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CREEP IN METALS

. By A. D. Schwope, F. R. Shober,
and L. R. Jackson

SUMMARY

This report covers initial phases of an investigation of the funda-
mental of creep in metals. Results of a study of creep in single crys-
tals of high-purity aluminum are presented and discussed. It is shown
that at low stresses the creep phenomenon appears to be consistent with
Mott and Nabarro's theory of exhaustion creep while at higher stresses
results appear to be more in accord with ideas expressed by Andrade.

INTRODUCTION

The investigation reported here was based on the idea that the
development of an adequate theory of creep in metals is hampered by the
lack of data taken under sufficiently definitive conditions. The objec-
tive of the work, then, was to attempt to obtain data of the type
required and to show the extent to which these data do or do noct agree
with current theories of creep.

In order to limit the number of variables under consideration, the -
investigation so far has been confined to a study of creep of single
crystals of high-purity aluminum as a function of stress at constant
temperature. Aluminum was selected for these initial studies partly
because it is more nearly isotropic than other metals and partly because
a good deal of information could be obtained near room temperature so
the experimental techniques could be simplified.

In ordef to conduct the investigation so as to provide sufficiently
detailed information, the following steps were required:

(1) It was necessary to grow considerable numbers of large single
crystals (this was done by the strain-anneal method)

(2) It was necessary to conduct tests to establish that the crys-
tals were really single crystals and to determine the orientation of
each crystal . '



2 ' NACA TN 2618

(3) In order to provide a basis for relating creep to other
mechanical properties and to obtain information required to use the
creep data in various theories, it was necessary to determine the
elastic modulus, the critical resolved shear stress, and other
‘properties of the crystals

Throughout the investigation, every attempt was made to link every
step with any previous work known. This was done so that the data
obtained could be properly evaluated.

This investigation was conductéd at the Battelle Memorial
Institute under the sponsorship and with the financial as31stance of
the National Advisory Committee for Aeronautics.

PRODUCTION OF SINGLE CRYSTALS

Single crystals were grown by the strain-anneal method, which was
advantageous because the desired size and shape of specimen can be
machined prior to growth of the crystals. While it is possible to
machine and shape single crystals of some metals, aluminum single crys-
tals are very soft and would be greatly distorted by, machining. It
was imperative that uniform specimens be used in this wotk and for that
reason the strain-anneal method was used. :

This method was essentially an anneal-strain-anneal procedure.
The first anneal was primarily to produce grains of uniform size and
to-relieve any strain that might have been induced during machining.
The next step, straining, was accomplished by pulling the specimen in a
tensile machine until an elongation of 0.5 to 1.5 percent was produced.
Carpenter and Elam (reference 1) found that 99.95 percent aluminum grew
into single crystals more frequently when the specimen had been elon-
gated from 1.5 to 2 percent before annealing. However, it .was found
that less elongation, from 0.5 to 1.5 percent, is necessary to grow
single crystals from the 99.99+ percent aluminum.

The final annealing temperature can only be found by trial and
error, since it varies for different metals and different purities of
the same metal. In general, the procedure was to put the strained
specimen into a furnace at a temperature where there was no recrystal-
lization or grain growth and gradually to increase the temperature.
The annealing was finished at a temperature between 625° and 650° C to
complete the absorptlon of small crystals that tend to remain at the
surface.
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The following summary of the strain-anneal method as used at the
Aluminum Company of America (reference 2) was followed closely in this
- investigation:

(1) The specimens are machined to the desired shape and size from
cold-rolled bar stock (for these experlments, standard 0.505-in.

tensile bars were used)

(2) The specimens are annealed for 6 hours at 550o C

o (3) The specimens are strained in tension to produce a permanent
‘elongation.of 0.5 to 2 percent in the gage length, depending on the
purity of the aluminum used

(h) The specimens are then placed in a furnace, heated rapidly
. to 450° C and held at that temperature for 24 hours

"(5) The temperature of the furnace is ralsed 20 C per day until
600° ¢ is reached

(6) The specimen is held at the final anneal temperature, 635"
to 650° C, for 48 hours

Establishing Perfection of Single Crystals

An intensive examination was carried out to determine the perfec-
tion of the crystals. It has been reported by Burke (reference 3) that
it became increasingly difficult to grow single crystals of aluminum as
the purity increased. Since in this investigation it was found that
single crystals-were easier to grow from the 99.99+ percent metal than
from the 99.95 percent aluminum, there appeared to be some discrepancy
in the facts. Accordingly, optical and electron microscopy utilizing
the etch-pit techniques as well as ordinary polishing and etching pro-
cedures was employed. The results were negative in the sense that
crystals. whose boundaries were determined with a macroetchant’ could not
be broken down to subgrains or macromosaics. Figures 1, 2, and 3 are
Lauegrams taken at three different spots along the length of a 2-inch
crystal. The photograms are identical, a verification that the specimen
was a single crystal.

Determination of Orientation of Crystals

The orientations of the’single crystals were determined by the
Laue back-reflection X-ray technique. The procedure followed has been
thoroughly described by Barrett (reference-%4). The results for the
crystals used in this portion of the investigation are given in table 1.
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Letters A, B, C, and D are the poles of the four (111) slip planes

and U, V, W, X, Y, and Z with the lettered subscripts refer to the [110]
slip directions lying in the (111) planes. The angle between the
normal to the slip plane and the specimen axis is given in the column
headed ¢ The angle between the slip direction and the specimen axis
is designated as A. It is observed that not all the planes or direc-
tions are listed. This is because the product cos @ cos A was too
small and that particular slip system had little chance of becoming
operative. The last three columns headed a, B, and 7y indicate the
angles the cube faces, the (100) planes, make with the specimen axis.

