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LITERATURE SURVEY OF THEORIES AND METHODS
OF PREDICTING CHARACTERISTICS
OF MATERIALS

INTRODUC TION

The problem of describing the characteristics of materials is a long-
standing one. When the additional goal is set of predicting material charac-
teristics, almost insuperable difficulties are encountered. Many different
lines of attack have been tried, to solve the problems encountered in de-
scribing or predicting material characteristics. The current approach has
reached a degree of sophistication that leads to the conclusion that the basic
mechanisms, the detailed atomic movements, the various interactions of
elementary particles — all must be scrutinized in more detail in order to
understand what is happening. This microscopic approach is necessary in
order to understand the gross, macroscopically observed behavior, and
embodies the scientific, long-range view,

On the other hand, the exigencies of the daily demands on engineers
for practical and immediate solutions to his problems leave no alternative
but to use empirical relationships, rule-of-thumb reasoning, or just plain
horse sense. The two points of view on this general problem thus repre-
sent the two extremes that exist today in seeking to arrive at a solution to
the problem of predicting material characteristics. The urgency under which
one must work, then, will dictate the line of approach employed. This
literature survey has attempted to plead both sides of the case — the plaintiff
may receive the verdict applicable to himself alone. Therefore, for the
purposes of a literature review in which the goal is to ascertain the poten-
tially most useful theories and methods for predicting material prop-
erties, the guiding principle has been to re-examine all available work
pertinent to the general problem. Then, on the basis of current develop-
ments in theory and methods and the opinions of experts in the field, and
from the long-range perspective afforded by this literature review, an
evaluation of the most promising theories and methods has been made.

SCOPE OF THE LITERATURE SURVEY

Obviously, complete coverage cannot be afforded a subject as prolific
as characteristics of materials. It is recognized that such factors as
heat resistance, corrosion resistance, strength at low or high tempera-
tures, heat conductivity, etc., are all integral components of the over-all
problem of material behavior. However, in view of such practical

Manuscript released by the authors, November, 1958, for publication.
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considerations as time, which must be faced in a 6-month literature survey,
and in view of the vast amount of material already printed on the general
subject, it is deemed advisable to limit the scope to the most {ruitful areas,
One of the most important areas would include the mechanical, or strength,
properties; also, the selection should be directed primarily toward metallic
materials. This latter choice is not as restrictive as it may seem at first
glance, since the crystalline nature of metals is [ound duplicated in many
nonmetallic substances, and the basic laws should be applicable equally to
both, Furthermore, the term "strength", as used here, would be applied in
the broad sense, in that the yield stress, the critical resolved shear stress,
creep strength, the hardness, etc. — in fact, almost any index of a ma-
terial's ability to resist Plastic deformation — would be considered,

Some items have been excluded, rather arbitrarily, perhaps, but
from the sheer necessity to draw the line somewhere. Included in a list of
factors not covered specifically would be sugh items as fatigue, brittle-
ductile transition behavior, age-hardening phenomena, recovery and re-
crystallization Processes, and crack initiation and propaggtion. However,
important

That reason is, if a material cannot pass the basic requirements of
adequate strength under the specified conditions, then there is no great
need to know the other properties,

As to the references themselves, each item deemecd worthy of inclu-
sion in this report has been entered in the main appendix, along with a brief
abstract of its contents. The entries are listed alphabetically by the first
author and are numbered consecutively, Here, again, the emphasis in
selection has been on the broader aspects of the problem. Another guiding

¢ experimental side, as well as the
This action

It goes without saying that many
references may have been left out — either by chance or design — that might
be considered important. Be this as it may, there is no doubt that the ref-
erences given in the articles covered here will lead to all additional ref-
erences desired and many more. So, it should be a relatively minor task
to locate a particular reference from the other quoted sources,

To facilitate the search for references on any particular subject, the
main appendix of some 1800 entries has been broken down into four sub-
sidiary categories, ition, is an author index in which are listed
the references, by number, where the author's name appears,
believed that the bibliography contained in the appendix will constitute an
invaluable aid to the research worker in this field, and that the widest pos-
sible dissemination of this report should be made to interested parties,

@ 50-Yr 2014/01/27 : CIA-RDP81-01043R003200240005-1

BACKGROUND DISCUSSION

Early theories of the strength of metals were restricted mostly to
simple substances, and to a relatively narrow range of temperatures,
Fairly recently, some thought has been given to the case of more complex
materials, as well as to a wider range of temperatures. In spite of the
numerous attempts to develop a comprehensive theory, little progress was
attained until the introduction of the concept of "dislocations" in the early
1930's. The flexibility of the dislocation theories, and the imaginative
and fertile work of the many mathematicians and physicists who became
interested in the possibilities of this concept, led to explanations of many
metallurgical phenomena previously only vaguely understood, ?mpo.rtant
as this concept has proved, there still have been many alternative lines of
attack on the basic problem of strength, such as the chemical, thermo-
dynamic, electronic, atomistic, and mechanical. It can be seen‘that
these various approaches embody tHe same goals, but that the points of
view are somewhat different. Thus, all available theories have been re-
viewed so that no possible line of attack has been overlooked that may lead
to a solution of the present problem.

In addition to the theoretical attempts to understand the basic factors
affecting the strength of material, empirica} methods have been developed
to describe relationships between significant variables, such as tempelra-
ture and stress. Although such ad hoc methods are not completely satis-
fying, they do have the advantages cﬂelating the desired property to
readily measurable experimental data, and, more imAportalnt, they_ can be
applied to the complex materials actually used in engineering a;?phcat'wns.
The outstanding development in this direction is the parameter involving
time or strain rate and temperature, which correlates the strength prop-
erties rather successfully, However, it cannot be said that such par'am»
eters are completely empirical, because of their direct connection with t'he
Boltzmann, or Arrhenius, rate equation, which connects a rate to an acti-
vation energy and tt?mperature exponentially,

H

In the following paragraphs, those theories and empiricalA relation-
ships that may be useful in describing material behavior at various tem-
peratures will be discussed briefly. Then, areas that have been neglected
or that need further consideration will be specified to some extent.

The outstanding importance of creep in metals stressed at high tem-
peratures has led to a preponderance of theoretical work in thi§ area.
Schoeck(1396)* Dorn(377), and Weertman(1672) have offgred h1g.h- )
temperature dislocation theories of creep, based on the dislocation climb

"Reference numbers in parentheses refer to the bibliography in Appendix A.
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*Tech. Rep. 56, ONR (NR~032-168), June 15, 1956,
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Factors that have definite influence on the realizable strength of met-
als have been systematized by many, Kornilov(854) considered strength and
solubility relationships, whercas Andrews(39) classified properties accord-
ing to a thermodynamic scheme. Bal1(69) showed clearly the surprisingly
important effects of subgrain size, and Biggs and Broom 107) considered
the influence of ordering on strength properties, The hardness of pure met-
als was expressed by Westbrook(1690) as a function of temperature, crystal
structure, specific heat, and the heats of fusion and transformation.

It may be noticed that the theories mentioned above depend, to some
degree, on empirical laws — for example, the Hume-Rothery rules. Un-
fortunately, the science of metallurgy has not yet advanced to the stage
where alloys can be designed on the drawing board, or with a computer,
Thus, it is inescapable that the art of metallurgy today is still dependent on
the rule of thumb, or empirical correlations, which are not based on funda-
mental metallurgical theory. Examples of empirical correlations relating
tensile strength, temperature, and strain rate are due to Kanter(782) and
to Clark, White, and Guarnieri(275), Underwood(1620) has correlated hard-

ness, creep, and tensile data to one straight line,

Zener and Hollomon(1777) and Hollomon and Jaffel712) have proposed
parameters involving strain rate or time andtemperature, respectively, to
correlate the flow stress and hardnesses ofalloys. Larsonand Miller(903) and
Robinson, Tietz, and Dorn(1341) demonstrated that the time-temperature
parameter could be applied just as well to stress-rupture data as to tensile
data. The "velocity modified" temperature of MacGregor and Fisher(990)
is akin to the parameter of Zener and Hollomon, and Rabotnov's parame-
ter(1300) is useful in the case of isochronous stress-strain curves. The
expressions involving strain rate describe the type of temperature- and
rate-sensitive deformational behavior that is usually designated as viscosity,
relaxation, or, more generally, thermal inelasticity(477). The interrela-
tionship of many of these parameters is obvious, which helps to emphasize
the common origin of such expressions. The range of validity of the time-
temperature parameter has been shown™ to extend over rupture times as
short as a fraction of a minute to more than a year and over a 700°F tem-
perature range, for the Alloy 5-590. This is indeed an impressive accom-
plishment for an expression involving only one constant,

Manson and Haferd(1043) have advocated their empirical expression
that defines stress as a function of time and temperature, Since their .-
parameter does not stem from the basic Arrhenius rate expression, it does
not appear to have the significance of the other parameters listed above.
Stowell(1527) attempted to lump together, in one equation, factors dependent
on stress and strain, heating rate, and the time-temperature type of defor-
mation, Under specified conditions, the expression can be simplifiad to a
parameter similar to some mentioned above, It may be useful for rdpid-
heating rate tests,

*Underwood, E. E., unpublished research at Battelle Memorial Institute.
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The preceding discussion was designed to give a brief survey of vari-
ous kinds of theories and methods that have been advanced to describe plas-
tic deformation. Conspicuous gaps in the coverage afforded by these theo-
ries are evident, For example, the marked influence of very small

additions of a solute is not explained, nor is the existence of solution soften-
ing generally recognized, When several variables, such as strain, tempera-

ture, and aging, all change simultaneously, the problem of expressing such
behavior analytically becomes hopelessly complex. No present theory can
account for a creep rate that is governed by the instantaneous arrangement
of dislocations, impurity atoms, and vacant lattice sites(227), Even

N. F. Mott, who has done so much to advance dislocation theories of creep,
says that they are "extremely tentative and may well have to be revised or
abandoned(32) 1

In spite of such shortcomings, progress in the theory of plastic defor-
mation and strength has increased greatly during the past years, and fur-
ther advances can be expected in the ensuing years,

DETAILED PLAN OF THE LITERATURE SEARCH

In order to get the most significant coverage of the literature, it was
decided to start with articles appearing between 1930 and 1957, Most of the
IE{B!‘E{'ICGS of value today would fall in this period, and, when exceptional
cases were noted, these could be included in the survey, Also, special vol-
umes on meetings, reports, symposia, etc,, and textbooks and specialized
treatises dealing with strength of materials were included in the literature
search, to insure that no important papers were missed.,

The following sources were consulted:

(1) Chemical Abstracts

2 Metallurgical Abstracts

(3) Abstracts of the Journal of the Iron and Steel Institute

(4) ASM Review of Metal Literature

(5) Metals Review

(6) Abstracts of Metallurgy of the USSR

(7) Transaction of the AIME

(8) Transactions of the ASM

@ 50-Yr 2014/01/27 : CIA-RDP81-01043R003200240005-1

(9) Acta Metallurgica
(10) Applied Mechanics Reviews

(11) NACA Bullctins, General Electric Company Bulletins,
ASTM Bulletins, etc.

(12) Science Abstracts

(13) Proceedings from conferences on deformation, strength,
creep, high-temperature behavior, etc.

(14) Textbooks and treatises on creep and,strength

(15) Personal files already available at Battelle Memorial
Institute.

Items (1), (2), (5), (7), (8), and (9) were checkedas far into 1958 as pos'sible', also,
Other so:,\rces of information were consulted during the se'fxrch period, 1}::—
cluding translations from Battelle Memorial Institute, National Researc
Foundation, Henry Brutcher, etc.

In addition to the above list, reports of special value to this investiga-

tion should be mentioned:
Report of a Conference on the Strength of Solids (1948)

A Symposium on the Plastic Deformation of Crystalline Solids
(1950)

Imperfections in Nearly Perfect Crystals (1952)

Dislocations and Plastic Flow in Crystals (1953)

Creep and Fracture of Metals at High Temperatures (1956)

Dislocations and Mechanical Properties of Crystals (1957).

Collecting titles to references of possible Yal\{e is a relati:ely e:hs;rt
and minor part of this task. More time-consuming is the ?ext s etl;; :m "
of obtaining a suitable abstract for the reference, Dependmg;nalmorep
tance, either a routine annotation was prepared for the record; e
thorough abstract was obtained from any of the abstract sdource{;;s':rﬁlct o
above; or the original article was read anq evaluated, an an a/ : courpse
pared therefrom, The most time-consuming process of all is, oAu entri,es
the full analysis given those articles of outstanding 1mporta?ncteh. Lentries
selected, regardless of importance, were then assembled in : e rr;zvaluzixion
dix, alphabetically by first author, and numbered consecutlv? yt.he vl
of the important theories and methods is covered elsewhere in port.
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DISCUSSION OF IMPORTANT THEORIES AND
METHODS RELATING TO STRENGTH PROPERTIES
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for engineering purposes, However, their range of applica-
bility is unknown, and calculated values extrapolated too
far are uncertain,

that a Before Ap;lungding into detailed discussions of the theories and methods
re considered to be important to this literatur i
- e surve i
of the main subdivisions will be given: vy & brief outline

Dislocation Theories of Plastic Deformation and Strength

(1) Dislocation Theories, The
. se are the r
re the results of the most Relatively speaking, the dislocation concept is new to the fields of

modex:n theoretical developments, and are being exploited
to an increasingly greater extent by scientists all over the
wor}d. They deal with detailed mechanisms, are very
{lexible, and are applied to a great diversity’of physical
phenomena. Quantitative predictions are now becomin
possible in simple cases, &

Absolute Reaction Rate Theories, These more general-
1§ed theories do not depend so much on a detailed mecha-
nism as do the dislocation theories, A "unit of flow" is
postulated that conforms to thermodynamic criteria, and
depending on the detailed interpretation given, this )"unitl
of flow' can be applied to the phenomenon of p’lastic flow

Thermodynamic Theories of Fracture Strength, These
are based on the idea that the breaking of atomi.c bonds
by fracture is analogous to the melting process. Great
generality is to be expected from an approach aion such
lines, but the very fact that such generality is achiived
nlaakes. it impossible to account for effects due to varia-
tions in microstructure, crystalline defects, etc

Relationships Based on Equations of State, Equatio

of state for solids are better known for thé ca:e w‘hns
the selected variables are volume, temperature anedre
hydr'ost'atic pressure. When variables such as s’tress
str.am, strain rate, and temperature have been chosen’
their ‘functional relationship is known as a ""mechani 1’
equation of state', These equations are particularillca
j:xttractive because they offer the possibility of predi yt:
ing the'mechanical properties of materials I—I:\;\rev1C i
the main stumbling block to the acceptance'of such ?:x:c—

tions has been their de n thy
pendence o i
L e past history of

Empirical Relationships and Parameters Thes

ters' usually express a functional relation‘shi be:wparame_
variables, such as strain, stress, strain ra.tpe te ooe
tm?eA, and/or time, Their greatest usefulness’lie r‘{Pe:}i‘“
ability to predict behavior for the complex materisall: us:d

plastic deformation and strength, However, the facility with which hitherto
poorly explained observations could be rationalized; the extreme versatility
with which the properties of dislocations could be applied to detailed mecha-
nisms; the amenability of dislocations to mathematical analysis; and the
experimental detection of dislocations have all helped in making this line of
attack very popular nowadays, Unfortunately, the values of yield stress,

for example, given by equations derived from dislocation models are indi-
cated only to within orders of magnitude, The engineer desires numbers he
can apply to the actual problems of everyday life, Furthermore, there are
no all-encompassing dislocation theories involving strength properties, but
mostly fragmentary explanations of mechanisms applicable only to isolated
processes, Different types of failure (yielding, brittle fracture, shear frac-
ture, fibrous fracture, fatigue fracture, etc,) have different underlying
mechanisms, so that an "all-encompassing'' theory is inherently impossible,
However, at the present expanding rate of effort in this field, major break-
throughs can be anticipated in the next 10 years or so.

Modern dislocation theories of plastic flow stem from the papers of
Orowan(1174,1175) | Taylor(1575)  and Polanyi(1272) in 1934, They de-
scribed whatis now known as an edge dislocation, which is characterized by
the fact that its dislocation line, which separates the slipped portion of the
crystal from the unslipped, is normal to the direction of slip, Depending on
the orientation of the edge dislocation, they may be called either positive or
negative, Another type of dislocation, known as the Burgers or screw dis-
location, has the feature that its dislocation line is parallel to the direction
of slip, Excellent review articles are available on the nonmathematical as-
pects of dislocations (see Appendix C), numerous papers have been published
with a mathematical approach to the problem (see Appendix C), and many
symposia held by specialists in the field of dislocations have been printed
(see the six reports listed in "Detailed Plan of the Literature Search"),
Earlier contributors to this field include Orowan, Mott, Nabarro, Frank,
W, T. Read, Jr., and Cottrell, More recent workers are Seeger, Schoeck,
Friedel, Leibfried, Hirsch, and Eshelby, among others.

For the purposes of this literature survey, only the most importanttheo-
ries, in the light of present-day knowledge, will be reviewed here, \For con-
venience, they are considered under the headings of theories that pertain
primarily to strain hardening, alloy hardening, precipitation hardening,
and creep. Although this may seem to be a rather arbitrary classification,

it is not intended as a hard-and-fast separation of distinct theories, Rather,
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it is found that thesec theorics overlap and duplicate one another in varying
degrees. The basic features or mechanisms, such as intersection of dis-
locations, jog formation, pile-up at barriers or obstacles, dislocation
climb, and stacking faults, may appear in a few or all of the theories in
the above-listed categories.

Strain Hardening

With increasing amounts of slip, further deformation becomes more
and more difficult (i.e. , the yield stress rises); this is strain hardening
The earliest quantitative dislocation theory that applied to strain-hardeni.ng
phenomena was proposed by G. I. Taylor(1575),  The Taylor theory is dis
cussed here in some detail because it has introduced into the theory of
plasticity several concepts and mathematical methods that are of great im-
portance, independent of the particular model of strain hardening to which
they were first applied, Also, Taylor's model, although not giving a
realistic picture of strain hardening, does contain the basic elements that
are responsible for the additional hardening due to obstacles such as grain
%Joundaries and inclusions. His idea was that the vield stress depends on the
mterflal stresses opposing the movement of dislocations and that the dis-
locations create the stresses during plastic deformation. Taylor suggested
that the dislocations do not pass completely through a crystal but interact
ela'stically with one another and with obstructions such as mosaic boundaries
which prevent further motion. These immobile dislocations cause the in- ’
ternal stresses that raise the yield strength. Since plastic flow results from
the rp?vement of dislocations, any mechanism that causes a decrease in the
mobility of dislocations causes work hardening. An expression relatin
stz:ess and strain was derived for the case where slip begins at randomg
points throughout the crystal and occurs by the separation of one positive and
one negative dislocation at each of these points. (However, no sep aratio: =
occurs if the dislocation can arise at a surface or even an i’nterfacpe ) Iflzh
averag.e length along the slip plane through which the dislocations m‘ove ‘
'apart is L, and if the yield stress is assumed to be the same as the highest
internal stress acting upon a dislocation when it is set in motion, theng e

- Yb\1/2
o-~n.G<r> , . (m

where ¢ is the tensile stress; o is a constant; G is the shear modulus; vy is
called the Burgers vector) that specifies
y toms above the slip plane have moved
This parabolic relation between stress and plastic
erimentally for metals crystallizing in tl i
) he cub.
SYStem, L was hypothesized to be of the order of 10-4 cm gin agree:e;i
with the order of magnitude of faults found in metals and rc:ck salt, The
crystallographic nature of the faults is immaterial from the point (;f view of
the theory. However, in Taylor's theory, no Provision is made for ¢
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crystalline deterioration or the development of imperfections. It is a pure
barrier theory; thus, if the strain is reversed, the dislocations should go
back to their source, and there should be no strain hardening. This is con-
trary to observation. Further detailed analyscs and criticism of this theory
have been presented by Orowan(1189) and Cottrel1(293),

Although Taylor's theory is no longer accepted, some of the general
idecas are basic to Jater theorics. Mott{1085) suggested a theory based on
piling up of cdge dislocations against obstacles in their slip plane. These
obstacles were thought to consist primarily of sessile dislocations (a type
of fixed dislocation that can move only by the transport of atoms to or from
the perimeter of the fault by diffusion) randomly distributed in the crystal.
At cach obstacle, a group of n dislocations of the same sign is piled up and
anchored by combining with a few dislocations on an intersecting slip system.
The stress ficld of each group acts through large distances, n times farther
than that of a single dislocation. An expression for the internal stress, oj,
on each group of dislocations is derived, which, when combined with that for
the plastic strain, gives a parabolic hardening law

o3 = (G/2m) (nyb/L)1/2 (2)

where the terms are as before. A value for L, the spacing of the obstacles,
can be obtained by postulating a dynamic generation (later discarded) of dis-
location loops, from a source of length £, which move a distance L, This

gives

= Glyb/anp)t/2 | (3)

The following characteristics of this result may be seen. When £ is
constant, a parabolic stress-strain curve is obtained; with a reasonable
value of £ (about 10-4 cm), the resulting coefficient of work hardening is of
the right order of magnitude; and the stress-strain relation is independent
of L, which is one of the more serious deficiencies of the theory. Even
though the intensity of strain hardening is roughly the same in many crystals
of different orientations, strain hardening is probably mainly due to the
decrease of the spacing between obstacles.

Mott's theory resembles that of Taylor, but differs in several respects:
the newer theory pictures the dislocations as being locked; the strength of
each group of dislocations is n times larger; and the spacing between them
is correspondingly larger.

Other theories have contained alternative explanations of work harden-
ing(173, 218,815,91 1), but they either have been unable to stand the test of
time, or the number of assumptions introduced has prevented their accept-~
ance. However, two rather comprehensive reports have emerged lately,
which attempt to give a more unified picture of the present status of ex-
periment and theory. These are the papers by Orowan(1189) in 1954 and by
Seeger(1425) in 1957, Orowan points out the generality of the phenomenon
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of strain hardening, and the attendant uncertainty as to its cause, He points
out that a number of factors can contribute to strain hardening, and that the
pure barrier pile-up theories cannot account for more than a small fraction
of the hardening. In the case of polycrystalline metals, strain hardening
can arise from the mutual interference of neighboring grains. However,
the mechanism for intracrystalline hardening, e.g., in single crystals, is
by no means clear.

A mechanism of strain hardening was first outlined by Taylor, and
this has been treated above., Another possibility of strain hardening, dis-
cussed by Orowan, is that arising from the removal or inactivation of lattice
defects that make the crystal soft. This Ppossibility is not too probable,
Without the presence of a multiplication mechanism, a crystal would harden
extremely rapidly as the dislocations present initially were used up by slip,
However, the number of dislocations needed for producing large amounts of
plastic deformation is far too high to be present initially in the crystal. An
alternative scheme embodies the idea of an initial stock of Frank-Read
sources (dislocation double mills) with different widths. As deformation
proceeds, the double mills with widest spacing (and correspondingly lowest
operating stresses) are used up first, and the mills with smallest spacings
would go last, Although this mechanism for the origin of strain hardening
cannot be ruled out completely, it is not entirely satisfactory.

More probable is the creation of lattice "injuries' acting as obstacles
to slip in the course of deformation. One way of producing lattice imper -
fections other than dislocations during slip is the generation of vacancies;
similarly, excess (interstitial) atoms may come into the lattice., Twin and
kink(1180) lamellae may, and in general will, arise lecally, particularly
in a polycrystalline material. Other mechanisms of hardening are the
cutting of dislocations by slip taking place in a plane pierced by them, and
the intersection of stacking faults by crossing slip planes, These latter two
mechanisms may play a more significant role in the hardening process than
the others, so they will be described in more detail later,

The lack of satisfactory explanations for multiplication mechanisms
€ major problems in the theory of plasticity,

Either new dislocations must be created during slip, or a dislocation must
be able to produce large amounts of slip. This difficulty was circumvented
when it was realized that a dislocation loop need not lie entirely in one plane
Whenever a dislocation loop does not lie wholly in one slip plane, any part
of it that lies in a certain slip plane may sweep over the plane many times
without disappearing. Sources that can supply many dislocations have been
called dislocation mills. Various types of dislocation mills are described
by Orowan, including the slip-deflection mechanism and the "Z-mill", a
dislocation sheared through the middle, which resembles the letter Zj The

low stress, Once slip has started, there are numerous ways
B

. 1 X 2 topological
or dynamical, in which new dislocations or dislocation mills ¢

an arise,
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The principle of strain havrdening due to dislocations cut across by
slip may be illustrated in a simple way, Consider two blocks sliding upon
one another. The surface of contact is the slip plane. Now, an elastic
thread (dislocation) is imagined to pierce both blocks perpendicular to thel
slip plane, and, if slip occurs, the upper and lower halves of the threau‘d will
be displaced correspondingly. The connecting portion of the thread which
lics in the slip plane represents the connecting dislocation between the ends
of the two segments. The tension of this connecting dislocation increases
the shear stress required for further slip. If the number of immobile dis-
locations traversing a slip plane is n per unit of its area, their intersection
gives rise to an additional shear stress n times greater than the force
needed with one. Since the number of dislocations traversing any slip plane
increases in the course of plastic deformation, the yield stress must also
rise, i.e., strain hardening must occur.,

If the mechanism by which n increases with increasing deformation
were known, and a relationship between n and the plastic strain could b?
established, the rate of strain hardening due to the intersection mechanism
and the corresponding stress-strain curve could be calculated. Howef/er,
af present, any such calculation would require a numbe.r of highly arbitrary
assumptions that could hardly be justified by any agreement of the result
with observed stress-strain curves,

The intersection mechanism can explain the difficult problem of why
latent slip planes, intersecting the operative slip zones, harden before .thefy
would be expected to. Another phenomenon explicable on the above basis is
the Bauschinger effect in single crystals, although it now appears to be due
to other causes. Another mechanism of hardening, pointed out first by
Seitz(1443) and also by Nabarro(“”), deals with the mechanism of inter-
section of screw dislocations, which producks strings of vacancies or of

interstitial atoms.

