pure emperical equations leave
something to be desired in analysis of creep dataj;
generally, at least, the useful temperature range of
the equation 1s quite limited,

The ideal equation for creep would,of course,
include all the varlable present in creep. It has been
recognized for some time that creep is & rate prncess,

A complex, either moiecular or atomic, requires an
energy level above some minimum value to cross a

potential energy barrier. Now, assuming that
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thermo-dynamic equilibrium must always exist during
movement within the metal, an equation may be written
indicating the number of activated complexes crossing a

barrier each second per unlt concentration:

rate = "lﬁgl'e-E%gJ
In this equation, R is the gas constant; T, the absolute
temperature; h, Planck's constant; and B, the activa=-
tion energy of the material in question., Machlin and
Nowick(35), assuming that the generation and movement
of each dislocation is accompanied by a strain of 4/L
where d is the spacing between atoms and L 1s the
dimension of the grain within which the slip occurs,

developed the following equation for creep rate:

i apis LVXF(s - 2uT)
¢:fle L322 PT | [RVAE(S=20)]

This equation takes work hardening into account., In

using a purely analytical approach, it is a notable
accomplishment in the theory of creep. However, it
cannot take into account all the effects upon creep
induced by alloying. Therefore, good correlation was
found primarily in pure metals, Its complexity,
however valid from a scholastic approach, necessitates
much experimentation to determine the many constants;
thﬁrefora it is extremely doubtful that this equation
will find much application in industry.
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One might suspect that an empirical equation,

utilizing the hypotheses behind the rate process
theory but simplifying the terms into constants and
variables both more easily obtainable and easier to
use, would prove accurate over a wider range of
temperature than a straight empirical equation, This
type of equation would not only be more accurate in
determining creep rates of alloys than the purely
theoretical equation of Macklin and Nowick, but would be
far easler to manipulate.

Larson and Miller(23) started with the general rate
expression,

r= Aexp-[4¥],
where A is a constant, AH is the activation energy, R is
the gas constant, and T is the absolute temperature.
Their approach was to combine all the creep variables,
stress excepted, into a simple equation which was based
upon the above rate process theory. Their solution was
the development of the following parameter:
z2Hs = T (C+Legt) = Const.

This equation relates time to rupture to temperature for
a given stress, It also may be used in the determination
of minimum ereep rates, Larson and Miller have approxie-

mated the constant C at 20 for all materials, Other
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investigators, using this equation, have found that

the value of 20 was accurate for approximately one half
the alloys tested; the remainder required constants
ranging from 16 to L0,

In practice, the parameter 1s evaluated for many
different temperatures and times to rupture, These
values are plotted against the log of the stress
producing failure, The resulting points approximate
a master curve such that, once it has been plotted, the
time to rupture at any stress or temperature may be
determined by evaluating the parameter with the aid of
the master curve, This method produces excellent
correlation at temperatures as low as 200 F,

In the derivation of this parameter, Larson and
Miller, in their efforts to produce an equation which
would agree with experimental results, have sacrificed
some of the theory behind the dislocatlon-rate hypothesis,
Among other questionable approaches, they have assumed
that the activation energy is a single valued function
of the stress, At moderate to high temperatures whsref
in this parameter has its most successful applications, it
has rather been shown that the aotivation energy during
ereep 1= independent of temperature, time, straln, stress,

grain size, and substructures developed under creep, and

is found to agree with the activation energy for self
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diffusion,
Manson and Haferd(17), upon examination of physical
o . R
data, proposed the following parameter: q;:-LQ,te] ’

where T represents the temperature in degrees Fahrenhelt,
t the rupture time in hours, and T, and te« are material
constants, As is the case in the Larson-Miller parameter,
that of Manson and Haferd 1s plotted against log stress;
however the latter parameter approximates a straight
line regardless of specimen temperature. This parameter
may be used for evaluating minimum creep rates by re-
placing the denominator by the quantity (log r + log ri )
where r 1s the minimum creep rate and ra is a constant
of the material in question. The accuracy of this
parameter in predicting times to rupture has proved
good for many steels, high temperature alloys, and
aluminum alloys,

Many éthnra; notably Shelby, Orr, McGreger, Fisher,
Giedt, and others have added greatly to our knowledge
of creep and to our means of predicting it. However,
the theorles presented here are perhaps as accurate
as any. They also illustrate typical approaches to the

problems
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Summary

Judging from the accuracy and range of the parameters
and equations proposed for the prediction of future creep
data, it is apparent that the most successful equations
deviate somewhat from the complexity of true creep theory,
but utilize the baslic rate equation as a starting point.
The basic rate equation presents one unavoidable complica~
tion in its attempts to handle creep of metals analogous to
flow of gases. It lles in the fact that, whereas the me-
chanical properties of gases deal with the relation between
pressure, volume and temperature, those of metals deal not
only with the corresponding variables stress, strain, and
temperature, but in addition, with time. Even assuming
that creep rate were dependent solely upon the above four
variables and did not change with specimens subject to age
hardening and to other such creep variables, the presence
of four primary variables would demand not only extensive
experiments, but a systematic method of sorting out their
relationships. Furthermore, the work of Los (35) demon~-
strated that the four unknowns could not in general be
related by any form of equation in which one quantity 1s
unlquely determined when the values of the remaining three
are given. The basis for most modern creep correlations is
the rate equation »r = A exp (:%g—) ; this 1s an equation

of state analogous to the gas law PV = NRT. Modern
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parameters and equations are developed generally by begin-
ning with a promlsing form of the rate equation and by
modifying 1t to meet the specific objections raised by the
experimental results. Thils approach will be utilized in
formulating equations for creep rates of the aluminum alloy
conductors tested in this experiment. However the para-
meters listed previously are unacceptable for evaluation of
creep data from aluminum alloys at ambient temperatures,
because the activation energy, which has been assumed to be
a constant approximately equal to the energy for self dif=-
fusion, varies with stress and teumperature at low temper-
atures. Thus good correlation with the previous equations
1s possible only at temperatures at least approaching these
of high temperature creep. The lower limit of high temper=-
ature creep is considered to be 0.45 of the absolute melt=
ing point. This 1is well above the temperature employed
throughout the tests reported here.

CREEP TESTING

ASTil Specificatlions

The American Society for Testing Materlals has estab-
lished recommended standards for long time tension tests.
Whereas these standards are primarily for high temperature

testing, they were followed as closely as possible,
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However, the manufacturer for whom this study is being con-
ducted has speciflied both the material and the loading con-
ditions for this test; his specifications must be followed.

ASTY designation E 22 = L1 specifications call for a
test period dependent upon the life of the material; a test
period of less than one per cent of the expected life of
the product is deemed inadequate to give significant re-
sults. Rether, a test period of ten per cent of the ex-
pected life of the material is preferable if at all
feasible. Short time tests may be used to determine wheth-
er an alloy is either very good or very poor, recalling at
all times that short and long term tests may indicate dif-
ferent relative merits of the alloy.

The above specifications aiio call for measurements to
be taken of temperature, cross sectional aresa, extension,
length, and load., Of these measurements, temperature 1is
the most critical, sinece under some circumstances a ten
degree temperature increase has been known to double the
ereep rate. Consequently, in testing creep under ambient
conditions, the temperature must be held to within plus or
minus three degrees of the design temperature.

Specimens should have a minimum dlameter of 0.252
inches and a gage length of at least two inches; however a
0.505 inch diameter and longer gage lengths are preferred.

The specimen diameter should have a maximum tolerance of
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0.5 percent of the nominal dlameter throughout the gage
length. The specimen should be free from scratches or tool
marks.

Loading should be applied by means of a dead weight or
by means of a lever system; the load should be accurate to
within one per cent. Especlally with short speclmens, care
should be taken to avold eccentricity.

The extenslon measuring equipment should be at least
as accurate in terms of percentage as the method of apply~-
ing load. Extension readings should be taken at suffi-
clently frequent intervals to define the extension-time
curve.

The ASTH specliflcations suggest that in interpreting
results, curves be plotted on rectangular coordinate paper
using an amply large scale, and expressing time in hours.
They recommend log=-log plots of stress as the ordinate
against creep rate as the absclssa., They also recommend a
similar plot of (log) strength versus temperature, but
caution against extrapolation from the latter curves. They
suggest that speclal ASTM forms be used in reporting the
data.

Creep Testing of Aluminum Alloy Conductors.

In many respects, aluminum is an ideal metal on which

to test creep rates., It need not be handled with the care
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necessary in testing lead, yet its creep rate ls much more
rapid than that of steel, thereby permitting somewhat less
sensitive extensometers. Consequently, little difficulty
was expected in determination of the experimental results.
However, because creep becomes important only at high tem-
peratures in most applications, very little data have been
obtained for creep in aluminum at low temperatures. As
recovery is extremely slow at low temperature, correlation
of low temperature data by means of high temperature meth-
ods is generally impossible, necessitating the determina-
tion of a new, more valid approach in evaluating the exper=
imental data. Furthermore, the testing of cables requlres
an analysis of the effect of stranding upon both tensile
strength and creep rate. Consequently, the evaluation of
the experimental results derived from these tests may be
expected to prove the major difficulty in testing aluminum

alloy conductors.

Test llaterial.

The material to be tested was aluminum alloy conduc=
tor, stranded into cable form. Two colls were suppliled
from different manufacturing lots in which there were pos=-
sible differences 1in processing. These were designated as
Lot 1 and Lot 2; Lot 1 was shipped in a coil of relatively

large diameter, whereas Lot 2 was shipped in a much tighter
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coil. The diameter of a single strand of conductor wire
was 0,188 inch. When stranded into cable form, a piteh of
seven inches per revolution of each of the six outside
stranded was employed; the center strand remained relative-
ly straight, being deformed only slightly by the stranding
operation.

The nomlnal composition of the alloy 1s as follows:

TABLE I

Nominal Composition of the Test Material

Allovingz Element Per Cent by Welght
Magnesium 0.70%
Silicon 0.60%

Iron 0.25%
Copper 0.02%
Aluminum balance

The principal alloying elements are the silicon and
the magnesium. As a small variation in alloy can cause a
phenomenal difference in creep rate, it 1s unfortunate that
the exact alloying elements of both Lot 1 and Lot 2 are not
known. However, a small deviation from the above constite
uents also can cause a serious decline not only in the
electrical conductivity, but alab possibly in the mechan-
ical properties of the conductor; consequently, the manu-
facturer doubtless maintains careful quality control on the
alloying constituents of the conductor to avoid paying a

serious price penalty on a product that is not up to
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standards.
The processing of the conductor wire consists of rolj-

ing the billet into a 0.375 diameter rod; this is followed
by a drawing process in which the diameter is reduced to
0.334 inech., At this point the alloy receives a solution
heat trestment; this is followed by a cold drawing process
in which the wire is reduced in size to its final dlameter
of 0.188 inch. This is followed by an artificlal aging at
350 F. for 55 hours. Fabrication 1s completed by coiling
or stranding followed by colling, depending upon the cus~
tomers' requisitions,

In the llght of the previous discussion of creep
phenomena, some discussion of the age hardening process to
which the test material is subjected is in order. The
quantity of alloying elements in an alloy that may be pres-
ent in solid solution 1s dependent upon the temperature;
at high temperatures a much higher percentage of alloying
elements will dissolve into solution. Consequently, there
is no difficulty in forming a solid solution of the alloy=-
ing elements in the parent metal.

When an age hardenable alloy has undergone its final
hot working operation, it is ready for heat treatment. It
1s heated to a temperature just above that required for a
saturated solid solution. It 1s held at this temperature

for some time, glving the alloyilng elements time to go into
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solution. It is then quenched, freezing the foreign atoms
in their places and preventing them from gradually pre-
cipitating out of the now supersaturated solid solution
because the rigidity of the solidified graln at low tem-
peratures is too great.

When.such an alloy is subjected to stress, it behaves
mach like a pure metal; the foreign atoms have merely re-
placed atoms of the present metal within the crystal lat-
tice. If the foreign atoms are allowed to precipitate
gradually from the supersaturated solid solution, they tend
to gather in clusters. These clusters restrict disloca-
tions from moving through the lattice or grain boundary,
since a higher level of energy is necessary to force the
dislocation around the cluster. This 1s called aging. If
the precipitation process 1ls carried too far, the clusters
of forelgn atoms become large, reducing the total number of
clusters. Since the nqmbar of dislocations whose movement
1s restricted by the presense of clusters is more dependent
upon the number of clusters rather than upon their size,
excessive cluster growth results in reduced strength. Thils
is called overagin:.

As the metal would not age harden appreciably under
ambient conditions, 1t must be heated to a temperature more
favorable to precipitation of the alloying elements. Since

the rate of preclipitation is proportional to the temperaturs,
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the aging process may be accelerated lmmeasurably by sub-
jecting the metal to moderate temperatures for a period of
tine. Exact control over the aging process can also be
maintained, that the desired properties may be duplicated
in different lots of the same alley. The time required for
aging 1s dependent upon the temperature of the alloy and
its constituents; it is determined experimentally. The
conductor wire is aged 5% hours at 350 F. Since both the
mechanical and electrical properties of the conductor are
drastically affected by thls treatment, 1t is imperative
that it be executed properly.