DETERMINATION OF TENSILE PROPERTIES OF SINGLE CRYSTALS

Background

Elastic properties.- The elastic range of a solid, as defined by
Hooke, is determined by the condition that the components of the stress
are linearly related to the components of strain. Since aluminum is a
face-centered-cubic lattice, the relations between stress and strain
can be given in terms of three constants, 5115 Syp, and Sypy- The

derivation of these constants can be found in the work of Seitz (refer-
ence 5) or Zener (reference 6) and will not be repeated here. If the
solid is perfectly isotropic, the constants are immediately related to
the usual elastic constants, such as bulk modulus K, shear modulus G,
Young's modulus E, and Poisson's ratio v. It has been shown that

.
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If the material is perfectly isotropic, it follows that
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Sy = 2(811 - Syp)

and the three constants are reduced to two. However, in real metals,
except tungsten, this is not the case, and the ratio of the two shear
constants is not equal to unity. The quantity 26311 - 812) .shall be

designated as G' and the ratio of G/G' defined as the anisotropy
factor A. The values of the various constants for aluminum are given
below:

S11 Gt

s CIN E ¢ - X y A
(sq. cm/dyne) | (sq cm/dyne) | (sq cm,7dyne) (psi) (psi) (psi) (psi)

12 12 12 6 6 6

1.59>X 10° -0.58 x 10~ 3.52 x 107 9.13 x 10° { 4,13 x 10~ {3.33 x. 10" [ 11.2 x 106 0.37 1.24

If aluminum were isotropic (A = 1), the values of E and G would be
constant, regardless of the direction. Since aluminum has an- A value
of 1.24, it is expected that E and G will vary with direction. The
appropriate values of E and G can be computed if the direction
cosines of the cubic axes with respect to the direction of stress are
known. 1If the direction cosines are !, m, and n, the relations for
the moduli are given by '

[ 1122 22 22
%=511'2(511-512)-;2L5M+ (Zm +mn +nZ)
A v v - :
1 ¥ 1. ]p22, 22, 29
5= Sy, + b Ssll - 81p) - 5 Sy (**m° + m"n + n )
The maximum and minimum values of E and G in units of lO6 psi and‘
their corresponding directions are given below:
Enax Enin Gpax Gmin.
‘(;i‘?? Direction. }’;JS‘;I(; Direction ' ‘(I;?S Direction ‘(’;?S Direction
11.02 x 10%| [111] [9.13x 206 | [100]  |%.13x 105 | [100] |3.6x 10°] [111]
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It is interesting to note that the application of the common equation
E

v = G - 1 can lead to serious discrepancies, even in a near-isotropic

metal such as aluminum. This conclusion is valid not only for single-
crystal work but also in any polycrystalline metal which may exhibit
preferred orientation.

The influence of temperature on the crystallographic structure of
aluminum has only recently been investigated. Kochanovska (reference 7)
has shown that aluminum within the range of 22° to 220° C does not
exhibit any anisotropy of thermal dilatation. This is fairly good
evidence that aluminum retains a cubic structure within this range.

This was not the case for iron, which showed a decided anisotropy of
thermal-expansion constants. It is, therefore, not possible to assume
that a metal which may be cubic at one temperature will remain cubic at
other temperatures, even though there is no known allotropic
transformatlon.

Critical shear strength.- The application of sufficiently large
stresses to a metal will result in some permanent deformation when the
stresses are removed. It has been found that when the stress exceeds a
certain critical value part of the elongation has become permanent.
This stress has become popularly known as the critical resolved shear
stress. Although it is thought to be a constant for any one metal, the
absolute value probably depends on the sensitivity of the strain meas-
urements. The mode of deformation for aluminum is known as slip, or
the displacement of one part of the crystal relative to another, along
a certain crystallographic plane. Thus, when the stress exceeds a
critical value on a crystallographic plane, slip occurs.

The critical resolved shear stress for aluminum is found to vary
widely with investigators and purity of the metal used. Gough and
Sopwith (reference 8) found the critical resolved shear stress to vary
from 220 to 1600 psi. Miller and Milligan (reference 9) found the
critical resolved shear stress for 99.95 percent aluminum to vary from
70 to 300 psi, with the average between 175 and 200 psi. Using constant-
1oad—rate tests, they found a marked yield point which becomes more
marked the lower the test temperature and the purer the metal. Their
exploration for the yield-point behavior is based on the fact that,
once the critical resolved shear stress is exceeded, the crystal may
glide a considerable amount before strain-hardening becomes effective.
Since this only occurs at low temperatures, they assume that the face-
centered-cubic metals are softer and there is less tendency for the
‘glide planes to rumple. The critical resolved shear stress was found
to 1ncrease with temperatures up to the recrystallization range (200o
to 300 C)
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‘

Boas and Schmid (reference 10), on the other hand, found no appar-
ent yield point in aluminum single crystals in the range of -185°
to 600° C. The critical resolved shear stress at -150~ C was 1100 psi
and decreased to 142 psi at 600° C. :

Bragg (reference 11) has theoretically calculated the critical
resolved shear. stress in terms of atomic displacements. The method is
based on the lower limiting crystallite size as.determined by Wood
(reference 12). This dimension was obtained by measuring the size of
the crystallites produced by severe cold-work. These are assumed to be
cubes, and for aluminum a side dimension of 1 X 10~* centimeter was
obtained. It should be noted that again temperature of deformation and
purity of metal will affect the size of the crystallites. Bragg then
assumed that the metal could withstand a shearing stress of
GS/t ~ 1000 psi without slip occurring where

G shear modulus; 3.6 X lO6 psi
S interatomic distance; 1.12 X 10'8 inch
t size of crystallite; 3.94 x 107 inch

He finds that this value agrees well with measured values of 1100 psi.
It is apparent that this figure is well above that observed by other
investigators. ‘ .

From the widely varied values of critical resolved shear stress
cited above, it is evident, barring experimental errors, that a vari-
able in addition to temperature and purity is operative. It is pro-
posed that crystal perfection is an important, although often neglected, -
factor. If the crystal contains a great number of imperfections it is
expected to be "softer" or exhibit nonelastic behavior sooner than a
perfect crystal. An indication of the validity of this assumption has
been given by Dehlinger and Gisen (reference 13). These investigators
found a difference between aluminum crystals grown from the melt and
those grown by strain annealing. They showed that crystals from the
melt showed plastic deformation for very small shear stresses, while
. strain-annealed crystals showed a pronounced shear stress. The authors
conclude that a true elastic range would be established if the crystals
could be produced perfectly. ‘

Plastic properties.- In most metals, once the critical resolved
shear stress is reached, additional stress is necessary for the process
of slip to continue and the metal is said to "work-harden." As <the
crystal elongates, it is found that the lattice rotates in such a
manner as to decrease the angle between the slip plane and tension axis.
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The resolved shear stress on the plane is then altered from its
initial value, which was given by

T = 0 cos ¢‘cos A (1)
where
g angle between normal to slip plane and tension axis
A angle between slip direction and tension axis

The variation in the shear stress is glven as a function of the exten—
sion (reference 1k4), thus: :

on1/2
’“) (2)

sin
T =-0 coOSs ¢<l-———§—
da

where d = (1 +¢) = 21/70 or the ratio of the 1nstantaneous length to

the initial length. It is readily seen that the error due to neglecting
lattice rotation is negligible for strains below 0.01.

The resolved shear strain is similarly affected by lattice rota-
tion and has been analytically described by Schmid and Boas. It should
be remembered that the shear strain is not simply the extension along
the slip plane, but is the relative displacement of two slip planes of
unit distance from each other. The shear strain in terms of the ini-
tial orientation and the extension is given as (reference 14)

7p =,ES%_¢ Bé?_— sin2)»>l/2 - cos ;] | (3)
‘ .