A newer mechanism of strain hardening, which may be of considerable
importance in heavily deformed face-centered-cubic crystals, involYes a
type of defect known as a stacking fault*, The contribution o-i stackmg~ faults
to the general theory of slip, and in particular to that of strain hardening,
is believed to be of great importance. A stacking fault, as its name im-
plies, is merely an irregularity in the sequence of stacking of octahedral )
planes in a close-packed-cubic crystal. Calculations show that the extensive
development of stacking faults can occur only at fairly high applied‘stres.ses,
in a strongly distorted state of the crystal. The effect of intersect.mg slip .
upon a stacking fault is to generate two mixed edge-screw dislocz%tmns, Wh;l.Ch
move apart as the intersected edges of the fault move apart by slip. No slip
across the fault can occur until the shear stress is high enough to produce
these two dislocations and move them apart. This process probably requires
the piling up of dislocations at the stacking fault before it can be broken
through.
*W. T. Read, Jr., Dislocations in Crystals, McGraw-Hill Book Company, Inc., New York (1953), 110-113.
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It a strongly cold-worked face-centered-cubic crystal contains several
intersecting sets of stacking faults, it will be strain hardened in a way that
resembles Taylor's theory of hardening. The difference is that the obstacle
walls are not pre-cxistent, but are gencrated by slip, and that they are not
impermeable to slip, but can be penctrated at a sufficiently high stress,
Furthermore, it is not necessary to assume the piling up of dislocations in
the cells between the fault walls, as in the Taylor theo ry; intersecting walls
of stacking faults could produce internal stresses high enough to exp]z:in the
obscrved yield stress, It should be repeated, however, that hardening by
the intersection of stacking faults is likely to be important only in strongly
deformed face-centered-cubic metals, Under these conditions it may be the
dominant factor in hardening,

An ambitious attempt to explain theoretically the dislocation processes
governing the plastic properties of close-packed metals was undertaken b
Seeger(1425) in 1957, He stated that the present state of the theory \voulcly
permit only a semiquantitative interpretation of the experimental facts
Furthermore, there would be no attempt to derive the stress-strain cu‘rve
of a crystal from first principles because of the complexity of dislocation
patterns and behavior. Rather, the goal of devising a theory of cold work
and work hardening would be directed toward finding the fundamental pro
esses hidden behind the individual behavior of crystals, prees

The first step in a theory of work hardening is to develop a theory of
flow st_ress, i.e., to determine the resolved shear stress, T, under \vhzlch
extensive plastic flow in an unstrained crystal begins, Th’e n’ext step is t
determine how the dislocation arrangement changes with strain zmclP in °
tsl;)mel caszs, ;vil;}; time, Combining this with the theory of ﬂow’stre .

e slope € = d7/de of the -strai i i
e ok Eate, é; e stress-strain curve as a function of strai:

ss gives
n,€, and

dr/de = 6 (e,¢) . )

The Aequation of the stress-strain curve, T =T(€), for a given strain rate i
obtaxfxed by integration, Equation (4) is considered to be the fundament e1 *
relation of the theory of work hardening. It should be noted here, h vor
that Equation (4) is incorrect because the slope of the stress-str ’ OWGVGT‘,
flot determined by the instantaneous values of strain and straj 'a;n aeo.”
integration of Equation (4) cannot give the cosstrain oo

The program outlined above by Seeger camnot be carried through
ptl.et;elyd?elcause of insufficient knowledge. However, the individual fimf::;_
o ¢ dislocations in various metals, even though different i
ized, at least for the face—centeredﬂ:’ubic metals, This i ] Ca“‘be e
the m'a.gmtud.e of & single quantity, namely, the stackingjfsaj;tn:nlenrterms of
The dislocations with which We are mostly concerned are "extend. g'?’ v
and the degree of extension is determi i
stacking -fault energy, vy, is defined

as the surpl .
fault of unit area. Theoretical argu rPlus fxee onergy of a stacking

ments based on the increase in energy

equation of the stress-strain curve
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of the conduction electrons and measurements of the energy of coherent
twin boundaries give order-of-magnitude estimates of the stacking-fault
energy and show rather good agreement,

The '"surface tension' of the stacking-fault energy opposes the elastic
repulsion between the partial dislocations and binds them together at a finite
equilibrium distance. The dimensionless parameter that determines the
equilibrium extension is 'yc/sz, where G is the shear modulus, c is the
separation between neighboring glide planes, and b is the distance between
neighboring atoms in the glide plane. If the parameter is larger than 10-2,
the metal is considered to have a high stacking-fault energy (e.g., alumi~
num) and the partials are close together; if less than 10-2, the stacking-
fault energy is considered to be low (e.g., copper), and the partials are
well separated,

Next, Seeger turns to an account of the principal experimental results
on stress-strain curves of face-centered-cubic single crystals. The results
can be summarized in terms of three separate regions of the stress-strain
curve. There may, or may not, be a region of easy glide (Stage I), de-
pending on the crystal orientation and the impurities present, Most charac-
teristic for these crystals is the stage of rapid work hardening (Stage II),
which follows the easy-glide region. In this region, the ratio of the work-
hardening coefficient to the shear modulus is practically independent of the
applied stress and temperature, not very dependent on the crystal orienta-
tion, not sensitive to the impurity content, and of the same order of magni-
tude for all face-centered-cubic metals. The understanding of the rapid
work hardening in this stage seems basic to an understanding of the plastic
deformation of face-centered-cubic metals, At larger strains (Stage III),
the slope of the stress-strain curve diminishes with increasing strain. The
stress, T3, at which this stage begins depends markedly on temperature and
on a kind of ""dynamic recovery" — a term coined by Diehl to emphasize the
effects of temperature during deformation,

The explanation of the easy glide observed in Stage I is that no Lomer-
Cottrell dislocations, a particular form of immobile dislocation, are formed
in some crystal orientations, permitting unperturbed easy glide. Easy glide
is assumed to take place primarily in only one glide system, but there may
be some dislocation movement in other glide systems. Most dislocations
during easy glide slip out of the crystal and only a small fraction is held to
contribute to work hardening., The Lomer-Cottrell dislocations act as
obstacles to the glide of screw dislocations., In other orientations of the
crystal, the resolved shear stress in certain secondary glide systems is
large enough to result in some Lomer-Cottrell dislocations being formed,
and, with increasing plastic deformation, the slip distance in all directions
is limited by Lomer-Cottrell dislocations, Stage II, rapid work hardening,
is fully developed if Lomer-Cottrell dislocations of all (three) types possible
in the primary glide system are formed in significant numbers. The
linearity of Stage II is explained as a result of continued formation of
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Lomer-Cottrell barriers. This gives risc to a decreasc of the slip dis-~
tance with increasing strain and to small dislocation groups of essentiall
constant size, piled up against the barricrs and distributed random) T)l'e
geox‘nefrical arrangement of the groups is thought to be more or lessy. "
statistical, in a pattern such that groups of opposite sign stabilize each
other to some extent. As a conscquence, the flow stress is proportional
to the density of dislocations intersecting the glide plane., It shopuld b ted
hfzre that the very fact that stacking-fault formation docs.not occur i etln'o ¢
picture shows how very special the assumed mechanism is. In all e
probability, Lomer-Cottrell dislocations are only one of r :

obstacle produced by deformation. Tany types of

start Th.ilgtclne;al picture of the dynamical recovery occurring in Stage III
rts with the dislocation arrangement built up i i

) ) P in Stage II (which is essen-

tially independent of temperature and strain rate). At a sufficiently hi hn

stress and tempe rature, the dislocations can under 2t e

been suppressed at lower

. 1Although the \vork--%xardening coefficient decreases, this effect is
Sta;: ﬁon_em;)f fsluperposn:xon on the continuing hardening process from
. € {low stress is found to be com
S ! : c posed of the temperature-
i:dpende:t COI\tI’]bE.\thf‘l, Ts, of the dislocation forest and the timperature
rirehpe: erle contribution of the stress fields of the dislocations lying in the
P ary slip plane, TG. The increase in the flow stress, i.e., the hardening
“e.,

of the primary slip systems, is i i
o - » 18 mainly due to the increase in TG, rather than

Primafi!;;sigir;i:i d}s;:usswn of the stress-strain curve, although couched
S A Io ace»centereAd—cubic metals, is applicable to hexagonal
chepacked als and'alloyed single crystals, when their specific

Tistics are considered, Although instances of discrepancies from

this y ari y
1s general treatment ma arise, they can be accounted for, except when
5

Alloy Hardening
£2°0y Hardening

So far, the most Promisin,
) ; I g approach to an understandi i
in al}oys ls'one employing dislocation models, The ”hardrelnlim:{'?f o aning
]fl this section will include that due to alloying in single >
tions and not that due to particle effects in polyphase al

considered
~phase solid solu-
loys. Actually,
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depending upon the degree of dispersion, these two cases can be treated from
a common point of view, and this will be done whenever applicable.

There is at this time no theory that will permit, a priori, the pre-
diction of mechanical propertics of an alloy; the available theories are
actually rather primitive, since direct observation of dislocations is still
rather limited. Theorics cannot predict, nor explain fully, the effects of
temperature, stress, or chemical species on strength properties, How-
ever, there are certain gencral trends, confirmed experimentally, available
to guide theoretical developments. Thesc behavior patterns may be listed
as: (1) the addition of a second element to a pure material almost always
increases its strength; (2) the strength increases with increasing amount of
the added clement, then may decrease later; and (3) the scale of dispersion
of a second phase has an cffect on the strength of an alloy.

The more important dislocation theories of alloy hardening may be
considered on the following basis:

(1) Those theories that assume that solute atoms cause internal
stress in the matrix, and that hardening is due to the
resistance that these stresses offer the movement of

dislocations

Theories that are based on interactions between solute
atoms and dislocations

Theories in which the passage of dislocations is hindered
by discrete aggregations of atoms, inclusions, or
particles.

The basic treatment upon which theories assigned to Section (1) above
are based is that due to Mott and Nabarro(1100) as modified later by
Mott(1082), The case considered is that for which the wavelength, A, of the
internal stress field, ¢j, is small compared with the limiting radius of
curvature of the dislocation. The local stresses around dissolved atoms

have a "wavelength' A = —1(/L3 , where d is the interatomic spacing and c is
c

the solute concentration. In this case, the dislocation is hardly bent by
these local stresses, so that the appropriate average value for the internal

stress turns out to be
oy = Gee log (1/c) , (5)

where € is the strain around the dissolved atoms, and the other terms are
as before. The length of the dislocation line is estimated from the relative
magnitudes of the amplitude of n2 loops of the dislocation line and the
wavelength of the stress field. The positions of equilibrium of the disloca-
tion line occur at intervals of about A in the solid solution. From statistical
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considerations of the force on single loops of the dislocation line, an equiva~
lent uniforrg stress, oi/n, is derived for the dislocation line. Tl’)is stress
should be the zero-point yield strength, o, of the material, Substituting for
oi and n, the approximate expression is obtained:

o ~2.5Get/3 ¢ (6)
for solutions with solute concentrations varying from 0.001 to 0, 01

The eq\:\ation predicts a stronger solution-hardening effect than is ob-
served experimentally, and this may be due to an underestimation of the
lex:]g;\? gf the coherent piece of dislocation. In their earlier treatment, Mott
an abarro assumed a much greater t i v
i greater length, which leads to a smaller yield

c=Gelc . (7)

There is some evidence that the hardness of polycrystalline solid solutions
~chzmges as the square of the change of lattice spacing, but this relationshi
is not'al\vays clearly defined. Some of the disagreem’ent between theor apd
expt.:u")ment can be explained on the basis that a valency effect exists iny "
addition to the size-factor effect. Thus, it has been shown that solut t
whose valencies differ from that of the solvent have a greater hardenie e
effect, for the same size factor, the greatel; the difference in Valenci:sg

Theories pertaining to Section (2) above are based on interactions
between §olute atoms and dislocations. There are at least four important
types of interactions that are found between solute atoms and dislofati §
The.y are called, after Cottrell(295), elastic interaction electrical i t°n5~
action, chemical interaction, and geometrical interactitjn When a nlel;A
atom reglaces 2 solvent atom in a substitutional solution Vor enter e
v'acant site in an interstitial solution, the hole it enters n’1ay be theswaz:o
size or shape. Work must be done to alter the dimensions of both th }r:gl
and the atom; and, if a stress field alters the dimensions of the hole " e

5

fietd SI:I:}I:Z: :;:u::r;x:(;ﬁiser;ﬂlfdri;?,1in the presence of an inhomogeneous

of a dislocation, toward e
the}.r ﬁav'e lowest energy. The segregation plfoduced i:}::: 5/?“52 e
?qu111br1um state of distribution for the solute atoms, since itsyf - i
involves a lowering of the free energy of the system ’ One of theormah?n
porta'nt theories stemming from the segregation of s‘olute atoms amore m”'l'
locations is the theory of the sharp yield point due to Cottrell(zsé)rmmd die
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Under an external force a dislocation surrounded by an atmosphere of
solute atoms starts to move and leave the latter behind. A force is then
excrted, pulling the dislocation back to its original position at the center of
the atmosphere. If the applicd force is Jess than this anchoring force, the
dislocation cannot move. The dislocation can move, however, if the
atmosphere moves with it, but only at a speed cqual to the speed of migra-
tion of the solute atoms in the atmosphere.

In many cases the rate of straining is too high or the temperature is
too low for the atoms to keep up with the dislocation. However, to produce
plastic {low, the dislocations must first be pulled away from their atmos-
pheres, and to do this the applied force must exceced the anchoring force.
Because of the strong affinity between a dislocation and its atmosphere, this
applied force will be Jarger, in many cases, than the force needed to keep
the dislocations in motion once they have escaped from their atmospheres.
The mhterial can then exist in either of two conditions — the strain-aged
condition or the overstrained condition. In the former case, the dislocations
are anchored and the deformation is purely elastic, whereas in the latter
case, the dislocations are [rce to move. The conversion from the first to
the second condition coincides with the beginning of plastic deformation in
the material., When the dislocations escape from their atmospheres, the
force needed for movement is smaller, so the material suddenly becomes
softer and yields under a decreasing stress at the beginning of plastic
deformation. This is the explanation of the phenomenon of the sharp yield
point observed in body-centered-cubic metals with certain impurities,
notably carbon or nitrogen.

The theory has been applied quantitatively to the yielding of iron con-
taining carbon or nitrogen(302), and has stimulated the investigation of
yielding in other metals. In spite of several modifications to the theory(289),
some discrepancies are apparent, as Orowan has pointed 0ut(1189), and
some experimental contradictions have arisen (sce discussion to
Reference 289). However, the basic ideas appear to be widely accepted and
applied to many diverse phenomena. Schoeck and Seeger, in a paper pre-
sented at the Fall Meeting of the Metallurgical Society of the AIME, in
October, 1958, proposed an alternate mechanism of interaction based on
the Snoek effect, which had been applied to the yield phenomenon previously
by Nabarro(1109) and Crussards, Here, the interstitial atoms jump to
neighboring sites that are now preferred because of the stress field of the
dislocation. These jumps can take place in times that are orders of magni-
tudes smaller than it would take to form Cottrell atmospheres, Excellent
experimental verification is claimed for the magnitude, temperature de-
pendence, and concentration dependence of the flow stress calculated from
this model.

%C. Crussard, Mctaux et Corrosion, 25 (1950), 203
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Electrical interactions, between a solute atom and a dislocation, are
known to play a strengtheniag role in metals, and calculations have been
made of the intevaction effects(306). A comparison of elcctrical and elastic
interactions shows, in alloys of copper, that the lattcr are 3 to 7 times
larger than the former. So, unless the cffective charges on solute atoms
are substantially larger than the values used in the calculation, the elec-
trical interaction is relatively unimportant, except possibly at the center
of a dislocation.

Chemical interaction is the name of the mechanism suggested by
Suzuki(1546) to account for the heterogencous distribution of solute in faulted
and unfaulted regions. The heterogeneous distribution of the solute atoms
results in a hardening atmosphere, similar to the Cottrell atmosphere in
body -centered-cubic metals. In a face-centered-cubic solid solution,
thermodynamic equilibrium will in general require the concentration of
solute to differ from that in the close-packed hexagonal structure of the
faulted layer. From consideration of the free-energy curves of the matrix
and the faulted material, and assuming that the proportion of the phases
remains fixed, the equilibrium concentrations can be found. Cottrell has
extended Suzuki's theory by removing the constraint on the proportions of
the phases. Further experimental verification of Suzuki's theory has been
obtained by Hibbard(683) and Flinn(451), His theory appears to be an im-
portant extension of the ideas on interactions of dislocations.

The fourth type of interaction with dislocations is called ""geometrical
interaction', and is associated with the presence of a dislocation in an
ordered alloy. The interaction is a result solely of the slip displacement
caused by the dislocation, In a crystal with long-range order, a unit per-
fect dislocation in the lattice of atomic sites is ohly a half-dislocation in
the superlattice. It must therefore always be attached to a stacking fault
in the superlattice, i.e., to an antiphase domain boundary. The fault has
surface tension due to the energy of its ""wrong' bonds and it exerts a force
on the dislocation line at its boundary. Quantitative aspects of the hardening
expected from this source have been discussed by Ardley and Cottrell(43),
For the B-brass superlattice, the stress to move a dislocation would have
to be about 3 x 109 dynes/cm?2,

The motion of dislocations through short-range ordered solutions has
been discussed by Fisher(435), Since there is no superlattice in these, unit
dislocations in the lattice of atomic sites are perfect and there are no iong—-
range faults to pull these dislocations in pairs. However, because the dis-
tribution of neighboring atoms is not random, the passage of a dislocation
along a slip plane will destroy the short-range order between the atoms
across the plane. As in the case for long-range order, the stress, T, to
move the dislocation is given by

Tyl (8)
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where y refers to the energy, per unit area of the plane, associated with the
degree of order across it, and b is the length of the Burgers vector.
Although v is smaller for short-range than for long-range order, in an alloy
with intensc short-range order the stress to move dislocations can approach
the magnitude of 108 dynes/cm2, Both types of ordering should play a
definite role in the development of a theory of hardening, but the magnitude
of their effects is not expected to be too important.

Precipitation Hardening

The third major subdivision of dislocation theories pertaining to
alloy hardening deals with precipitation hardening, or the hardening
associated with hard, discrete particles. Two papers by Mott and
Nabarro(1100,1101) have provided a detailed treatment of solid~solution
hardening and precipitation hardening, i.e,, of cases where the solute
atoms are dispersed at random, either singly in solution or as clusters in
precipitates., Later, these authors emphasized that the dislocation line
passing through the alloy is flexible(1074,1107); it is akin to a stretched
string, which vibrates and radiates elastic energy as it moves and is
""plucked" by the solute atoms as it passes. The amount of energy dissi-
pated by the plucking process depends on the distribution of the solute
atoms and increases when they are clustered together, as in precipitates,
Orowan pointed out* that, when the distance between clusters increases
beyond a certain range, it becomes possible for sections of the dislocation
line to bulge between neighboring clusters and then expand into the slip
plane on the other side, thus bypassing the clusters, For a fixed compo-
sition, there is thus a critical distance between clusters at which the
hardening is greatest, as is observed in precipitation-hardening alloys.
Theory gives the distance as typically about 50-atom spacings, which is
reasonable.

The approach adopted by Mott and Nabarro in their theory of disper-
sion hardening was based on residual stresses. The stresses are con-
sidered to arise from the misfit of the precipitate in the matrix and the
resultant elastic accommodation. The dislocations producing slip must be
pushed through those regions in the slip plane where the stress is adverse
to their motion. They estimate the average magnitude of the stress and
identify this with the yield stress duc to the precipitate,

The value of the stress, o, is
¢ = Gef , 9)

*E. Orowan, Discussion in Symposium on Internal Steesses in Metals and Alloys, Institute of Metals, London
(1948), 451-453.
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where} G is the rigidity modulus, € is the resultant strain in the precipitate
a.nd f is the volume fraction of the solute atoms in the alloy. The imj 1-1) ’
tion in their original theory is that the dislocations may pas‘s comy lefelwa—
t}'lrough the precipitate particles, but later work favors the idea ?ﬂ Y
dislocations, mentioncd above. @ of flexible

. For thf: case where the radius of curvature of the flexible dislocation
1;:, :]s appro;qmatfely equal to the mean spacing of the precipitate particles ’
» the argument is that each segment of the dislocation of length A must b:a
ep: 0 se stress regions between the pre-
Cll?l?ate par ticles. At this stage of hardness, the relation describin thp
critical dispersion is given as 8 e

Axblef . (10)

stat (éS‘IeE:r)eral critic-isms can be directed at this theory in its present
rem(;in h") I.nt tt}l:e ﬁrlst place, this method would require that the strength
1gh at the value Gef, even when the s i
. att Pacing exceeded the critical

spacing. This is contrary to the customa i y

¢ 2 ry behavior. Furthermore, thi
:::fduahlstress theory is too qualitative, since it is rather difficult t’o 15
fro;gx:hx;av\:lzietofthe p]a‘rimeters. Also, Equation (9) must be judged deficient

of € which is necessar icient: i

Ao Tt sary for a sufficiently large yield stress at

Orowan* proposed a i i
particularly simple and straightforw.
: > ard
i;or c.ompl;tu}:g the yield stress due to precipitates in terxgns only of tr::thOd
pacing of the particles. He considered th: i i
- . t dislocatio:
by internal stresses at ipi " it would be moeend up
brecipitate particles and that it uld
to force them between the i rtion o resery
particles. Loops of disl i
o ettt the . ocations would then be
Precipitate particles as the dislocati i
: o:
them. The yield stress estimated from this model is on Hine moved past

¢ =2Gb/n (1

where X is the spacing between two particles (or obstacles) and the other

>t\e'x—ms have the same meanings as before
yi:{;r::ses w;th increased aging time, this might explain the decrease in
devemp;desbsyoMo;/terageI\g; 1110ys_ Equation (11) is the same in form as that
L ott an abarro; howev ] i i

tions are distinctly different, iant arpmptions and e et
Equation (10)

Orowan concluded that, since

the )\ of Equation (11) is the spa.
Orowan's treatment implici i
Plicitly denies the validity eithe i
. . ‘. s £
of its interpretation as the vield stress and replZces E;u:tii::u(z‘)xon‘t(lj) o
W1

*E. Orowan, loc. cit,
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Equation (11) entirely. Ilowever, the applicability of the Mott-Nabarro
crilerion of a dislocation being forced across a region of adverse internal
stress (which is really G, I. Taylor's original idea) is not denied. At
sufficiently high internal stresses, the Taylor -Mott-Nabarro criterion
(yicld stress = adversc internal stress) would apply, although not in the
form of Equation (9).

A minor extension to Orowan's theory was suggested by Geisler to
the effect that coherency strains around particles make the effective
spacing smaller, Orowan's theory can then be applied over the entire
hardening range, instead of only in the overaging range. The drop in yield
stress at early aging times is explained on the basis that \ is larger because
of the smaller amount of precipitate available. The calculated yield stress
at maximum hardncss agrees in order of magnitude with that observed.
Also, the yield stress in the overaged region is of the same order as in
the solid solution, as would be expected.

Another theory of dispersion hardening was advanced by Fisher, Hart,
and Pry(443). However, in this case, they are concerned with incremental
strain hardening, and not the yield strength, as in the previous two theories.
They show that an appreciable hardening increment is obtained, as a result
of strain, due to the stresses from trapped dislocation loops around
particles, as originally described by Orowan.