The only mechanical property furnished by the manu-
facturer was the ultimate tensile strength of a single
strand conductor wire. Seven strands of wire drewn from
seven different spools of Lot 1 conductor wire tested; the
average tensile strength developed was 9,329 pounds per
square inch. This value was checked; the tensile strength
of the conductor was also testeds The results of these

tests will be mentioned later.

Creep Testing lachines.

The essence of a creep testing machine includes a
means of applying load, maintaining constant temperature
and measuring elongation. Rigldity 1s 1lmportant; poor

experimental data invarisbly results from equipment subject
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to distortion under load. Good axlal alighment 1s neces=
sary, especlally in machines used for testing short
specimens. Frictlion must be avoided as much as possible,
as it causes a varlable load on the specimens Grips which
hold the specimen without inducing excessive stress con=-
centration or permitting slippage are a neceasity. Some
means of controlling the maximum temperature fluctuation to
within plus or minus three degrees Fahrenheit must be pro-
vided. An accurate means of determining the elongation of
the gage length of the specimen is required. Finally, some
means of adjustment must be provided to allow for extension

of the speclmen.

Test Equipment

Company requirements dictated the testing of conduc=-
tors, using a gage length of 200 inches. The extreme
length of the specimens demanded that unique machines be
constructed to accommodate the specimens, Because added
lengths would be required to accommodate the grips and some
means of specimen adjustment, and yet allow some distance
between the grips and the gage length to minimize the pos=-
8lble effects of end connections, an overall column length
of thirty feet was decided upon. Since the conductor in
colled form was extremely unmanaeable, and slince some

means of reading the extensometer had to be provided anyway,
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an open lattice column was constructed, greatly facili=-
tating installation of specimens, To provide sufficient
rigidity, the column was designed for a capacity of 20,000
pounds; four lengths of 2 x 2x3/16 inch angle iron were
employed to form the corners, with reinforcing provided by
welding cross braces of 1/8 by 1/l inch steel bar stock
to the angles, To permit multiple testing of specimens at
different stresses, six separate columns were constructed,
numbered from 1 to 6 from left to right as seen in Figure 3,
This arrangement also permitted one specimen to be changed
without disturbing the remainder, Each column was bolted
down rigidly at both ends and at two places in the middle
so that deflection and distortion were minimized.

Since a load of up to 8,000 pounds would have to be
applied, the use of a dead weight was out of the question;
consequently, a lever system with a multiplying ratio of
approximately twenty to one was devised., The lever was cut
from one inch plate., To minimize friction and thus provide
a more constant load, needle bearings were employed both at
the pivot of the lever and at the place where the connecting
linkage was attached to the lever, The lever was not
mounted to the lattace column, but was attached to a verti-
cal column Ilndependent of the horizontal or loading one,

To insure that the force induced by the lever be applied
axially to the loading column, the vertical column rested


http:oonnectd.ng

X DEAD-END GRIP
LOADING COLUMN
Y 7

i
'l w
Il
|
{
{

TAKE-UP | 14

TURNBUCKLE
7
________ / ‘\\\\ (
A S
s i v 011002000 /I C10000:020 S5 - —gE———

WHEEL

DEAD-END GRIP —7 /—LOADNG GOLUMN

TAKE-UP END

{ /

Lf/\flﬂ-'\' SUPPORT GOLUMN

¥4

) 7 T = | E|scm_|—:
e Y e
[ /[ T
% ;L]NK WEIGHT
BOX

SUPPORT

—, -

); L L | S
- o

B2

]
LI}
Vil
Q )
b9 4

Figure L.

Loading and Takeup Ends of the Creep Testing Machine

87



THERMOSTATS —.

TAKE UP WHEELS

Figure S.

Cutaway Sketeh of the

Enclosure

61l



50
against a pin welded to the end plate of the horizontal
column. Specimens were loaded by means of a box of lead
shot attached to knife edge supports near the outer end of
the lever. The knife edges were machined from high carbon
steel and hardened to minimize wear. The completed lever
assembly 1s visible in Figure L.

Two means of takeup were provided. The grips were
coupled to & 12-inch turnbuckle which adjusted for varia-
tion 1n overall conductor length and was used for facility
in installation of specimens. The second takeup device
conslsted of a large nut, visible on the extreme left end
of the enclosure in Figure 5. The nut was turned by a
spanner wrench; friction was minimized by the use of a ball
thrust bearing located between the adjusting nut and the
column end. The one inch dlameter takeup screw was pre=-
vented from turning by means of a loose fltting key located
in the end of the column, The takeup nut was graduated to
indicate the amount of the takeup for a glven fraction of a
revolution.

The grips chosen were Cooline clamps; they bent the
specimen on a gentle radius to make an approximate 60°
angle with the loading column. The back of the clamps
afforded connection to the takeup screw on one end of the
specimen and to the lever connecting linkage on the other

end in such a way that the centerline of the cable remained
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on the centerline of the loading column. The claups are
shown schematically in Figure L.

Column 6, which 1ls the upper right hand column in
Flgure 3, 1s the lone exception to the previous description
of grips and lever system. It was designed to test creep
rates of single sirand aluminum alloy conductor wire; con=-
sequently 1t was to be subject to far less load than the
other columns. The horizontal loading column and the ver-
tical column were identical with the other columns. However
the entire lever linkage was not employed; instead a four
inch diameter steel pulley was substituted and a dead
weight used to apply load. A steel cable was used to link
the dead welght to the grip; a swivel was provided to
minimize twlsting of the specimen. The grips for the
single strand conductor test consisted of a tapered chucks
wlith metehing tapered jJaws tightened by means of a nut.

The surfaces of the jaws which gripped the apéclmen were
threaded to insure freedom from slippage.

Extension of the six columns wss measured identlically.
Dial indicators manufactured by the Tubular Mlcrometer
Company were employed; they had a three inch face, a two
inch travel and were graduated in 0,001 inch. The indi-
cators were clamped to the specimen at one end of the gage
length. An aluminum tube, threaded at one end to accome

modate the dlal indicator and clamped opposite it at the
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other end of the gage length, completed the construction of
the extensometer. Clips, spaced on approximgtely 15 inch
centers, supported the aluminum tube in position directly
above the specimen.

Some comments are in order concerning selectlon of an
aluminum tube to measure extension, Dividing the 0.0001
minimum extension measurement possible by the 200 inch gage
length, one finds that unit strains were determined with an
accuracy of + 5 x 10~ in./in. The coefficient of linear
expansion of aluminum is 133 x 10'713./1n./ F; that of
steel 1s 58 x 10~ in./in./ F. Thus each degree of tem-
perature change in the specimen would result in a thermal
change in length of fifteen tilmes the minimum extension
measurement possible, if a steel extensometer rod were
used. As the temperature of the enclosure may vary a
maximum of 4 3 degrees, a thermal change of length of
severel times a week's plastic extension could occur.
Therefore, in spite of the fact that the aluminum tube was
rather fragile, i1t was necessary to use it to minimize dif-
ferential changes in length between the specimen and the
extensometer tube, A second advantage of the sluminum
tube was its light welght., This had a negligible effect
on the conductors but was lmportant on the single strand
tost when & slight load in the middle of the space was

sufficient to produce sagging.
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In order to learn the effect of the clamps upon the
creep rate as well as to determine if the clemps should
sllp slightly, 1t was necessary to provide a means of meas~
uring overall extenslon., This was accomplished by attach=-
ing a poilnter to the outboard end of each loading lever.

A 81x inch steel scales were attached to a frame placed
behind the peinters; the graduation on the scales permitted
readings of lever deflectlons accurate to the nearest 0,01
Inch. The levers then anplifled the overall extenslon by a
factor equal to the lever ratio. Thus the unit extension
of the specimen could be determined by the following
formula:

E = deflection on scale _
lever ratio x overall length of specimen

Unit extension measurements accurate to within 3 x 10~°
inches per inch were possible. The overall unit extension
could then be compared with the unit extension present
within the gage length, revealing the effect of the grip-
ping devices upon the creep rate.

Temperature control 1s perhaps the most important
single factor in creep testing. To maintaln the test tem-
perature of 75 F. within the maximum variation of 3 F.
permitted, it was decided to construct an enclosure around
the group of loading columns. A framework of 2 x li's was
erected; this was covered by Firtex, s good thermal

insulator.
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The entire enclosure, comnplete with the temperature
control system, can be seen in Figure 6. A c¢lrculating air
system was used for ailr condltioning. Alr was drawn out of
the chamber through a duct near the celiling; it then passed
through the fan over elther an electrlcally heated coll or
a water cooled coll, and through a duct outslde one wall of
the enclosure. The wall duet carrlied the condltioned alr
into a distributing chamber in the floor. From this point
the alr passed Into two ten inch diameter distribution
plpes which carrlied the air the length of the enclosure and
exhaugsted it. The conditioned alr then passed back over
the specimens to the intake and was then recirculated.
Precise temperature contrcl was provided by a two way bulb
type thermostat placed near the exhaust end of one of the
distribution pipes. It was wired through a relay system
which activated the heating element upon contact of the low
temperature sensor or the cooling water valve upon contact
of the high temperature sensor. The controller was set to
maintain the test temperature of 75 F. with a maximum de-
viation of less than 1 F. The alr conditioning system is
shown schematlcally in Figure 7.

During the summer months when the amblent temperatures
were above 80F, 1t was found that the water cooling system
was inadequate to mailntain the test temperature accurately.

Consequently a refrigeration system was installed to
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subcool the cooling weter. For the greater part of the
year, the conditioning system operated on the heating cycle
only.

Since variation in temperature within different sec=-
tions of a specimen was to be avoided, it was necessary to
know whether these variations existed. Therefore a complex
network of thermocouples was installed, one at each of fif-
teen different locations within the enclosure. A Brown
sixteen point electronic temperature recorder maintained a
permanent record of the temperature at each of the flifteen
thermocouple locations within the enclosure; it recorded
the ambient temperature on the sixteenth point.

The enclosure was wired and sockets were installed for
three electric lights. A safety device was employed in the
enclosure; the air conditioning fan deflected a hinged flap
which supported a mercury switch. Should the fan stop, the
flap would descend, turning off the mercury switch. This
shut off the heating system. Fire thus could not have
resulted from locally overheated walls i1f the fan should
have falled.

Calibration

There were two items to be calibrated; load and tem-

perature.
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Load Calibration.

Several means were avallable for calibrating the
welght of the dead load required for a given tension in the
specimen, The lever ratio could have been measured with a
steel scale; this means, although simpler, would not have
been sufficiently accurate. A hydraulic jack equipped with
a pressure gage could have been used, but the gage on such
a mechanism would not have fine enough graduations, Stand=-
ard weights could have been employed; however, as it was
desirable to test the lever under its full working load,
four tons of standard weights would have been required,
making this approach very impractical, The ring dyna=-
mometer method of calibration was decided upon and a ring
seven inches in diameter of 11/16 by 2 inch steel plate was
formed, Four strain gages were placed on the sides of the
ring, two inside, the other two outside, 90° from the
points of load application. The completed ring was tested
on a universal testing machine, using the latter as a
standard, by taking numerous strain gage readings through=
out both loading and the unloading cycles. The above
procedure was repeated several times to insure accuracy.
The dynamometer proved to be sensitive to a load variation
of five pounds,

Using the ring dynamometer as a standard and a steel

cable substituted for a specimen, each of the six columns
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was calibrated, both on loading and unloading cycles.
Friction in the lever mechanism proved negligible, as a
change in load upon a dummy specimen of ten pounds was
apparent on the strain gage meter. Since the minimum load
employed on the conductors was 2275 pounds, this was well
within the one percent accuracy specified by the ASTH,

The temperature of the different locations within the
enclosure as well as that of the exterior location were
measured by means of copper = constantan thermocouples.
Each thermocouple was checked for accuracy against a pre=
clsion mercury thermometer.

All sixteen thermocouples checked within one degree

Fahrenheit of the standard temperature.

TEST CONDITIONS

The test conditlions were specifled primarilily by the
manufacturer. They will be discussed in detail below.
Since all six specimens from a glven run were replaced at
approximately the same time, it was possible to assign a
different series number to each new run to differentiate
the various runs. This psaper, then, 1s concerned with the
results obtained from data taken on Series 3 and Series [
speclmens.

To provide a method of referring to & particular

specimen of a glven manufacturing lot number subjected to a
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certain preload and test load without writing a brief

descriptive paragraph for each specimen, 1t was necessary
to devise a code. Accordingly, synbols were assigned to
indicate whether the speclmen was a conductor or single
strand; whether it was from Lot 1 or Lot 2; the amount of
its preload expressed as a per cent of its ultimate ten-
sile strength; the duration of the preload; and the amount
of its test lcad, expressed as a per cent of its ultimate
tensile strengths The symbols were arranged in the above
order. Thus C-2-50, 1-25 may be interpreted as a conductor
from Lot 2, subjected to a preload of 50 per cent of its
u}timats tensile strength for one hour, followed by a test
load of 25 per cent of its ultimate tensile strength.
Likewise S$-1-0-25 represents a single strand of conductor
wire from Lot 1, subjected to a test load of 25 per cent of
1ts ultimate tensile strength, no preload belng employed.
This designation system was used on the graphs in this

report.