For strains of 100 X 10”~ or less, the relation is accurately given by:

_ €

P T Cos @ cos X .
By definition, this plastic shear strain is different from the

elastic strain in the slip direction. The elastic strain is simply

the extension resolved along the slip direction and is given by

€
E .
7E = Ccos A (h)

The ratio of the shear stress to the elastic shear strain is termed the
shear modulus G and, in terms of extension and normal stress, G is
given by
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2
0 CcOos cOos™A
G = g@, (5)
. - E : . ’
The total shear strain is then given as the. sum of equations (3) and (5),
thus
1/2
y = 9.cos @ cos A N {I:; +,€) _ 51n2:] - cos M
T G cos ¢
or

Tp =gt 7p , | - (6)

Therefore, for small strains, ‘the plastic shear strain may be easily
calculated, if the total strain and the stress are known.

Taylor (reference 15) has found by using large strains that the
shear stress-strain curve for single crystals of alumlnum is a parabola.
The curve is adequately descrlbed by the relation

=.55207l/2 _ (7

If this relation were found to be true for the single crystals in this
investigation, it would then allow the initial strain upon loading a
creep specimen to be approximated. Experimentally, this quantity is
virtually impossible to measure because of the high initial rate of
straining. The applications of the relations presented in this section
are described in the following section.

Experimental Method Used for Critical-Shear-Stress Determination

The method used for the determination of the stress-strain charac-
‘teristics of the crystals was to load u51ng dead weights. Strain meas-
urements were taken from resistance wire straln gages which had been
mounted on the specimen. 3

The loading frame was constructed to take loads of 175 pounds by
direct loading. The top adapter which held the specimen-was fixed and
so constructed that the load was applied through a ball which rested on
a flat bar. This assured axial alinement of the specimen. A steel
cable from the center of the lower adapter connected the ‘adapter to the
pan on which the weights could be placed. The only fixed portion was
the top adapter, which was fixed by the weight of the system.
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Results of previous tests indicated that the stress-strain curves
from single crystals of aluminum had an extremely short linear portion.
Because of this, it seemed imperative that measurements be taken accu-
rately to 1 microinch. This was accomplished by mounting SR-4 resist-
ance wire strain gages on the specimen and reading the difference of
the output signal of a dummy gage mounted on the same material and the
active gage on the specimens which underwent strain. However, the
SR-U4 indicator can be read accurately only to 5 microinches, but by
replacing the indicator dial with a precision potentiometer which could
be read to 0.05 millivolt and by calibrating, it was possible to read
to 0.014 microinch. The sensitivity of the measuring system made it
inperative that fluctuations due to temperature difference of active e
and dummy gages and capacitance pickup in lead wires from the gages to
the indicators be eliminated. Shielding the lead wires eliminated the
pickup. Temperature was controlled by a proportlonlng controller which
controlled the room temperature within *0.5° C. The active and dummy
gages and the specimen on which they were mounted were enclosed and
protected from air currents. Chromel-Alumel thermocouples were con-
nected to a two-point recorder and read the temperature of the dummy
specimen and the active spec1men The temperature of the two remained
within 0. 25 C during the test.

Test Results

The test-result portion of the study included two degrees of purity
of the aluminum. A commercial 99.95-percent-purity aluminum was
investigated along with the high-purity 99:99+ percent aluminum spec1ally
obtained ‘from the Aluminum Company of America. Three curves representa-
tive of the results are shown in figures 4, 5, and 6. The point where
the curves deviate from a straight line is defined as the yield stress.

It is the stress required for the initiation of slip and, when resolved
to the shear stress, acting on the slip plane in the slip dlrectlon, that:
is termed the critical resolved shear stress. The results of all the
tests on the. aluminum crystals are tabulated below.

Single | Proportional | Critical resolved |.
crystal (;u;j;};) cos $ cos A limit, P/A shear stress Experz.melgal E Calcleam)ad E
specimen . (psi) (psi) ps psi
5 ©99.95 0.434 610 264 9.7 X '106 9.9 X 106
8 99.95 458 490 225 10.85 10.4
P-3 " 99.99+ 482 .65 31.3 10.33 10.35
P-10 |{: 99.99+ 469 62 29.0 10.2 10.2
P-16 99.99+ .h62 - 47.5 21.9 9.0 9.25
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The calculated values of Young's modulus E were determined using the
" following relation: '

2-5) - QI:(SH - Sqp) - % s@](zan@ + m2n2 + n212) (8)

where !, m, and n are the direction cosines of the angles between
the (100) planes and the specimen axis. The data indicate good agree-
ment between the calculated and experimental values of the modulus. It
is commonly thought high-purity aluminum has no elastic range; however,
these data indicate that aluminum single crystals do possess some '
elasticity. It is pointed out, however, that as the purity increases
the magnitude of the elastic portion decreases considerably.

'_‘ .

Since the study of creep involves stresses exceeding the propor-
tional limit, the knowledge of the amount of plastic strain upon
loading is important. In order to approximate the amount of slip, the
method used in the previous section, which is described by equation (6),
is applied to the data. The results for the crystals P-10 and P-16 are
shown graphically in figure 7. '

The plastic shear strain 7p 1is calculated by subtracting the
elastic component from the total strain. As it is plotted on loga-
rithmic coordinates, the fact that it follows a straight line is evi-
dence that its equation is in the form of 7T = ByPn,' where B- and n
are constants. The slope of this line n is approximately 0.25.

Since the slope can be taken as a measure of strain-hardening of the
crystal, it might be expected to increase when a greater percentage of
the strain is plastic. To examine this consideration, one of the
crystals, P-16, was pulled in a constant-strain-rate test. The resulting
shear stress-strain curve was parabolic in shape and when plotted on

- logarithmic coordinates produced a straight line. This is shown as the
upper curve of figure 8. The slope of this line was 0.540, indicating '
a steeper curve. This is often interpreted as an index of the work-
hardening ability and consequently it can be concluded that the combi-
nation of plastic strains as shown in figure 8 and elastic strains
influences the work-hardening ability. The dotted portion of the curve
in figure 8 .indicates ‘a region where no data were taken and unfortu-
nately must include the transition zone between the two slopes.

CREEP TESTS ON SINGLE CRYSTALS
Apparatus and Test Procedure

The test pieces used were 6 inches in length with 0.75-inch thread
at each end. The reduced gage section was machined to 0.505 inch in

Lo
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diameter; however, after annealing and etching, the diameters at time
of loading varied from 0.502 to 0.495 inch. The gage sectlon was

2.5 inches long, but in some specimens this entire length was not
wholly a single crystal. If the specimens contained a single crystal
greater than 1 inch in length in the gage section, it was possible to
use them.