The loops encircling the precipitates are shown to exert a shear stress
on the rest of the surrounding slip plane, which stress is of opposite sign to
that which caused the slip. By certain simplifications, the final expression
for the maximum value of the stress increment is obtained,

T = K7 £3/2 (12)

where K is a constant, T, is the limiting shear strength of either the pre-
cipitate or the matrix, whichever is weaker, and f is the volume fraction of
the precipitate, Some agreement with experimental results was claimed,
but actually the data used, for particle radii and volume {raction, were cal-
culated and not measured. Under its present state of development, this
theory seems in need of further clarification.

Creep

Creep may be defined as the plastic deformation that can occur under
a constant applied stress. It is an important part of any study of plastic
deformation, and is not, as sometimes thought, confined only to high tem-
peratures. In discussing theories of creep, we will be concerned primarily
with dislocation theories that explain macroscopic behavior in terms of the
structural processes on an atomic scale. There are two main processes
to consider: transient creep and viscous creep. The former is a
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decelerating component, the rate of which depends on the applied stress and
disappears with time; the lutter is a constant-rate process that depends
primarily on the applied stress. This important distinction was made clear
by Andrade(22) in 1914, The term ''steady-state creep', however, is
ambiguous in that either viscous or transicnt crecp may appear to be a
steady-state creep, Normally, the term 'steady -state creep" is meant to
apply to viscous creep.

The basis upon which all formal theories of creep have been built was
laid down by Be<:ker(89)J starting in 1925. Becker's purpose was to use
thermal stresses for explaining the discrepancy between the high theoreti-
cal value and the low observed value of the yield stress. The contributions
of Orowan(1182) led to the present activation theo ry of transient creep, and
the main ideas embodied in this treatment are:

(1) At the beginning of creep, the applied stress is equal to
the yield stress, so the activation energy is vanishingly
small. This is the reason for an infinitely high initial
creep rate, even at the lowest temperatures.

The flow rate during creep is limited because thermal
fluctuations are needed to supply the difference between
the applied stress and the yield stress.

As the creep strain increases, the yield stress also in-
creases, rising progressively farther above the applied
stress, and the activation energy increases accordingly.
The increasingly large thermal fluctuations that are thus
needed cannot be accomplished as frequently as the small
ones that were sufficient earlier, and the rate of flow
slows down, If a stage is reached where the yield stress
no longer rises, the activation energy becomes constant
and steady-state creep is observed,

Becker proposed the following formula to relate the creep rate, 3
with the stress, ¢, and temperature, T:

B

t=c [_ V(op-0)2 |
T Yexp 2GKT ’

(13)

where C is a constant, 0o represents the theoretical yield stress of the
crystal, and V is the volume in which a stress fluctuation occurs, .
Equation (13) does not represent viscous creep; Becker emphasized very
sharply that this is an entirely different Process of atomic rearrangements
("amorphous plasticity'). For this reason, it cannot explain the transient
component of creep, the rate of which falls from infinitely large to zero in
the course of time at constant stress and temperature. The deceleration
occurs because of strain hardening or some other progressive change of
the material during flow,
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Orowan(1182) introduced strain hardening into Equation (13) by
assuming that oo increascs during deformation by an amount #(€), which is
a function of the strain, c; the revised formula gives

C { 14
exp 2GkT (14

where q is'a stress-concentration factor. Equation (14) was subsequently
found to be unsatisfactory, and this was attributed to the failure of the
"'mechanical equation of state", of which Equation (14) is a special case,

_ Voo + #(e) - qo)2 J

At the present time(“gl), the mechanism of creep is held to be as
follows. Although the details of the mechanism are not yet clear, there is
no doubt that transient creep is a consequence of thermal vibrations, super-
imposed on a sufficiently high applied stress, which result in slip. During
further creep, the material hardens and thermal vibrations are then less
and less frequently able to produce local slip; this is the cause of the
gradual disappearance of transient creep. The applied stress must always
be high enough to cause at least a small amount of sudden plastic strain
before transient creep can be observed - and this is why transient creep
occurs even at the lowest temperatures. Then, if the applied stress is
sufficient to cause slip without any thermal contribution, additional local
slip can occur, at points where the applied stress is not quite high enough,
by means of very slight thermal fluctuations.

Viscous creep is believed to be produced by at least two different
mechanisms, and often the two act simultaneously. The first type of vis-
cous creep is called recovery creep. After the load is applied, the rapid
plastic deformation produces strain hardening, which raises the vield stress
to the level of the applied stress and thus resists the load. However, at a
high enough temperature, thermal recovery gradually reduces the strain
bardening. In order to carry the applied load, therefore, the material
must strain harden further until the amount of strain hardening lost by re-~
covery is replaced. This means that additional plastic strain is continually
required to make up for the strain hardening removed by recovery.

The second important type of viscous creep is due to sliding between
the grains of a polycrystalline metal when a stress acts at a sufficiently
high temperature. At low temperatures, the grain boundary is a strong
part of the structure; it resists the slip in the grains. At high temperatures,
however, the boundary becomes soft and viscous and is an element of weak-
ness, Of course, this aspect of the creep process is bypassed when single
crystals are dealt with, which may be necessary for purposes of simplifying
the experimental and.theoretical problems.

Mott and Nabarro(1101) used the elastic properties of dislocations to
develop a theory of creep exhaustion — that is, creep in which the slowing
down of the extension is due to the exhaustion of easily moved dislocations,
They point out that dislocations move in a potential field that changes during
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work hardening and stress application, and that the internal stresses that
must be overcome for plastic flow are primarily determincd by the energy
a dislocation must acquire to pass a precipitate particle, They thought that
the potential ficld should undergo less change with strain in age-hardened
materials, which should be simpler to work with, providing, of course, that
no metallurgical changes occur during the creep test,

Their analysis indicates that the average distance between precipitated
particles is of prime importance. The dislocations will be retarded by the
particles but will advance beyond the particles in the regions between them,
giving rise to a wavy dislocation., The wavelength of the dislocation line
would be equal to the distance between particles. An approximate calcula-
tion of the enc rgy, E(r), required to activate one loop of the dislocation, so
that it could escape from the particle that anchors it and thus move free’ly
forward until another particle is encountered, is given by

() = C (o3-0)¥/2 (15)
where oj is the internal stress. The exponent 3/2 arises from the assump-

tion that the internal stress field is sinusoidal rather than constant, as was
assumed in the Becker -Orowan theory, The creep rate works out to be

(16)

Clog 1j_)3/2]
T |

é:NaAp‘u exp[—
kT

wljnere N is the dislocation density; a is the elongation per unit slip process;

A is the distance between precipitated particles;

tion of a dislocation loop. It was found that experimental values of yield
strength were not in accord with predictions based on Equation (16). Mott
and Nabarro concluded that the internal stress must be dependent on
temperature,

Since 0; is not necessarily constant, but may represent a range of
values, the initial part of the creep curve could be accounted for by the
theory, because regions requiring low stresses to activate dislocations
would gradually be exhausted as the strain proceeded, The exhaustion
theory of transient creep based on this concept gives

.
e =c1?3 1 u)2/3 (a7
where € is the strain and t is the time,

The exhaustion theo 'y was further developed by Mott(1082) gnq com-
pared with the results of Davis and Thompson(339) on precipitation-
hz?rdened polycrystals of copper with silver, The data conformed closel
with the time law expressed in Equation (17), but a serious discrepanc Y
was noted in the value of v, the frequency of vibration of a loop of disloycat'
against its obstacle, Orowan(1188) pointed out the theoretical insufficienc;ron
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of the exhaustion type of thecory, which was later recognized by Mott(1086),
who said, ... following Orowan, we consider that exhaustion creep, though
it may occur, will mainly be included in the instantancous extension: the
phenomena observed...by Davis and Thompson occur because creep is
slowed down due to work hardening".

With the further development of the dislocation theory, more and more
details of plastic deformation could be explained. It now seems possible(1396)
to give a detailed structural interpretation of the different processes that are
rate controlling during creep in simple structures and in the early stages of
creep. Since creep is thermally activated, those deformation processes
will be considered in which thermal activation takes place and which may be
rate controlling. With respect to dislocation mechanisms, there are three
possibilities conceivable in which this could be the case. The rate~-controlling

process can be
(1) The formation of dislocations, or
(2) Their movement through the lattice, or
(3) Their rearrangement or annihilation in a recovery process,

The formation of dislocations has been a major problem in dislocation
theory of plastic deformation. Now, it is generally believed that dislocations
are always present and that they form three-dimensional nets in annealed
metals. The dislocation segments between the nodes of the net are potential
Frank-Read sources, which can produce a large number of dislocation loops
under a critical stress. Since thermal fluctuations over the distances the
dislocation loop has to move are extremely unlikely o occur, only those
sources can operate for which the applied stress is practically equal to the
critical stress., Therefore, the production of dislocations will generally be
an athermal process, although there are certain cases where secondary
processes, which are thermally activated, may make the formation of dis-
locations possible from Frank-Read sources(293,1546),. Early theories
based on the generation of dislocations were proposed by Kochenddrfer(817)
and Laurent(911), but did not obtain popular acceptance because other
mechanisms appear more likely to be rate controlling, Their theories
have the merit that most of the important variables were considered,
whereas other theories tend to be oversimplified.

The movement of dislocations through the lattice can be impeded by a
wide variety of obstacles, and many explanations are available to explain
different experimental observations. Some of these have been discussed
previously, so will not be dealt with again.

A dislocation encounters a frictional resistance to movement, even in
a perfect lattice. This Peierls force(1250) is relatively slight in soft
metals and is usually neglected, although it has been tentatively identified
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with the low activatio; r| rcr i i i
400 K(379), 1 har;e: s:e;tgaylsfmhcxeep n Aa']‘fm'm“m single crystals below ] dislocations described by Lomer and Cottrell(288) cannot move and there-
value of this frictional Stx?ress th’at °W";V°1; 1!‘1-15(1"1 many cases the -h1gh fore form obstacles for the glide movement of other dislocations in the same
There are essentially three othes tl’;lﬂefsfa bar cr.ystallme matx-zual hard. g glide planes. There exists the possibility that these sessile dislocations,
in hindering dislocation moverment: I:h of obstructions that are important _ which stop piled-up groups of dislocations, may break down under the com-
in parallel glide planes; the forest ‘of oihselrils‘slfmlis of olther dislocations bined action of stress and thermal fluctuations, having the same effect as

. " i r dislocations that the movin, .
;Jl:siocaugn has to cut and the jogs formed thereby; and the impurity atgms 7 recovery process.

at are dragged along by the disl ti

& oy isiocation. In the preceding sections, possible rate-controlling processes during
The stress fields in the first t . . creep were examined. There are thermally activated deformation proc-

fairly long range, whereas in ““s ype above interact with one another at . esses that can be rate controlling during creep; on the other hand, the move-
that they exert e long-ranged fl:rz:c::(iltype th'E Clla.l”actel"lstic feature is ment of a dislocation itself can be thermally activated; furthermore, re-
fluctuations in the fieot tyme of Obetiems he moving dislocation. 5 covery processes may be rate controlling. At high temperatures, viscous
come the internal stressen. whepens C' 021] generally do not help to over~ creep is controlled by self-diffusion-type processes; at low temperatures,
can contribute ccnsiderably’ tawardat};eni] tle sec?"d type, thermal activation it does not exist., At low temperatures, only transient creep exists, and its
activation energy to intersect obstacl "hel‘sechon proce.ss. Also, the mechanism is some kind of slip activation, without diffusion being essen-
applied stress. The third possibilitc eosfsi Oulj.decreas.e lm.early »jzith the ) tially involved. In the following paragraphs, some of these processes will
interaction with impurity atoms or p);int ;:f,’:c;:i mobvmg jﬁlocanons by ! be examined in terms of their application to actual theories of creep, or to

. : as been discussed pre- ifi 3 i i 3
viously. Movement by this process is helped by thermal fluctuationsp specific mechanisms in the cases where theories do not exist,

The discussion of rate-controlli . 3 The primary structural change observed during creep of pure metals
tion leads next to a consideration of t;:;grizzie::es durmg( ;112)5':“: deforma- ] at high temperatures consists of subgrain formation. With increasing de-
ceding paragraphs, the movement of dislocati v Pmte-ss i In the pre- formation, the angle between the subgrains increases, whereas the disloca-
described. During deformation, the crystal mnsl 1; t?e’r glide ?lanes was ) tion density in the grains stays constant. In viscous creep, the subgrains
the dislocations may get stopped’ at som}; ob :w‘nl‘( ardens and finally all of obtain an equilibrium size and no work hardening occurs, Another feature
the piled-up groups on the Frank-Read sourcs:easci:s};igf :he b:d: stress of _ of viscous creep is the equality of activation energies for creep and self-

i : . nou, 0 prevent i i
futrther' formation of dislocations, deformation will stop, unlgess tEe a:]:lied diffusion.
stress is increased or unless recovery t hi
due to a rearrangement of disbcatiorfsyw?iizlfyla:i‘ed‘iil-s T‘e‘icl\}/]er}r can be i 1 Dorn(376) has proposed an expression to describe the observed stress
n tion ‘0. e int g .
z(t):ts).sest.mayfbe obtained or to an actual annihilation of dislocatior:::;:il ) and temperature dependence of the creep rate;
nation of two of opposite signs. For this to h: i
. . - appen, the dislocati | P
:in:lst 15;“’e their glide planes, and this is done differently’ by edge a(:cli 1::rsew ; ' =" cexP il e
1slocations. The edges i i :
screws by cross sﬁp(glogsv:fn leave their glide planes by climb(1081) ang the i where ¢(c) = C “eBT at high stresses, and = C*¢% at low stresses, and
AHy is the activation energy for self-diffusion. Polygonization is explained

The movement of an edge dislocatio: i as the climb of dislocations out of their slip planes and the formation of
. r n perpendicul i i
is called climb. To move in one direction Iichepdisloc:a:il;ntoa:)ts g::de plane i small-angle boundaries, If this takes place during viscous creep, the rate-

. B i
and to move in the other, it gives off vacancies (or absorbs ini:r ts't",acanmes, controlling process is expected to be climb, which, in turn, is dependent.
a:Oth)' Since these defects must diffuse away, climb can be obr:e:vlea; onl on the rate of self-diffusion,
at temperatures where self-diffusion occurs wi i
. ith reasonabl
other Ahand, no diffusion is necessary for a screw diSchaatioZ igeed, Theoretically, the jog energy, AHj, should be included with AHg,
fr.om its glide plane, since it can escape by cross slip (i, e 51~Esfcape - giving the activation energy for creep AH¢ = AHq + AHj. However, if AHj is
slip plane to another). The dislocation-climb h othesis of | ip from one small compared with AHg, it can be neglected, and this is generally found
very far from certainty., The climb process is f,Pery lisklzlo t:e;ovefry seems to be the case. Climb under creep conditions in face-centered-cubic metals
but it may well be a relatively secondary factor. v © & factor, i is then thought to occur in the following manner: Vacancies given off by
p jogs will diffuse to other dislocation lines, where they become elastically
Anoth N 1415 i i i i is-
tion of ’!'1 il' recov_ery %Eosce-ss has been proposed as a Possible explana- ¥ attacl:xed( : )'to a half dlslocatx?n. There they' will diffuse aIAorfg the dis
ion of "work softening!( ) in face-centered-cubic metals The . location line with considerably higher speed until they are annihilated at a
. sessile jog. If the distance between intersection jogs is comparable to the distance

|
;
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over which the vacancies have to diffuse to the dislocation line, the latter
time will be long compared with the time to find a Jjog. The rate -controlling
Process will then be only volume diffusion, and hence we find that AH =
AHg.

Dorn's work at lower temperatures revealed the existence of discrete

plateaus in the activation energies for creep in aluminum single crystald 379),

Over the entire temperature range of 78 to 800 K, three plateaus of activa-
tion energy were found, which were constant over a range of temperatures,
stresses, and strains. These plateaus are thought to correspond to three
unique processes, which have been ascribed tentatively to three rate-
controlling mechanisms: (1) the 35,500~cal/mole activation energy, ob-
tained at the highest temperatures, is identified with a dislocation climb
process; (2) the 28,000-cal/mole activation-energy pProcess, occurring over
the intermediate temperature range, is attributed to a cross-slip mecha- *
nism; and (3) the 3400-cal/mole process observed below 400 K may be
identified with the Peierls energy. Similar values of activation energies
were found for polycrystalline samples of aluminum, but displaced to lower
temperatures, This suggests that turbulent slip in polycrystals can block
the easier creep Processes, forcing creep to continue by the more difficult
higher activation-energy processes. Undoubtedly, this is why the more
difficult creep processes are found to occur over lower ranges of tempera-
tures in polycrystalline aluminum than in single-crystal aluminum.

The most complete analysis of viscous creep based on dislocation
climb has been made by Weertman(1672, 1677, 1679), The first paper(1672)
uses Mott's mechanism of dislocation climb, and makes the assumption that
the rate-controlling process is the diffusion of vacancies between disloca -
tions that are creating vacancies and those that are destroying them. The
obstacles are assumed to be created by the Lomer-Cottrell mechanism, In
the second paper(1677), Weertman considers the case where dislocation
climb does not require the production of immobile dislocations,
the pile-up is assumed to occur between dislocations in the same slip

> inthe manner suggested by Mott(1093), Climb by the leading dis-
location of each group will lead to their annihilation; viscous creep will
occur through their continual replacement. In the third paper(1679), two
processes other than dislocation climb are assumed to be rate controlling,
In the first, the dislocations are considered to move in a viscous manner,
with their velocity of motion Proportional to the force exerted on them. The
second mechanism makes use of the Peierls stress, where the motion of
dislocation lines over Peierls stress hills is the rate-controlling process,

The equations developed for these particular cases have some features
in common, with the creep rate being proportional to stress at a power of
about 3;
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Case 1 (Dislocation climb):
€= C(c®/KT) exp (-AHg/kT) ,

where C is a constant, a = 3 to 4, and the other terms are as before,

Case 2 (No immobile dislocations produced):
& = Ag3 sinh (Bo !+ 5/KT) exp (-AHg/kT) .

Case 3a (Viscous motion):
¢=obuAB (21)

where b.s the length of the Burgers vector,  is the shear modulus, A is
a temperature-dependent constant, and B is a constant.

Case 3b (Peierls stress):

€ 2D 025 exp (-AHg/kT) exp (mo AHg/2T kT) ,

where T is the Peierls stress.

Equation (19) applies particularly to .face—centered—cubic metatllso,w
Equation (20) to hexagonal crystals, Ec.luatmn (21) to metal all;)lyfs al Jow
stresses, where a microcreep mechanism may be x:ate controlling, e
Equation (22) to brittle materials having a la.rge Pexerl§ stress (sucl 2ol
nonmetallic crystals). The results agree fairly welvl with th.e ap;{;;)pﬂl;;
material, especially at lower stress; for example, in Equau;m ( o
relationship between € and ¢ is 'obeyed over about 3 orders o 'n;agmt\:esses
the stress out of 4, whereupon € increases more ste.eply at higher ih .
Possible explanations for this behavior are thf«).t at higher stersses o ens
sessile dislocations may break down or that piled-up screw dislocatio:

may escape by cross-slip.

The comparison of Equation (22) with experiments on high-.putr::'y:;:c
single crystals shows good qualitative agreement att a%l str‘esses, a lgin
stresses the experimentally observed increase o.f € with o is £also seen .
the theoretical curve, because of the increased importance of the expon

tial o term at higher stresses.

Weertman's analyses are deficient in several respects, but thseseh
shortcomings are not necessarily permanently fatal to‘ the ':heory}.la il:cal
factors as primary creep are disregarded; the necessity for mef. nOf
jogs is overlooked; node formation is neglecte§; and the as.sumé;mnbserver1
constant Frank-Read sources is unreali}ftic - 1t§10ist;:tcii\;znne; ?aShionable

nce, More serious, perhaps, is tha -
:::f;:a;liiiizc;iemb process is far from having been proved, and that thec\)nes
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based on t?\is mechanism are yet on shaky ground. Although his models need

m-olro detax-led analyses, some agreement can be said to have been attained

:Iuh cchelr:lment. As more pertinent experimental observations are made of
he actual dislocation mechanisms, more realisti i

¢ . a alistic assumptions

in theoretical treatments. ’ ? can be made

Absolute Reaction Rate Theories
—————racion Rate Theories

A number of creep theories have been proposed that are based on the
rate theory developed by Eyring(415) and his associates. The theory of
rate processes utilizes the methods of statistical mecha’nics and inw})’lve
the c'oncept of "activated" complexes or units, and has been succes sfy 11S
applied to a wide variety of chemical and physical rate processes hnd

. Kauzmann(787) a9 Dushman, Dunbar, and Huthsteiner(392) o ki
md.ependently, were the first to apply rate theory to the flow of m;tal e
their theories, which are essentially identical, flow of metals is con::i IJﬂcl
to talfe ;?Ia.ce by the movement of flow units in a periodic potential fiel:l o
The -‘unlts of flow'" are regarded as generalized elementary struct: ‘withi
a solid, whose motions constitute the shear process, It is assumel;r::arlti:m
W to pass one another ier b

overcome, so that the unit shear process caﬁnétiZlf:izz%Zebz;;;:; ::us': I?e
of flow become activated. These theories are quite similar in final fi:::ts

B

the ac?/hetx.x an external shear stress is applied, Kauzmann assumes that
1vation energy for motion of units of flow i i i
the direct: f i
lowered by an amount i ed s b i
proportional to the applied stress a. i
. y i 1 nd that in t

o?:posﬂ:e d1rect1m} is raised by an equal amount, The th’eor di N
Viscous creep rate y predictea

€ = CT exp [-AF/kt] sinh [qAL a/kT] , (23)

Xhiesrtehﬁfa‘.::at}z :;:ep::;:cggoof afcti‘gxtion, qis a stress-concentration factor,
k T of a flow unit in the slip pl. i

the distance between i ini AL it e halt

tempe‘rature and stre?s/z:?:tre;et;aio"::;:ze Bl st oy

fexperxlinents. The Kauzmann theory goes n

in elumdati'ng the mechanism of plastic flo It is worth:

;x;s:fa}' as it pres.ents another approach to the subject, but the inte:\jftnofle’
a1:1ous terms involved (e.g., the entropy term contained in A T ten

qA ) is vague, AT and
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Saibel(1383) applicd reaction-rate principles to such phenomena as
creep and fracture. He obtained cxpressions for the creep rate, as well as
for the rate of propagation of [racturc cracks in metals. Secitz and Read( 1444),
Machlin and Nowick(1137,1138) and Feltham (428) applied the Kauzmann
theory to the motion of dislocations, which they specified as the units of
flow. Using theoretical reasoning similar to that used by Kauzmann, Seitz
and Read derived an equation for transient flow and obtained

€ = NA2/t exp (-AH/KT) sinh (Al o/KT) , (24)

where N is the density of dislocations cutting across a plane that is normal
to the slip plane and extends in the slip direction; X is the slip distance
associated with the passage of a dislocation; t is the time required for the
transition of an activated dislocation to pass from one equilibrium position
to the next; and AH is the change in energy required for the unit process.
The viscous flow is given by

€ = A exp (-AH/KT) , (25)

where A is a constant. They consider the creep curve to be resolved into
these two componentcurves —atransientand aviscous part. However, they
believed at that time that there was good evidence against this type of res-
olution being generally applicable. Their modification of the Kauzmann
theory does not lead to a satisfactory expression for the creep rate; also,
values cannot be assigned to some of the terms, nor can they be determined

experimentally.

The expression developed by Nowick and Machlin{1138) takes into
account the work hardening of the lattice that has already occurred before
the steady-state stage of creep. The internal stress fields resulting from
such hardening are assumed to reduce both the effective shear stress and the
rate of generation of dislocations. The reduced form of their equation (as
well as Feltham's) for the creep rate, under reasonably large values of

stress, is

Iné=C+1InT-A/T +Bao/T , (26)
and has the same form as that derived by Kauzmann,

A theory of fracture in creep-rupture tests, proposed by Machlin and
Nowick(1026), is also based on the application of the general reaction-rate
theory. They assume that creep to rupture is a rate process governed by
the maximum shear stress, but do not speculate as to the nature of the unit
process or physical mechanism involved. An expression relating the time
to rupture to the applied stress and temperature is derived and gives

log ty = M+W_ (27
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thl"c ty .15 the time to rupture, T is the absolute temperature, ¢ is the
?pplgcd stress, and A and E are material constants. D is clcfi:\ed as

tii nu- E‘+ F.’T, \Yllf{l‘c E and F are material constants. The evaluation of
he .mc_lous matcrial constants requires that many tests be made. The
Stal:ﬁ;s;:pm}that a given material may have three different sets of con-
Stant ,t 1 p.cn. ing on the tcm'peratu re and stress and the occurrence of
nicrosi ructural changes during tests. This would appear to be a se
limitation to the practical application of the derived expression e

reccnmt];:;'t‘:;:_i Efln;lth? ‘s.chooJ are st‘Aill working in this area and have come out
theorern and a‘bsofuzzt:-iilcng]:-?zlcal-"u?;)r'y of plasticity involving the virial
plastic deformation is based on th:Slzclativ\zl;:tj“s“cal formu‘}atwn for
atoms", Thesc domains or patches are clisplac:r;dac(Iemcnt of 2 "system of
a series of rclaxations obeying a gencralized 1b5011t°hg 2 Sl{ear surface as
equation. The interpretation of the exact natu‘rc of t:e::zitln?an. rate

S ir cr 3 e ins, t]
zz::;eccafr?elﬁu? iahon’ and fhe manner in which they slip are magte]:: for
tion domains™ ’T;(: conforim to current concepts, they are called "disloca.
atoms that are» ane esle f‘hslo‘cvah'on- d(?mains involve the dislocation and the
to another eomnns, ocxate-d with it in its movement from one relaxation site

ring during the deformation process.