Specimens.

The specimens tested in Series 3 and Series !l included
ten lengths of h/O seven strand all aluminum alloy con-~
ductor and two lengths of conductor wire. The specimens
were all approximately 26 feet long. Of the ten conductor

specimens tested, nine were from Lot 2; the tenth was from
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Lot 1. One single strand specimen was taken from each
manufacturing lot. Each of the Lot 1 specimens tested
duplicated a test made on a Lot 2 specimen, that the effect
of processing differencesupon creep rates might become
evident. Each specimen was assumed to be a representative

sample of its particular manufacturing lot.
Loads.

Since in service conductors are generally prestressed
for short periods before they are permanently strung, the
manufacturer wished to determine the effect of this pre-
stressing upon creep rates. Accordingly, he specified that
most of the specimens be preloaded at verying percentages
of their ultimete strength, Therefore Series 3 and Series
l} tests were arranged as shown in Table 2.

The table indicates that all the specimens were sub-
jected to a test load of 25 per cent of the specimen ulti=-
mate tensile strength. Actually, however, the two single
strand specimens tested in column & were subjected to test
loads of 1/28 of the conductor strength., Since the conduc=
tor was composed of seven strands, it would seem that this
would correspond to a test load of 25 per cent of the ulti=-
mate tensile strength of a single strand. However, such
was not quite the case, Stranding induced additional

stresses which reduced the overall conductor strength by



TABLE 2, Test Conditions of Series 3 and Series

Prestress Conditions

Spec imens

Test Conditions

Column Code Percent Load ) Duration Percent oa Tue
Number  Number U.T.S. 1b Stress Hours UTS 1b Stress
§eries'%g%esﬁs” pel
1 C=-2=-80,1-25 80 7280 38,900 1 25 2275 12,310
2 C=2=90,1=25 90 8190 44,300 1 25 2275 12,310
3 C=2=70,1=25 70 6370 34,500 1 25 2275 12,310
Iy C=2-60,1=25 60 5460 29,550 1 25 2275 12,310
5 C=2=75,3000-25 75 6825 36,700 3000 25 2275 12,310
) S=2=0-25 None 25 325 12,310
1 C=2=50,1=25 50 ﬁ;;ées %h?ggg 1 25 2275 12,310
2 C=2=0=25 None 25 2275 12,310
3 C=2=10,1=25 Lo 3640 19,700 1 25 2275 12,310
N C-2-30,1-25 30 2730 14,770 1 25 2275 12,310
5 C=1=30,1=25 30 2730 14,770 1 25 2275 12,310
6 S=l=0=25 None 25 325 12,310

o~
n
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about five per cent. Therefore the single strand speclmens
were actually tested at approxlmately 2& per cent of thelr

ultimate tensile strength.

Duration of Test.

Since the effect of prestressing upon creep rates was
unknown at the beginning of the Series 3 tests, no definite
time was set for completion of the tests. For the tests to
have a practical value, however, it was necessary that they
continue until the individual specimens had indicated
definite straln-time curves. Once a pattern in the curves
had been esatablished, test periods of extreme length
(eezes 5000 to 10,000 hours) would probably be no longer

necessary.

Observations.

The frequency of extenslon readings required at the
start of the tests was another unknown quantity; therefore
on early tests more readings were taken than necessary.

The procedure followed later was as follows: Readings were
taken each hour for the first twelve hours. After thils
period, readings were taken every day for a week; readings
were then taken twice a week for the duration of the test.

On specimens subjected to preloads, extension readings

were baken at ten minute intervals for one hour, The
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excess load was removed quickly; the above procedure was

then followed for the duration of the test.

RESULTS
General

The data determined as a result of these tests may be
found in the appendix. However, the gzraphs which follow
fora a far better means of comparison of specimens and of
deterxaination of results. The rectangular coordinate
graphs reveal that, in general, the total extension of the
specimens during the first 500 hours of the test was con-
siderably greater than that of the next L000 hours. This
initial rapid decrease in creep rates indicated that per-
haps more than one mechanism was operating, at least in the
early hours of the tests. These indlcations were confirmed
upen exanination of the log-log plots, wherein two curves
were required to define the extent of plastic flow of each
specimen. A complete Interpretation of these curves is
discussed later in this paper. The curves show slight
variations in the plotted polnts, part of which was evi-
dently due to strand settling and part to variations in the
creep testing apparatus. As these variations had an effect
on the accuracy of the tests, they were luportant. They

are discussed in detall below.
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Performance of Equipment

Generally speaxing, the performance of the equipment
left little to be desired. However, two Lests were Inter-
rupted; one by an equipment breakdown and the other by a
freak accident. The specimen subjected to a 90 per cent
preload had heen under test for over 2000 hours when the
pointer at the end of the loading lever hung up on the
steel scale used to measure coverall elongation. This went
unnoticed until strain-time curves were plotted on the
results from this test. These curves showed a suddenly
reduced creep rate. The source of the trouble was then
located and the test was continued; however, the data taken
from this test after 2000 hours were of very doubtful value.
Consequently, all curves drawn of data taken from this
test do not Include data for the full ;000 hour duration of
this test.

The Lot 1 single strand test was interrupted after
about 1800 hours by an equipment failure. A soldered joint,
Joining the steel loading cable to a connection which sup-
ported the dead weight, pulled out, releasing the specimen
from the load. The connection was not subjected to any
known sudden overload. It was not stressed sbove its
elastic 1limit, else it would have doubtless have failed much
earlier. Ironically, then, one may logicelly conclude that

the creep testing machine faliled in creep.
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Whereas the curves seemed to follow regular pattemrms,
some deviation of points from the curve was evident. For
exanple, it was not too unusual for a specimen which had
been elongating at the rate of 0.001 inch over its gage
length per week occasionally to indicate a 0.003 inch ex-
tenslon over a three day period. Indeed, extensions as
great as 0,006 inch or over have been indicated over a
three or four day pericd. There was no knownexplanation
for this. However, it was very doubtful if this sudden
apparent extension can be attributed to creep. Creep is a
rate processj its rate of flow produces a smooth curve. A
far more likely explanation would attribute these irregular
indications to friction in the testing machline, either
within the extensometer or wlthin the loading systemn. The
extensometer tube was very light; friction in the support-
ing c¢lips could Induce a slight tensile stress in the tube.
This stress would increase untlil 1t was sufflclient to over-
come the friction in the clips. It would then jump sud-
denly, produelng an occasional abnormally high strain
reading. The loading system, too, probably caused an
occasiocnal high strain reading. Friction in the bearings
could permit the loading lever to descend in jerks with the
gradual extension of the specimen. Friction in the dial
indicators was also of some consequence, but these were
tapped before each reading was taken to minimize internal

friction.
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A c¢close examination of the test data revesled that a
large indicated extension in overall length was not always
eccompanied by a large extenslion over the gage length.
However the entire loading systems were located outside the
eneloauro.and were thus subject to thermal expanslions and
contractions above those within the enclosure. Furthermore,
any 8lipping within the gripping devices obvliously would
not be reglstered within the gage length, whereas any such
8lip was definltely included in the measurement of overall
extension. The only extension common to both the gage
length and oversll extenslon was creep; one could not,
therefore, expect any direct correlatlion between individual
extension readinga when each messuring system was affected
by different varisbles.

The temperature control of the enclosure was considered
to be excellent. During the entire periocd the writer was
affiliated with the creep teating apparatus, at no time did
the Brown electronic recorder Indicate a temperesture devlia-
tion anywhere within the enclosure of more than three
degrees from the test temperature of 75 F. A mercury
thermometer located at speclmen height at about the mid-
point of the enclosure was read every time strain gage
readings were taken. Never was 1t observed more than one
degree from the required 75 F. It was quite unlikely that

the temperature of the gage length of any of the test
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specimens varled more than two degrees from the desired
75 Fe

INTERPRETATION OF RLSULTS

General Correlations.

As has been mentioned earlier, the creep curve shown
in Figure 1 generally does not hold for specimens tested at
amblent tewperatures. Therefore, it came as no surprise
upon analysis of the results presented in this paper to
learn that no constant rate of creep was evident at any
time durling the test. This phencmenon may be explained as
follows: Quasi=viscous creep, the combination of quasl-
viscous flow and slipless flow which comprises the entire
known plastic flow mechanlsm throughout the secondary stage
of creep, does produce some straln hardening due to the
actlon of slipless flow. However, the lnteraction of dis~
locations causing this strengthening effect 1ls balanced at
moderate temperatures by thermal recovery which is in tumm
caused by diffusion. At ambient temperatures, then, one
might expect a continually decreessing rate of creep,
because recovery effects then are extremely slight in com=
parison with the work hardening effects. Therefore, st
amblent temperatures, creep of the specimens tested could

be expressed as a diminishing rate process.
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The formulas end parameters explained earller were
devised as a means of correlating creep rates of specimens
sub jected to elther different stresses or different tem-
peratures. Conseguently, in their present forms they were
of little value in analyzing data taken in the foregoling
tests, all of which were subjected to identical test load
stresses and tempereatures. However the baslic rate equation
E= Aéﬁ%) used 1In the derlvation of these parameters and
equations was of value in explaining the results of these
tests, OSince the gas constant H and the absolute temper-
ature T were obviously constant throughout the test, the
only exponential varlable remalning was the activation
energy AHe DBut the activation energy, although varlable
with both temperature and stress under ambient test con-
ditlons, remains constant for a given load and a given tem=-
perature. Therefore, ﬁndor the test conditions the
exponent -(gi—) could be replaced with the exponent 'n ,
constant for any particular test.

The low temperature creep evident in the foregoing
tests has been defined as a diminishing rate process. Was
1t not possible, then, 1n view of the above facts, that the
creep rate would dlminish mccording to some exponentlal
function of tlme? As a (est, strain versus time curvea
were plotted on log-log coordinate paper. Without excep=-

tion, 1t was possible to describe the plotted points by
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means of stralight linss. Thls would indlicate that the
equation for total strain at any time may be expressed as

follows:

€ = AR,
where & is total strain;
A is a constant; it 1s the strain intercept at one
hour;
t iz the time in heours;
n is a constant for given loading and preloading
conditions.
The strain rate at any time may be evaluated by differen-
tiating the expression for totel straln with respect to
time:
£ = n Ath-1
where £ 1s a strain rate.

This expression implies that the creep rate would never
become constant; it therefore dagrees with the experimental
results. However, it does indicate that plots of this
creep data on rectangular coordinates are of little value
in extrapolating to future strains. Although the coordi-
nate plots, especially the one shown 1In Figure /2 which ran
for 10,000 hours, show that the creep rates have seemingly
approached a constant value, a larger scale showed a con=-
tinuing decline in creep rate. Obviously, then, the strain

at some future time could not be extrapolated directly from
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the rectangular coordinate plots, but could be determined
only from the log-log plots or from the use of the equation
of the curve; l.e,, from the exponential equation given
above.

The above approach, although it differed from most of
the previously proposed parameters, is not new. Wyatt(l)
proposed a logarithmic law for low temperature creep;
Schoeck(l) indlcated that the creep rate as a function of
time may often be expressed as an exponential relationship
not unlike the one chosen above.

Having determlned an eguation whish sultably desecribed
the creep curves, the constants A and n had to be evaluated.
This was accomplished as follows., The logarithm was deter-
mined for both slides of the strain equation, resulting in
the following expression:

log € = log A +n log t
Specific values for both € and t were substituted inteo the
equation from two points on the curve. The resulting
equations were then solved simultaneocusly thus evaluating

the constants, These constants are found in Table 3.

Preload

The specimens subjected to one hour preloads showed
marked reductions in total strain for the times they were

under test lcads. In order to corrclate this reduction in



TABLE 3

Table of Constants for_tha Creep Equation

Code Number Initial Stage | Secondary Stage

C=2=-90,1=25 3.0708 3.915 g.716 3.559
C=2-80,1=25 0,0100 1,097 0.235 0.652
C=2=T70,1=25 0.0537 0.984 1,192 0.527
C=2-60,1=25 0.6713 0.715 11460 0.417
C=2=50,1=-25 1.332 0.665 5.78 0.423
C=2=l40,1=25 8.104 0.540 19.32 0.316
C=2=30,1-25 6.891 0.585 39.65 0.262
C=2=0=25 61,35 0.276 106,10 | 0.181
C=1=30,1=25 9.01 0,408 18,91 0.278
C=-2=75,3000-25 13.51 0.338 25.36 0.140
S=2=0=25 35.90 0.326 95.96 0.198
S=1=0=25 23.03 0.300 37.27 0,221

el
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later strain with the stress induced during preloading, an
equation had to be derived relating stress and strain at
one hour.