The loading frames used to hold the specimens during tests were
built to hold loads up to 500 pounds. The equipment was designed to
eliminate vibrations caused by heavy equipment operating in the
building. The specimen was enclosed to eliminate the possibility that
any air currents would change the temperature of the specimen during
testing. A front view of the equipment is shown in figure 9. The
component parts of this machine were constructed in the following man-
ner: Eyebolts were fastened to an I-beam which ran across the ceiling
of the room and to these eyebolts a 3/8-inch cold-rolled steel rod was
attached and threaded at one end so that a 3/h—inch triangular-shaped
piece of plywood was supported from its center. At each corner of the
plywood was bolted a cylinder to act as a vibration damper.

The cylinder was threaded on one end and fitted with a cap which
had a hole to allow a plunger rod to work up and down through it. On

3

this plunger, six layers of lg-inch-diameter "Iso-mode" rubber were
placed to act as shock absorbers. The inside diameter of the cyiinder

was lg iﬁch. The l/8—ihch clearance between the plunger and cylinder

waé enough to prevent any binding between the plunger and the side walls
of the cylinder. The plunger rod which extended through the cap of the

cylinder was threaded so that the rod could be secured to the top plate

of the case which held the specimen. :

The case itself was triangular in shape, having 3/L-inch plywood
for its top and bottom plates. Two sides were covered with thinner
plywood and the front was a removable piece of Lucite. The top and
bottom plates of the case were equilateral triangles 12 inches on a
side. In the bottom, a hole was drilled large enough to allow the
bottom adapter to be attached to the specimen. '

The adapters which held the specimen during testing were of l-inch
diameter, machined from 75S-T6 aluminum bar stock. The top adapter was
made with a 3/h—inch hole in one end to accommodate the specimen and the
other end was drilled and tapped for an eyebolt. The bottom adapter
was similar to the top with one end threaded to fit the specimen but
was made so that a 1/16-inch aircraft cable could be slipped through.
The cable was knotted,-and a metal button was soldered on in a manner
which allowed the cable to come out the center of the end of the lower
adapter. The cable was attached to a wooden disk 10 inches in diameter

which provided a platform for the weights.
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The upper adapter was attached to the top plate through a hook-and-
eye arrangement. Since the top adapter was not fixed but movable, and
the cable which supported the load emerged from the center of the bot-
tom adapter, axial loading was assured. A secondary precaution taken
in this respect was never to screw the specimens up tight in the
adapters. By forcing the ends of the specimen against the end of the
threaded hole, a slight cocklng could be introduced.

This manner of loading was checked using two resistance wire
strain gages mounted longitudinally on the specimen 180° apart on its
circumference. The strain gages, opposing one another, were connected
to an SR-4 indicator. The extension of the specimen was axial when
there was no movement indicated on the SR-4 indicator.

The method employed to measure the amount of creep deformation was
initially resistance wire strain gages. However, .after some investiga-
tion it became evident that over a period of time creep was taking
place in the bonding material. In some cases, after 400 hours under
load, the gage itself could be picked off quite easily.

To overcome this difficulty, a mechanical extensometer was
designed using a lever-arm system. The extensometer was made up in two
separate parts, hereafter referred to as the upper and lower sections.
Both, were made of cold-rolled steel, ground to l/2-inch thickness, and
cut to ll by 2 inches. A front view of the extensometer attached to-a

L

specimen is shown in figure 10. Both upper and lower sections of the
extensometer were attached to the specimen by means of Allen screws.
On the upper part a pin was mounted which acted as a fulcrum for the
movable lever arm. The pin was long enough and the bearing surface of
the lever arm which fitted on the pin was large enough to prevent any”
excess play or lateral motion of the lever arm. Attached to the lever
arm 0.1 inch away from the fulcrum was an adjustable connecting rod to
the lower part of the extensometer. This adjustable connecting rod
made it possible to adjust to a zero reading and to use either a 1-

or 2-inch gage length, depending upon the length of the single crystal.
An arm-similar to the movable lever arm was fastened rigidly to the
upper part of the extensometer and acted as a reference point from
which to read. Reference marks were scratched on the ends of the arms
which could be lined up with the cross hairs.of the optical comparator
which was used to measure the distance between the rigid arm and the
movable one. The lever-arm ratio was 100 to 1. This ratio made it

possible to read to 0.25 X 10'6

used and to 0.50 X lO'6 inch when the l-inch gage length was used. The
optical comparator used had a sensitivity of 0.000050 inch.

inch when the 2-inch gage length was
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The initial phase of the creep-testing program was at room tem-
perature. However, room temperature varied i50 C depending upon the
weather. It was imperative that the lemperature of the specimen remain
as nearly constant as possible because of difficulties in separating
that movement of the specimen due to thermal expansion and that due to
creep. Also, the mechanical extensometers made of steel introduced an
error for which it was difficult to compensate. The easiest method of
eliminating all these difficulties would be to keep the temperature of
the room constant, and by using the following method it was possible to
keep the room within 0. 5 C. Heating elements were placed in front of
a .fan, both of which were connected to a proportioning controller
through a relay. The proportioning controller was connected to a
Chromel-Alumel thermocouple which was placed in the air at head height.
A two-point Micro-max recorder, 0° to 100° C, recorded the temperature
of the air. Near to the ceiling in another corner of the room, another
fan was placed which circulated the air constantly. The temperature
maintained in the room was 360 C. This temperature was chosen because
it was above any expected outside temperature, and thus could be easily
maintained. If the room was kept at a temperature below that of the
outside. temperature, as the latter increased during the day the room

' temperature also increased.

Loading was important in this work in that the load should be
applied with minimum shock. The use of the cable as a support for the
weights in the manner previously described allowed the weights to
rotate after loading as the cable was stretched. Rotation of the
weights produced shifting of the weight which, in turn, produced minor
shocks on the specimen. To prevent this, the weights were anchored to
stable objects which in no way increased or decreased the load but did
prevent rotation of the weights. '

The load was initially applied by placing the loading pan on the
extended ram of a hydraulic jack and loading the needed weights upon it.
The load is then applied by allowing the ram of the jack to return
slowly into the jack until the specimen is supporting the load on the
pan.