The equation resulting fro i
A " o . :
higher streona! g m the application of their theory gives, at

€= (B/2) exp (u'/chrm) s (28)

where € i
portionilliottiessc?ndar'y creep rate.and o is the applied stress, B is pro-
microstress thatf a?(naftmn tx}me and 1ls essentially constant, ¢y, is the local
related to the Ve]g‘:i: 1‘;encmg the dislocation domain movement, and g is
variation with tensil ¢ (: SOu‘nd. ?87m s the important variable, and its
well as with anneali ¢ strength, hardness, alloying, and cold working, as
behavior Y-loweve:“gt:nd s ecovery, is claimed to conform to exPeCt;d
cussed o Sr, the ObJeCans raised with regard to the theories dis-
Previously still seem duectly applicable to this later theory *

Thermodynamical Theories of Fracture Strength

These types of theory ar b;
bonds by f ous to thete
Born(159, i 502,505)
I o ; oY% ' suggested an approach to the
qt';;tli):izsm t:rms o.f melting that is closely dependent on thex‘morjirc:llz’ila:n of
. Ssuming the maximum normal-stress criterion of fZactr::: d
, an

—_—
*Bates, J. L., Rec, T., and Eyri " i

2 e e ? Lew yring, H., "A Statisti i
ONR, Junc 15, 1655, g, B atistical Formulation for Creep of Metals”, Tech, Rep. 56,
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no plastic deformation, Fiirth(502,503) developed a relation between breaking
strength and the energy of melting that yields values of strength in fair agree-
ment with those observed experimentally. His equation for the tensile
strength, F, of an isotropic body at low temperatures is

F=Qp T (29)
where O is heat of melting per unit mass, p is the density, and y is Poisson's
ratio. Experimental data for ten metals showed agreement with theory
within 7 per cent, Later, Filrth attempted to relate his theory with that
proposed by Bragg(173), by assuming that the block structure in an intrinsic
feature of the crystal lattice. This idea was attacked by Patterson(1232) on
X-ray grounds, but defended by Wood(1717) | who stated that Patterson's
objections were not conclusive. Aroesta(46) points out that Firth's results
have been criticized because rupture strengths are associated with surface
phenomena. By assuming that melting is dependent not only on block size,
but also on the degree of atomic misfit between the blocks, Aroesta relates
the theory to yield strength, which is less surface dependent. Suzuki(1545)
applied a thermodynamic model to the tensile breaking strength of an internal-
stress-free polycrystalline specimen at 0 K, The formula derived is the

same as Furth's,

Saibel(1379,1380,1381) pas formulated a thermodynamic theory of
fracture, assuming a relation between fracture and the latent heat and
volume change of melting. The criterion of fracture was that of a critical
strain energy per unit volume. His theory is based on the assumptions that
all of the strain energy is available for the abolition of cohesive strength,
the heat of fusion is uniformly partitioned throughout the material, and the
energy required is that part of the energy of fusion associated with the
change in volume on passing from the solid to the liquid state. Thus, the
criterion for fracture can be expressed in the form

U=JQAV/V , (30)

where U is the strain energy per unit volume, J is the mechanical equivalent
of heat, Q is the latent heat of fusion, and AV/V is the change in volume per
mole on passing from the solid to the liquid phase. Saibel's calculations in-
dicated that, if no plastic deformation occurs prior to fracture, the breaking
strength will correspond to the value obtained from the theoretical calcula-
tions. If plastic deformation occurs, the fracture stress is reduced to the
magnitude experimentally observed, and fair agreement is obtained between
his calculations and the experimental values. Consequently, it was concluded
that plastic flow precedes all fractures.

In a recent paper by Osipov and Fedotov(1203), it is shown tha‘t‘ several
mechanical properties of metals are related to the energy required to melt
them. This quantity, AW, differs from that used by Firth, and others, in
that to the heat of melting is added the additional energy required to bring
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l'h_c specimen from the test temperature to the melting point, Apparentl
this additional energy is responsible for the good linearity d‘emonstratedy’
between hardness at higher temperatures and AW.  Although this paper i
not on as theorctical a level as the papers by Firth ) they s
close enough in principle that a suitable theory shoL:I

Further work along this line should be instigated

quite promising,

Whether such theories can
lurgical structure, by which me
varied widely, is not apparent,
dynamic approach can account fo
and others. Zener(1771) 54 cri
fracture of metals on the ground
fracture is dependent on test con
thermodynamic quantities are no
he believes that these theories c

correctly embrace the influence of metal-
ans the strength of some alloys can be

It is also not clear whether the thermo-

T the surface effects noted by Griffith(593)
ticized the thermodynamic criterion for

s lthat the strain energy absorbed prior to
ditions and is also structure sensitive, The
t iep;ndent on these factors, Therefore,

e ontradict the establi inci

garding fracture, The interesting findings of Osil;x:lnlfs:.)xi:(d:l ;Z?;tt)p\ie;:;;lter

these conclusions somewhat, if further ex; erimental or theoret: =
£ e L
s : P! etical justifi

Relationshi

Ps Based on Equations of State

. es have been called
, in obvious analogy with

ases ids(391
respectively, & or solids(391, 549), ex@amples of which are,

PV =nRT , (31)
where P is the Pressure, V is the volume
5

the gas constant, and 1 1e n is the number of moles, R is

the absolute temperature,' and(1438)

Vo-V 2
P:PO/(T)+P(T)( o ) <V°'V
1 Vo +Pa(T) T) oo, (32)

where P is the hydrostatic

> Pressure on the solid i
and P, is the pressure that S honia

h Vand Tasp
must be applied to a so e eores

lid to reduce its volume
For the more com-
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of relations giving the stress at every point of the solid as a function of the
strains and the temperature.

The existence of a mechanical cquation of state means that the flow
stress depends only on the instantaneous strain, strain rate, and tempera-
ture, and not on their past history. The range of validity of a mechanical
equation of state yet remains to be established, although data already re-
ported cast considerable doubt that it will be very widely applicable. How-
ever, the influence of the changes on the flow properties may be sufficiently
slight in some cases that the concept of a mechanical equation of state will
be of some practical utility.

One of the more comprehensive critical reviews of the literature per-
taining to the mechanical equation of state was written by Zener and
Hollomon(1779) in 1946 . Their conclusions on the pros and cons of this sub-
ject were hampered by the lack of suitable experimental evidence, and this
situation has not improved materially in the intervening years.

Hollomon and Lubahn(714,715) attempted to derive a general relation
for the combined effects of strain, ¢, strain rate, é, and temperature, T,
on the stress, o, required for plastic flow. They deal, in turn, with the
relationships between € and o €, é, and o; and €, €, T, and ¢. They then
suggest that all these variables are related in the following way:

o = CGT (€/&0)PT exp (E - FT In /&) (33)

in which the constants, C, D, E, F, G, and éo are independent of all the
variables concerned, and the strain rate and temperature are constant in
arriving at that strain at which the stress is determined. At constant strain
rate and strain, Equation (33) predicts that the logarithm of the stress
should vary linearly with the temperature, and this behavior appears to be
followed very generally. Also, the available data indicate that there are two
distinct ranges of temperature in which the material constants in Equation (33)
are different —i.e., a low-temperature range and a high-temperature
range. This behavior suggests that there are two different mechanisms of
deformation - at low temperatures, deformation occurs primarily by slip,
and at high temperatures, the deformation occurs primarily by rotation at
the grain boundaries.

For the case where the strain rate and temperature are not held con-
stant during the test, the validity of the empirical relationships obtaining
under variable conditions was investigated. Hollomon and Lubahn conclude
that their general relation should be an equation of state in which the stress
at a given strain should not depend on the past history of the temperature or
the strain rate. However, they did not expect an equation of state to be valid
whenever structural changes such as phase transformation and recrystalli-
zation occur, as is pointed out also by Sylwestrowicz(lsél).
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Many other proposals have been advanced for relating the important : Empirical Relationships and Parameters
variables in plastic deformu.tion, Andersen(20) introduced the time variable
explicitly in his general relation denoting stress as a function of strain . 5 ificati
time, and strain rate. He attempted to fhcw that the phenomena of var’ious . A generally valid equation of state an.d its expenmintaldv.enﬁ;:twn
mechanical tests conform to the laws of dynamics, has not been obtained; however, relahonsh{ps have been ound in many strain

cases over a more limited range of the variables stress, st.ram, tlm.e,

rate, and/or temperature. Frequently, two .variablesiare involved 1tn such
obeyed an equation of state and confirmed this by experiment; and a way that they appear in the form of a combined function or p:rant'xe e:._
Graham(563) gave an expression that is a special case of the equation due to i Thus, for example, Zener and Hollomon(1778) proposed that t ets r.esrate
Hollomon and Lubahn, Further, he obtains an alternative expression re- strain relation o(€) in steels at 1<{w temperatures depend: r:otn strain
lating stress, time, strain, and temperature that is akin to the Nutting i and temperature only through a single parameter P, such tha
eqL\atiox1(“40), generalized to include temperature,

oo (P, 25)
o/ og =™ (b /e T | (34)
and that this parameter has the form:
where o5, m, tg, and n are constants, The results of Carreker(232) with § . Q/RT (36)
platinum were described satisfactorily by Equation (34). Equations of state P=ce ’
for zinc single crystals in creep were reported by Thompson(1558) ang H
Gilman(542), and Wiedersich(1697) showed that a modified form of Seeger's where Q is the heat of activation fmt the deformation process.
equation relating strain rate to temperature and stress described the data i i i
obtained by Dorn, et al., with high-purity aluminum(1603) Other parameters can be systemized in functional notation acc;rdmg
to the following scheme, which emphasizes the interrelationship of these
Many such examples as above are available in the literature,
spite of the well-known arguments against the existence of a general equa- € i
tion of state for solids(380, 1 182), it appears that there is good experimental - Zener-Hollomon parameter(1778) =21 Tensile tests
evidence for the validity of more limited relationships, Further work with
‘the Boltzmann superposition theory(771) and with incremental- rather than Hollomon-Jaffe parameter(712) =P (T Hardness tests
total -strain equations may extend the validity of these equations to a poi
point z ile tests
where they are of real practical use in forecasting the results of any given Larson-Miller parameters(903) =P) (€,T) Creep and tensile tes
experiment, =Pz (5T)

expressions.

Equations of state have been confirmed either at low temperatures, : Doxrn 6-parameter(1341)

where recovery is not appreciable, or at high temperatures (in the absence
. = 5 i t
of phase changes, etc.), where Tecovery proceeds rapidly along with MacGregor-Fisher "elocﬂg'- T = Ty (€,T)  Tensile and creep tests
hardening, Perhaps this line of demarcation between the high- and low- i modified temperaturewg )
temperature regions of Plastic deformation has not been drawn too clearl
X N . y i
in formulating equations of state for solids. In any event, it appears that a " Rabotnov Parameter(l?’om Fe = Pe e, Grecp and tensile tests
mechanical equation of state ssibility of great theoretical
1341

and practical importance, C postulates are extremely The Hollomon-Jaffe parameter(712) and Dorn's Q‘Paramemr( )
attractive in principle, agged in practice, both have the form

=0 (t,T) Creep and tensile tests

P =te R/RT (37)

Equation (37) was applied by Hollomon and Jaffe to the room-temperaturdeb

hardnesses of steels tempered for different times and I:emperat‘ures_,‘ anb. y-
Dorn to the creep strain obtained under constant stre(]s35 for various coml ;na
tions of time and temperature, Larson and Miller(903) proposed parameters

of the form

. m—
: - 40005-1
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P; =T (C -log¢) (38)
P =T (C +logt) , (39)

which were derive simply from the extremely era. rhenius rate ex-
T d d f gen 1 Arrhe t

Rate = Constant exp (-Q/RT) . (40)

MacGregor and Fisher(989,990) developed an expression, similar to
't’hat by' Zener and Hollomon, in terms of a parameter T terr;led the
'velocity~modified temperature', Their derivation wasnl‘;ased on the
Kauzmann(787) analysis of the dependence of creep rate on stress and
temperature, MacGregor and Fisher Proposed that in general the flow

stress is a function of the strai 3 s
of flow: e strain and the strain-rate-modified temperature

o =0 (Ty,€) , (41)

where T, has the form
Tm =T(l -K In &/¢g) (42)

ZI}:re K and €, are constants, This relation also holds for either tension

i Es or creep tetsts and over a wide range of temperatures. The similarit;
o q\fatzon (42) to Equation (38) is apparent, and is also seen when 4
Equation (36) is rearranged,

the & Rabotr.xov’s parameter(1300) relates creep data to the tensile test in
e form of isochronous stress-strain curves, In essence, he postulates
s

that the tensile stress is a function of the tensile str
nction of t i i i
ile strain and a creep function

and o =ole,Pe) : (43)

Pe=ocl + atl/?’) 5 (44)

where o is the (constant) cree i
x p stress, tis the time
strain, and a is a material constant, ’ fo @ selected creer
These parametric relationshi,

ps have been applied i
creep, creep-rupture, tensile, PP. in many cases to

and hardnes i

;T;u;ts have. been obtained (see, for exampI:,d;:z’dia:ju:se:gnstztlfizzioezy

o éf(s.fl.ol\/é%éir). where unfavorable results were ob- ©
ne > can usually be traced to an inapplicable constant £

example, a blanket use for all materials of C = 20 in Equations (’38Or

Other expressions and parameters have been proposed(1043, 1527) bond (39).

appear to have only empirical significance. It is believed that the et
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parametric expressions listed above offer the greatest probability of success-
ful application to practical problems; and furthermore, through the close
interconnection with the Arrhenius rate expression, they may possibly achieve
a more respectable theoretical status at a later date.

Empirical expressions devised to account for material behavior under
various combinations of stress, strain, strain rate, temperature, and time
are extremely numerous (see Appendix C). One of the more recent empiri-
cal attempts to correlate high-temperature creep and rupture data is that
due to Conrad*. For the rupture time, tr, and the minimum creep rate,
Eis, he gives

= £ 2 A exp (-AHp/RT) sinh [o/oo(T)]" , (45)
T

where K, A, 0,(T), and n are constants, and AHpy is an activation energy fohe
diffusion. Better fit of this expression with experimental data is claimed
than with the Larson-Miller parameter, but four adjustable constants are
employed versus one in the Larson-Miller expression, and in addition an
arbitrary value of 20 is assumed foi their constant. Under these circum-
stances, it is not surprising that Equation (45) should appear in the better
light. Kanter 782 proposed a relation between high~temperature tensile
tests such that

(Eleg =oloo (46)

where n is a function of temperature, and .50 and oq are constants deter-
mined at the convergence of the curves for different temperatures. In-
terestingly enough, he found that activation energies found by his approach
are of the magnitude of the heat of melting, rather than of the heat of
vaporization.

Correlations between different mechanical properties are also quite
numerous (see Appendix C). Examples of these include direct, experi-
mentally observed relationships between, for example, hardness and tensile
strength or rupture strength and tensile strength. Periodic variations of
strength with atomic number of solute also appear to be useful(617), How-
ever, cognizance of these relationships in the present report stems pri-
marily from their potential practical applications, in the event the theoreti-
cal approach is not followed in any subsequent research problem. To
illustrate what can be done with the variables hardness, tensile strength,
and rupture strengths, attention is called to the correlation proposed by
Underwood(1620), By comparing tensile and rupture strengths with hot
hardnesses, at the same parameter value [Equation (39)], a straight-line

*H. Conrad, Westinghouse Research Laboratories, Scientific Paper 6-94701-1-P9, March 26, 1958.
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relation is obtained between hardness and strength, which accounts also for
the effects of time and temperature of test, Such correlations may ulti-
mately be shown to have theoretical Jjustification, but, until then they may
be used for engineering purposes, A very definite role of these ,various
property interrelationships is to guide theoretical developments, since, in
the last analysis, theory must conform to experimental observaéions. ’

EVALUATION OF THEORIES AND METHODS
= AND METHODS

From the detailed discussion given in the preceding text, it can be
seen that there have been many theoretical attempts to describ’e
of metals. These theo retical attempts may be considered as falling into the
following broad classifications: dislocation theories, absolute reaction
rate theories, and thermodynamic theories, Becaus’e of their inability to
account for specific effects, theories based on thermodynamic criteriZ and

However, this does not impl
expected in the prediction of mz’\terial propertic:f:J YAt};Z;:jSYd::silt:‘;a“ tl',e
the pr.esent situation is that dislocations are recognized as represenﬁi; ntl‘-).
most 1n?portant element in the mechanism of plastic deformation; theirg ©
properties, and the way of interaction between different dislocati’ons
well known, but the arrangements and interplay of dislocations in dif’feare
Processes are largely unknown as yet. e

Havix?g.selected those theories based on the dislocation concept as the
m&:st prclnm:;;x;g, a preference rating of specific theories will be made
extremely difficult to subdivide theories in an i y

e . arbitrary manner and then
consider their parts as separate entities, However, an attempt will be made

to indicate the best ortions of those theories according to the organiz
3 .
P g ganizational
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Precipitation hardening is closely linked with the preceding categories,
but the treatment afforded by Orowan of precipitation hardening seems to be
the most realistic. The modifications and extensions contained in the Mott
and Nabarro treatments, and the Fisher, Hart, and Pry theory should also
be considered,

In the field of creep theories, the 1947 paper by Orowan on the ther-
mal activation of transient creep and his 1956 paper appear to give the basic
treatment. The theories of Weertman for viscous creep need modification,
but follow experimental observations most closely. Numerous other con-
tributions of merit are found in papers by Mott, Nabarro, Schoeck, and
Dorn, but these also include items not applicable today, or else not firmly
established.

Of the methods available for predicting strength properties, the most
promising appear to be those expressions employing parameters. The
Larson-Miller parameters are equivalent to the others listed in the text
that relate either strain rate and temperature or time and temperature,
Rabotnov's relation using a parameter for stress and time should also
prove useful,

Also very promising is the periodicity, first investigated systematic-
ally by Gulyaev, of the strengthening due to .solute elements as a function
of their atomic numbers. Closely related to the periodic behavior are the
relationships demonstrated by Osipov and Fedotov, Since both mechanical
properties and latent heats in general vary with atomic number, perhaps
some relationship between the two should not be unexpected,

A final recommendation of a prediction method is based on the idea of
a mechanical equation of state. The success enjoyed by the parameter-type
expression gives reason to hope that a more inclusive relationship may be
found. The equation developed by Hollomon and Lubahn seems the most
general, but may need overhauling when sufficient experimental data are
obtained. The general rheological approach contained in the Graham-
modified Nutting equation should also prove worthy of more extensive
testing.

SUMMARY OF CONFERENCES WITH CONSULTANT,
PROFESSOR E. OROWAN

In three full-day conferences with Dr, Underwood in Pasadena, in
La Jolla, and in Columbus at Battelle Memorial Institute, the preseh‘t status
of the physical understanding of the phenomena of plasticity and strength
was reviewed and separation of the comparatively secure fundamental lines
from hypotheses in the workshop stage was attempted. As a side line,
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Pr?fessor Orowan read a large number of Russian papers supplied in trans-
lat1‘on bY Dr. Underwood and gave written or oral comments on them, The
main points that emerged from the conferences are as follows:

(1) Plasticity

.The usual reason for the great discrepancy between the high molecula
cohesion and the low observed yield stress of crystalline materials is the
Presence of dislocations, These represent the most important element of
the structure of real crystals as far as their plastic behavior is concerned
The structure and interaction of dislocations are fairly well known; to ’
u?(;]jrst'and Lhe' Plastic properties of materials, however, the arx'zu':gement
Se k:mdvt]s.locatwns and their interplay during the Process considered must

The yield stress (stress required for
tain preceding deformation)
quired for moving dislocatio
driving stress, Peierls-Nab
dislocations,

pa-rticles, stress fields around them, disloca

slip plane, sefsile dislocations, stacking faults, etc, They may be over
cofne by the dislocation cutting through them, or by dislocation bul
being extruded between obstacles. vees

Strain hardening is due in general to the i
obstacles produced b
driving slip across them,
;fxthe; ra:e of i?crease of the number of obstacles during slip, as well as the
act nature of the obstacles, is known A s i .
. ] . Pecial type of hardening {
tl?att upon Whlc'h the hypothesis of G. I. Taylor was based; it is d:emti 1;1
piling up of slip at relatively impenetrable barriers, Such a component y
preser{t probably in most cases of strain hardening but its rel, tP i l‘s i
cance is usually small, ’ e slgnifi-

Solution hardening seems to h i
ave two main causes: first, the i
sh:esses around larger or smaller atoms that do not fit betwee;x the‘mcernal
neighbors; second, valency or ionic t il

boring atoms, i i ios °s between neigh-

slocations,

to being cut or sheared by dislocations

lattice around them, Overaging is a ¢
tion-bulge extrusion with increasing s
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reduction of internal stresscs by the breaking away of particles from the

matrix. The adsorption of atoms at dislocations has been mentioned already;
.

similar adsorption may take place at stacking faults also ("'Suzuki effect").

Transient creep is due to thermal-stress fluctuations superposed on
the applied stress; its slowing down with time is a consequence of increasing
strain hardening. Viscous or hot creep is due to atomic-rearrangement
processes of the self-diffusion type. These processes may lead to thermal
softening and, under stress, to recovery creep; or to viscous flow at the
grain boundaries; or to the movement of interstitial atoms or vacancies or
of atoms from or into grain boundaries, all of which may give rise to
viscous creep when taking place under stress,

(2) Fracture

Brittle fracture in fully brittle materials is a crack -propagation proc-
ess by cleavage; it is usually governed by the Griffith equation, which is an
expression of the second law of thermodynamics. If the material has some
ductility, internal stresses developed by plastic deformation (e.g., where
dislocations pile up) may be superposed on the applied stress and may cause
cleavage fracture. Finally, fracture-like separation of bodies into frag-
ments may take place exclusively by plastic. deformation, as when a wire of
pure gold or indium necks and separates at sharp needlepoints in the
center of the neck,

(3) Russian Work on Mechanical
Properties of Materials

Perhaps the only interesting work found was that concerned with
empirical relationships between the thermal and mechanical properties of
materials. Most of the other papers were second or third rate; in general,
the present level of Russian work in this field is incomparably lower than
was that in the 'twenties and 'thirties. Dislocation theory is practically
nonexistent; it seems to have been scorned for political reasons until a few
years ago, and the recent publications are mostly either unimpressive
second-hand reviews or amateurish concoctions. Many papers are published
on hot creep testing, mostly without serious substance. It seems that the
good workers have been drafted into industrial production, and scientific
work has come to a near standstill,

EEU:MFA:REM:GKM/all
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ANNOTATED BIBLIOGRAPHY OF THEORIES AND
PROPERTIES OF MATERIALS
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g crystala of an Al-3.5% Cu alloy, preparcd
d 2 comparison o be made of speciment

The

o eeparals was geester than that of th solid

. th y m Lemperature the air-cooled sohd-

e tom egatata, on Interruption of the deformation, gave stcpped atrcan/
1+ of accclFated aging on the alip

which may p

vent mavement of dislocations.
Carreker, R P.

Plastic Flow of Platinum Wirrs

3 Appl Phy 21(1950) 1289-1296

ehaior of smneald PL wires o conuan stress e

Greep b
0 1550 K,

fure I eorted for 2w
900 to 40,000 psi, 0 00
Eompbrical equations are given which describe the results satisfactorily
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st tetwren actstion eneryy andatreen with the
Mer-Oruean thesery of 1+ reep (which ot ang .m. theory
 thrary to o ,»..m..(waw-m..nm

L ROW ., and Lehart, R E.

Inven sgations of Defarmation and Feacture of Metals

31 Newrarsh Lab L U 5. OTs, DB 111818 (May, 1955) 25 pp

it defarmaton behavior of ire metale as 2 funclon of tempers-
wure: amd o alar earrelationa af the atrees, strain, and o o were
e g 1 basi for both tenaile and creen Leate and the

1Lty + xaminatbon of current concepts of defarmation.