Stress was plotted, rather than load, in order that
specimens of varying sizes in other tests might be compared
on the same basis. However, thls presented a problen,
since stranding weakens a cable slightly; the reduction in
strength 1s dependent upon the pltch and uniformity of the
weave. In order, then, to use true stress as an ordinate,
1t was necessary to determine, quantitatively, the ratio
between the ultimate strength of a single strand compared
to that of the conductor. This ratlio was found to be 1.052.
Accordingly, graphs were plotted on both logarithmic and
arlithmetic coordinates of stralin at one hour versus true
stress, found by multiplying the apparent stress induced by
the various preloads by the ratio 1.052, They may be seen
as Figures 8 and 9, respectively. Analysis of the log-log
plot showed that, although the points were somewhat scat-
tered, the strain at one hour could be expressed as an
exponential function of the stress. The equation, with

constants fitted, 1s expressed below.
G
€ = (§§3? 2.195%

Where: G equals the prestress;
€ equals strain at one hour;
2.195 equals 1/n, where n is the slope of the

2207 equals the stress intercept. curve;
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Attenpts to correlate prestress In terms of strain measured
over the test period that followed were unsuccessful. The
work of former Investigators was then examined, in hopes
that a workable solution to the problem might be found.
Although no simlilar testing procedure was uncovered, it was
found that attempts have been made to correlate prior
straln with creep. Dorn, Goldberg, and Tletz (13)
attempted to correlate creep rates of specimens which had
been subjected to varying amounts of prior strain. The
strains employed in thelr tests were well above those en-
countered iIn the conductor creep tests. Furthermore, they
were not successful in deriving even an approximation for
future creep in terms of pricr strain. It 1s, therefore,

not possible to present a solution to this problem here.

Correlation of Prestressed Specimens.

A substantial reductlon in totsl creep was effected
over the duration of the test period by means of preloading,
wlth the greateat reductions in total creep strain feollow-
ing the greatest prestresses. Evidence of this fact is
imnediately noticeable upon examinatlon of Figure 10. One
exception was found; the specimen subjected to a preload
90 per cent of its ultimate tensile strengith suffered more
creep than the one subjected to an 80 per cent preload.

Although the exact cause of this difference was not
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definitely known, one mizht surmlse that the speclimen sub=-
jcctéd to the 90 per cent preload was overstressed. Analy~
sls of a stress-strain curve for this alloy revealed that
the latter specimen was prestressed above its proportional
limit. Since recovery 1ls fairly rapid at such stresses,
one might surmlse that the effect of the lncreased recovery
ratea present under the 90 per cent prestress was greater
than the wori hardening effects 1nduced by increasing the
stress from 30 per cent to 90 per cent of the ultimate
strength of the conductor. Thus the unconformity of thls
specimen with the remainder was probably not due to an un-
representative samples or to faulty equipment, but was to
be expected.

Theoretically, the various curves mentioned above
should have been spaced at regular intervals on the graphs.
Such, however, was not the case, especlally between the
specimens prestressed to 50 per cent and 60 per cent of
their ultimate tensile strengths. This was not regarded as
slgnificent, however, because the many uncontrollable fac~-
tors present were fully sufficlent to produce such & devia-
tions In the first place, conductor is generally manufac-
tured with a weight (and therefore strength) tolerance of
two per cent. Then stranding, handling, and even heat
treating could have varled slightly within the same manu=-

facturing lot. Finally, some experimental error was
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doubtless present. These factors in combination could
easlily have caused the apparent discrepancy In curve
spacinge.

Figure 10 shows that the highly prasfressed specimens
showed some negative strain lmmediately after application
of the test load. The large scale necessary for this graph
does not present the true picture of what happened. The
test load was applied by merely removing some of the pre-
load from the speclmens. Initial readings were taken
immnediately. All the anelastlic strain present in the
specimen as & result of the hizh 1nitiai load did not have
time to come out of the speclmen during the brief period
between the reducing of loads and the initial readings.
Consequently, es the rate of return of the anelastic strain
was greater than the initial creep rate, an apparent neg-
atlve creep rate was produced. Although the amount of this
apparent negative creep varied considerably, generally it
increased with increased preloads, as would he expected.

Difficulty was expected in determining an equation to
fit the conductor strain-time curves. A certaln amount of
mechanical strand settling was expected, and since cables
exhlibit lower strength, no elastic limit and a reduced
modulus of elastlieity, further difficulty was expected on
these bases. However, although slight variations did

exist, it was always possible to epproximate the log-log
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curves of the conductors by means of straight lines, al-
though more point spreed was present than on single strand
plots. The equatlon & é At? was then evaluated for each
specimen tested; the respective constants and exponents
are listed in Table 3.

A study of the log-log plot shown in Figure 1l re-
vealed some interesting phenomena. The fact that two
straight lines defined the creep curve on the log-log plots
would not only seem to indlcate that at least two distlinct
mechanismus were operating, but that the intersection of
these lines apparently would define the changeover from the
primary stage of creep to the secondary stage. However, as
the plastic flow present was accompanied by the effects of
strand settling and coiling, the latter was not necessarily
the case. For purposes of ldentification, though, the
times bounded by the first and second curves will be termed
the initial and secondary stazes, respectively.

In general, a higher preload resulted in less total
initial creep strain, as was expected. However, the time
at which the secondary stage began was found to be also
dependent upon the preload, with the higher prestreassed
specimens dilsplaying greatly lengthened periods of initial
creep. The 1lnitial creep rate as well as the secondary
creep rate was also substantially increased in specimens

subjected to higher preloads.
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Perhaps the most interesting observation that can be
made on this log-log plot lay within the regularity with
which the specimens varied in thelr secondary creep rates.
A glance revealed that the secondary creep curves were con=-
vergent; extrapolation revealed that every curve inter-
sected & constent strein line at approximately the same
point, located at a time of approximately L80,000 hours.
Although an extrapolation thls far into the future must be
regarded with uncertasinty, this fact was of notable impor-
tance. It would indicate that prestressing to reduce
future strain 1s of no value if restringlng 1s not to be
done oftener than 55 years. Indeed, it would indicate that
a specimen prestressed for one hour would sag more over &
60 year period than one strung up without praatreasing.

Althoush it wes amazing thet all the different strain
time curves should intersect at & point, the faet that they
converged had been determined in other tests. The work of
Dorn, Goldberg, and Tietz (13) best bore this out.

Since efforts to correlate prestress with the strain
under & test load were unsuccessful, the next step was to
derive a method of predicting total test load strain for
any preload from the experimental data. Accordingly, the
constant A and exponent n for each specimen were plotted
against prestress. 1t was found that the n of secondary

creep was a linear function of the prestress, suggesting
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that prestressing left a definite effect upon the activa-
tion energy.

However, when the constant A had been plotted it be-
came evident thet no simple equation, iIf indeed, any equa-
tion at all, could produce the resulting curve. The points
were Just too scattered to evaluate at all, indlicating that
a considerable variation in colling and stranding effects
was present. Consequently, 1t was not possible to predict
accurately total future strain at any time from any given
prestress data, even in conjunction with known test results.
The most accurate way of approximating future strain for
any preloaded specimen subjected to a test load of 25 per
cent of its ultimate strength would be to sketch in a
curve at a likely locatlion on the log-log plot shown in
Flgure 11.

As any metallurgical explanation of the above phenom=-
ena would be mere speculation, none will be glven here.
These tests, together with those of Dorn, Goldberg, and
Tietz (13), indicete that the mechanisms which cause the
phenomena listed above are extremely uncertain. Perhaps
further research will better reveal the nature of these

mechanisms.
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10,000 Hour Test.

Whereas all specimens prestressed for one hour
exhibited lengthened iInitial creep periods, the 10,000 hour
test specimen, prestressed for 3000 hours, dlsplayed a com=-
paratively brief period of initial creep. One explanation
for this fact was that the length of the prestressing
period exceeded the length of the Initlal creep stage.
Theoretically, then, the only primary stage evident should
have been due to recovery during the brief period of re=
moval of the load and the readjustment period immedliately
followini. Other preloaded specimens indlcated an increase
in ereep rate followling prestressing. This specimen ap=-
parently did not follow that pattern. However, 1t should
be considered that all creep rates measured during these
tests were decreasing. The reapplication of load after
3000 hours of preloading was similar to starting a new
series of creep measurements after the creep rate has bheen
allowed to decrease for 3000 hours. This accounted for the
low creep rates of thils test.

The 10,000 hour test demonstrated several facts; first,
the logarithmic creep law was verifled for times up to
10,000 hours, indicating a probably indefinite continuation
of gradually declining creep rates. Second, the decline in
ereep rate after long perlods of time was almoat negligible,

as 1s shown on the rectangular coordinate plot of Figure 123
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the curve ls very nearly a straight line. Third, extenslve
prestressing not only reduced the amount of primary creep
and its duration, but also the amount of secondary creep to
the extent that after 10,000 hours of testing, this speci-
men showed less total straln than any other specimen tested,
including the single strands which were tested for perilods
of only 2,000 hours. Finally, the creep rate of this
specimen at a given time, best indicated by the slope of the

curve on Figure 13, was the lowest of all speclimens tested.

Conductor and Wire Correlations.

As was expected, the conductor specimen exhibited a
higher initlal creep strain than a single strand of the
sazne manufacturing lot. This is evldent in Figure 1.
This was partislly due to the added stresses In the cable
induced by stranding and to unequal strand loading caused
by uneven gripping of the clamps, but primarlily to the
mechanicel strand settling present initially. As can be
seen on the log-log plot of these specimens, shown in
FPlgure 15, the initial effects of stranding disappeared at
approximately 300 hours; from then to the duratlion of the
test, both conductor and single strand exhibited quite
slmilar rates of plastlic flow.

Since the only significant difference between the

secondary creep rates between the single strand specimen
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and the ldentlically loaded conductor was the intercept A,

1t was easy to equate the conductor creep in terms of the
single strand. For the specimen tested, then, the conduc=-
tor creep strain could be approximated at any tlime by
E = 1l.6AtM,
where A equals n constant ~ the strain inter-
cept of the single strand;
t equals the time in question,
n equals the slope of the log=-log plot of
the single strand;

1.6 equals the ratio between intercepts of
of the conductor and the single
sktrand.

As stated, thls equation was known to hold true only for
unprestressed specimens subjected to a test load of 25 per
cent of their ultimate tensile strength. However, as
stranding effects in a given specimen probably are not too
variable with load, one mlght expect that this relationship
might hold true for any test load. Further tests would be

necessary to substantiate this, however,

Manufacturing Lot Correlations.

A surprising difference was found in creep rates of
specimens taker from the different manufacturing lots as
can be seen on Figures 16 through 19. The two single
strand tests indicated a marked difference in the values
of the intercepts "A", with only a slight difference in the
creep rates at any time, evidenced by the relatively slight

variation in thelr exponents "n"., Table 3 lists these
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values. This fact would indicate that Lot 1 was cold
worked more than Lot 2, since the former deuonstrated all
the effects of prestressing: a longer period of initlal
ereep, a much lower intercept, but somewhat more rapld
initial and secondary creep rates.

Someihat similar results were found in the results of
the two tests of different lots subjected to 30 per cent
preloads. Agaln the Lot 1 speclmen exnibited a lower
intercept and a somewhat more rapid rate ol secondary
creep. However, in the latter case, tike initlal creep rate
was greater in the Lot 2 specimen. This was not consldered
to be of great importance, however, for the initial stage
of creep is but a temporary and often widely variable
mechanlsm, The probable cause of thls difference between
manufacturing lots probably lay within the eold working
each received; however, variations in aging could have

produced slnllar effects.

Residual Stresses.

Figure 20 1s a photograph of the Serles 3 specimens
after they had been removed from the losding cclumns. They
are ln the following order from left to right - 80, 90, 70,
and 00 per cent prestressed specimens and last, the 10,000
hour test speclmen. 1t was evident that the length of

loadling and amount of prelcad had a pronounced effect upon



Figure 20. Effect of Creep Strain upon
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the residual stresses. Although the specimens were ex~
tremely unmanageablé as a result of the colling operation,

he ones subjected to the greatest loads were almost per-
feetly straight, indlcating that all residual stresses had
become equalized, While not of direct value in foramulating
explanations for creep, this photograph illustrates fho

effect of creep upon unbalanced residuasl stresses.

Effect ég Clamps.

Although some Series | specimens indicated a con=
siderable increase in overall unit extension as compared
with the unit extenslion measured over the gage length, thils

was not attributed to creep induced by stress concentra-
tions near the clamps. Since one conductor (C-2-30,1-25)
showed no significant difference between unit overall ex~
tension and unlit extenslion over the gage length, 1t was
probable that such differences found in other specimens
were due to slipping of the cable as 1t settled within the
clamps. Further evldence that this was the case was found
when the Series 3 speclmens were replaced with those in
Series li. iany of the clamps were quite loose although
each bolt had been tightened to 60 foot pounds upon instal=
lation of Series 3 specimens. The amount of the theoret-
ical differences between overall and gage length unit

strains may be found in the Series !l data in the appendix.
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CONCLUSIONS

Theory

The mechanism of creep apparent in these tests seemed
to be due primarily to normal slip throughout the primary
stage and to quasi-viscous ereep throughout the secondary
stage. Colling and stranding effects made it impossible
to determine exactly when secondary creep set in, even
though the log-log curves apparently indicated a marked
difference between the two stages, with two stralght lines
necessary to describe both steges accurately.