The creep tests were all run under constant-load conditions rather
than constant stress. Preliminary tests revealed that, for the stress
levels under consideration, the creep strain would not exceed 1 percent
elongation in the case of the high stress level. This being true, the
error due to the reduction in area would not be greater than 1 percent.
In the majority of the tests the elongation.would never be greater than
0.5 percent, and hence the percentage error is reduced accordingly.
Thus, although these were constant-load tests, constant stress was
approximated as closely as if allowance were made to decrease the load’
during the test.
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Results of Creep Tests

The strain-time curves are shown in figures 11 to 15. This method
of plotting the data as creep strains involves the knowledge of the
plastic strain produced by application of the load. Since this is an
extremely difficult quantity to measure, the shear stress-strain curve
has been used to approximate its magnitude. The method then consists
of converting the tensile load to the resolved shear stress and reading
the shear strain corresponding to this stress. This shear strain is
then converted to tensile strain by means of equations (4) and subtracted
from the total strain as measured experimentally. The remaining strain’
is then the time-dependent or creep strain. '

The use of this method is based on the assumption that the plastic
deformation upon loading takes place by slip. This assumption, that
slip is the active mechanism of deformation for extremely small strains,
appears to be justified in the light of existing information. :

It can be seen from the stress levels of these tests that stresses
10 times the critical resolved shear stress are necessary before
appreciable creep occurs. The slope of the straight-line portion of
the creep curves is often used as an index of -the rapidity of the flow
process: 1t is estimated that all of these tests have a "creep rate"
of less than 0.0l percent per 100 hours. The fallaciousness of the use
of the term "secondary creep rate" is strikingly shown in figures 11
to 15. Considering crystal P-33 in figure 14, if the slope of the
straight-line portion of the lower curve, where seconds are used as a
time measure, is determined, it is 60 times greater than the slope of
the upper or "hours" curve. It cannot be concluded that, because a
creep curve becomes straight, the mechanism of creep has changed.
However, the opposite assumption that one mechanism of creep is opera-
tive throughout entire tests is presumptive and without sound basis.
These considerations are pertinent at this time before a detailed
analysis is entered into, since they indicate the impartial character
of the analysis. 7

’

The creep curves appear to be normal in shape and little can be
deduced without a more detailed analysis, which will be presented in
the following sections. In general, the creep strain, after the instan-
taneous extension has been subtracted, appears to increase more
uniformly with the resolved shear stress than with the applied tensile
stress. This would tend to indicate that the mechanism (or mechanisms)
active in the initial deformation remains active during the creep
process. It would appear from the shapes of the curves that, although
this mechanism is extremely potent in its ability to allow the crystal
to strain, its potency wears.off very rapidly and as a resul@ the
strain rate decreases many orders in magnitude. It is at this time
that if a second mechanism of creep is possible its effect becomes
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important and the character of the creep curve changes. It is emphasized
that these creep studies were conducted on specimens which contained no
grain boundaries and therefore the usual concept of grain-boundary
viscosity cannot be considered as a factor in the creep process. These
creep tests are relatively short-time tests and although no indications
of a third stage of creep were noticed its possibility has not been
eliminated.

ANALYSIS OF CREEP TEST RESULTS USING EXISTING THEORIES

Background

At present, most of the theoretical work on creep is based on
attempts to relate creep phenomena to the concept of "dislocations."
In order to present the relation between the results of this investiga-
tion and current theoretical analysis, it is des1rable to review brlefly
some of the concepts involved.

The existence of dislocations or some type of imperfection has
been established on the basis of the criterion that if a crystal were
perfect, that is, every atom alined with every other atom, the stress
necessary to initiate slip would be 100 to 1000 times greater than has
"~ been observed experimentally. The greater theoretical strength of a
regular array of atoms is due to the fact that shear can take place only
by a movement of a whole plane of atoms relative to an adjoining plane.

If some simple lattice of a perfect crystal is considered, as in
figure 16, simple slip requires that a certain shear stress T cause
homogeneous and reversible deformation until the shear strain is X/Ed.
Beyond this point the deformation is permanent, since the displaced
planes find it easier to stop at the new equilibrium position, dis-
placed A distance from their original positions, than return to. the
original position. If the shear stress T which would cause permanent
deformation were maintained for a time, the specimen would flow
plasticly. The fact that this is not observed in metals indicates that
some hardening is taklng place as a result of the flow process

In figure 16 plane B is in stable equlllbrlum with plane A before
and after set B was displaced an atomic spacing A 1in the slip direc-
tion. In both cases, the resultant. shear stress on plane A is zero.
However, for a displacement halfway between the two positions, the
resultant shear stress is again zero, but set B is in an unstable-
equilibrium position. This indicates that the stress on set A is
periodic in X and of period A. It is then possible to approximate
the stress by a sine wave in X, such as: '
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T = Te sin E%X (9)

where T, 1s the amplitude of the stress and is large enough to bring
the displacement to the halfway mark. The stress T, is then the
largest shear stress which the lattice can withstand. Simple slip will
occur for all shear stresses larger than T.. :

The shear modulus G 1is related to the initial slope of the shear
stress-strain curve. One can assume that the slope of the stress-strain
curve of equation (9) at X = O is the same as the initial slope of the
- shear stress-strain curve for a specimen. For very small displacement
of set A about an equilibrium position, Hooke's law might be used to
calculate the stress on set A. The shear strain of set A with respect
to set B would be X/d. Then, from Hooke's law, the stress 7T is
found to be equal to GX/d, where G is the modulus of rigidity. By
substituting into equation (9), the following relation is evolved

ax . G
A C a

and, since X/d is nearly equal to 1,

G
= — 10
. TC 271 ( )
Of course such a relation does not hold experimentally, but it does
provide a starting point for further calculation of the strength of
metal crystals.

It would be best before progressing any further in this direction
to describe the different types of dislocations. The simplest type,
the edge dislocation, is shown by figure 17. A dislocation 'as pictured
arises over a limited distance in a plane of atoms where there are n
‘atoms in one plane and n + 1 in the adjoining plane. In figure 17(a),
the compressed region, where the plane with the excess atom is above
the expanded plane with one less atom, the dislocation is called a
positive dislocation. In figure 17(b), where the reverse is true, the
dislocation is a negative.one. This concept of dislocations was first
desc¢ribed by Taylor (reference 16).

The second fundamental type of dislocation is the screw disloca-
tion introduced by Burgers (reference 17). The structure of a screw
dislocation is shown in figure 18. Slip'is produced by migration of
the dislocation region EF toward CD. In the diagram the full lines
and circles represent the atoms of the upper plane, while the others
are the lower plane. It is possible to have positive and negative
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screw dislocations where, as in edge dislocations, one is the reverse
of the other.