Carrvbery 1L Je , amd Ihbbard, ¥ K 3¢

Copprr ax & Function of Temperature,

Fennite Defarmation of 1l
i Rate, and Grain

Acta Met 1 {1953 654-663

Polycrystalline wires of Gu were heat treated o five different grain
W tensile tested over & wide teinperature range  The variation of
1ot potnt, limate tenaile strength, and % clongation wiih emperauer tn

it il

y for various grain sizes
ek pont coneeably bt o have reltively til P
+ mportant at ow temmpera-

the eratical streas nerded to
Carreker, . P, Leschen, 3 G., and Lubahn, J D.

Teanstent Plastic Deformatlon

Teans A TN E 180(1949) 19-146

Hucleaton theary oroticd
phenamens sler sudden strese changes | Creep b
. Cur and an AL sty conirm. i The existence o

how the

p bande predicts tranent delormtion
nd t

"..,.-«r.... The resuita

arious strens changes, and It In
crerp teais produre sppreciably reater sivaine
s o e s amaio ecte e i Tevs toa th ength o the

GarroGao, Guiseppe

Princpls or the Sty f the Techalaglal Procea of Plasic Deform.
(tn taltan)

Mot hal. 44(1952) 347-35)

ncples for homogencous and lsatrole metalc subatances n which
ihe plasic deformation starts when the siresn reaches a critical value.
Castro, R., Gueusier, A , and de Lacombe, J

Prine Gold Wark and Mechanlcal Strengthofthe Austenlc Sailess Sl
at Elcvated Temperatures (In F

Fourth Intenational Cangrean on Industrial Heating, Parls (1952) (180) 11 pp

470 7L on resimance of 18- 1o sotenng ater

e bepavier o
Ing; theoretical

see o1 G, Ma, W,
Practicat conchusions
T e beyoma which the favor ble it of the <o1d work disappears.
Chatmars, B
Mucro-Plasteny In Cryatal of Tin
Proc Moy Soc (Landon) 156 1930) 427

Experiments are described on the irothermal sircs-strain-time
o gk e e 10T Chiey T ot ok

ruianal tn atre
sch more. rapidly with Incrrased

oncerming 1he mechamical tremgth o m
T accounted by for an »neml-n of G. x ‘ra.yl-

icrocreep can br
ey o il propaguion



(&9 Ghatmery
Preclaton Extensometer Measurements on Tin
3. Tnst. Metals 61 (1937) 101118

Crees exprimens st bieryaa
Sn, 10 which straine .ov.,.',".,.'..., e
ey St e
e .,.a.m et
are discussed, A rather ey
(240) Chatmers, b,

T e o oreton o oo
Mechanical Effect of Their Bounds oo Grrsta on e
Proc Roy. Soc (London) 162 (195) 120-127

Cotindrica specimens of &
i e prenare condati of o oy
ngl nal hﬂml‘ry in mr dlv-rlmn of the. o i

e o beat expl
pnaianat e The'e 3gainat the existence of an amorphous
(241) Chaimers, b,

T Plasticty ot Pty rysatin Sotan
Asticle rom A Symostom on the Phasie Det v

e Plste Deformationof Crytatine sttt
©OTS, U. § Dept. Commerce (1950) 193-196 g Seltd

(242) Chaimers, B.

ter from Impostections In Nearly Perfect Grystals, John Wiley and

T e Yo TR

A etn s e bt gt o
undaries; effects of boundaries of , ' ekl

sonceyataiopeaghc mose of 3o

Horln (chermicat and shecsrochemionh

affects of grain
formation; posalbility of
trensi et ot normal) and

(243 Ghalmers, B. and Davis, R. 5.
Experimental indications of Surface Sources

Paper from DI lons and Mechanical Prop-

portes of Geyatate, o Wit
and Sons, ln: D Nev York (1957) 232-233 ok ey

behavior of the Sehultz picture obtained from a light

The behavier s e o
I ted that -m.ru- of a different Y
important in polycrystalline lyt:i ree

(2491 Chalmers, D., and Martius, U M

Slip Planca and the Energy of Dislocation

1 dircctions 3nd planes tn metat
e <ot can e
Ebing e sccours the depements o
plane  The re. - i
157 tyseras, paniculanly st igh fomperionen
lom s Conaiered o s fun

(
48 10 the loweat posaible
at have been studicd

(49 Chang, B. G, and Grant, N s
Obervations of Grecp of the Gramm Boundary in High Purty Aluminum
Teans AIME 194 (195 G19-625
Tho sallen estures o creep at slevsed tmperature
Boundary sliding snd migration, whlch sbe place vr veonests

finction of time s and (11 e sesatvans deformation in he grsins” A<
urve oblained Botween two reference morhe s grain bomndary

(0 grain-
weprans
recp

s tha b el dring whih aciv boundary
haracierized by the creep rate increasing 10 rather high valars before the
¥ migration occur
decerasng ereep rate nm pits, acratc
the @rain surfaces exert  strong nfluenc
migration, maialy 1a an ttractin
regularity
The effest of

LU ey et itd
" the oppoaiie grain I-numlny, )
iy e print o theee e T andariens
Bening 1 brtuerd ty yhay sn omporsom eat® e ‘Phenomena.
Ghang. I C.., and Grant, N 3

Inhamagenesty in Creep Deformation of Coarae Grained Iy
rhomaene Gratned igh Purity

Teans AIME 197 (1959) 1175- 1180

Locst srain o were mae acrons the
e acrons the grain boundar
ienrretons S varioes g e
i coeey e n,u.m con-
i (1) a cyclic brhay ited he h

ecp p
105'F baundary oy beeam
but at the higher.

Summation of sauaions de ey
the various component processes of creep. “ *

(247) Chang, 1. € , and Grant, N 3,

Boundacy Slding and Migtian and ntcrcsyatsiine Foitu
Cruycom’mnn- * yrallin Fattore under
e, AIME 197 (1953 305312

of boundary aliding and migeation wer «
miccoscopteaty in iy A1 T dcron Sy .m.ﬁ, .
by the direciion af the ahearing stre
Tre ariving force e onat e s
s combination of siraln
<

. Alloing slements and excens ascs
vyuyvrur-l(d Feparding the
which explaing the intererystaliine
0 o.r conclunion that o opvim
ature properticn of high-pusity

2 umdr creep condiion
fatareof rnmm”d ) loys i esis
i s Showta exlt Tox womn b

(248) Chang, H C.., and Grant, N. 1

Mrchaniam of Greep Delormation in High-Purity Aluminum st High
3 tnst. Metals 82 (1954) 229-235

aver o e oo ih-purty A eas st v o 75 G
Fange (rom 5010 1200 pu1 Simalansoss sheesumions s
mz.\lurrmeml of uuuud unlnl ©on polished apecimen o
le by means of a high-y i et

typen of a

ubgraine, one caused by deformat
Skt iher by ik wen ke

are observed and discusnr
Chang, . G, and Grant, 10 3
Some Obaervations on the Siructure of Graln-Doundary Fracture-Suriaces
Trane AIME 206 (1956) 12411247

Metallographic and X-ray atudien were made of the fastore et

et AL o e e T
n-xcruy-uumr fracture surfaces 2 et Jnu

«t,.n.d.n on the
.,,nm.mm.ug o

(2s0)
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(52
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(256)

Chang, I8 G, v Gramt, N 3
Mechantsm of Inteecrystalline Fratur.
Trans AIME 206 (195) 544-551
the bania of mic roscapic o
Anowledge of the interaction botw:
mechantam of ntrrd rystalline (s,
proposed
Chang, 11 G, and Gramt, N3
Mechantam of Grain Boundary S
Trana AIME 206 (19561 169-170
An A1-20% 7 st st tly e (o ¢ reap 4 500 F a1
211008 00 e AIE e e abiers e i gran-
m.....«"y Sliding a¢smmpanted by “Told” farmatin and offct of
y ey X -
n i, riae
ram 1an accomodate bountary sliding
e raue slong il bouniary. i
e 1w 1nvolurd 1n the allding procens (n orsented
rur it " this suppasiiton 1n aupportea by
ST Uhe gerater amonmt of Aelarmation in e £raun 24 compared (o
the other tn the sluding couple
Chang, T § ., and Kesler, G E
Correlation of Sonic Propertics of Gone rete with Greep and firlaxation

Proc ASTM 56 (19%) 1257-1272

preacnis 3 methal of relting the properiies of concrete
that can be abiained from sonic

The resue presenied provide &
1 pr celaxation behavior of om »
eatively simple sonte 1

Ghaudurl, A R.. Chang, I1. G , and Grant, N J

Greep Deformation of Magnestum at Elevated Temperatures by Nonbasal
stip

Teans. AIME 203 (1955) 682-688

TeAte were run 3t 500 and 700 F at steeases of 148 (0 786 pai  Dased

Totmed by wtlae mounts of RIde sccurrin i3 conarcutir mamner
Chochalin, 5.5«

On the Statiatical Theory of Brittlc Strengih (in Russiar)

Zhor Tekh Fis. 240, 201954 292-298

Theorica of the brittle strength of solids due to Welbull [ Proc Roy

these theorlen
functlon for the defectn

Ives the cquation of Frenke
accurate solution  Weilrill' s solution 18 shown o be a special case
ccurate when the numbar of defects in large

Ghechulin, B. B.

Study of Microscople Nonumsformity of the Plastic Deformation of Steel
(In Russian)
Fix Meial | Metalloved Akad Nk 5.5.5.1., Ursl” Piiad Lno. 2
(1955) 2
tex of plastic deformation of metals s contrasted with
deformatian of usual irotrapic bodics  Diatribution of delorinations of resl
polyerystalline metals. position of krain axes during plastic flow or crerp

Ghen, G W . and Machlin, E S
On the Mechaniams of Intere rystalline Cracking
Acta Mot 4(1956) 655-656
Exprriinents on bicrystals of pure Cu have shown that geaun-bosmlary
Tor the prorus tom of boundary voud< A mechaniam 1<

o are dvveloped ot Jogn 1 the bountary
auring olip.
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© and Machiin, £ 5.
v of Wgh 11 smperature Intere rys

Trams AIME 209 (1957) R29-035

st 1 grain tundarics fo conadered o be primarily

" ol wnetaln ot rlovaied tempeeatare. Volds

Formatian of
[
don o plastic yirlding or

-t
e e ated e whther by vac
ey

Choma N K amd Makdin, 1

Pantie sty of Molyble num Single Grys
Feans AIME 121 (1981) 937

In the extension of Mo single

" aniie benavior

ohar reed e
Chen, N K., and Maddin, 1

Stip Plance and the Energy of Dislorationa in a Body-Gentered Cuble
Structure

Acta Mer 2(1954) 49-51

1 st e eperimentlycbarurd s on (12) 1nd 125)
slane o' s svutur o . st of iy
e ot ows nonparlle 1110 planee. Revrsed oahuen of e parameter
e .m\nuuu-[mn Rey. Soc. (Landon) 2138 (1752)
175) ‘re cotcabated an this basie. and
Dentcon s roct and thearesien s
Drovee n captanmion fof the posible occurfence af sitpon “Ngh-
terees pranen
Chen, N K. ant Pond. 1 B.
Dynamic Formalon of Siip Bands in Alsminur
Trane MME 1941952 1085-1002
crimental apparstus by which progrrssive formation of ailp bands
e o formation. Qualitative
Yans ave preserted
ani ar theie
iy v A
ncehantam of i unl brofes Imvtved i formation of 3 ltp bad 18
Prope
P
Stress Galeulatians for Design for Grerp Conditions

Paper from lisaionof et Rssitin Alege, A So. Motele,
Cleveland (19

Fctors atecting s orkable tcary Include equslons o motion or
n, and .qu..y.m. o e 104

at class of models

T b sebnte s i aiterenial

cauation betwern the atrens and the strain

Ghenigny, R, and Syre, R.

Greep of Aluminum Alloys (1n French)

Rev wnét 46 (1949) 62-68

A study of the fundamental characteriatics
and data

Chit'kov, A, A
Teating of Metal for Relaxation at High Temprratures (in Crech)
nichd sty 10 (Augunt 1955) 450-455
Two theorics for reconciling relation between creep and relaxations
Aifferencen between measured relaxation valurs and those calculated from

Crep values. Greeh mathos of invasuring Felaxation accarding to Barr
and Bardgett




(264 Ghrlatian, 3 W,

(266)

(260

(269)
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Stacking Faults In Gold-Wark o Cohalt-Niehel Alloys

PMI Mag 1 (19%) 108021075

e electrrea

1an 3 W and Spreadborough,

Stacking Faulta and Dislacations in Goppee-Alwminsom and .
oy ”

Proc Phys Soc (London) 208 (1957) 1151-1161

oot demvioes bl cabt-warhed Cuc
- pea)

Craatening arton dur v o e ot foF

ncr. anuming cqual denetty of tauits on il {111 planeas

)
measured coeflicient " > e "

Chriny. R W
Greep of Silver Bromide at Iiigh Tempe ra
Acta Met, 2(1954) 284-295

and sieaiy
rolcryataine specimens
Crophaaia on steat
mechaniam for the hmiation of steaty-stote <oeep
by self-diffusion is able to explain the ol . MEM abarre
mechantam (st delorrmation withes

Son wihou sl by difusian of Iatice derfcte)
Spparenily docs not contribute slgnifcantly 1o rerp wnte
‘mental conditions. ® Y P unter theae experi

Chubb, W
Contribution of Crystal Structure to the Hardnees of Metals

Trans. AIME 203 (1955) 189-192

ats show that he hardneas changes iran
rmation are related (o the type w!lnn-(mm;u Tnz rel.m'e ma, -
f the property change appears to be a cf unl 13 al the i
S e o b oyl e e sofes seructs
et o Ivaived ' eaniormation i e e s bep s, wmen
oproximately the same structural atrengtl I
b et L S
However, several other factora. soeh

rpachine 1 described and oot
rop

S0 meiing points e mvetoed 1 the
#trength of a metal, #0 that it does not follow that a fce metal must alway h-
be llrnn‘rr than a bec metal. "
Churchman, A4 T

The Yield Phenomens, Kink Bands a
e Yol + Kink Danda and Geometric Softening In Titanium

Nature 167 (1951) 943945

< aistonof whehes sl cryasi of P show e i
Phenomenon required by the dislocation theory han be ees

wory of hmm fractuen "

" v
s theary Fourier
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Clarchrough, L M. largrensen, M5 and Woat, G, W

Fhe Release of Encrgy During the Annealing of Deformed Metaln

Broc Roy Soc (Londom 2

Ut aparatus amd tedhaiqies presiovly desscibed,
e e apmar aues p y desceihed, measirementa

carneiom For it
reasian, tension. and
oty Corieapai
.uml-ux d that for all l' "
- by ., uu (.4 -
e o s Ay o o
ety a'for N n
e o o s large nraporion o
Zatlon T raemieal Co the resrrange-
e A a1 o isacstons 1 001y e for e s
L e ey g e i b
e thin materin) and pure. Co 14
by
o
D relcane of eneegy m he st e he srond 1
robably S4RDcateA 1 he 11 st ¢ e ‘i‘ .?5;."
Clarcbrongh, L. M.. lirgeravea, M. E  and Weat, G, W
Denity Changen Durlng the Amneating of Deforme Nickel
PH Mag, Laer 8 (19501 520 536

Ghanges were measured by & difrrential method and are

earlier me orrelated wil,

aradual increane in denity attelnted to rerove
o peerabe ey beivees e deniton of il ocaions caleuiaiod
rom the sorcd cnergy meansrements and from the denaity men

Clarebrough, L M, Wargrcaven, M E . and Went, G W

The Denaity of Dislocations in Compreascd Capper
Acta Met. 5 (1957) 738.740

T s e ey, o ottty vt
il the s hng of Getarmed copper e e
e mn,,,i m.,,,,,m.md,..,m.,,. o el o b o the
A1e51a) 37 abtained by combining 1heae Teveits oo
Sl eori e fr e oty ey i

cements Are approxsmately s
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Clark, C. L., White, A, E., and Guarnieri, G 3
A New Application for the Short-Time High Temperatre Fem
Trans, ASM 26 (1938) 1035-10%0

(cel teated lirtween S50 and 1300 ¥ at raten of elongation of
Rtk veraue e e (2

Ot same fenera 1y ond compamiton
creep strength,

Clark, D. 5., and Duwes, P
The Influcnce of Strain Rate on Same Tenstle Praperties of Steel
Proc. ASTM 50 (1950) 560-576

Inabillity of impact teata &5 reveal the true Influence of strain ratr on
tensile propertics 1s demansirated  Fundamental requirementa of a device
by which strain-rate effecte can be tudied and details of app: n
Miructed Reoults of static and strain-rate testa for three diferent siech
Glark, R, and Chalmers, B
Mechanical Deformation of Aluminium Rlcrystals
Acta Met, 2 (1950) 80-86

cns were composed of two aymmetracally oriented crystals having
“The streea/ateain relation in the initial region

rdening Increased with Increasing or !
Crystals and the Hincar region of the st iaviam cotee pecurne aharier

Cochardt, A. W,

Nickel-Chromlum Dane Alloys llardened With Refractory Oxide Additions

Paper prescnted at AIME Fall Mecting, Chicago (November 1957)

me powder was mixed with the powders of alumina, titania, or
Strean-rupture

Particle and matrix n greater than the surface energy of the matrix iteelf
Cochardt, A, Schock, G , and Wiederalch, 11,

Intractlon Detween Disiocstionsand Intarstil Al in Dody-Cenered
Cuble Met

Acta Met, 3 (1955) 533537

 of Coteel and Bilby on h Iocking of dilocatlons i extended
1 wan foond that carbon atome near an e i
all angles below the alip plans
A e Yather than 2t positions Just befaw the dislocation,
ver tor calviating e Intoacion becween intratlinl some o

and screw dislocations  The saturated concentration of

% for both types of dislocaton, Tha preacnce of

the Smosphere redces Ih claslc energes by sbot 0% o 3 s dn
10% for an edge dialocation

Coffin, F. D , and Welman, A L

Surface Etects andthe Greep of Zine Single Cryatal. 1 Grecp Character-
lstics of Clean and Oside -Coated Crystal:

3 Appl. Phy. 24 (1953 282-269

afo of creep rates aftcs and before acld addiion was much
rester for oxidized crysiala than for clean oncs an ‘at amall ex-
The resute suggest that the .m,.gmmn,
Cifect of oxido In dué to s carrying a part of the load unleas the film io
Crackes. " The igh streng of the flim wnich e mpiies 1o atiribured to
Sbaence of defecte, The rate increasc for clean crystala is attributed to
ety produced heat, A new cmpirical croep equation le reported.

Galomneuti, G
Elastoplastic Equiltbrium 30 a Function of Time (in Frenchl
Compt, rend 233 (1951) T17-718

Extends the theory of clastoplastic deformations, varying with tme, of
homagencous bodics 1o heterogencaus bodics, which are, by definition,
e rac by the coexiatence of slementa with different coetficients of
ereep.
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Conrad, 11
An nwratgation of the Rt Gontrallng Mechaniam for Plssic Flow of
Copper Crys 4 170°K
Acta Mot 6 0195m) 13880
Th « flow characteriatic of Gu »

o ..,...u hy means of increment
et for e pren

le crystale at 90 and 170 K

i ke
T caties avsaebted vt e poieation of s mechantam 16

plastic flow are diacus
Gonrad, 1, and Robertaon, W. D
Etfect of Temperature an the Flow Stress and Strain-llardening Coefficient
of Magnesium Single Cryatale

Trans AIME 200 (1957) 503-512

Det cas-strain curves for magnestum single crystals by
incremental tensile creep test In temperature range of 78 1o 364 K Empiri-
on derived for strain ate y in terma of strain-hardening coe(~

wctent, 37 b, § @ Cexpl- exp DIT-hi), where C and B are constants.
fwtent, 1< B, § 7 Cexpl-OIRT) cxp BIT-hi), where
The limiting atress for macrocreep of magneatum single cryatals (the ini
7 shress) w2 found (o ncreste Moyl recerec ofsheluls

m 78 10 364, The sieain-hardening coeliclnt L constant
T8 v 505  and Is ndeperndent of prior sirain Mok
Constant, A., and Delbart, G.
Rasic Principles of a Creep-Reststant Alloy

Paper from Creep and Fracture of Metals at Iligh Temperatures, Her
Majosty's Stationery Ofirce , London (19561 191-214

Bascnia partplared i e restatance o cree by fog peclries of
additional phases, and  heat treatment by which the nature,
e e Beupinaton of et prectpiiaies can be controli-d, with apecial
reference to Cr-Mo-V steel,

Cook, M., and Richards, T. L.

Fundamental Aspects of the Cold Working of Metata

3 Inet Metals 78 (1951 463482

cure of the metailic sate and metllc cohenon o erme

« development of preferred orlentation. T
et of defoimation on fne witucture a8 o revened by Xormydl fraction and
T Setation i vorh hardening md plasiterty 1 truckural change brought
about by cold working.

Cottrell, A. 11,
Effect of Solute Atoma on the Bichaviour of Dislocations
Paper rom Regort o » Gonerence on Sireagth of Solle, Phys Soc..
Liondon (1948) 30
c atoms differing in size from those of the solvent can relleve

Solus
pdronac siressen i crysal and wll ot migens o regions e
'As 2 rcault they cluster arount

explained muhermtlnuy, e probems o precipiations
crecp, and yield p

Coutrelt, A W

Theory of Dislocations

Ghapter 2 from Progreas in Metal Physics, 1, Edited by B Chalmers,
o ecrenan P oRers, Ty New Tork (134 T1-126,

1scusses typen of dislocations, elementary propertice, and thet
Segrerstions of solute atoms araund dial
Structural strain hardening,

iniractions ith one anath
It Iip-band formation arc also treated
and precipitation hardening are.

and the orlgin of

S e ammcating of warhed metales
ccunted for in terms of the dislocation theory ~ Creep.
Gislocations are touched
Cotrell, & 1
The Formation of Immabsle Dislocations During Slfp.
Phul Mag A3ser 7(1952) 645-647

« mechantan whereby dislacations on ntersccting slip plancs in

 fec Iatiice can react to form unmobile dlalocations is proposed, which s
Tore fferiive than that suggested by Lomer {1bld , 42 (1951) 1327]..
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@9 Cotrent, A, 1t
Greep and Ageing Effects in S, e

Paper fram Grecp and et ot b e
Majesty's Stationery Offres mlunu"\m WIS e e
tects of s '
MEIIERAON MFINg «Feep I caum ot y
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A theory of mechamcal twinming, which 18 formally analogous to
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Change of Electrical Resistance During the Steain Aging of Iron
3 Iran Stcellnst, 162 (1949) 271-276
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Cotrell, A K , and Gibbons, D. F.
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Electrical Interaction of a Dislocation and a Solute Atom
Phil Mg 44 ser 7(1953) 1064-1067
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for the encrgy of an electron in an unatr:
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interaction.
Courell, A 11, and Jaswon, M. A
Diatribution of Salute Atome Around a Slow Dislacation
Proc Rey Soc (London) 199A (1949) 104-114
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Trans AIME 200 (1957) 1252-1256
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temperatures and stresses,
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Coulomb, P, and Friedel, 1.

On the Formation of Gavitics Along Dislocations

P from Dislocaions and Mechanleal Propertics f Crystaa, John Wikey
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and Sons, inc , New York (1757) 555+
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Cox, 11 L., and Sopwith, D G.

Kifect of Orfentation on Crytal Steength

Proc. Phys. Soc (London) 49 (1937) 134-151
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Cox, 3. 3 , Hotne, G. T, and Mo, R.
Stip, Twinning and Fracture in Single Grystala of Iron

Trane ASM 49 (1957) 118-131

lip, tuinning, and (rceure characicsiatia of single crystale of
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Gracknell, A , and Petch, N. J
Frictional Forces on Dislocation Arrays at the Lower Yield Point in Iron

Acta Met. 3(1955) 186-189
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Cralg, G. B, and Chatmers, B

Effccta of Grain Doundarics on the Plastic Deformation of Zine Crystals

Can 3 Phys 38 (1057) 3847
inve st tion of tensike plastic deformation of single-crystal and tri-
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It was demanstrated that the single crysa
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Dantlov, v N

Probler afthe Nature of th Nacdening and Sftningof P
formed Metats, | )
Zhur, Tekh, Flz, 25 (1955) 916-021
36
Relationship between haridening and the cocficient of the rmioelectromo-
tive force and lattice distortion. Temperatre of recryatallization deter-
mined by measuring the thermo-om
Dantlov, V. N.
Softening af Metals Subjected to Plastic Deformation (I Russian)
Metalloved | Obrabotka Metal no, 6 (1957) 1516
o
clfect of deformation was measured by application of 3 the
electromotive force whose coefficlent bears a direct relat-onship to metal
trength, and by measuring micrahardnes
Dash, W.C.