Attempts to correlate various psrameters and equations
previously proposed were lmpractical, since these para-
meters were subject to great error below 0..,5 of the abso-
lute melting temperature of the specimen. However, the
basic rate equation used in the development of these para-
meters was found to be of value 1in evaluating the test

results.

Equipment

The test equipment, with minor exceptions, operated
satisfactorily, No modifications or alterations of the
basic equipment design were necessary, although one test
was Interrupted by failure of the apparatus. The extenso-

meters seemed to operete well, althouzh an occasional
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reading was out of line. The temperature control left
little to be desired; it maintsined the tsst temperature

well within ASTH standards.

Procedure

The testing procedure was considered to be entirely
satisfactory. Perhaps mocre readings than necessary were
taken on early tests; this was necessary, however, to
deteraine the proper intervals at which the readings should
be taken. Both temperature and lcad calibration were well
wlthin ASTHE standards. The specimens were chosen to indi-
cate differences between variations in preloading and menu-
facturing lot, and to evaluate the effect of stranding upon

the creep rate.

Test Results

The total strain £ at any time t for any of the
specimens tested may ke evaluated by means of the following
empirical equation:

£ = AtT,
where A 1s & constant for a glven speclmen and n 1s the
gslope of the log-log plot. The constants A and n were
evaluated for all the specimens tested. Although n was
found tc be a linesr function of stress, no correlation

could be found between speclmens subjected to different
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prestresses, as no equation could be found which would
describe A, The results of other tests indicated that no
satisfactory relationship between prestressing and creep
rates had been discovered.

It was possible to equate creep strain of single
strand specimens in terms of that of conducter specimens
by multiplying the constant A for the single strand by 1.6
and substituting into the above equation the appropriate
values for n and t from the single strand test.

A surprlising difference between manufacturing lots
was discovered. Lot 1 appeared to have subjected to more
cold working than Lot 2; it had a lower intercept A and a
8lightly higher exponent n, much the same effect as was
produced by prestressing.

Prestressing conductors for one hour, although 1t
greatly decreased total creep strain over the times of
these tests, resulted in an lncreased creep rate. Extra-
polation from a log-log plot revealed that the differently
prestressed specimens all intersected a constant strain
line at a time of ;80,000 hours. This indicated that such
prestressing was of no value for specimens subjected to
slamllar loads for upwards of 55 years. The tests revealed
that the existence of "creep limits" was out of the
question for the test alloy, as a conslderable amount of

creep was stlll present under a stress of 25 per cent of
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the ultimate tensile strength of the specimens.

Although the reliability of the test equipment had
been demonstrated by duplicate testing before the Series 3
and h tests were run, the many variasbles present 1n these
tests could cause serious deviations from the values for
the constants given in Table 3 . Further tests are needed
to establish the rellability of the present data and to

substantiate the results found here.

RECOMMENDATIONS

Although the creep testling apperatus perforued satis-
factorily, it is believed that some modifications would be
helpful in producing more consistent results. The elec-
trical circult supplying power for lighting, alr condltion-
ing, temperature recording and timing should be put on a
special circult. Fuses blown in other sectlons of the
building should net have an effect upon this experiment.

The vertlcal columns whiech support the loading levers
are bolted to the floor and thus are subject to building
vibrations. While it is felt that these vibrations produce
no more than a very slight effect upon the loading, any
unnecessary variebles are to be avolded.

The loasding system would be better if i1t were included
within the enclosure. At present, it 1s not only subject

to changes in amblent temperature, but it 1s also more
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susceptible to disturbance from curious passersby.

With regard to the test materlal, a couplete knowledge
of the processing history of the conductor would be of
great value in evaluating data. Specimens shipped in un-
colled form or at least in coils of equal diameter would
help to minimigze variations in results. And, while on the
subject of the test materlial, the writer would like to pose
a question: "Why should the manufacturer choose a pitch as
fast as seven inches per strend revolution and thus suffer
over a five per cent reduction in strength coupled with
probably higher amounts of strand settling and thus initial
creep strain when a slower plteh would theoretically prove
more favorable in all these respects?”

Finally, although it 1s belleved that these tests are
of value, they must be substantlated by further testing
before their results may be considered reliable. Every
specimen tested in Series 3 and ! was tested uniquely;
there were no duplicate tests. OSeveral substantliating
tests of each sample must be made before the results

presented here may be used with confidence.
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TABLE 1, CREEP TEST DATA
Subject Creep Test: Aluminum Alloy Conductor Cable

By:_T, Gerard Date:_ _June 27, 1957
Column Number:_ 2 Lot Number: s
Series Number: 3 Lever Multiplication: 20.6

Gage Length: 200 in, Overall Length: 24 ft approx
Preload: 90% of the Ultimate tensile strength (8190 1b)

1 hr

Test Load:__25% of the ultiment tensile strength (2275 1b)

OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro= inches Thousands in.

0,001 in, inches/in,

(Preload)
0 min 0.0 0.0 0.0 0.0
5 min 82.,4. %1200 2.25 109.1
10 min 123.7 18.5 3.60 1747
ﬁo min 206.l; 1032.0 «50 267.0
0 min 234.0 1170.0 6.38 310.,0
50 min  255.8 1279.0 7.05 342.0

(Reduced load to 2275 lb. Specimen now under test load.)

0.0 0.0 0.0 0.0 040
é-l "g.g ‘%og OIO 0-36
.3 =Le =-le 0003 1.
3.6 -1.3 "6.5
5.2 «-l.ly =70
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TABLE 1, (cont,)

OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro= inches thousands in.

0.001 in. inches/in.

1100 -1|h- -Z.O
20.0 -1.3 - 05 -0.03 -1.!‘.6
28.3 -0.5 -2.5
53.3 "'003 -Its
101.3 0.5 2.5
121,.7 0.7 3.5
7.5 1.0 5.0
176, 1.5 5.5
191.9 1.6 o0 0.09 4e37
2%%.3 2.1 10.5
266.2 2.1 10.5 0.09 37
288.1 2.6 13.0
314.1 2.8 14.0
321.2 2.9 1%.5
304..7 S.g 16.5 0.13 6.32
4,08.5 3. 19.0
h%E.l 3.8 19.0
482,0 el 20,5 0.15 730
504.1 o2 21,0
BB
605. %.l 25.5
622.7 5.1 25,5 0.19 9.23
653.!-'- 5.2 26.0
670.7 5.5 27.5
697.6 5.5 275 0.19 9.23
725.0 5.5 27«5
766.6 5.9 29.5
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TABIE 1. {cont.)

e A e e e e e e}

OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TINE GAGE ELONGATION READING ELONGATION
hours READING micro- inches thousands in,

0.001 in, inches/in.

93.3 6.0 30.0 0.21 10.40
%a.g 6.2 31.0 . .
860, 6.2 31.0 De22 10.69

932.7 6.5 32.5
983.3 6.6 33.0 0.19 9.23
1061.5 T+l 35.5
1132.5 7.6 38,0 0.26 12,60
1196,0 4% 4 39.5
1269.1 7.9 39.5 0.27 13.1
1324.9 3.9 9.5
1 ?2-1‘. .0 0.0 0030 1h.56
38.2 8.% l;-ato
1516.8 8. 13,0 0.31 15,05
1607.0 8.8 u%.o
1676.3 9.2 116.0 V.37 15,55
1727.3 9-2 48.5
180L.7 9. 48,0 0.36 17.5
1873.0 9.5 1‘-705
1948.9 9.3 19.0 0.35 17.0
2021.3 9.9 19.5
211h.2 10,2 51.0 0436 17.5
2201..9 10.5 52,5
2288.3 10.8 5l.0
2301.3 10.7 53.5
235340 10.7 53.5
2.1 10.9 Sl..5
2506,3 10.8 5le0
2603.0 10.8 5110
268l..0 10.7 5345



111

TABLE 1, (cont.)

OBSERVATIONS
ELAPSED STRAIN UNIT SCAIE OVERALL
TIME GAGE ELONGATION READING ELONGATION
READING microe inches thousands in,

0.001 in. inches/in.
_—-—

2780,0 10.6 53.0
2833.5 10.6 g&.o
28771 10.8 o0
2901.L 0.40 19.4
2933.9 11,0 55,0 0.40 19.4
3045.9 11.0 55,0 0.41 19.9
3141.9 11.1 55.5 0.33 17.0
3213.9 111 55.5 o.ag 18.9
3309.9 b 4 & 58.% Oe 20l
3405.9 114 59.0 0.42 20.4
34.77.9 11.8 59.0 043 20.9
3549.9 11,8 59.0
36L5.9 12.3 61.5 0«45 21.9
37179 12,9 6lL.5
3813.9 12.7 63,5 0.46 22.4
3885.9 13,0 65.0
95749 12.4 6li.5 047 22,8
029,.° 13.0 65.0

The test was interrupted by a lever malfunction after
about 2200 hours, Data taken after that time is of
questionable value., Test discontinued December 12,1957.
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TABLE 2, CREEP TEST DATA
Subject Creep Test:__Aluminum Alloy Conductor Cable

Bys__ T, Gerard Date:___ June 27, 1957
Column Number: _ 1 Lot Number: 2
Series Number: 3 . Lever Multiplication: 20,8 to 1
Gage Length:_ 200 in, Overall Length:__2l ft approx
Preloaa:_80% of the ultimate tensik strength

1l hr

M v

Test Load:__ 25% of the ultimate tensile strength (2275 1b)

OBSERVATIONS

ELAPSED STRAIN UdIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro=- inches thousands in,

0.001,in, inches/in,

(Preload)

0 min 0.0 0.0 0.00 0,00
5 min 2l ¥22,0 0.90 3.2
10 min 25,3 126.5 0,91 43,7
20 min 26,3 _131.5 0.92 hh.2
Discovered lever resting on block « pulled bleck out,
25 nin 3+3 81.5 2.70 130.0
30 min 3.7 18.5 2.90 139.5
ﬁs nin 90.9 454 .5 3.13 152,0
LS min 101.5 507.5 3.7 166,8
50 min 105 o8 529.0 . 1730

3.60
55 min 109.3 546.5 3.70 177.8
60 ﬁin 112.5 527.5 3.50 132.7
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TABLE 2, (cont.)

e e T T T e T T L =

OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION H!!hING ELONGATION
hours READING micro= inches thousands in,

0,001 in, inches/in,

Reduced load to 2275 lb, Specimen now under test load,

0.0 0.0 0.0 0,0 0.0
0.6 -009 -1'!-05
1.5 -2.6 -13.0 .
2.6 -l -22.0 -0.09 =l1+33
3.8 "'J-I.o -23.0 "0.11 -5.28
5.1 "‘1.]..6 -23.0
6.7 -1+Q6 -23.0
1205 -,-|-06 "'23-0
21.5 -u-.6 -ﬂ3.0 "'0.20 -9062
53.3 -ﬁ.h -22.g
. i g3 -21.
83.8 -3' ‘18.5 -0.16 -7.7
102.8 -3. "16.}4
123.2 -2 =-12.0
11‘,9.0 '1. "9.0
178.3  =1l.1 =55
1930’-]- =-0.9 ’-}-:-ls =-0,10 "Ll.oal
213.5 =0.2 =1.0
225.8 =0.2 =1.0
2 7.7 -0.1 "0.5 -0.08 "’3-8’.'.
289.6 -0.1 "0.5
315.6 0.0 0.0
3%2'7 0.0 O.g " o
.2 0-1 0- "0.0 -3l
10,0 0.7 3.5
ids 3o 2:2 0,08 8l,
505.6 1.4 7.0 ?
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TABLE 2, (cont,)

OBSERVATIONS

ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro= inches thousands in.

0,001 in. inches/in,

528,11 1.l 7.0

577.2 262 11.0

607.1 2.4 12,0

62’4..2 2.1-]- 12.0 -0-01 "0.’.].61
651149 2.5 12,5

67242 2.5 12,5

699.1 2-5 12.5 '0001 "0.'-]-81
726.5 2,8 1.0

768,.1 2.8 14.0

595.0 2.9 1.5 0.06 2,88

3.8 3.3 16.5

862.3 3.2 16,5 0.06 2.88
93L4.2 3. 18,0

98L.8 a.7 18.5 =001 -0,481
1063,0 ol 20.5
1133.9 h-g 22.5 0.06 2,88
1197.5 Le 2,0
1270.0 4.8 2.0 0.09 432
1326.l 1.8 2.0
137349 1148 2%~0 0.15 T.21
13947 5.2 2640

1518.3 S.E 28.5 0.13 6.25
1608,5 Se 29.0

1677.8 6.l 32.0 0.13 6.25
1728,.8 6.7 3345

1806.2 6.7 33.5 0.18 8.65
187l1.5 6.% 32.0

1950.,3 60 5300 0.17 8.16
2022. 6.8 3.0
2115.7 6.8 34.0
2206, 7.% 37
22890 70 ) 3 JD
2302.8 7.6 35,0
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TABLE 2, (cont.)