Since the strength of crystalline material is lower than the
predicted theoretical strength, it can be assumed that dislocations are
inherent to crystalline materials. The origin of these dislocations is
still not certain, but it is thought that they originate from points of
imperfections in the lattice of the crystal. In polycrystalline mate-
rial the grain boundaries present places of "irregular array of atoms,

a sort of a transition layer between grains, and thus may constitute a
source of dislocation. However, the present work does not include
grain boundaries. The existence of a mosaic structure within the grain
has been postulated by Darwin (reference 4) as a result of his study
of the intensity of X-ray diffraction spots in metals. He conclude
that crystals diffract as if they were composed of small blocks 107

to 10'6 centimeter on an edge, but e%ch block being a perfect crystal
‘tilted from perfect alinement by 0.1 .

Wood (reference 12), using various high-purity metals, determined
the lower limit of crystallite size to be as follows:

Metal - Purity Crystallite»size
(percent) (cm)

Copper 99.999 8.7 x 1077

Nickel 99.97 1.2

Silver 99.999 .8

Iron 99.96 3.2

Aluminum 99.99 10.0

Barrett (reference 18) was able, using electron-microscope
technique, to make photomicrographs of deeply etched copper in which
he showed what he assumed to be mosaic imperfections in the crystal.
The mosaics were rod-shaped, equiaxed in cross section, and had diam-

eters 1 X 10'5 to 5'x 10'5 centimeter and lengths up to 5 X 10—4 centimeter.

The establishment of the fact that a crystal is composed of many
small blocks whose orientations vary slightly with respect to one
another presents places at which dislocations may exist. The majority
of dislocations probably exist here, but there are other places such’
as inclusions and precipitated atoms that alsd could be sites for dis-
locations. The number of dislocations that could form between dis-
oriented blocks would, it seems, be determined by the degree of dis-
orientations; that is, the density of the dislocations increases with
an increase of the angle between blocks. Burgers' work (reference 19)
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shows that lattice blocks, which are nearly parallel, can be separated
by systems of dislocations.  Here these systems must contain an equal
number of -dislocations of both signs and exist as a result of cold-
work, and hence are energetically unstable. The nature of a disloca-
tion is such that each is surrounded by a region of localized strain,
thus subjecting atoms in this region to internal stresses. These
regions exert forces on each other which, in the case of a positive
and negative dislocation, attract one another, while dislocations of
like signs repel each other.

The initial movement of a dislocation is dependent upon the tem-
perature and the stress. The activation energy of a dislocation, the
energy required to move it, is dependent upon its position ‘in the
atomic lattice plane. Due to the interaction of the atoms and the
negative and positive dislocations, the potential energy will be an
oscillatory function of distance along the plane under consideration,
as.in figure 19. ' :

) A dislocation at rest would be in some potential trough such as A
and in order to move to position B would have to receive the amount of
energy ¢, the activation energy. The fact that the amount of energy
could be produced by thermal fluctuations is a finite probability.

This probability will vary with the absolute temperature T and the
activation energy ¢ according to e~ kT , where Kk 1is Boltzmann's
constant. Since this probability is an exponential, as the temperature
becomes high there is a real probability of movement of dislocations
such that they can overcome large potential barriers.

The stress tends to change the potential-energy function, depending
upon the magnitude of the stress. This has the effect, as shown by the
dotted line in figure 19, of reducing the barrler in one direction and
increasing it in the opposite dlrectlon

This extremely brief review of the dislocation theory is meant
only as an introduction to the thinking which underlies present-day
theory. Much of the mathematics and'detailed derivations have been
eliminated. The reader is referred to such excellent articles as
references 5, 20, 21, and 22 for further information.

Creep Theories

Among the contributors to the theories of transient creep are

- Mott and Nabarro (reference 22), Smith (reference 21), Orowan (refer-

“ence 20), and Andrade (reference 23). Really, the last named was the
first to evolve a practical relation: However, as discussed in the
body of this report, his relation does not appear to be applicable to
these data and hence will not be considered here. Orowan has a
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particularly neat theory, but again his theory has the same failing as
Andrade's. A complete description of Orowan's theory is given in
reference 24. The field is then narrowed down to two theories, that of
Mott and Nabarro and that of Smith.

The' first to be discussed here is that of Mott and Nabarro. The
basis of this development is that dislocations of a compound type are
assumed. Whenever this dislocation intercepts a glide plane, a wavy
line is formed. Normally, dislocations tend to take up positions of
minimum potential energy; however, because of the curvature, the dis-
location possesses a higher energy. The condition is assumed that each
dislocation has a different value of internal stress to overcome before
it can move. - : ‘

With this picture, an expression for creep was formulated using
the following assumptions:

(1) A distribution function N(o;) was defined such that
N(ci)dci gives the density of the dislocation loops which would be
moved at a stress between o; and o; + doj. : :

(2) The distribution function N(&i) does not change appreciably
during creep, hardening being primarily due to the exhaustions of
dislocations.

(3) A dislocation loop tends to move from a position where the .
stress increment required to move the dislocation loop is small to a
position where the stress needed to move it is much larger than the
applied stress. Once the loop moves, it does not again take part in
the creep.

(4) The probability P +that a dislocation loop with a given value
of 04 will move in the direction of the applied stress is an exponen-
tial involving the absolute temperature T, .

P = v exp(-Qos/kT)

where Q(oi) is the activation energy for migration and V is the
frequency of vibration of a dislocation in its potential trough

_(108 vibrations per sec).

This results in.an increase of strain equal to v divided by the
volume of the crystal. The value of v depends on whether or not the
motion of a single loop sets off an avalanche and cannot be evaluated
“at this time.
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After a time +t, the number of remaining dislocations %n the
range 03 to g3 + doj which have not moved is N(Ui)doie' and
their contribution to the creep rate is obtained by multiplying by Pv.
The creep rate is then:

g—i = Pv Lw N(ci)e'Pt doy

Evaluating this integral, Mott and Nabarro find that the exten51on
is given in terms of t by the formula of the type:

/3 , .
€ = Constant T (1oge vt

)2/3

(11)

Smith (reference 21) has developed a theory of transient creep
which avoids the difficulty of Orowan' s assumption that each activation
is accompanled by glide inversely proportlonal to ATe, His theory is
based on the assumption that after the initial almost instantaneous
elongation there will be regions in the material where there are stress
concentrations, so that the local stress is higher than the mean applied
stress. These could be caused by points of entrapped dislocations, for
example, at mosaic boundaries or at impurities. Due to the stress con-
centrations at various energy levels E and E dE, there will be a
relationship between the number of such spots f(E) dE and the dis-
tribution function f(E) 'which changes as plastic flow progresses. By
assuming that the distribution function f(E) changes with time and
denoting this function by F, " he proceeds to calculate the number of
spots lost during a time dt. He assumes that these spots are lost by -
thermal activation, and that this number dN is given by

an = c(F, dE)e'(E/kT) at

Smith then shows this equation has a solution of the form

' E/kT
where A = Ce / and F, 1is the initial condition at t = 0. By
various manipulations, he arrives at the ‘expression for the creep rate

vhere a 1is the amount of glide from a single activation.
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The creep rate is then proportional to the function F(t) and the
absolute temperature, and F(t) is defined as:

1 - e-Ct

If Ct<< 1, F(t) is a constant since the expansion e'ct involves

. t
higher powers of Ct and =f & = aFokr(Ct). . But 1f Ct>> 1,

F(t) approximates 1/t and
¢ = Constant (aFokT) log, (Constant t) (12)

Since C 1is of the order of Mott and Nabarro's v, lO8 to 1010 vibra-
tions per second, the assumption that C >> 1 is justified and the’
creep depends logarithmically upon time, -as in equation (12).