Obacruation of Dislocations in Silicon

Paper from Dislocations and Mechanical Propertica of Cryatals, John Wilcy
and Sons, Tnc , New York (1951) 57-58

ue han been developed Lo decorate dralocations in Si 0 they o

T ey e ihe s of i o b iocsions
Dash. . ©
Eutdence of Disocatan Jogs I Deformed Sicon
5 Apet Py, 20 0950 705.109
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Davenport, C. € 10
Correlation of Creep and Relaxation Properties of Copper
3. Appt Mechanica § (1938) A55-60
cp teats and relax: carricd out In on copper
et 3 veriiication o the various thearics praposed for &
b teate alone
‘between the two values

calcutated for this quantity on the basi Strain-hardening and the time~
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Davidenkov, N. N.
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formation
Pavie, £ A
Creep of Metals at Hligh Temporatnee i Deoding
3 Appl Mechanics § (1938) A20-31
A theory for plastic bending and equations for the creep due 1o bending
are developed. Remlts of (eat on a Ge-NI alloy are given to show the agree-
ment between experamental and theoretical reeults
Davie, B A
Greep and Relaxation of Oxygen-Free Copper.
Trans ASME 65 (1913 A-101 - A-105
recp and relaxation tests on OFHC Cu
o he tw different typrs of teats by using various thearles of plastic
Acformation
Davis, £ A
A Generalized Deformation Law
3 Appl Mechanics 15 (Trans ASME 10) (1948) 237-240
According to Hooke's law, the magnitude of Infinicaimal clantlc straine
depend upon two independent anatants ” Equsto
of the

train rates and

of combined Atreas cannot be predicied from data

Daviv, M, and Thompaon, N.
Creep in 2 Precipation-llardencd Alloy.
Proc Phys. Soc (London) 6303 (1950) 647-860

Measurementa wre mads of te crecp shown by polycryataline wires
of a hardencd alloy (Cu + % A,_\ Yoth a1 ronm temperature and 90 K. Results
2ec interpreted in terma of the Mott-Nabarro theory of transicnt cre
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Davie, I, 5., Flesscher, R L., Livingaton, 3 D, and Chalmera, B.

Effect on Orrentation on the Plastic Deformation of Aluminum Single Crystaln
and Dicrysta

Trans AIME 20 (1957) 136-140
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< on the Theory of Dislocation in Metale
Proc. Cambridge Phil Soc 3 (1947) 205212
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crivea for the energy of 3 poir
dislocations in terms of the distance between them ke g
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Metallovedt| Obrabotka Metal (1955) 19-26 [See Metal Progre
1936) 159, 160, 162]

(Maren (45) Jaminon, 1B and Sherrill, B A
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Analyars of atrens-atrain curve for Al and a number of ita alloys

W the et temperatre the metal e
thin strengthening effect,
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3 Appl Phy 27019%6) 1198-1209

aen

a6n

\
Detormation under teneton of sngl and polycrysttine e wxs

Exporimental resultn aro di

“allon theory standpoint and tentative mechaniama for deformation of ice are
proposed
Sonkins, € 1M

Obmervations on Third Stage Creep and Fracture
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Crystat (In Germa
2 Motallk, 33 (19480 359- 160
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On the Dislocation Theory of Plastic Defarmation
Phys Rev 60 (1941) 397-410
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Phys Rev 5901941 9434
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On Duslocation Theory and the Physical Changes Produced by Plastic
Deformation
Am 3 Phys. 10 (1942) 275-285
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Kochler, 1 5.
Work Hardening In Face-Centerrd Substitutional Alloys
Acta Mer 1 (1953 508-512
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#11p planes. The dlatrihtion of the (ree Inngiha of Feank-ead sousers seoms
0 be nearly independent of composition and to vary little from one metal o
Another
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Evidence for a Change in the Nature of Work Itardoning at Small Straine

Phys Rev 75 scr. 2 (1949) 1952-153
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The anncaling of Irradiated, quenched, cold-worked, and evaporated
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dered alloy.
Tibjecien ta s very sl i
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Plastic Deformation and Fractuce of Palyeryataline Netals 0
Form of Stre s Diagrama of Pure hetals (In R

Zhur. Tekh, Fla., 19 (1949) 62-75.
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Kolesnlkov, G N , Yakovleva, E 5., and Yakutovich, M V.

Mechanical Properties of a Silver-Copper Alloy Under Tenuile St
(1n Russtan)

Zhur, Tekh Fla, 19 (1949) 347-354
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Konobeevakil, 5. T
‘Physical Bases of the Strength of Materials (in Kusslan)
Vestnik Akad, Nask 5 5.5.R. 25 (1955) 15-22
Theoretlcal background and preaent concepts; dislocations in single
metallic crystals; elastlc and plastic deformation of diffcrent orders: diffu-
slon mechaniam of plasticity.
Kontorova, T A
The Conditions of Interceyatalline Fracture (in Russian)
Zhur Tekh. Fiz. 10 (1940) 1101-1106
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Glawabfication of tho Solubilnly of Elemanta in fron (In Russtan)
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Solid Solutions (In Russian)
Tevest Akad Nak 5.5 S R, Otdsl Kmm Nauk 2 (1945) 104
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Theory of the IHigh=Temperature Strength of Metallic Salld Solutions (1n
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Doklady Akad, Nauk $.5.5. 1. 67 (1919) 1037-1040
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Kornilov, 1 1

‘Gontinuous Solld Solutions of Metain of the Transition Group of Mendeleny! n
Perlodic System of the Elementa

Doklady Akad Nauk S.5.5.10 73 (1950) 495-497
Discusacs possibility of predicting solid aclubility ranges of binary com-

binations of various clementn of the clghth group of the perlodic fable, on baria

o ko vtuee or tha by dollans with Fe and valuee for stomic
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Greep of Solid Solutions and Compounds in Matallic Systems

Paper from Croep and Fracture of Metals at lligh Temperatures, Hor
Majosty! s Statloncry Office, London (19561 2T5-219"
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Kornllov, 1 1
Hardening of Solid Solutions of Nickel at lgh Temperatures (In Russian)

Tzvent Akad NakS.5 S R L (1956) 119-125

et
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Kornilov, 1 1

“The Strengihening of Soltd Solutions of Nickel at High Temperatures (In
Hnsian)

Trvest Akad NaukS 5.5 R ,Oldel, Tekh Nauk L (1956) 119-125
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Anatyats of the Modulun of Elastiity of Metals and Atloys (in Geroan)
2 Metall 3 (1948) 1452158
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Rotatinny Between the Modatus of Elaticaty of Dinary Alloys
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. : . St et of he e i 1 g L prumored amd wataied cope i matly for heen s ol
I Of Same Factoes Dnfluencimg The Youog® s Modulus of Solud ethed in the browd categories  strength, other Y "
i Mt o bl ey ot wf o e gortes | srenuth, athe @ Deformation of ot o Cuy and for 0 Infloence of stvuctaral wiate of the maverial
: acaiing or Doklady Akad. Hank 55 § 1 (19501 139 h4) (520 sproute,
) 3 Metals 80 (198121952 47702 Chane s 1n o o hure ¢ €urring dnring o
! P bt o . S0 418 o from s tempe s p o he Prediciing Greep Strength of Metale
To sl oL Vo« s fr o i of by s s i ot o o ¥t etarmation i " §
4 on Cut or Ag have bevn y emperature (1506) Smith, G v Metal Proge SL(March 1947) 441442
i 11 was found that, an dre {1515} Sckalov, L. D Stren veraus tempe re lotted an srmilog paper, gives nearly
Tmearty with the at Metallurgicat Asprets of Strcogth ot Elrvated Trmperatures atrasghtTince  Gne known aalus for Cu was aed 1o predies other varore b
P Theory of the Influcncr of e on the Resistance of Metals 1o Plasic g o ,g.w”_mw lor G vas v o predics iher vlues by
o b o the venr ae Proc Soc Expt Stress Anal 12 (1954) 155-162 Deformatton (in fusstan)
& ol o n b (1522) Stehie. 11 . ani Secger, A
it 1 anpe Fifects of metallargical variabies and changes dueing sericr on hwe T Fie 20 (1950) 447457
e square of ey properite tr0n Theartea nctgtons Cocerning et I i
g e b _w.,v nvarman e Discusce sualyical cxpresmons of the relation beween e e of D e Crysta Deneiy. and Relaied
T v ! (1507 o B L+ ot Rethortord, £ 1. Lo plastic deformation and rate of it forimation on fhe basls Prabtemsin Germany
swperamare for any siven ol theorles of plasticity The niost suntabie Telatione and that <orecaponding 2 oyes 145 1956r mr-2a1
. mont cloarly o experimente, s ablamed by < omparing aiher yoik 146
Further Convulerations un the Ductiiy of fron 4t 4 2 K
\ (1 Sman. G s ashesy. Distcaion bacrved fractionat changes in density n heavy cold
Acta et 3 (1957 701762 warking samnor be i atocation heory if anention 1o
A Theory of Transuent Creep i Metate : uquuml.vmm-.u ol 1748) 221 o 1o hiar stan
low hamalosous temper: imation of Vitman and Stepanovis
he effecta of purity and geain aize are discussed in relation to re. Lo gher pawers
Proc Phys So (London) 61 (1949 2o1-206 catnrd by habonor and S " (Zhar Tern Fix nnwylmwh.wu un Sohotor's oun o i Lo e,
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8 A e STBEBACH 10 e heary of granmem e n meta 1 deve e . e i
T(1-e .,-C'nae.mm Connceting the creep. (508 Smuth, S L, 30d Woo, W A (1516) Spith, W density change will be redaced by not more than Iﬂ‘lh"\np_h(h» influence
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b experimentally obtarted curves  The Py On the Concept of Strain Hardening {in German) o nontinear o Ing o Cectron, with e 18 eaEUAIOG re-

trafn Curve for the Atumiie Lattiee of Mid Stee) in Compre:

flucrvations 1 Sieance changes dur 1o distocation

aneient character Proc Roy Soc (Lamdon) 181 ¥
e o.»nwlmn of dislocations v ¢ d (e 2e-m
Tequr o aetvettonsesraiin tor sevnoe

Metall 7(1953) 772-778

(1523) Stetja, R P, and Brick, R M

Work Rardening 1n metals 18 critically discusard in relation 1o plastic Flow and Frafture of Smple Gryetate of fligh-Perity Fersite
flow and dalocation thearles  The reauit lead 1 e conciusion et 3 beiter #le Gry: - Purity

urve wan obtatned for the atomic Lattice of mild
I

Astren.
sl sbyceted 1o compression A ser
e i the divcrionaf the s

(1300 Smith, C 5. Trans ASM 46 (1954) 1406-1448

Mardness Changes Accompanying the Ordering of Deta Brass v T “h 7 bebaviar of bhpuriy Fe containing G or T1was nvratgated by
i n curve for the external dn gt p
Trane AINE 152 (1943) 144-151 i for Uh e tats 4 when ubjeceed o e e e S Sncan

e at salts -
# of the metallic lattice invalur ».r priciple hat,

n dicection the lattice aystematically
PUREAIR 1n aich 4 aenec a3 10 opane the +laate strin

0:50 beta-brass, ordering commences at about 450-470 C and 1a
Abo-n(r]m);lalz 3t 100 C. 'The softest condition assumes that hardncas s

L
b drpendent on temperature and arventanion  Mechunteal tlaming was o

i related to ordering and that at room temperature represents completel of
nrrierrd 1|v~|((ur—= > " ” v yers line mates "“'r l“‘“’"l:" "' "“ fatter case there merved below <75 C. A theory of .m\ on munvlmlu planes in bee materials
1301 Smith, . B, . (1509 Smith. S L., and Wood, W A any Is ! e developed f derati
. i) spin, w (1520) sicpanov, A v
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oo the Rl of o rees lor At Lather (o iaher Carmans Fhyatce of Permancnt Deformations 1n German) Frasomensn of Claavage (i Russtan)

3 Al Phy 2001940 g6 1187 e oy Soc (Landun) 182 (1744) 404-414 Metait 7 (1953 679-683 Zhor Tech Fix 19 0%40) 4r2-306

818 believed that plastic deformation of crymaliine metallc bodhen is 1 that st nlly spphed irean above. ield 1 o onger b Gevtaun fundsmental phenomen of flow, thermelectric effects, in- s g et sy, cotrtng e s oy s

companied by opening of lattice structure  Various such evidences of e rmanily by simple displacement of atums but alea 0 by new type of terual damping, equilibrium precesses, matallurgical misreprotesses, and M and is present in all types of crystals including the metale,
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in
Toate that amsctropy of elunie Broperien 1s nccesenry for chesvage
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I (1502 Smitn, G. 5 Theory of Gram (13281 Stepanov, & ¥

ity Notion The Origim of Sp Bands In Plasically Deformed Metal Surfsces (in German)
The Mechaniam of Brittle Fracture Dislocation Theories of Strength and Plasticity (In Russian)
Pye tew 85 o5ty 0 70 Metalaherfische 72 (1953) 119-121

Metatlurgia 13 (Derember 1745) 55-58 lavest Abad. Mauh § S SR Oldel Tobh Nauk, no 9 (1954)90-107
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eqular spacing of alip banda in metal
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ot g s gl e el bt A A S SO
3 the acceptance of a theory a.v.w,w. 25 years ago. ey Tt e 0 e s unE ] et san iy, on s me
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T ity o s

fundamental principle underlying exiating distocation theorics
discusand and critized; an alternative approsch to the study of strength And
plasticity of crymals proposcd.

arpeat crian, 1‘m\'mnu of sty
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(1526) Steurer, w11
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The Stability of Microstructures and Related Physical Proportics at Elevated

(1503 Smuth. G. v
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g M John Wiley and Son, tne .
e o oot e et e o sz ol b y Ineats of i spacinge <on be weed 1o caleutate the frequency af the winra Pape from lgh Temperaturs Mateial, Theis Strength Patenials and
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e o s 50 st Clowrtont (1949 b M 3l movement of dinloeations in netal and ¢ rystal f
2 Apnicaion o oo Ve e Aty of the basie mechantome in

Past

vt The genceal trend in scveral ficlds of cnginer ring, particularly those

connected with high apecd flight, toward shorter service fimes and hi

temperature calla for 3 new approach to the strength |

materials  While the conventional lang-time applications are confined (o the
moderate strength of atable micronteucturea, shorter fimes permit the

The effects of grain a
hete roge
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s Iran o e
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o on e et e amtsble fok Wl o rature ot

(1527) Stowell, E 7

fon, et Streas, Steatn Hate. and Te
e Eed Fomiperorarin

NAGA TN 1000 (1957) 19

The Callmsing phengmenological relation 1o auggested

o a
Lt (R

trean, E ¢ Soung's mhlun 0 < ncar-espanann
¥~ me,  + conatant, Al © activation energy.
ot cquorion 1n sl 61 seady-aist £reaps

e strain curvens and rapid- st eurven. | The theory 1n

7075 T Al tiay sheet- and a reasonabic agreement

(SR Stroh, A N

A Theotetleal Caleulatian of the Stored Energy 1n 8 Work-lar
Materiat
Proc Roy. Soc (London) 2184 (1953) 191-400
A st s msde (o caleatate the amauntof enersy stored n 8 cold-
worked metal., in terma of Molt' s theory of work hardening in
ot cvtacien in the s panes
e of dislocations and (2) vacant
otential energy of (1) ts

he erieascd before there is much ellect on the hardness or flow strean
(1529 Stroh, A N
The Mean Shear Streas In an Areay of Dislocatlons and Latent Hardening

Proc Phys Soc (Londos) 66D (1953) 26

Following work af Taylor and Mott, the shear ateeas on a siip plane in

the hardening proress
(530) Stroh, AN
The Formation of Gracks an a Result of Plastic Flow
Proc Roy Soc {London) 223A (1754) 404-414
Streancs acound a piled-up group of dislocations investigated with
seferenc v Ininion f  crack A crach shoud form when sroup con
i ‘ahout 1000 dislorations in a cold-worked m
Stroh, A N
The Farmation of Cracks In Plastic Flow = Il
Proc Roy. Sor (London) Z32A (1955) 548-560

I the carlies wark on the possibility of 3 crack being formed near

up of dislocationn the pile up wan (reated an 3 whole , and no aitention

> crack
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Wt b e s and Yivtding
P Mag e 7 (1998) 9672

) i kroup of distocations, « ., 3t 3 geain boundsr
iy i the maxhinun tensiie atress
'

n
i 3 erach slrery moving i) o,
Strok, A N
The Strength of Lomer-Cottrell Seasible Dislo
Pl Mag Lece B(1956) 489-502
A Lo -Gourell il disocavion at the head of » lled-up groun
of inocatens inay goe way under the combined scton of
Wtlon ot eoup, the dialocs-
ton .,,., el riher by recombining and shpping on 4 (100] plane o by
iton ino the two dslerstions (rom which 1t was formed The w72
m,, froup required for b .
Tt veauite depend rainer senmively on the a1
Shtecamon core
Stron, A N
The Exstence of Microceack Altee Cold-Work
P Mag Zaee K(1957) 14
11w sugaested that changen in denity and elrctrical reats
e 10 the formation of microcrake To (I the experi-
ctal , Bx 104 crackalem? are needed,
-3 cm in tensth
Sireh, A N
A Theory of the Fracture of Metals
Adv Phya 61957) 418-65
clopment and discussion of 8 heory of tranacrystliine (ractuee
o poyerysalline mterials. T arilele attempts to show bo
(ures oberved follow from a simple nclnded 1n o discaseion
i Eesceere e o iend ot e el olite ranmilens
propacation of cracks, and ductlle fracture
Steoh, A N
The Cleavage of Metal Single Grystala
P Mag. 3 (1958) 507-606
A model of cleavage applicable als cleaving on the alip plane 1+
devrloprd 1n which  crack In mmw "a the end of 8 low-angle tilt boundary
terininsting inaide the cryatal trengih of the metal I8 determined by
e Tty of growth o the €rach Saria{acinry 3grecment i ahinined with
the experimental resul
Suiter, 3 W and Wood, W A
Deformation af Magnesm at Varlous Rates and Temperaturen

3 et Metala 81 (1952-1950) 181184

It sk by -y and metatlogranic sttt plyeyatatioe
hhav hat, 3t both

Tirhrran st the Hrain bsndariea 1n ardet tn Forvelate the X-ray and
metatlographi rerrvations

Suty, A 11
Metatite Greep
Reararch 1 (ctober 1947) 19-24

The phenomenan 1t meanarement . physical algnificance, and metal -
lursical aspectn, and the develapment of < reep-restatant alloys
Sutly. A 1
Metaltae Greep.and Creep itesistant Alloys
Interserence Pablishers New York (1949) 278 pp

Praciical and hearetieal aspects Drvelopment of the caising theory
Of the Strength of metal< with s €131 reference 1o crcep, and certain metals

Lurgical factars affecting reep  Experimental techniques and €reep proper-
1wl frrrone and nonereos alloys
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Sty A,
The Greep of Metaln and Greep-Heaistant Alloys
Murex, Lul, Rev, 1 (1951 211 228
Artigacs creep tn metale | Factore iah o 1 cern. and o
Poltians of creep reatatant alloys  UNl{sation of ¢ 1eop.tes
Siferta englneering deaign, Stras ira) phemocna
creen.
Satly, A, 0
tecent Advanees In Knowledge Conee rning the Pra: cas of Greep 1n Mrials

Paper from Progress In Metal Plysica, V1, Interacience Pablishera, Ine
Hew York (19560 13 e

riclos cotbstonstothe ke o cvep behaver b
b In e Tast 3 penr ave comaiierech in deiass amd Ive seeravimns ot the
phenamens ate daruseed

Sully, A 1, Cale, G N, and Willoughty, G

Crrep of Metala Subjeted 1o Compreason Stress

Nature 162 (198 411-412

reem st under constant campressio bowd on ereen-
reondary, and tertlaty creep w

haa undergone
Sumino, K

Interaction of Dislocation With Atomic Order in Solld Salutions
Sei Repts Rescarch Inste , Tohoku Univ 10 (1958) 283-298

A mechantam of the nteraclon between o dislocation nd the atom
due o the couplin atr

oo ‘
The nteractinn energy and the locking force for an cdge dislocation reveal a
ha

der param-

Clers Tor the superlattice of the beta-brass type
Summerton, 3. M
Theorlea of Metallic Creep
3 Dirmingham Met Soc. 37 (1957) $37-552
Characteristic creep curves, time lawn, and theorles of creep. Note on
structural changes during creep.
Suzkt, 0
Theory of Mreaking Strength 1 Static Sirength (1n Japanese)
Nippon Kinzoku Gakkalshi 16 (1952) 19-23 .
By thermodynamic cansideration of a model, a formula connecting the
brcaking strengehof  crysal wih s hermodynamic funcilons uas obained
In the case of & simple tenslie test of an Internal-stresa-free polycrystalline
ven 550 K. i formmuls agreca with that of FUrth [Proc Ray. Soc
4 217 formula ts succeasfally applied to teneile
cimen with internal atress or under hydrostatic pressure, but
14Tl 1o coaluate the strength in the compreasion test
Suzuki, 1
Chemical Interaction of Solute Atoms With Dislocations (In Englieh)
Sei Repls Rescarch Inste Tohoku Univ 44 (1952) 455-463
chaniam of interaction between 3 dislocation and d
e sessombly lor the difterence In mechanlcal

i the basi
rystali In

most independs
T v vy satores whicn dechessen 1opudy dith ise
of temperature.
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Saabt, 0

A Thenry of the Farmatian of Siip fiante In Fac
o Fngltah

3 Phys Sac Japn 1 (1959 SV Sk

A theary ot alip band farmation In (cc ceyatala fa based upon th
i three o e 1) Vrank
ent dll\llhullnn mu-m-anm- ear
e interine of the « ryatal et s 3000 B
e bromeed rom £acn arores by the ¢ 110l et alreae of thr
Fape rimental svulien of i privgas1on A o talon of sl1p bane by
e e et o oo s o it ace e nting o et wiA
yer are reviewed

Sarka, 1

The Stow Motion of a Dislacation 1n & Face Gentered Cable Gryatal
U Enghieh)

Sei Repts Rescarch Insts  Tahokn Univ 74 (1955] 194-203

v slow o an extended dialocation acompanied by heter -
ngenene diatribation af sotute atoma In & hexagonal 1ayer of an alloy 14
Studied on the bania of the inte raction mechantam between aolute alome and
disocations propored by Saruhi {1 48 (1952) 53)
v 1 streas an expreasion for the veloclty, v, of th
Aerived In the farmi v+ 0 4 Di/bly. whete D In the diffusian cantlicient
oy, bt atrenih ofthe (e c) disncsion. €t
a1 shear stress of the allay due &
okl may be stabl e an appiied force 1eas tan
T ecoring o the wilth at e distouation. " The slow mation Is
ot responaible for the micracreep of fec meials at high temperatures,

Suzaki, 11
Therma) Etching of Dislocations

Paper from DI and Mechanical Properties of Crystals, John Wiley
o Somn, I ew Yok (1959 THE-175

Thermal ciching echnique can be apsled to most metals and alloys,
Some N aitays
e e tdites st 100 C for 0 imeen are snamn:

Suzikd, 10
Yield Strength of Dinary Alloys

Paper from Dislocations and Mechanical Propertics of Crystals, John Wiley
and Sona, inc., New Yark (1757) o

Yield strength depends on the Interaction force between sources an

well a8 on the force roquired o tear & dlalocation from Hta locked aite, The

yield strength determined fn experiment is usually the tranalilon point at

Uhich the tangent in & atrean-atrain curve decreancn conalderably The yleld

strength In theary, theeefore, fa teasonsbly deicrmined from the theoretical
ess-ntrain curve

Susuki, 1, Ikeda, S. . and Takeuchl,
The Deformation of Thin Copper Gryatala
3 Phys Soc Japan 11(1956) 382-393

Tenaile atrens/atrain curves were determined for Gu single-cryatal

anger shows marked dependence o wire rad
< dincunncd n terme of the “mean free path of diso
logarithmic range of casy glide ia related linearly to the radiun of the wire
Susuki, 11, Weka, 5. , and Takeuchl, S
Deformation of Thin Metal Cryatala
Paper from Dislocations and Mechanical Properties of Crystals, John Wiley
and Sonn, fnc 57 548-599
lfect o crynat radus on he deformation of sinle crystalaof G
13 Phys Soc dapan 1 11956) 3631 and e and, In particatar,
the cffect on the range of casy glide, was stu
Suruki, T
Surface Sources and Plastic Flow in Potaasium Chloride Crystals
per from Dislocations and Mechanical Propertice of Crystals, John Wiley
and Sos, Inc_, New Yark (1957 215-227
eystats were polished s0 that Uirelringence bands
inglc 30 dosbie i coultbe obmerved with polarined i priel 13 the
M direction.  Work-ardening and Iternal trestment 18 given . The plantlc
Bt o it hea 420 unpolished cryetale Ia Slncussed n terms of h
lengih of wwrlace sources
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plastic yield sirsan, iy shows 3 almple ghysteal
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Gt Mt Cryatata Ui | nghian)
o AW 21 (105 €17 024 {156 Takruchi, 5. and Suni, 11, eitstag Festhorperghyaih 1 (1755) 4540
S epts Rearareh tnata 4 ahen Gy 64 (1900) 00 450
s et et Gorretation Netween Lattce Transfarmation and Plastic ¥low in Metaln b uliawing matiers are discusscd (1) Minematice of the defors
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" N Hippon Kinsoku Gakkatahi-S1 13 (Aprit 1919) 14 18 iyl Mattia theor!