T g B T 3 e e LT B T X TR T STy

OBSERVATIONS
ELAPSED  STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION

hours READING mierow inches thousands in,
0,001 in, inches/in

235lL..5 7.6 38,0
546 746 38,0
2507.8 g.6 8.0
260l..5 ' 0.5
2685,5 8,1 140.5
l?. 81*5 8.1 1‘.0.5
2 3’-]-00 8.2 ll-loo
287749 843 L1.5
597309 o.y 12.5 o el
3095.3 B.g 12,5 Oe 11.53
3141,.9 8. L3 0.2 11.53
3213.9 8.7 3.5 0.25 12,01
3309.9 9.1 115.5 0.25 12,01
05.9 9,1 li5.5 0,25 12,01
3%72'9 902 r}6.0 0025 12.01
3549.9 9ely L7.0
36h5,9 9.5 hg.s 0.29 13.9
¥7309 3‘? ﬁa'? 0.30 Upaly
3885.9 10,1 50.5
95749 10.2 51,0 0.30 Lol
029.9 10. 51.5
,-’-125‘9 10. 52.0 0.29 13.9
m97l9 10' 5200
1372.1  11.0 55,0 0432 15.4
9,1 10,9 59,0
91.1 11,0 55,0
163649 11,1 55.5
475043 111 55.5 0.32 15.9
4041 12.0 60.0
1919,1 12.3 61.3 0.32 15.0
Test Completed - Janmary 18, 1958,
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TABLE 3, CREEP TEST DATA

Subject Creep Test: Aluminum Alloy Conductor Cable

By:: T, Gerard Date:__June 27, 1957

Column Number:_ 3 Lot Number: 2

Ses+ 38 Wumber: 3 Lever Multiplication:_22 to 1
Gage Length:__ 200 in, Overall Length: 2l ft spprox
Preload:_70% of the ultimate tensile strength (6370 1b)
Test Load:_25% of Ultimate tensile strength 1b

OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TINE GAGE ELONGATION READING ELONGATION

hours READING micro= inches thousand in,
. 0,001 in, inches/in,

(Preload)
0 min c.0 0.0 0.0 0.0
S min 29,0 146,5 0.99 45,0
12 min g?.9 189.5 1.29 58.7
20 min 20 5¢0 1.70 T3
30 min 56,8 284.,0 1.98 90.1
%0 min 62.1 310.5 2:17 98,8
0 min 66,8 324.0 2.3 106,2
60 min  70.3 351.5 2.7  112,2 |
Reduced locad to 2275 lv, Specimen now under test load.
E.g g.g 040 0.0 0.0
. han & Y - .O
2-6 "‘5-3 '2%05
'\.Pol,'— -Slg w 6-5
17.“» "J-I-- -, 3.0 -0.20 "9010
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TABLE 3 (cont.)

— —— —
OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro=- inches thousand in,
inches/in,
2507 '3-5 '17-5
50.7 -2-9 "1].]..5
79.7 "'"1.8 - 9.0 "001'0 "".I'-QSS
98-7 ""0.9 = u-'s
119,1 «0.5 - 2.5
k.9 0.l 2.0
1 5.2 100 5.0
189.3 . 9% § 5.5 0.0 0.0
209..4 1.7 8.5
loz 1.9 905
2603, 2.5 12.5 0.03 1.36
285.5 2.6 13.0
311'5 300 15.0
338.6 3.2 16,0
362,.1 a.T 18.5 0.03 3.6
405.9 P 20.5
439.5 4e5 22.5
479.4 .9 2.5 0.11 5.00
501.5 S.1 25.5
52l4.5 5.3 26,5
573.1 5.9 29.5
603.,0 6.2 31.0
620.1 6.3 31l.5 0.15 6.83
650.8 6.5 32.5
668.1 6.5 33.5
695.0 be 0 0.17 TTh
7224 6.8 3%.0
76,0 Te2 3640
90.9 7.6 38.0 0.20 9.10
397 79 39.
858.2 8.0 L4L0.0 0.21 9.55
930.1 8.1 12,0
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TABLE 3. (cont:)

OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION RBEADING ELONGATION
hours READIRG micro=- inches thousand in,

04001 in, inches/in,

C e

980,7 8.6 43,0 0,20 9.10
1058.9 9.5 Te5
1129.8 10.5 0.0 0,28 12,72
1193.5 10,0 50,0
1266,9 10,1 50,5 0.28 12,72
1322.4 10,6 ga.o
1 9-2 10.7 3.5 0.32 14,52
%E. 11.0 55,0
1514,.2 1. 57.0 0.3 15,42
160a.u 13, 59.0
16;& 12'3 61.5 0.34 15.42
17201, 7 12, 6l1.,0
1802,1 12.8 61140 041 18.6
1870.u 12.8 o0
1946.3 13.3 66,5 0.40 18.2
2018, %a.ﬂ 66,5
2111, " 72.0 212 19,1
2202.3 1.0 70.0
2285.7 .l 72.0
2298,7 1.2 71.0
2350.0 1.5 T2.5
-5 nlﬂ? 7 '5
2503-1 1.9 The5
olt 15.1 75.5
2681.h 15.3 76,
27774 15.9 79.5
2830, Z 15.7 78.5 |
3333 6  16.6 8 °'ﬁ7 o
. . .0 0117 21.9
3042.6 16.8 aﬁ.o 037 21,

3138.6 16.8 8.0 Oel41 18,
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TABLE 3, (cont,)

OBSERVATIONS

ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro= inches thousand in,

0,001 in, inches/in,

3210.6 16,9 8.5 0.52 23.6
3306.6 17.0 85.0 0.51 23.2
02,6 17.4 81.0 0.52 23.6
34.79.6 17 86.5 0.52 23.6
3546.6 17. 89.0
13.9 89.5 0.55 25.0
glu. 18.2 91.0
10,6 18,2 91.0 0.56 25.5
3882 6 lg g 93.g <6 5'5
9 18, 92. 0. 25.
ﬂ 5% 6 18,8 94.0
u19 19.1 95.5
436 19.8 99.0 0.59 26.8
65 8 19.8 99.9
11537.8 19.8 99.5
u653 6 20,1 100.5
gu7 .0 20,2 101.0 0.61 277
5.8 20,9 1045
u915 8 2141 105.5 0.6 29.1

Test concluded January 18, 1958
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TABLE !., CREEP TEST DATA

Sub ject Creep Test: Aluminum Alloy Conductor Cable

By:_T, Gerard Date:__ July 2, 1957
Column Number: L Lot Numbers: 2
Series Number: 3 Lever Multiplicatlon: 22 to 1

Gage Length:_ 200 in, Overall Length:_ 2l ft approx
Preload:_60% of ultimate tensile stwength (5460 1b)
Test Load:_ 25% of ultimate tensile strength (2275 1b)

_— — - e e e e e e ]
OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro= inches thousands in.

0.001 in. inches/in.,

(Preload)

0 min 0.0 0,0 0.0 0.0
S min 19.0 95.0 0.63 28.6
15 nmin 30.2 151.0 1.01 5.9
20 min 33.9 169.5 1.17 3.2
&0 min 9¢3 196.5 1.32 60.0
0 min 2.9 215 1.45 65.9
50 min ll.éoa 231{-.5 1055 70.
0 min l|.9.0 2).].5.0 1.65 7500

(Reduced load to 2275 1lb., Specimen now under test load,)

0.0 0.0 0.0 0.0 0.0

263 0,1 5,0

23'? é'g 13'? 0,06 6

88.8 3.2 16.0 : i
1811 3.5 17.5

143.0 Le7 23.5 0.18 8,18
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TABLE L, {eont,)

CEZSERVATICHNS
ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours G.001 in. micro=- inches thousands in.
inches/in,
164.9 Sl 27.0
196.9 .t 3205
218.0 b6 33.0
1.% g.é 30.0 0.28 12,72
285.3 o3 Lo.5
318.9 8.6 l'.3.0
358.8 9.6 %B.O 0.32 14.53
80.9 10,0 0.0
03.9 10,1 50.5
h‘gals 10.8 5“-.0
L62,3 11.1 55.5
L99.5 11.h 57.0 0.38 17.25
530.2 12,0 60.0
FL7.8  12.1 60.5
STl 12.1 60.5 0.42 19.08
599.6 12.% 62,0
643.4 12. 6l.,0
67043 13.8 69.0 0.46 20.9
71G.1 142 71,0
32.6 .l 72.0 0.48 21,8
09.5 15.1 75.5
860,0 15,5 7.5 0.48 21.8
938.3 16.2 1.0
1009,2 16,5 82.5 0.54 2h.5
1073.1 17.0 85.0
1146,.5 17.5 87.5 0.58 26,35
1202,.0 17.7 88.5
12449.2 17.9 89.5 0.52 28,15
1314.0 19.8 99.0
139 .g 18,8 9.0 0.63 28.6
1483, 19.6 90.0

1553,1  19.9 99.5 0.65 29.5
1604.1  20.4 102.0 .
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TABLE '.l.o (Oonto)

—— ——

1]
H

e e e —

u

OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TIMS GAGE ELONCATION READING ELONGATIOW
hours READING micro= inches thousands in,

0.001 in. inches/in,

1681.5 20.1 100.5 0.69 30.4

1749.8 20.8 104.0

1825.7 20.8 104.0 0.69 314

1898.1 21,6 108,.C

199140 21.4 107.C 0.69 31.4

2081.7 22,2 114,.0

2165.1 22.2 11%.0

2178.1 22.8 11h.0

2229.8 23.6 118.0

2320.3 gi.e 119.C

Jy i § 120.5

S%Zo.a 2.1 120.5

2656.8 2.6 123

2710.3 2L.9 124 .5

215%.2 25.0 125.0

237 2 0.79 35.9

2850.2 25,8 129.0 0.79 35.9

2922,2 26,0 130.0 0.79 35,

3018.2 26,0 120.0 0.79 35.9

3090.2 26,0 130.0 0.82 33.3

3186,2 26,1 135,0 0.8 38,2

38822 27.0 13%.0 0.84 9.5

335k .2 27.1 135,5 0.88 0.0

3525,2 27.0 135.0

3522,2 23.6 138.0 0.89 40.5

359%4.2 28.56 13,0

3690.2 28.6 1143.0 0.92 41.8

3@62.2 28.6 143.0

3 3%.2 28.6 143.0 0493 hZes

ﬁgg'.z zg.g 1&3.5 Y .
2.2 28, 149.0 0.9 o7

4,08L .2 28.9 149.5
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TABLE k. (cont.)

OBSERVATIONS
ELAPSED  STRAIN UNIT SCALD OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours = READIRG mlcrow inches  thouszsnds in,

0,001 in, inches/in.

4258.2 29.1 155.5 0.94 247
11352.5 29.3 16,5
Wi25.2 29.7 18,5
45hle2 29.9 149.5
4635,2 30,0 15040 0.95 42.6
L733.2 31,5 157.5
4,803.2 31.9 159.5 1.04 473

Test concluded January 18, 1958
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TABLE 5, CREEP TEST DATA

Subject Creep Test:___ Aluminum Alloy Conductor Cable

By:___T, Gerard Date:__ January 26, 1958
Column Number:_ 1 Lot Number: -
Series Number:__ L Lever Multiplication:_ 20,8 to 1

Gage Length: 200 in, Overall Length:_ 23 ft 10 in,
Preload: Egﬁ of ultimate tensile strength (L4550 1b) 1 hr
Test Load: 2§§ of g;t;gatg tensile strength gagzi lbi

OBSERVATIONS
ELAPSED STRAIN UNIT OVERALL OVERALL
TIME GAGE ELONGATION ELONGATION UNIT
hours  READING micreo~ thousands in, ELONGATION
0.001 in. inches/in, micros
inches/in.
(Preload)
0 min 0,0 0.0 0.0 0.0
20 min 22.3 111.5 3.l 120,
30 min 2.2 121,0 39.0C 136
0 min 27 1t 137.0 L5.7 160
0 min 29,0 145.0 50,0 136
60 min 30.7 158,.5 534 187
(Reduced lpad to 2275 1lb, Specimen now under test load.)
0 0.0 0.0 0.0 0.0
2 2.7 =13.5 =lie33 -15
3 =27 =13.5 «l}+33 =15
L -2.9 -14.5 ~4.33 ~15
5 ‘209 -lll..5
6 -2.9 "‘1’-]..5
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TABLE 5. (cont.)