Analysis of Creep Results on Basis of Movement of Dislocations

The shapes of the creep curves for aluminum single crystals are
peculiar in that the extremely rapid strain rate dies out quickly, more
quickly than has been observed in previous experiments. The suggestion
that the ability of a crystal to strain can be exhausted leads to the
examination of the theory of Mott and Nabarro (reference 22). Their
analysis of the mechanism of creep is based on dislocations and the
ability of these dislocations to move and propagate in a metal. Their
theory recognizes that transient creep is a manifestation of two distinct
mechanisms which may or may not take place simultaneously. The first
mechanism postulates that the dislocation loops move in a metal but do
not generate new dislocations: Eventually straining-will cease because
of the exhaustion of energetically favorable dislocations. This type
of creep occurs at low stresses and low temperatures and in hardened
metals. The second type of transient creep is associated with multi-
plication of dislocations. This type of creep is the more common of

the two and is probably the type used in- the evaluation of the tl/3
relation.

It is the first type of creep, or the exhaustion creep, that the
experimental data seem to follow. A characteristic.of this type of .
creep is that the instantaneous extension is much greater than the time-
dependent extension. Exhaustion creep is expected to follow the
relation:

e -or?/3 (loge,vt)2/3 (11)
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vhere
€ creep sfrain
T absolute temperature, %k
v . frequency of vibration of a dislocation; approx1mately
108 vibrations per second
t time, seconds
c coﬁstant which varies directly with applied shear stress

Relation (12), developed by Smith in reference 21, also applies to
transient creep:

€ = Constant T iOge(Constant t) (12a)

It is e&ident that this equation is' analogous to that of Mott and
Nabarro and differs only in the exponents of temperature and time. In
Smit?'s relation, the exponent is unity; in Mott and Nabarro's, it

~is 2/3.

The results of attempts to fit the two theories to the initial
portion of the creep curves are shown in figures 20 to 24. The method
of fitting the relations to the experimental data was similar-to that
used for Andrade's relation. The experimental and theoretical rela-
tions were assumed to coincide at one of the early strains. From this
point, the rest of the theoretical curve was determined. Although-
Smith's relation is plotted for only one of the curves it was tried for
all, and the agreement was poor. On the other hand, Mott and Nabarro's
relation provided a good fit with the experimental data -in all but one
case (crystal P-41). This crystal was subjected to the highest stress
and is probably outside the boundaries of exhaustion creep. It was
further noted that this crystal was the most favorably oriented for
slip (cos ¢ cos A = 0.5) and presented a second favorable system for
slip which enhanced the possibilities of duplex slip .and, consequently,
higher orders of strain were possible.

It can be concluded that the application of the concept of dis-
locations to transient creep results in an analysis that agrees favor-
ably with experimental data. It would be interesting to evaluate the
constant in Mott and Nabarro's relation; however, further analysis
would be based on uncertain assumptions and is not warranted at this
time.

From this analysis, a general picture of the process of creep in
aluminum single- crystals at relatively low temperatures can be drawn.
When a load is applied to a crystal the dislocations which are present
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propagate and grow. It would appear that the criterion for their
growth is their orientation with respect to the applied stress. When
the stress is maintained constant, a time-dependent strain becomes
evident. This is a manifestation of the statistical distribution of
the dislocations. In other words, the probability that there will be
dislocations for which the energetics will be favorable for movement
decreases exponentially with time. Therefore, the rate of 'straining
will decrease with time, asymptotically approaching zero. The fact
that this has not been observed in these tests can be attributed to one
of two reasons: (1) The tests were stopped before reaching their
limiting creep strain, or (2) another mechanism became operative after
the available dislocations were used up.

The latter of the two reasons is the more thought producing. If .
the dislocations have moved, the cessation of movement is due either +o
their removal from the crystal or a mutual blocking effect. If the
dislocations are blocked or trapped, it is reasonable to assume that
their mutual free energy is a minimum and that they form some sort of
a stable array. The additional strain is then the result of the move-
ment of the small semiperfect lattice blocks, bounded by these arrays of
dislocations, relative to one another. This could conceivably lead to
a viscous type of creep in a single crystal.

Correlation of Creep Results with Work of Andrade

While the expression for creep developed by Andrade (reference 23)
nearly 40 years ago has no basic theoretical foundation, such as the
concept of dislocations, it has frequently been used to describe creep
phenomena. Accordingly, the data obtained here were used in connection
with Andrade's expressions.

In his oriéinal study, polycrystalline wires of various metals
were used and the tests carried out under constant-stress conditions.
Since then, his relation has been confirmed for aluminum and zinc single
crystals. In the tests on aluminum single crystals reported by Orowan
(reference 20) it must be pointed out that the stresses were consider-
‘ably higher (10 times) than in the tests described in this report.

Since Orowan's tests lasted only 30 minutes, and the strain exceeded
3- percent, there is some doubt as to the validity of his interpretation
of the phenomencn as a true creep process. f

Andrade, in his analysis, divides creep into two stages: Transient
and quasi-viscous. His empirical relation is

l/3)ekt

1= 10(1 + Bt - (13)
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where

I/ length of specimen at any time t

[ " length associated with initial extension obtained upon
loading ’

B,k constants

Now, if Il,' 1is the unstretched length or the length at the
time t = O, then the strain ¢, associated with 1o will be v
€g = (Zo - ZO')/ZO', so 1, = ZO'(l + Eo)'

Substituting into equation (13),

FI e eo)(l + ptl/3) ekt (1)

o]
For relatively short times the effect of the ekt is small and the
term may be neglected. Then

1= ZO'(l + eo)(l +‘5t1/3)
/3

1
Neglecting that part of the product which is very small, e€y,Bt , then

| 1/3)
—_ 1
L= 1 (1 +e_+ Bt ‘ (15)
1 -1
The total strain at any time t will be € = ——7—79—. Equa-
o
tion (15) then becomes
€ =, + a3 (16)

where ¢ 1is the total strain, €o 1is the strain associated with I,,
and B and t are the same as in equation (13).