X " r o ansumpiions on the basta of which a therimadynamic the
e e e PIASILE deformatin was Aevelofed in » prereding reprs aee dismemerd from

Sy v e rtation o on o @ viewpoint of a dislacation model

pes

ot w e . v P . 69 Tabeueh, .. amtSucs
mave a whort .n-mma wiih |I.r nvl,. ..y atrean lml |("‘\ uy g, An " e e 8 A Sucik, 0
v, }

o lerine wit : » Theory ot Pamlcy 1 Coreaion Reten Lt rsmtarinaon i
o e Pianic Giiing In Melata. 11 Gritlen Shear Siecon of Rinsey Ay .
4 o o - e o e theat
g o I ity A Pyatate are wion u';v:*rl o shate s e e n Engllah) ontemratea n Mot-s ey shops me part
AT F i e o ke o e e ha 4 s Shere i Scl. Repta, Reararch Insta Téhoku tinlv 24 (1950) 50-59, 60-67
. i Toxatren e o . 1575 Taylor, G 1
A ot an e 1 ser st o e s I T fomdamenta s, sl v ourntt o spresing the (179 Tayter. @
p e it i v af e mdymnene fonethonn, wers e, ,
iy Conetteing i mraconee ot Astocbony N
 tret-rmergy Alference i o e
e enteey ired
&

(1585) Swann, W F G Mechantem of Plastic Deformation of Cryatals

at the <am

Shear Madulus and Viatoaity Relations In Plastic Materlals vl for he anme. £at of trainin
oEtrmperanure. s have the e Fiae a¢ o o the pieia

Proc oy Soc (Landon) 143, 262 (19341 3h2-007; 388-404
7 act ht the macrancopi datortion of meva
3 Franklin fast 287 (1955) 11-16 Sy o e Arallel 1o 3 cryatal prane v
1562 Tabor. 0. lon is v, shows tha the
The sa-called rlantle conatanta, viz , the shear and hulk modull, 1 odynamic functions appll Ihe ehdieg of onsplane of atama sver ua
and €, tenpectively. devlved from a retating 1 the Simple Theary of Static and Bynamis Hardnens
and . respectively, derlved ating A Simple Theory " (1570) Tamhankar, R.. Piatess, J . and Crussard, © ;m;w'l‘vnu‘ Haetie :..“"' ";";"-; C purrases near the tu
4 o tlacations ahich ocrur &t the tu ends of <ach of theat lengiha L The
re i, In general, the truc value e he teat plece., de Proc oy Sec (London) 1924 (194 247-274 Study of the Elevated-Temperature Plastic Deformation of a Soft Iran and of i ha such ditocations i b
endentupon the uqv-entyo(m- apiied o s e o e Nickel-ron Austenne (in French) mperatare sghation
Teinting 5 directions In aNich present theary ey be deoeinped o pioce o 0 2 spherAal Indenter is presscil intn a sofier metal, plaste flow 2o e At
oI ea aits 8t xprrimenal achs aee Ahecoeach, e pe st -, e bt it £aduee ot Rev. mét 55 (1950 383.400 Tarshatic .,..ﬁ.ﬂn.m, bewween ar
(15500 Swcctinnt, E B . and Pusker, 5. ‘ ' e The slevtedtempersture mechaical properiessnd sracturs) i
.

et of Surtace Gondiion on Greep of Some Gommercial Metal
3 Ap) Mechantce 20 (1953) 30-32 mu.«.mymam.»
an oun nature are nvalved. Fin o
experimental work ta deacribed to determine the ellect of the oxii Baves o the el work ot ey amd by
surface layern on the crecp properties of 25 Al and commerclal drawn Cu ghawn experimentally that fox  material Incapaie of appreclable work vm-w-
Tt was found that tha preacnce of an oxlde layer ncreascs the creep atrength Ing. the mean preasure required to produce plastic ylelding to related &
of theae metals. The possible caurea for the change In <reep rate are RAe i o 1 e el oy eihatn g S Steengeh of Rock-Salt
dincunned. e prej
(1563 Tabor, b empera e tern ” Temined n the case of Proc Roy Soc (London) 145 (1934) 405-415
85 swit 1t W ey "

The i

(5760 Taylor, G 1

o s thrary ofthe stregthof metle s appied o roch et amd shown
Plastic Flow in Metals i s s e and plaae
Oxtord Univcraity Press, London (1951) 176 pp. oA N A S ,m,“.";,:" iy ol 55
Metatlurgla 21 (1940) 75-76 .
srineas messasements by apherieal indenier, delormtion and n: (1571) Tapacll, 1t 3., Forreat, P G., and Tremain, G R
Vartous actors entring nto phenomenan of plaaic ow _ prescrt sste denaton oF et e meaie o of et which S

of knowledges <o o Jud e et miate . trons of ~shaTlowing™ and eiastie recovery, whe of comten Greep Due to Fluctuating Streases at Elevated Temperatures

alagrama: torsion and bending ature and effects of plastic flow: dad indentcra, dy -bound hardnens, o Enginecring 170 (August 25, 1950) 189-171

theorica of straln har anced by werker b s e, ncuding

mosae theory, distocaton ieoriee, ans Bilby e measurementa and thetr co (ctorn. the canncetion hriveen hardnan A theory regavdiog he behavior of matertale undar simultineous

and ultimate tensile atrength, and typleal hardneas valuen e and creep co o dln nd supporting experimer funeion to tn e n dtcrminingthe sirengh of <rysins reameciive

1558 Swite, 1w Their actual crystaliographic or atomic
(1560 Tabor, D

Detarmation of Metals (17 Tayler, 6 1
The Hardnens and Strength of Metaln
Metalargla 31 (1944) 53-63 A Theory of the Plasticity of Crystals (in Fnghah)
3 Inat Metala 79 (1951 1-18
¢ e e et nd o e cotiains b b slon Is ancribed to experimental difficltics at the beginaing of the . 80 (1734 37530
made fo 1 byt application of mechaniont peinee Uning a apherical fndenter of fixed diametar to maks.

tons, an in the Brinell teat, 1€ was found that the loxd neceanary . e capevtmentl fac nfcate thd plasi dltorion aslly con-
(1559) Swite, 1w an indeniation of a certain «hordal diameter (1572) Toraerko, 1.
depends on degree of work hardening of Shown On the Condition of Fatlure of Metals (In Rusaiar) hat 2 pet e s s
On the Foat-11lla of the Plastic Range

Zhar Tekh, Fie. 21 (1951) 13361344
3 Inst. Metaln 81(1952) 109-120 mbine the gancraiiied atrcualatrain curves or differen methods
odulus of
et it of knguledge andthe exent sescarchfs shle t ke e 1n given for pyramldal indentera auch an uacd In making Vickers havincan
contrition 1o vabious sechmatent peacenens e e deform measurements
tn: Suggets he montpraiabic Alrcetions of mauiry spproprite
mathematicians, metal physiciats, and engincers  An appeal in mm to the (1565) Tabor, D,
meiah hyateit for & more vealoic mosek of tes minsmune.
Syatematle study af atreas-strain relaions on s wider framt than nererotore Hardness and Strenath Properticn of Metal (1n French) rd it way, the theory s comnected with thowe invalving
the eim; mosaic o lincage stroctures
s the =

(1560) Swift, 110, and Tyndall, E P T. Rev mét. 3 (1952) 208-210 lincarity of deviator of sircss and st s

of the metal Taylor, G 1

Elasticity and Creep of Lead Single Ceyotala A briel thearetical dincunsion of the relation between fhe rlastic limit
and the harnenn of et Tardlt, 1t P.. and Erickeon, ¥ Plastic Straim n Metals
Phye. Rev 6101942 359-361
(1566 Tavor. D) Stratn-Aging, Werk-Hardening, and Inhomogencous Deformation in Armeo 3 o, Metata 62 (1938) 307-324
The gy e s T e of st cyrate of v rom Afie State and Dynami Deformation
were measured by atatic methods, The ela; ameters agree with those Hardnesn of Safids . The work of Taylor and Elam on the straining of metallic aingle crys-
3. Appl Mechanics 25 (1958) 285-28 e e dencribed e ot e e b .,.,W,,\.um it
streas on the moat Fndeavaur 13 (1754) 27 Under {on impact the work hardening produced Ia leas than he laticr, gita
Iavumhly Piaced octahedral plane was approxinately 2 % 106 aynce/emt ot pronced vy e 2ame amaunt of statically appied srain liardness Is s necassary for 2 Crystal 1o deform in conformity with the change
Proposes 3 rolationsiup betwren Vickers indenition hardnean, 1, ot ifafr hrghout he Jongl of the specion i Shape Impased oy the ather (ryatain
a0 wlamate tenaile strength. Tas af o eat plastie materinl o003 1t

n.“h. < it under

(157 Tayler, G

Q567) Tabor, B A Connection Detween the Craterion of Yield and the Strain Ratio Relationship.
in Plastic Solids

Hardnesn of Sahds Proc Roy Soc (London) 191A (1947) 441-446
S African Mimng Eng 1 65 (March 13, 1954) 41-43, 45, 47
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vl hat the ek owalerd, i st ploate wvaune e

Treamerved r-hnnmhl In used In conjuncts axsamption of
g & gven vl o eaealte e on ol yield
e o ot i emteal s o Monea-tiene by
Taylor, G, 1, and Quinney.
Latent Energy Remaining tn a Metal Alter Cali Warking
Proc Ry Soc (London) 143 (1931) 107326

Meanurements of the atent encrgy rematning in wetal roa after

Taylor, N. W
Mechanism of Fracturen of Drltule Salida
3. Collotd Sct 2 (1947) 185

y i proposcd which connects the strens { renuired to break &

o certain aspects of the fatigue of
oston conditions s

metaln wnder siresa-corr
Taylor, N W
Mechantam of Fracture of Glass and Similar Brittle Solids
3 Appl Phy. 18 (1947) 143-955
Propose y which connects the required to break a
ettt material in llmyk tension, with duration of apltestions & Tog t=
log ko 4 (Eal2. here t = fracture time; k = Boltzmann constant,
Y Cemperatares  and ko convianta, £ = Young's moduluts and
streas
Al
Deformation Realstance of ligh-Temperature Steels at 800, 900, and 1000 C
Sumitomo Metala 8 (1956) 221-228
Stratn-time curves at valous temperatures under the dfferent
sncs, and the determination of deformation reslatance bascd on the
onpiion that transien crecp wonld be SHEM o testing temporature
Terminanov, 5., Jr., and Galperin, £ Z.
Structural Changes In Steel Duc to Cold Working and Heat Treatment

Acta Cryat, 101957 771

ot dlerent sractursl harsctesttcs, uch 4o Qperaty,
of the

mtenmity of o lincr
e deformatton, which a

alpha-phane fragmentation and the formation of severely distorted boundary
regi

Thictach, 1t
Lamellar and Mosate Structuren - X-Ray and Thermodynamic Evidence
Trans. AIME 16 (1946) 48-54

vicws the mont imporiant of the reslts abained by aher vl

sators, capeciuly o Germany, where a great deal of stiention has be
e et misuckare ducing the Tanthree pea
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Vo, G Hotting, 9
e Phanthe 1 Garmation of Abumintan and A
s 1

ape wan sed 1o atuly the metallograghy of siip
% M, 4% A, amd A% Cu 1t

fen wmare reaily
omas, G, and Natting, 3 (Appeadic by B I, Tirnch)

The Plaatc Deformation of Aged Aimintun Mlleys Appendis T e
vctation of the S1t Patirn i 1osma af Dislation Movements

3 Inet Metals 86 (1957-1958) 7-14
lectron microscope was used to study the metallography of the
alip characterintics of aged and plastically deormed Al atlays containing

In A1 4% Cu alloys, the slip bands change (rom cos
210 Iamellated alip during the sequence: G

s
Temultn n the tip lnex maeeing

hough the paricics, whereas hen nencaberent phaves ar¢ et
“lip lines bend through them. When preferenttal precipitatior
e ton, wiona ot marion may be canned 1 the ATcr s
Eohute-denuded reginn A deacription of the possible distacation mavements
“hich would occur during the bending of & slip line around nancoherent pr
Ciphtatas in given In an appendix.
Thompson, D O,
Creep of Zine Single Crystals
3. Appl Phy 23 (1952) 12771218

Greep n tenuion of pure Zn crystala obeys an equation of st
o= at™, where o is strain and t Is time m ~ 0.5 at room trmperature.
epraducily. The index m Gepends on temperature cxponentially, with an
tivation cnergy of about 3400 cal/mol  The celtical strens far creep in
temperature independe
Thompaon, F G., and Stanton, L. R

Some Obscrvatinns on the Austempering and Inathermal T ransformation of
Stecls, With Spocial Reference o the Production of Martennitc

3. Tron Steel Inst, 151 (1945) 1331809

claion suggeard beween duraionof Incabaton e
N of the atecl.

<,
o onges the incabasion time, he higher the €roen I
Thompaon, N

Dislocations 1n Face-Centered-Cuble Lattlees

Paper (rom Defects in Cryatalline Salfds, Phys Soc , London {1755)
153158

Gonsicrs Hmiations Imposcd by the geometey o the crystal Intlee
on the asurs and configuration o dslacaione i  fcc I, with paric
e etercnce to he fotm and praperin s of moga’ 1 dialocation inen
Thompsan, N . and Millard, D J
Twin Formation in Cadmu
Phil Mag 43 ser 7(1752) 422440
Experiments on the 1on of twhiz In aingie-cryata] wires of i
under tonston demonmirae he <asentisly discontinuarn
cess of twin growth and produre cundencs in favor of
Shear streas Taw for twinning  Tainmng €0 contribute to creep
temperature but mot 3t 70 K - Dislncation me-hantam for the growth of a
twin
Thomaon, R
The Nonsaturability of the Strai Field of a Dislocation by Toint Imperfrctions

Acta Met, §(1958) 23-28

101 shown that o dhslocaion st feld (x ot sarated by point im-
pertections when the distacatin diatation 1a exhated  Flan
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et are b brsane ol the direet st iersciln beteren the gl
e The spturation i

Thorntan, PR, and lieach, 1° G

The Fiffect of Stacking Fault Energy an Law Temperature Geeep n Pure
Metals

PRI Mag 3aer 8 (1950) 7761

The Jow-temperature creep behavior belure
change ix Interpreted in term of harrlers
Using the dats aaliabis an the temperatuee

work-hardening theariea of low-temy
hat the < cererimental sinrrvaion tht the s o actins
e W prentrain can be cxplainer it matrally o
heories haard on siress: s rivaion and ot doca nok mentlae sk
thearie

(1504) Tietz, T. B, and Dorn, 3, £

The Eifect of Strain HHistories on the Work Hardening of Meta
pg.of Metals, Amer Soc. Met , Cleveland (1949) 163-179
fng 20 8 facto in desermining
Effect of strain
Some pr
Ty et e e of heralomechunlstMotory o ecesey
e Tnity g he Infoence of femperaviee of

(1595) Tieta, T. B , and Dorn, J E.

Greep of Capper at Intermediate Temperaturen
Teans AIME 206 (1956) 156162

Greep of OFHC Ca wae guled aver the temperature ronge 487461
der con
wan negligble
Atraun from ¢
ool Thus,
o creep In the ‘..m.m.u.‘
o verzan o sirain e reminiecent of high-

over the mmtermediate range of tempe;
Igheterperature creep dncs nol Appear o siford a satiafactory explanation
o intermediate-temperature crecp.

(1596 Tipper, C© F

The Fracture of Metals
Metatluegia 32 (1949) 133-137

cture of mild atecl 1a divided Into three types, tho firat correaponds

& two Intersccting plancs .
g & piane e diferent

(hear planc, often At Fight anglea to the Len “The main
e e egins smoiancorsy ot allcrent Torations. 3 fact
Fonfirmed by the work of Drid;

(1597) Toaz, M W., and Ripling, £ J

Flow and Fracture Characterintics of Dinary Wrought Magnenium- Lithium
Alays
3 st Metala 85 (1956) 137-144
Tennile propertic of alloys with hexagonal, mixed hexagonal, and
e steweinres were studied as functions of testing temperature and strain
e Eaeh of the alloys dlsplayed an embrittling temperature which
noaate scnahiive | The embrittlement was mast severe for the com-
Pletely cuble alloy

(1578 Tomanzeyk, W

Theory of Distocations and Propertics of Mctala (In Polish
Prace tnet. Minlsterstua Hatnictwa 6 (1954) 98-104

interpretation of strain hardening, recrystallization, crecp, and
other related ghenomena fn given in term of the theory of dislacations

(159%) Trapetanikov, ¥ A , and Nemnonov, S. A

Sadie o Chenie Forces & intro-Nalybicnum S Sations From Fine
< X-Ray Absorption Spectea (in Rus
Fin. Metal 1 Metalloved, Akad Nauk $,5.5.R , Ural’ Fillal 3 (1956) 314-320
Alloying Fe with 2% Mo tncreasca the cohesive forcea from 2 (o 4% Mo
there ta no further change.
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Tot, »
Strean Theary of Pastic Flow
3 Math s Phye 15 019560 44 52
Mathematical thenry of plastis flow far incompreasibie, fantroplc .
1 ranaition fram the slasite
Tratmov, ¥ 1

welopment af Plastic Defarmations in Low-Garban Steela
i Wnsiam

Javent Akl Hauk S.5,5 R, Oudel Tekh, Navk no 11 (1755) SA-61

pircen o
Frater, 3,
Elrctron- Muc rasecpie Studiea of SHip i Al
3. et Metals 80 (1952) 521-523

Show deformation of & specimen of pure Al at 200 C was studied by
means of the eleciron microscone, using he plastlc relics
Show that siip rones d "t Vanires of long farallel s iamella
e ot found by Hetdenrein ami Shorkley an Fonm-temperatre defarm
Ton but of Intimate segments of primary and cross alip.
Trosers, T A, Sherby, 0. D, and Dorn, J £

Fifect of Strain Ratc and Temperature on the Plastic Defarmation of tiigh
ty Aluminum

Trane ASM 43 (1957) 173-188

In rate on the streas -atrain cur
om 78 10 B18 K.

etfects of temperature and

e Cted ety o e o e ot 10
vt Rucruniona drce.

Trusskowks, W

Dot of Planic Metal in the Tenaile and Hardnees Teat in Englah)
Dl scad polon, act 3 (1959 93-97

A retation between sireas and degree of crld work b given or o el
ork

ements o
T e Avathe tesmmuta. s Aeduced for alioys with uppe
Jie1d pointe and is verified by teata on stecls containing
Trunskowski, W,
Three Stages In the Deformation of Plantic Metals (In English)
Bull acad polon, acl L ner 4 (1953 65-68
The dependence o ek pin o the degrer of cld ok e
e for A, Ca, and Monel metal were made of the
e ot o hiop. draun 1o varions degscsn of defo mation and
wz.\,a 15 e mmaain change ae ahacrerd i he steai et
nt deformation
Tucker, .. Ir,
The Maxtmum Streases Preacnt at Failure of Britle Materials
Proc ASTM 45 (1945) 961775
by a statistical throry of strength how at
e e oty conatdered an the mrengih of he
wpecimen. 1 is thearetically
aually caleulated

it in 3 small portion o

Tung, S K , and Maddin, R
Shear Along Gran Doundaries in Aluminum Dicrystale
Trane AIME 200 (1957) 905-010
AL ey having o pure L bomdary bout e <1102 i vere s
Jected 10 <rcop atreancs along their baundary at various temperatus

Mechantam for mu. ey e tanside red to bt 3 combination proc -
"snid e -hniary selt ditfusion
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Az .
(1600 Turkato, A Mo, and Lom, 3. R (161 Urimura, ¥ (1622) Undnrwond, B, ond Marsh, |1, e 0620 van Taween, 10 G
. : . Goupled Dislacations Alang & Graln Boundary (1n Engliah) " i mperte tane amd Plante e formaien i M
Filecta of Mloying Filens Attten tmpe i " oesbiy s
Effect of Carbido Diaperalan on the Strength of Tempered Martensite 3 Phys Soc Japan 18 (19560 479-484 Singie Cryetais Characteristics af Lattice lmp 3

Hature ant

Pager presented at AME Fall Meeting, Chicago (November 1967) Ietdlstncaions slong o gesn bnniary n G crysals were eame ADNE 206 (1956) 477181 Teeh, Rew 13 (1954) 240e357
" hea e
2,785 85 dleperons n thiee esscntnlly siain G mactenitl o o arrange it Cirometeteal 3apects and behavlor wnder ahear streas
056, wer cent C) h e ater arying tem v o
aabjrted

van Mueren, 0 G

strens was e n o " e pertctons s Vel formatin n Motle 11 obaiorof
ta, 3 lincar relationship betueen the loga- g forcre Yelence ehany e " Latiire liperiec ot
Fithm of the mean Interparticle apacing (mean puones ot i A i o Tound 1o e sbou 21,000 eal/male

Philipe Tech Rev 15 (19%4) 286208
(1615) Umanakig, J . Yelatina, V. Kagan, A , and Pivovarov, h (4620) Urle, ¥ M, and Wain, 11 L. i 15

Fhennmena o practic a Importancs 1 work hardening, sging of allaye,

.oy Invetigtion of Ghanges i Micramonaice 0 Plastle Deormatlon of Conrar-Grained Aluninium b vartationn of sleririeal rrotein
persatueated Solld Solutions and varta

Acta Gryst 10 (1957) 822 st Metala 81 {1952-1983) 1534159 (A1) van Bureen, 1
euerd artace,
he Individusd £ raine of deforme

G.
Dis of supe caaturated salid aolutions, as shown by ineans A fine grid, photographically

..vxq"., .. ollowed by changea In mossic surucrars in Mi-De i & o

an icromanc coreeapont oarac-grained Al previous worl cta dhet 3019550 19-334

(1609 Turner, B 1L, and Momauist, K, £ "‘ o i aulation of the precipitate
1 4n nkeare I a1 of he borks witncorronpamaine
i

- Throry of the Farmation of Lattice Defrein During 11
Hions and ot over b ol 3 of e ring eompesommren Seormnd

ael e forin of 1 on appe Thcory o show eelaton bt slastl strain 3 concontration of
Aarica., anl the forin of the i appeare . e st atraln and <

1o depend an the orlentation relationships beiween nelghborln ocsiens and lne it iics bebavier of blncuter
were mtion anie n he specimen duing elongation roduced ying ape e

A Study of the Applicablllly of Rabotnov's Creep Parameter for Aluminum
Atloy Sources under
the drcrease of hardneas after over- deductions and the sirain fpendencs of the electrical resit
3. Avronaut, Sel 23 01958) 11211122 aging 18 due (o their corgulation. ing uctustion b lomtien euries
metiter. st with the over-all elongation of the specimen. van Daerem 1 G
Gl stnton {0 Rabaov' alcle (Tramited In WACA T 1353 (1616) Umetiuer, 1t (1638 van B
e w-n-me-::umm, €12 which correlaies iochranous Rheologlcal Consideration of Grerp of Strel (In German) (1624 Ushin, G. v Electrical Restatance and the Plastic Deformation of Metats {In German)
teain curven,  (c) = o (1 1 a nt: %+ consta Arch. Elsenhitienw. 23 (1952) 119-126
y chaation i, I 2 mestar of the elcty with ehieh et Unkiarenily of Gondltias of Steeagih 4ad Bissulclapf1a Sudetsn) 2. Metallk 46 (1955) 272-202
can absorb tm HIC strases  Since viacoslly and relasalior Doklady Aksd Nauk 5.5.5 R 64 (1957) 471474 aurvey tn m
time difter numerk‘lly by a factor of 1022-24, they are much mare sultable v = it
(1610) Tyndall, E.P T, for the characterization of the mechanical behavlor than the usual qualiie Analyzes the above, taking into considsration the realstan
such 0 iing maiuius The retaton botwcrn i oariden e o tractore oot coniiionn of St dclormation, 3 rctor not onsdered
Creep of Zine Crystats rhealogy s expreased by an equation decived from the general Maswell In contemporary theorlcs of strength of materiala
{ormu v e vevavion of mavion
Paper I Simpostam an Plaie Detormatan o Geystaline Solids, OTS, U . (1617 Umatitter, H, (1625) Ushk, G. v