OBSERVATIONS

ELAPSED STRAIN UNIT OVERALL OVERALL
T IME GAGE ELONGATION ELONGATION UNIT
hours READING micro« thousands in, ELONGATION
0.001 in, inches/in, Micro-
inches/in,
g -2 @ 9 "‘14.5
-2 ° 9 "'1,4»0 5
9 -2 . 8 "1”. ° 0
10 2.7 «13,5
11 2,6 -1&.0
22 =049 - 1.5
L6 1.0 5.0 3.85 13
T0 . 3.0 15.0
B o3 21,5 9.1 32
11 9 345
190 9.9 1&1&.5
286 10.7 53.5 18.7 65
357 13.3 66.5
L5 14,0 75.0 2L.0 84
52 15.1 gs.s
691 173 65 28.3 98
90 19.0 95,0 '
62 19.0 95.0 83.2 - 116
933 19.5 97.5
1030 21.0 105.0 3.6 121
1126 21.9 109.5 '
1198 22.3 1il.5 35.1 123
1388 22.2 111,0 28,5 136
1L60 22.7 113.5 '
1606 2.2 121,0 39.4 138
1702 z%.9 124.5
1774 26.1 130.5 2.3 148
1870 26.1 130.5
1942 27.1 135.5 h2.3 148
2038 27.1 135,.5

Test still in progress. (April 21, 1958)
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TABLE 6, CREEP TEST DATA

Subjeet Creep Test: Alunmimm Alloy Conductior Cable

By:__T, Gerard Date: _ January 26, 1958
Column Number: 3 Lot Fumber: 2 :
Series Number:_ L Lever Multiplication: 22,0
Gege Length:_ __ 200 in, Overall Length: 23 ft 10 in,
Preload: of ult te tensile strengt b
Test Load: gﬁﬁ of ultimate tensile strength (2275 1b)
—.
OBSERVATIONS
ELAPSED STRAIN UNIT OVERALL OVERALL
TIME GAGE ELOFGATION EICHNGATION UNIT
hours  READING miero= thousands in, ELONGATION
0.C01 in, inches/in, micro=
. inches/in,
0 min 040 e 0.0 0.0
10 min 12.2 5190 20..‘.{ i :
20 min 16.7 83.5 y 28.? 993
30 min 20.1 10045 32.g 115
Lo min 21,0 10540 [3;.5 ‘ 126
50 min 22‘3 1110 0¢9 ]J-IJ.J.
60 min 245 i22.5 Lol 155
{(Reduced load to 2275 1b. Specimen now under test load,)
0.0 0«0 C.0 0.0 : 0.0
0033 -1.1!. "'7}0 ”IgB 6
1.33 =l.l “545 1ok 5
2.33 -C.8 "1{..0 Oos 2
333 «Ceb =340 0.0 0
e33 Cs2 1.0
33 Ouly 2.0

6.33 0.4 2.0
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TABLE 6, (cont,.)

OBSERVATIONS

ELAPSED STRAIN UNIT OVERALL OVERALL
TIME GAGE ELONGATION ELONGATION UNIT
hours READING micro- thousands in, ELONGATION

0,001 in, inches/in, micro=
inches/in.,
6,33 0. 2,0
5.33 0.9 %.5
«33 1.3 5
9.33 1.5 7.5
5 S e R oy
%5.3 %.1 10,5 15.6 55
9.3 11,0 55.0
93,3 12.5 62.5 22,7 80
117.3 1%.8 4.0
189.3 1 .g 91.5
285,.3 21, 108.0 38.3 132
356.3 22-7 123.5
115343 26.6 133.0 45.0 158
525 ° 3 28 [ ] 1 ]J-LO .,-I.
693.3 31,2 156.0 50.9 179
89,3 32,2 161,0
61 gﬁ.o 165.0 56.3 198
932 X § 170.5
1029 3502 156.0 58.6 206
1125 36,1 180.5
1197 36.7 183.5 60.5 21
1387 38.1 190.5 63.6 22
59 38,9 194.5
1605 ﬁ9.8 199.0 6.5 227
1701 0.l; 202,0 :
1;23 Lhl.1 205,5 68,2 210
1869 41.9 209.9
1941 2.5 212.5 69.5 245
2037 43.1 215.5

Test still in progress (April 21, 1958)
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TABLE 7. CREEP TEST DATA

Subject Creep Test:__Alluminum Alloy Conductor Cable

By:__T, Gerard Date:__ January 26, 1958
Column Number: _ L Lot Number: 2

Series Number:__ L Lever Multiplication:_ 22,0
Gage Length:__ 200 in, Overall Length:_ 23 £t 9 3/h in,

Preload: 39& of ultimate tensile strength !2130 1b) 1 hr
Test Load: 255 of ultimate tensile strength gzgzs 1b)

OBSERVATIONS
ELAPSED STRAIN UNIT OVERALL OVERALL
TIME GAGE ELONGATIONW ELONGATION UNIT
Hours READING micro- thousands in., ELONGATION
0.001 in. inches/in, micro=
inches/in,
0 min 0.0 0.0 0.0 0.0
10 min 10.0 50,0 13.6 8
20 min 11.1 55.5 1 o2
0 min 11.9 59.5 22.3 g
0 min 16,1 0.5 2747 97
60 min 171 85.5 29.5 103
(Reduced load to 2275 1lb. Specimen now under test load,)
0.0 0.0 0.0 0. 0.0
B4 Ouly 2.0 0.5 -~
2.1 le3 6.5 1.8 6
iol 1.5 75 3.2 11
ol 2.6 13,0 3.2
5.1 247 13.5
6.1 3.% 16.5
y 9 | 3e 18.0
8.1 Lely 22.0
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TABLE 7. (cont.)

e ==

OBSERVATIONS
ELAPSED STRAIN UNIT OVERALL OVERALL
T IME GAGE ELONGATION ELONGATION UNIT
hours READING micro= thousands in, ELONGATION
0,001 in. inches/in, micro=
inches/in,
8,1 Loy 22,0
5 9 [ ] 1 h- L] 5 22 .5
10.1 %.9 2.5
22.1 ) %3.0 '
6.1 13.3 6.5 21,6 76
70.1 17,2 86,0
9%.1 19.4 97.0 30.5 105
118,1 21.% 109.0
190,.1 29, 148,0
286,1 32.5 167.5 7.7 167
357.1 36.7 183.5
45hel 39.3 196,.6 57.8 202
526, Lo, 20L.,0
69,1 uhwg 226,.5 13.6 225
90 . ,-I-S [ ] 228 . 0
62 96.5 232.5 70.0 25
933 48,1 0.5
1030 149.1 225.5 71.8 251
1126 50.3 251.5
1198 50.7 253.5 73.6 258
1388 51.9 259.5 TT3 270
160 52.5 262.5
1606 5%.3 271.5 78.6 275
1702 55.0 275.0
1774 5.9 239.5 82.6 289
%912 gg'g gqg'g 8346 293
20138 58,3 2li1.5

Test still in progress (April 21, 1958)
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TABLE 8, CREEP TEST DATA

Subjeot Creep Test: Aluminum Alloy Conductor Cable

By:_T, Gerard Date:__ January 12, 1958
Column Number: 2 Lot Number: 2

Series Number:_ I Lever Multiplicatlon:__ 20,6 .

Gage Length:__ 200 in, Overall Length:_ 23 £t 113/8 in,
Preload: ngﬁ

Test Load:_25% of ultimate tensile strength

OB3RRVATIONS
ELAPSED STRAIN UNIT OVERALL OVERALL
TIME GAGE ELONGATION ELONGATION UNIT
hours READ ING micro= thousands in., ELONGATION
0.001 in, 1inches/in, micro=
inches/in.
0 0,0 0.0 0.0
1 6.7 3.5 I7.9 62
2 11,7 58.5 23.3 81
3 1%.0 70,0 272 95
Iy 15.5 51.5 29,6 103
5 16.9 o5 3240 111
6 18.5 92.5
g 194 97.0
20.2 101.0
9 20.9 1010
10 22.3 111.5
11 22,7 113.5
12 23.5 117.
2005 29, : 05
30 32, 161.5
52 ﬁ?.B 186.5
95 43.6 218.0
192 51.6 258.0 87.8 305
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TABLE 8, (econt,.)

OBSERVATIONS
ELAFP3ED STRAIN UNIT OVERALL OVERALL
TIME GAGE ELONGATION ELONGATION EL UNIT
hours READING micro= thousands in, ELONGATION
0.001 in. inches/in. micro=
inches/in,
288 56.5 282.5 95.3 334
360 301.5
56 6 6 318.0
28 g 331.5
6 339.0 115.5 402
792 71.5 3575 125 435
86l 72.1 360.5
1032 Th.6 373.0 127 yL2
1128 75.6 378.0
1200 76.0 360,0 132 4160
1271 73.3 386,5
1368 78.1 390.5 133 62
62 793 396.5
153 39 Z 398.5 136 hga
1726 [103.0 138 1,80
1798 107.0
194y 82 1113.0 141 1490
2040 L416,5 .
2112 % 22,0 145 505
2208 8 L27.5
2280 431.0 6 508
2376 56.u 1132.0
Test still in progress.(April 21, 19%58)
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TABLE 9, CREEP TEST DATA

Sub ject Creep Test: Alumi Al Conductor Cable
By:__T, Gerard Date: February 2, 1958
Column Number:_ 5 Lot Numbers:__ 1

Series Number:_ L Lever Multiplication:_ 22,0 6
Gage Length:_200 in, Overall Length: 2 ft 10 1/8 in,

Preload: 39@ of ultimate tensile strength gaz;o Lbz 1l hr
Test Load:__25% of ultimate tensile strength (2275 1b)

OBSERVATIONS
ELAPSED STRAIN UNIT OVERALL OVERALL
TIME GAGE ELONGATION ELONGATION UNIT
hours READING micro= thousands in, ELONGATION
0.091 in, inches/in, micro=
inches/in,
0 min 0.0 0.0 0.0 0.0
10 min 3.9 19.5 8.7 29
20 min 5.2 26.0 10.9 Z
30 min 6.1 30.5 13.6 ﬁ
.0 min 6.5 32.5 15,0 50
oC min T.1 355 16.2 55
60 min T.6 38,0 1137 59
(Reduced load to 2275 1lb. Specimen now under test load,)
0.0 0.0 0.0 0.0 0.0
l 0.8 Ll..o 009 3
2 1.4 g.‘.o ++8 6
ﬂ 1.7 5 2.3 8
2.2 11,0 Z.Z 9
5 2.6 %&.0 3. 12
6 209 is
g 33 16.5
3.6 18,0
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TABLE 9, (cont.)

o e e e

OBSERVATIONS
ELAPSED STRAIN UNIT OVERALL QVERALL
TIME GAGE ELONGATION ELONGATION UNIT
hours READING micro= thousands in., ELONGATION
0,001 in, inches/in, microe
inches/in,
9 «8 19.0
10 E.l 20.5
22 -] 31.0
L5 8.8 Ll 0 11.4 38
70 11.1 55.5
9 12,5 62.5
11 12.9 o5 20.0 67
189 15.6 g 0
286 17.9 9.5 26.4 89
58 18,9 9.5 '
26 21l.h 107.0 31l.h 103
522 22.5 112,5 '
591 22.8 11,0 36,4 121
665 23.6 118.0
362 2§.6 123.0 37.7 126
58 2 .g 126,5
930 25. 129,0 40.0 134
1120 26.8 134.0 42.2 142
1192 23.1 135.5
1338 28,0 140.0 3.1 45
1l 28.2 41,0
150 28.8 0 4.5 149
1602 29. 16,5
167L 29. 149.0 46.5 156
1770 30,0 150.0

Test still in progress. (April 21, 1958)
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TABLE 10, CREEP TEST DATA

Subject Creep Test:_ _Aluminum Alloy Conductor Cable
By:D, Koupal & T, Gerard Date:_Degember 1, 1956

Column Number: 5 Lot Number: 2

Series Number: 3 Lever Multiplication: 22,0 to 1
Gage Length: 200 in, Overall Length:_ 2L ft approx

Preload:_75% of Ultimate tensile strength (6825 1b) 3000 hr
Test Load:__25% of Ultimate tensile strength (2275 1b)

OBSERVATIONS

ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro=- inches thousands in,

0.001 in. inches/in.