The term 1, in the Andrade relation has a certain physical
significance attached to it by Andrade (references 23 and 25) and
Orowan (reference 20). It is the length that is larger. than the
unstretched length 1,' and is associated with that extension accom-
panying the application of the load. However, it is essentially a
third empirical constant of the relation. It cannot be determined

experimentally because it is difficult to determine when the extension
due to the application of the load ceases and creep begins.
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From the data obtained in this investigation it was possible to
determine analytically the value of ¢, associated with the length 15.
For times greater than 400 seconds ¢ and t were obtained experi-
mentally. By substituting these values of. € at various times t, a
simultaneous equation was set up to evaluate B and €5

The value of ¢, obtained in this manner did not agree with that
obtained by the method described earlier in the report. That determined
by Andrade's method was larger by nearly a factor of 2 at all stress
levelsginvestigated. .

In most of the data to which Andrade's relation ha’s been applied
it is found that the strains are usually greater than 0.1. In the tests
described in this report the creep strains are less than 0.005, or
20 times smaller than the previously mentioned creep strains. If
Andrade's relation can be shown to describe these data, then further
support has been found for its acceptance in the range of strains
usually associated with creep. However, efforts to achieve any fit
were not successful. 1In all cases Andrade's relation predicted larger
creep strains than were observed experimentally.

The method of examining the data was to plot the creep strain
(initial extensions had been subtracted) on logarithmic coordinates.
If Andrade's relation holds, a straight line should result with a
slope of 0.33. It is proper to expect a straight line only in the very
first portion of the creep test, for as the test progresses the creep
strain should be greater than that predicted by the Btl/3 term.
Hoever, in analyzing these data, it was found that the experimental
creep strains were not so large as predicted theoretically. A further
point of interest was that the slope of the straight-line portion was
smaller than 0.33. It ranged from 0.02 for crystal P-37 to 0.20 for
crystal P-33. It appeared to increase with stress, the one exception
being P-41, which had a slope of 0.08.

The variation of the exponent from 0.33 had been found previously
by Smith (reference 6), who reported a value of 0.1 provided a good
fit for a room-temperature creep test on polycrystalline copper. An
example of the grossness of the discrepancy between the experimental
and theoretical curves is shown in figure 25. It is strikingly indi-
cated how the experimental curve falls off very rapidly. It is also
evident there can be no quasi-viscous component vased on this analysis,
since k would have to be negative and no physical significance can
thus be attached to this value.

. From, the results of this comparison it would appear that the
crystal crept very rapidly for an extremely short period of time and
then, for some reason, its ability to creep was lost, or its resist-
ance to further movement increased. A possible argument as to the lack
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1 3

of agreement might stem from the fact tha£ these were constant-load,
not constant-stress, tests. If this were a factor, the creep strain
would be expected to be greater, not smaller, than predicted from
theory.

CONCLUSIONS

The most important conclusions from this study of creep of
aluminum single crystals are:

1. High-purity (99.99+-percent-aluminum) crystals grown by the
strain-anneal process possess a definite elastic range. The critical
resolved shear stress is between 20 and 30 psi.

2. This critical shear stress must be greatly exceeded (10 times)
before appreciable creep will take place.

3. The amount of creep appears to be more directly related to the
resolved shear. stress than to the tensile stress.

4. The shape of ‘the curves indicates an exhaustion type of creep
as originally proposed by Mott and Nabarro:. The data also serve as
one of the first proofs as to the validity of their relation.

5. Creep can be adequately qualitatively describéd in terms of
the dislocation theory. Additional tests at various temperatures and
stresses are necessary for a quantitative evaluatlon of the constants
present in the analytical relations.

Battelle Memorial Institute
Columbus, Ohio, September 26, 1950
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TABLE 1.-’CRYSTALLOGRAPHIC DATA FOR SINGLE CRYSTALS USED

NACA

TN 2618

IN TESTS
. Slip Slip A a 8 7
Specimen plane | (deg) | direction | {deg) cos # cos (deg) | (deg) |- (d.eg)
P-3 D Ly vDC 51 0.482 48 38 8
A 27 Y4n 6h .391
D i Zsp 58 .387
1
B 89 Vg 70 -305
P-10 B 56 Uge 33 0.1469 22 63 17
A 61 Zac 28 b8
D 27 Yap 65 -377
D 27 Ve 68 .334
1 1 1
P-13 A . 51»2- z@ 36 0.470 2235 625 15
B 64 Ugp 26 .394 .
- c e8 N 76 .387
c 28 Xpg 10 .317
1 . . 1 '
P-16 B 505 Upe b33 o.h§2 8 815 -
1
D W75 Yap 47 457
, W Up 53 o7’ )
%9 |z 37 405
P22 ¢ 58 Zap 355 0.431 292 | sk 202
1 o
D 68§ Xap 25 1332,
c | 8 Vep 53 -319
N .
B 182 Uy T2 .293
P-33 B 1@% Zsp u5 0.459 14 19 37%
B 492 Upe 53 .391
D 22 Viop 69 .332
1 1
P-37 D 60 Xpp 31 0.429 22 675 325
. 1 . l . .
- C 61z Zyo 29 .15
B 22 Upc 70% .310
40 452 z 16 0.1 8t 31 573
P- A 55 AD- 487 5 5
- : 1
c 36 Ugc 605 hog
A | g Y o 2 | .32 .
P41 | . D ¥ | g m 0.500 .66 23 6
] P
A 36 Zpp 55 46k / :
B 662 Ve ool 1339

W
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Figure 1l.- Lauegram of a single crystal of aluminum,

Figure 2.- Lauegram of a single crystal of aluminum.

TIocation 1.

Location 2.
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NACA TN 2618

Figure 3.- Lauegram of a single crystal of aluminum.

Location 3.
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Figure 7.- Resolved shear stress-strain curves for single crystals of
aluminum (99.99+ percent pure).
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'Figure 8.- Plastic shear stress-strain curves for a single crystal of

aluminum (99.99+ percent pure).

Crystal P-16.
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Figure 9.- Creep-testing units used for single-crystal tests.
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T e G M

Figure 16.- Simple cubic lattice.

B 171

i\ <

(b) Negative dislocation.

(a) Positive dislocation.

Figure 17.- Edge dislocations as pictured by Taylor in reference 8.

m
O-=

~_NACA

>
0--0--0--0--

Figure 18.- Screw dislocation as pictured by Burgers in reference 9.
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Potential Energy

Distance d

Figure 119.— Potential energy as a function of distance along an atomic
plane.
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