(Preload)

0.0 0.0 0.0 Q.00 0.00
1.0 2.0 10.0 0.05 2,27
2.0 2.6 13.0 0.09 11,09
3.0 3.1 15.5 0.12 5.45
1.0 33 16,5 0'1ﬁ 5.90
5.0 3.8 19,0 0.1 6.36
6.0 Lol 20.5 0.15 6.81
g.o Lhe2 21.0 0.16 7.27
.0 L5 22,0 0.16 e
9.0 Le7 §ﬁ‘5 0.16 7.27
10.0 IL.9 5 0.16 221
11.0 5.0 25,0 0.16 5.27
12.0 5.0 25.0 0.19 63
13.0 5.% 27.0 0.19 8.63
1.0 e 28,0 0.19 8.63
15,0 s.g 28.5 0.9 8.63
16,0 Se 29,0 0.20 9.09
17.0 5.8 29.0 0.20 9.09
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TABLE 10. (cont.)

et e e ]

OBSERVATIONS
ELAPSED STRAIN UNIT SCATE OVERALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro= INCHES thousands in,

0,001 in, inches/in,

18.0 5.9 29.5 0.20 9,00
19.0 6.0 3040 0.20 9,09
20.0 6.1 30,5 0,21 9.5
21.0 6.2 31,0 0.23 10.45
22,0 6.3 31.5 0.23 10.45
23,90 6.7 33.5 0.23 10.45
24,0 6.9 3.5 0.23 10.45
36,0 8.3 41.5 0.27 12.45
8.0 8.3 41.5 0.29 13.13
0.0 8.9 I 0.31 13.09
gz.o 8.9 I o5 0.31 1l.09
.0 9.1 L5.5 0.31 14.09
96.0 9.1 45,5 0.31 11,09
108,.0 9.7 18,5 0.32 1.5
120.3 9.3 48,5 0.35 15.90
132.0 9. 49,0 0.35 15,90
1u%.o 9.9 49.5 0.35 15,90
156.0 10,0 50,0 0.38 17.27
168.,0 10.0 50.0 0.39 1772
192.5 305 53.0 0.39 17.72
217.5 10.9 5.5 0.39 18.72
0.0 11.0 §5.o 0.43 19,54
26l1.0 11.3 6.5 Olyly 20,00
288.0 11,7 58.5 0.45 2045
312,3 1157 58.5 0ely7 21.36
326.0 11,9 59.5 0.42 19.09
360,0 12.0 60.0 0.43 19.54
ﬁ&%,o 12,1 60.5 o.u% 20.00
08.0 121 6045 0.l 21.81
129, 12,2 61.0 Oyl 20,00
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TABLE 10, (cont.)

e e et et}

OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE EIONGATION READING ELONGATION
hours READ ING micro= inches thousands in,

0.001 in, inches/in,

53.5 12,2 61,0 o.u% 20,00
62,0 12,4 61,0 0.y 21.81
L77.5 12,5 62,0 0.45 20,45
1199.5 124 62,0 Ol 3 1954
52645 12, 6740 0.45 20410
550,0 12, 6l.,0 046 20.95
602.5 12,9 6lL.5

02345 12.0 65,0 0.]4.8 21.80
61'-5‘5 1300 6510 0.1].5 21.80
6775 13.0 65,0 0.48 21.80
T17.5 13,2 66,0 0.48 21.80
765 .5 13,2 66,0 0.48 21.80
89.5 13 66,5 0.48 21,80
14,0 13, 6z.o 0.48 21,80
80,0 13,3 66.5

8 Z.S 13.3 66.5

916.0 13,3 66,5 0.49 22,25
926.0 13.5 67.5

960,5 13. 67.5

_98%.0 195 67.0

1008.0 13, 67.5 0.49 22,25

1032,0 13.4 67,0

1055.5 13, 67,0

1079.0 13, 68,0

1104.0 13. 68,5

1128.5 13.7 68,5

1151,5 13.7 ¢

1175.5 13. 68.5 0.52 23,60

12000 13, 69.0
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TABLE 10. (econt,)

OBSERVATIONS
ELAPSED STRAIN UNIT SCALE OVERALL
TIME GAGE ELONGATION READING FELONGATION
hours READING mlcro= inches thousands in.

0,001 in, inches/in,

12!].8.0 13.9 69.5
1271.5 1.0 70.0
1296,0 1.0 70.0
1319.5 1.0 7040
1323.5 el 70.5 0.55 25,00
13 .0 ul...L 0.5
1391.5 13.9 9.5
1417.5 1.0 Zo.o
11'11.0.0 1309 905
146l.0 13.9 69.5
146800 iﬁ'g 69.5
1513.5 o3 T1.5 0.54 255
1536,0 1.0 70.0
15%9.5 .1 7045
1585.5 1.1 70.5
1608.0 1.3 1.5
1632.0 1.1 70.5
1656,0 1.3 71.5
17080 D7 e S, 2455
L 3 L ] L ] 0. [
1726.5 1&.3 TheO
oo 17 15
1800,0 1u,§ 740
182}.,0 1.8 74,0
189025 18 Lhet: 0.54  24.55
1899.0 1.7 7345
%gzg.g iﬁ.g Tﬁ.o
. L] 700
igf;g'g ﬁ'g 711{'0
é . 7440
2016,5 1.9 745
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TABLE 10, (cont.)

L e e e e e L o B ——

OBSERVATIONS
ELAPSED STRAIN URIT SCAIR OVERALL
TIME GAGE ELORGATION READING ELONGATION
hours READING lcTroe inches thousands in.

0,001 in, inches/in.
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TABLE 10, (cont,.)

- ——— — . e o et o M b S
OBSERVATIONS
ELAPSED STRAIN TNIT SCALE OVERALIL
TIME CAGE ELONGATION READING ELONGATION
hours READING microw inches thousands in,

0,001 in, inches/in,

i/

2856,0 15,5 ?g.E
2£80,0 15,6 78,0 0.58 26,40
2902,5 15,7 78.5
2927.5 15,7 78.5
2905, 15.& 78.5
2978,0 1s, 79.0
3002,0  15.9 79.5
2024,0 15,5 - T7e5
307,90  15.4 7740
3095,5 15,0 7540
3123,0  15.4 77.0
3116,0 15,11 75.0
3171,0 15,7 78,5
3193,0 15,0 770
3263,5 15, 7740 0,59 26,80
3291,5 15,4 Tz.o
3314,0 15,3 76.5
3339.0 15,4 770
10,0 15,0 77.0 0.60 27.22
3431,5 15,7 78,5
3458,5 15,7 78,5
3%80.0 1544 7740
3)1200 l.b"? ? 05
3530,0 15.% 770
355;.5 15, 7840 0.61 27470
3578,5 15,5 7745
3626.0  15.7 788
3650,0 15,8 79,0
3675,0 15,8 79,0
2706,0 15,8 7940
3718,5 15,8 7940
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TABLE 10. (cont.)

e e e e et e sreeereeeec

OBSERVATIONS
ELAPSED STRAIN UNIT SCALK OVERA LI,
TIME GAGE ELONGATION READING ELONGATION
hours READING mierce inches thousands in,.

0,001 in. inches/in,

?9.5 0059 26080

37&2.5 1509
3772.9 15.9 79.5
3795.0 15.9 19.
3819.0 15.8 79.0
38h300 15.8 79-
3866.0  15.8 79.0
3888,0 15.9 7945
391h,.0 15.9 79.5
3939.5 15.9 79.5
983.5 15,8 79.0 0.58 26,0l
006.5  15.9 79.5
4056,0  15.4 770
4087.5 15.9 795
4103,.5 15.9 795
4153.0 15.9 79.5
4179.0 15.9 795
L4253, 15.8 79.0
73 15.8 79.0
7 15.6 78.0
328 15.7 78.5
4350 15.7 7845
uﬁOl 12.1 go.g 58
20 16.1 0, 0. 26,
uhga 16.0 80.0 5
L582 16.0 80.0
L1659 16,1 80,5
105 16.2 81.0
gy I o o S
- L L . O. -
L87L 16.2 81.0 i



TABLE 10, (cont,)

OBSERVATIONS

ELAPSED  STRAIN UNIY SCALE OVI'RALL
TIME GAGE ELONGATION READING ELONGATION
hours READING micro= inchos  Thousands in,

0,001 in, inches/in,

41991 16,2 81.0

5086 16,1 80.5

5170 16,2 81.0 0.55 25.9

5307 16,2 81.0 0 26,0

guo§ 12 o2 gl.o 0.58 -
7 16,2 %D 0 2.4

5517 16,3 81.5

5307 - 15,9 9.5

5386.5 16,0 0.0

5835.3 16,0 82.0

5925,5 16.2 81.0

60511, 5 16,2 81,0

6189.0 16.0 82,0

62621 16. 82.0

6509, 16, 3.0

6669,3 16,1 82.0

6866,0 16,2 81.0

7107.2 16,.l 82.0

7291,3 16, 82.5

7346.1 16, su.

7&?9.2 18.0 20,0

7596, 18.0 90.90

7893.6 0.68 30.9

7965.9 17.5 B7 0,66 30,0

8037.4 17.5 87.5 0.66 30.0

8133.9 17,9 89.0 0.51 27.

8205.9 17.8 89.0 o.zo 31,

8301.8 17.8 89.0 0.69 31.h

‘:39?0? 1?.8 3';.') 0.67 j{}.q_

84.69.8 17.7 8843 0.67 30.4

8542,0 13.6 88.0

8637.4 18,1 90.5 0.70 31.8



TABILE 10. {(cont.)

OBSERYATIONS
ELAPSED STRAIN . UNIT SCALES OVERALL
TINE GACE ELONGATION RmAbING EBELORGATION
hours READING nicro= inches thousands in.

0.001 in, inches/in,

£708.0 18.1 99.5

2304 .6 18.1 90,5 0.70 3140
8876.8 18.1 90.5

8948.7 18.1 90.5 0469 31.4
9020.6 151 99.5

9112.6 18.1 90.5 0.69 3l
9188.6 18,1 9545

©363,6 18.2 91.0 0.69 31.l
oh57.6 18,1 90.5

9£85,8 158.3 91,5

973943 18,3 91.5 0.68 30.9
9828,6 1$.0 9540

9962.6 15,8 9.0
1091 18.8 G160 0.71 32.3
1012 2049 104.5

10222 2049 10h.5

Test Goncluded Jamary 31, 1956
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TABLE 11, CREEP TEST DATA

Subject Creep Test: Aluminum Alloy Conductor Wire
By: T, Gerard Date:__ January 12, 1958

Column Number: Lot Number: 1

6
Series Number:__ 2 Lever Multiplication:_ None
Gage Length:_200 in, Overall Length: 2l ft 2 in,

Preload:___ None

Test Load:

OBSERVATIONS
ELAPSED STRAIN UNIT OVERALL OVERALL
TIME GAGE ELONGATION ELONGATION UNIT
hours READING micro= thousands in, ELONGATION
0,001 in, inches/in, micro=
inches/in,

0.0 0.0 0.0
0.83 1T 8e5
1.83 2.9 1.5
2.83 3.8 19.0
£.83 .7 23.5
.83 55 275
5.83 6.3 31.5
6.85 Tel 3545
7‘83 g'h— 37.0
8.83 s | Lo.5
9.83 8.5 2.5
11.83 9.1 45,5
20.3 11.8 5900
30.3 12.8 6l1..0
52 l5.h 57.0
72 16,9 o5
95 18.2 91.0
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TABIE 11 (cont,)

OBSERVATIONS
ELAPSED STRAIN UNIT OVERALL OVERALL
TIME GAGE ELONGATION ELONGATION UNIT
hours READING micro= thousands in., ELONGATION
0,001 in, inches/in. micro=
inches/in,
192 21.9 109.5
288 2%.1 120.5
528 29.8 149,0
6 30.7 158.5
69 31 oz 158.5
91 32. 163,0
63 _‘;ﬁ.h 167.0
1031 o5 172.5
1127 3.9 17445
1199 3548 179.0
1270 gg.g %39.5
1367 “ .
1463 3649 18ﬁ.5
1555 33.9 189.5
1725 38,5 192.5
1797 38.6 193.0

Test ended due to failure of apparatus Mareh 28,1958
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TABLE 12, CHREEF TEST DATA

Sub joect Creep Tast: Aluminuwa Alloy Conducior Wirae

By:_I, Gerard Dates___ October 5, 1957
Column Number: 6 Lot Number: 2

Series Number: _ 3 Lever Multiplication: lone
Gage Length:__ 200 in, Overall Length: 23 £t 3% ia.
Preload: None

Test Load:

OBCERVATIONS
ELAPSED STHRAIN ULIT SCALES OVERALL
TIsk GAGE ELOLGATION READING ELONGATION
nours HEADING Microm inches thousands in,

0,001 in, inches/in,

0.0 0.0 0.0
1e3 6.5 32.5
Z2el 7.9 3245
3.1 gtﬂ 14.6.0
10,2 1.9 The5
19.5 16,0 5540
33.2 227 113.5
2.1 24.0 120.0
13,0 25.7 128.0
70 277 138.5
102}..3 32.2 141.0
201,0 3;.9 159.5
2390 30.2 191.0
2’ 200 agol 195.5
377.5 2.7 213.5
43140 L2.9 2115
,.!.?-’-:-.9 h-’-l-cl 220-5
642 9 l,'?OT 238 )
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TABLE 12, (cont.)

e e e e e et

OBSERVATIONS
BELAPSED STRAIN UNIT SCALE OVERALL
TIME CGAGE ELONGATION READING ELONGATION
hours READING micro= inches thousands in.

0.001 in. inches/in.,

s i e

906.,9 50.5 252.5
1002.9 51,8 259.0
1ga .g gz.s 22;.%
1116, 3.1 265,
1242.9 53.5 267.5
13141.9 5he3 271.5
1410.9 5h.7 273.5
s o B
1626.9 56,7 233.5
1722.9 57.5 287.5
17949 5747 288.5
1969,1 59.3 296.5
206l.,1 60,0 300,0
2136.1 60.6 303.0
2251.6 61,2 306,0
2315.0 60.9 30L.5

Test Concluded January 11, 1958