Dopt. Commerce (1950 45
A New Grlterlon of Drittlencas and Planticity of Metals (1n Russian)

e of e

On Creep and Relaxation (I German)
ecp (5) va. time (1) relation of the form 5 = at™ for Za crystale
*ith 3 secondary orlentation cloe to zero. This relation In similar Sehwels. Arch. angew. Wina u Tech. 19 (1953) 184-191 Doklaty Akad. Nauk S 5.5 R. 64 (1949) 10371039
4 subatances may have very different atress-steatn Propns=s cvaluation of the above on the basis of ratlo of tensile strength
ep equation depends on e diagrams ofchemielly aierens mbsiances and vesistance to shear  Mathematical anslysis showing validity of this
o have subsantilly the consiamt 3 criterion.
n trel poied out tht Hortomon and 1618) Unchel, 11
Vigie <eyorais gmai seainn, dd ot confirm he e A (1626) Ushik, G. v Fesimtance
Andrade, who worked with polycryatals and large stesins, The Influence of Structure on Hardneas with Speclal Reference 10 Steeln
hereas he bmwell, working wih Ia-ge irsins e sigle yotsis conemed 0 Spectal Reference to St ity (in Rossian)
Rnirade's 115 . e suggonted . Ambeate' 1 o o e onme Metallurgia 45 (1952) 115-120
Mraine profuced adicky = tovest
1dered the shearing forces acting In succesive layers below the rotlems con-
(1611 Tyndatl, & P.T., Avtman, R A, Wert, C. A, and Etoner, &, Blsne of applicailon of he delorming stresses  Proponca ot e foree Analyzes mdern theories  Application to sohulon of prablern

stages of recavery can be defined of Inineatitial atoms , the decrease in

Gonerraing the Basen of the Theary of Strength and Pl

Alad Nauk 5.5 S.R, Oldel Tekh. Nauk, 3(1949) 1433-1485 Influence of Lattice Defectn on the Elecirical Propertiea of Cold
red Metrla

Philipn Reararch Repta 12 (1957) 1-45; 190-237
Creep of Zine Crystals
e propeten af e et ormation of metaln
e riams e (et - etectrica oottt esgnrrores it of Prnticatly stned e iols

Melicued 1o obey 3 <rtiral ahrar-strain condition, estrca seattvly

th of aecond pha consant D s dependent
. Appl Phy 26 (1955) 206-204 a0 the way I which the shear forces decraane with divene from o farich

Studien of plastic deformation in the reglon Just beyond the clastic limil (1619) Unckel, 1 A,
10 (1627} van Dueren, 1 G. (16341 van Dueren, 1l G., and Jongenburger, P.
(1612 Tyte, L. € raln Stee 0 Mechanical Properties
" GralaStac Koy to Mecknical Propert The Formation of Lattice Defects During Sip Reslativity Change by Plastic Deformation of Polycryatalline Metala
Rate of Viscous Flow of Metala, Part1. Tin Tron Age 170 (December 18, 1952) 148-152
= Acta Met, 1 (1953) 464-465 Nature 175 544-545
Proc. Phys Soc. (London) 50 (1938) 153-175; dlsc 311-312 chanical prapertics of metale and alloys show & marked rise or (a1}
wlth changen b g
s ehed of determiningthe dependence af he rat o viscous e uction of arcs how o n'AL Gu, ateain Al crystal purfaces
- e o vasiaton vith omperature T rae na'h Hects of orlentatlon and porosity concentration .
i Latenatanny the veloclly of siscous o eon (1626) van Bucren, 11 G.
3 by expomential relations

o elementary structure observed an s plyceyaatin wirewof Cu and At wece platcaly germrd

A theoretieal explanatlon of
Jon at 20

"t hat the dirret elfect of
oo of Elctrical Restativly of dislacations plans only a minor part in thin reapect.

(1620) Underwood, E. E. Relation Detween Plantic Strain and Inc;
etale

Greep Properies from Short Time Teats (16351 van der Merew, 3 11
Finally, the behavior of Acta Met, 10195) 607-609

he Sn wire I8 shown 10 b I general agrcement with the resuts obwine from Materiale Methods 45 (April 1957) 127-129

single cryata

y at On the Stresses and Energics Anmociated With Intererystalline Boundarien
The Increase in electrical resistivity after p
Bhys Soc (Landon) 0) 616-637
e Ty b A stralght-line relationship In shown betwean ultimate tenaile atrength s . Proc Phys Soc (Landon] $34 (1950}
Y, L. €. oF crecp-rupture atress and hot hardncas: time and temperature efferin nd dis hile mptionn Introduced fn dealing with  aingir
Aot of Vincous Flow of Meats Parc i, hens are correlated by meann of the Larson-Miller parameter. e releaternenn o th b
(1621) Underwood, E. E., Elnea, A, R., and Manning, G. K. 3127 4o that the extra nce
Proc Phys Soc (London) 51 (1939) 203-221 " n muuvuy 0 pwrv'"ﬂ"“ 5 r;“':j:d s eniial atoms
The Principles of Dispersion ltardening Which Promote Iligh-Temperature iee taes
erimenta previously reporicd for Sn have becn extended o P, Streagth in Iran-Bave Alloys
Relationahipn o
OTS, U S Dept Commeree, P 121455 (June. 1956) p 68 . Ine disappearance of the tnciplent defects adn the distocations ,
Greep atrengths., tenaile strengthe, and hot hardnean were measured rathor than to the disapprarance of the dislocations themaelves

b connected with the corrcaponding tempera- ted by a function of Jattice atraln and relative
turea by hyperbolic expressions. alence A ateaight-line correlation is proposed for tannile streophor
Foptuce steengih verans hot hardncas, far combinatlons of e
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hard-rolied Al examined.
1637} Vastlev, L. 1

n the Dependence of the Velaclty and Relavation Cor
Alumintom on e Rate of Plastie Befarmation (n saran)
Zhur, Tekh, Fiz. 25 (1985) 687670
Defies  slecty carticien «, a2 eelaation conticent .«
weremessured or Al sprcimensdeformed i varlons raee | The
Heauits ndlcses thr e af¥ s o carves ara S-ahaped. 1 a4 gk
S ow velacities ot coclficwnta Increase sowty witns AU
Intermediate velocities, the variation 16 much more £apld  This confirma
previous resul
(1638) Valil'ev, L. 1., Vylina, A, 5. , and Zagrebennikova, M P

On th Eifect of Ghange n Deformation Rate on Plastc Defarmation
{In Russian)

Dokiady Akad, Nauk S 5.5.R. 90 (1953) 767-769

Specimens okpolyeryatalline Cu and Sn wires wore tensile tested
room temperature

were appl
Changing the vates ol thowo of Incrensed atably prevemting m lriduxl
“The cur

ed anciton o he

4 and approximate
(<L, Dora, et al., Trans AIME 180 (1943) 205]

(16391 Vidal, G.

Conditions for the Occurrence of Fracture During Greep Teats
(In French)

Métaus Corraston - Inds 21 (1952 201-215
Gauees for accslesation of cresp and of fracture; Inflasnce of various
facore on type o crecp feachure and upon the me roquired for ratiurer
4 Tor extemeion of e tracture
(1640) Vidal, G.
On Perlodic Greep of Heat-Restatant Alloys (1n French)
Rev mé. 531956 485496

iments on Nimonic alloys to study the distinctive charactes

rlodic creep one can
ConEbaes ' eiteciee ress <qudl 1o  consert srons

(1641) Vidal, G., Lescope, P , and Raymondin, L.

Influence of Temperature on the Elastic Conatants of Metals and Alloys
tin ¥

Rev. mét, 48 (1951 864-874

Drief discussion from the physical, metallographic, and mechanical
points of view

(1642) Vinogradov, 1. N, and Yagn, Yu. 1.
On the Laws of Plastlcity (In Russian)

The application of  theory of plasticity due to Ratner, et al., 1o the
dctormation in tenalon o mure Fou Al bronsa.r and Cu-Bo io described
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ol Metala 10 Deformation of Rates af 10°6 1n 10°2,
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2. 1) 049) 100-326

foe Invenigaing he elatinaip of
"

racuer ol the e furmation proseas 18
o

Fllect of Trmperature ani fate of Deforimation an Grtical Shear Streas
Un German
Metaltk, 43 (1952 128-130
110 shown that the Becker-Orowan ~auation,
D= C expl Virg - 12/26KT],
b = e sloty o e dformtion precees, - e sl it
ior
a7+
st be muw i e appltcaste tn
Nigh shear-siresa values su well a4 low  The equation then tahen the farm
D= Cexp ~QUI=(1al7o) ) /KT]-exp -Q(1 + (1a/712)/KT] L
e Q. he it gy When s et o ppld o e
st el ot ot 2 o
rlormation s variovs temperaree; good sreement is ourd betueen he
Incorciicar valuen obaind and th 4pErimentsl resull reporieh In
Uierstirer without the necr ity of inchuding the concept of .
atress rainers, | ¢ , the Introductibn of a scress-concentration factor,
Vitovec, £ . and Nowotny, 1
The Theory of Plastic Deformation (In German)
2 Phyatk 130 (1950 147
Dependence of critical shear atreases on rate of deformation an
derived by . Deckes contradi [ o icie renate
“hich agree atis(actorily with most 10 1 Tecker's theory of
gide e matid iing o e e agoe ()] emperatnre (1)
Sependence of the for T .w here Kin & conntant drpeniing
on e i velocity
Vitovee, F . and Silbar, A.

Effect of Free Surface on Resintance to Deformation of Polycrystailine
Materlale (1n German)

Schwelr. Arch. angew Wiss u Tech. 16 (1950) 76-80

Theoretical discunslon of forcen that oppone deformation of
polyerystatline materials

Vivtan, A ©
The Relationship of Rheology o Strength of Materlals
Metallurgia 30 (1944) 237-240

w study of eheology , which sceks to examine and standariize

Spplicable fo matcrial whone reaction are entirely plastic or viacoun.
Visian, A. C.
A New Veraion of Strengih of Materials
Metallurgla 45 (1952) 29-37
rescnt generally accopted aystem of “atrength of materlaia®
1s severely criticized A new conception of the sublect in outlined , and
the cane for the new ve raion preaenicd.
Voce, £.
The Relationshup Bictwren Strens ard Strain for Homogeneous Deformation

3 Inst Metals 74 (1948) 537-562, Dincunnion, 760-771
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Stnle Statiatl al Theary of the Strength of Solld Modira 1E (I Russtan)
Zhr Teb Fix, 24(1754) 22502260

A veview of theorles dur to Volkoy, Davidenknv. van Misce,
Fabuina sk athers with speeia vete e« 0 th theary ol durle

he Influence af micro- and miac castrennrs an mods of (1o trre
(@ heense

(1651) Vossbihler, 11

Influence of Peeciphiation Peaceraca Upan the Dets
Crrep Reatotance of Light-srtar Alloye o G man)

ML S (1981) 475470

e [elongation curves st vArions temperatures up to 100 G, with
amd without Inading of the
3nd AL % Mg alloys
comiiion, densanat hanges may |
s be grester han
Chore, aran
a1 deterinination of
sy mach gresier o e 4 coreiical etaen derterd
n

Recommends muy hea
h the te o't periormen, helore chrrying
ot the tests themselves
(1658 Veceland, T , Jr , Woodk, . 5., and Glark, D S
A Study of the Mechaniam of the Delayed Yield Phenomenon
Trans ASM 45 (1953 620637
Experimental Inveatigation of behavlor of an annealed low=C steel
aubjected 10 a rapidly applied conatant atress and 10 repeated o
Aueation strees polers | Effect of time of aging on number of atress pulses
e retiog s deterraned Eifecis obasrved are discusscd in
termn of the dislocation theory of yielding.
(1680) Veeeland, T , Jr., Wood, D S , and Clark, D. 5
Preyield Plastic and Anclantic Microstrain In Low-Carbon Stesl
Acta Met, 1(195) 414-421
xperimental Investigation of the behavior of an annealed low-C
el aubecled o rpily pped connan treaac L tan o watc
tive meswurermentsof iasic and anel
e relaionshlp beb.
drermined. "The u,,.r\me,.x-u, sh"n(d

microstrain fe quantitatively explained b
e Ermbes of ielocsien toops protuc

Which agrers with previous concepts of a mosaic block atructure
(1660) Wachuman, 3 B, Jr.
Greep of Crystalline Non-Metals

Paper from Creep and Recovery, Am Sock Met , Cleveland (1957)
o

 of single crysial and polycrysialine ceramic oxiden, Ausisbie

7
data indlente that €reep oecurs 3t much higher temporaturca in oxid

e resme a3 with tn same formpienity ofbensvior
(1661) Wachtman, 3 B, Jr., and Maxwell, L. 11

Factors Gontrolling Reststance 1o Deformation and Mechanieal Failure In
Palycrystaltine (Glass-Free) Geramica

WADC TR §7-526 (December 1957)
Temperature-dependence of creep behavior , modulus of ruplure,

Young: + modotus, and Internal friction were studied to dete rmine factors
ontrolting resistance to deformation and failure in polycrysialline
A1,y and MEO.

(1662 Wagner, © N 3
X-itay Sturdy of Low-Tempesature Gold Work in Silver and Aluminum
Acta Met 5 (1957) 477-482

measaements on cold-worked filinge were made at 160 G

e arhed A1 i hot e

ey wan very low, bt & peak broadening was observed
e o ated an appreciable particle size and strain broadening, both of
hich were Iaotropic. The results agree with theory

i vl 1o o areas it
At ermatons earh
i

;
,“,m...mn."., “vee it teren o
Aot o easton s o e o ompreneian 3¢ Tonk
S0 Voce, £
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Engineer 198 (193 21
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‘hn expmnential
e sovens sines sher sl 4 farmaton e have en boched
(1650 Voce, E.
A Practicat Strato-liardening Function
Metallurgia 1 (1955) 219

Hnes progress in connection with exponential strain-hardening
he adva

"
an malyeed in the light of the exponential function The.
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T required by elaatic theory . For cones and pyramids

[mber la & direct measure of the preamure

When D.P 1 N_1a plotted directly against the toue

< of cod wark, he reslt o stealgh lne

hich eends ot least throughout the firat regime of strain hardening

(652 Vce, E.
The Two Regimes of Steain-Hardening
Dull Tnst Metals 4(1958) 50-52
i th aeat ardening ol ducie metis andshloys b plcs by
cily o

‘mechanisme. the atrain-hardening curve can be
v regmen of the cxponcntial fanciion,

Imerging smoothly into each other
a

explained quani  bast
T lvearesaty instead of conareutively

(65) Vogel, F L. Jr
Dislocations n Plastically Bent Germanium Grystals
Teans AIME 206 (1956) 946-947

+ and dintributions of dislocations In plastically bent Ge
coyatai belore and aier annealing.

(1654 Vogel, F L., Ir
On the Orlentation Effect in the Polygontzation of Dent Silfcon Grystals
Acta Met §(1958) $32-534

Expeciments on the bending of S1 rystals at elevated temoerature
b ek skt wase with which patyomiatlan occura dopends on the

gation.
inersecion sisof dlocition: 17 o bihty of
e corell ariers 1o prestnts €hrnh 18 mbibted, amd
potvgonised arrars do not app

(1655) Velkov, 5. D.
Generalized Canditions for Plasticity (In Rusaian)
Doklady Akad Nauk § S.R. 79 (1951) 213-216

Deduces expreasions for the limiting conditions for the plastic
behavior of metala
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Prac Phys Sor (Landon) 681 (1952) AhG-AIA

Frebdenee conflrmung the fact That yield paint of
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even tho
Watn, L and Gatterll, A 1
Yield Pointa in Zine Grystat
Proc Phys Sac (London) 630 (1950) 1902316
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Staeed Facrgy and Recrystattization
3 Itian tnat et 3T (uly. 1959 179185

Paraalic retaion bevuren stored enerey and magelude of
artormation 1 ovgaeeted st  formmuin reLotin. +ecvveialbeed-gtam a1ze
-.m.a»:..m.m. 1 lerlved which agrees with the cmplrical rule formulated
by W,
Warren, B. ., and Warekols, E. P
Starking Faults In Cold Worked Alpha-Drasn
Acta Met, 3(1958) 473-47

& {aulta on the (111) planes of a fcc metal produce & hraadening

5.
wained from the pesk Seandening.
panicle sine brostening
aquare atraine arc of the o
Vrang s moiutue. i he ,mx..u o stesin and doman
2 conntant of the order of
Tautts om ffreot (111) plancs 1 portent par of the worh hardeniog in
alpha-be:

Washburn, J
Effect of the Structurs of Dislocation Doundarlcs on Yield Strength
Trans AIME 203 (1955) 675-681

eport of a atudy of the effects of dislocation boundarica on the f

streas In Zn single cryatals, wnder the following conditlans: (1) substantially
pure shear deformation and {2) boundariea of controlled any

help to determine the yield strength
Crvatats (1) the amall lnea rate of hardening of hexsgoral <ryata

charc. and (5) limb of dislocations dovs net occur
crystals when heated t0 400 C

Washburn, I . and Parker, E. R
Kinklng In Zine Single-Geyatal Tenslon Specimens
Trsnn AIME 194 (1952) 1076-1078

ing was abarcved under conditions of low stress and hig
{emperature. Telaionsip o iher lastc bending pheromens on basie of

distocation theory Is shown. Experiments on stress-induced motion of
i

)

e

aera

ery
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Ata Mot 5 Q057) R0 96

o 1 the slanle nterartion ol snbtes with

e atuatly
i e o e aasthere In entizely

¥
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Wbl W W L Dragsdont, 1D, and Fargenn, W D,
Obaereations ol Distoeatians In Whiskers
Acta Crynt 10 (1057 R

e lamentary coystal of saseptional srengih ailed “whishee

sl ations, extopt pussibly for ane W destn athon
o that an axial areew An.y“,w.m mmm ;..m.m. »lanee
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Mechanica teiavior f Micracrysials

Acta e, § 1950 4h2-160

o tets have been carried ont on small crputate chemienly rstracid

at disincations
12 properilon of ard ot beltle mte oy ita,
3ppe (on ahoutd b mare betwren thase «ryainie
ottty i by e (e and e sho (o by phesre e bopmatinn,
Weertman, J
Theory of Steary-State Greep Naned on Dislncation Climb.
A, Appl. Phy 26 (1959) 12131217

Recent reviews o poblihed creepeate dats have shown hat, o puce

e, i
ielnations - resiog

rn depends
hove model, whieh Wu,. ‘y e com

which dislocations are decompaned Intn half-dislocations. clunh may he an much

impered that the thenry daca not apply
Weartman, §
Greep of Polycrysialline Aluminum an Determined From Straln Rate Teatn

3 Mech, and Phys, Solids 4 (1956) 230234

Teste ot b purkty A ove s i temperaturs ange end 10 0 cxprcason

between maximor

and Grant n conn ep teatn and shown o be Almast Wentical

Weertman
Crecp of Aluminum Single Ceyatals
3 Awpl Phy 21(1956) 832834

e mesaurements were made n AL specimens, cut (rom ane e
ceyatal., from 157 to The atreas range wan 2.5 % 106 to 1
dmescm? Determination of (e active iy Ayetema sar mage by 10 upumx
omometer he g brigg in kg wnth arlle reaule. The crcep rie
116 cxp (-Q/KT), where G 1n the activation energy
i 21 i . compnred v heoreneaty weried
Taws of hagh-temperature rrep,

Dlalncation Damping at 11gh Temperaturen
1. Amp Phy, 28 (1957) 193-196

unplnnrd distoeat i i

(1959 208, W and S A Am 19091 1) haor o e Ko Hiar e
theney, o

erved In he be/afvange for measnremen

Bermpin sor o distoceton <o o

Weertman, J.
Gompreasional Greep of Tin Single Gryntals
3 Appl. Thy 28 (1987) 196 197
Compr renn eate were van on sigle cryatale oriened 1ot
Uhe disectinn of comprs asion wae Mg he € axie activation energies
o ereep ware o, approsi nlely 0500 4ot/ sbove 120 C and 14,000
al/mol below his temper.
Weertman, 1.
Steady State Greep Through Dislacation Clink
3 Avel. Phy 28 (1957 $he-364
A distncation climb crocp model which does not require the production
of tmmabile dlslocatons I considered, Creen rae Io apressed m & fancilon
ire cilvaion cnersp.” The Creey squaion thal reauite ram the
N 08 a1 01 T) oxp (-Q/NT)  where & and D
ntrs o 1o the stvanes Q1 the acivation enérgy of recr. and VT hae
wual meaning. This equation ia very similar to one proviously proposed.
Weertman, J
Greation of Distocations in Lithium Fluoride at Low Str
3 Appd Phy. 28 (1957) 1068-1069
aeats that s ullale tehing restant may rovent the prasance of
© LIF samplea of Gilman and
3 “heoe sources are activated st ahout
id explain Gilman and Johnaton's results of the creation of
dislocations apparently without sources.
Weertman, 3.
Steady-State Creep of Crystals
3 Appl Phy 28(1957) 1185-11R9
crpreanion s derlved lor the Nigh-temperature creep rate of crystals
(or o rate-comrating proc 0 vincous motion of dislocaions; an
(1) + Pevarl stress mecnantam

seacly o dislocaton laops and the
level in 3 given distance (the dist;

creep In high-purlty Zn.
Weertman, J

Eftect of Alloylng on the Iligh-Temperature Creep Properties of Metals
Paper prescnted at AIME Fall Meeting, Chicago (November 1957)

1gh temperatures the steady-atate creep of metals s described by
the followlng cquation which ts valld for stresses up to 1000 - 10,000 pai

Grecp Rate = Con exp (-Q/KT)

where 0l the stress, Q@ tn an activation cnergy, KT has lta usual meaning,

hizh alloy contents.
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Wethull, W
A Statistical Theory of Strength of Materia
Proc. Roy Swed. Inet, Eng. Reaearch no. 151 (1939) pp 45

The clasaleal theory of atrength In Incompatible with reaults
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s the computaion

wded by sbaervatlons bianed trom o m. \.»Mw, wa
ctd and
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Welk, 1. , and Maning, G.

The Relationship Betwren Orientation and Plastic Deformation of Single Crysials
Aluminum Subjected to Small Elongations (in German)

2. Metallk 45 (1954) 417-428

phenomiena measured under constant and fncreasing loads , o i
otal crongaton o1 8. 2%, o Migh-purlly A single crytain of varions orienta-
atvain-annealing technique  The natare and the Interpre-
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o sometime
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Wetnberg, F
Grain Boundary Shear i Alaminum
Acta Met 2(1954) 889-891

p teats on rlcrystal teat pleces show alternate shear and grain-

2 manifestation of the atrains in the vicinity of the boundary produced during
hear
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(1688) Werner, O, , and Hunger. 3 (1693 Weatbrook, J, .

Electron Miscroacope Studics of Fractured Steel Surfaces (In German)

Areh. Eiscnhiticns 21 (1956) 645-656
3 Electrochem Soc 104 (1957) 369-373
Notch-bending specimens of unaloyed structural examined at
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cuces on fracture surfaces of hritie braken cryotalitc temperature ver the cotee homegeneiy
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metallic compounds,
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(1694) Whelan, M. 3, and Hirach, P 1
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ien by Nordheim and PHIL Mg, Loer 8 (1956) 34 46
e derived for dedus ation density n

base eouaons
m the parivie sive and i rendih measared o

powdered material
o vene Bekares spee

ohacrved

(1700
“The
Ununus delormation ander atrads ahlch characteriren the phenomenan of

Witliams, RO,

Oigin of Strengthening on Precipitation Ordered Pariicles
ep.
Acta Met 3 (1957) 241-244
cliect of sirncture on : (1706) Witadort, 1§ G.F
heary s evelonedto ahow that he presence of orde Inone o7 more
1 age-hardening oy Sive an In-
The Al-AG syatem may ove

structares which fos Impurity Sobstructures in Zine Single Crys
creane In strengih,
e aging propertics to this mechantam

iy comesdictory aniies
mperature stregth
Paper presented at AIME Fall Merting, Chicago (November 1957)

Single crystats of Zn, o e n dlameter. were grown ¢
various seeeiein + vertien farmace neconding o the Dtaan o
Three types of apecimen contaning le o3, 0,001 ot 00001
cent mpurites cespectively have sm w..u;m.u. and sec

parallel and perpendicular
‘metallog

(1701 Watliams, R O,

T oand Theory of Precipitation Hardening: Isotropleally-Strained System

Acta Met, 5 (1957) 385-392

c to show that appreciable strengihening can re-
£t from the hyivautaic Ineractlon befween edg ‘and taotropical

and precipit ting Coreciplunt
i ary wesms ahegosic 1o cxpin the mirenEihenink ouserecd on prectpiiaton
in'the Fe-Cr ayst

pplled to he ease utations are presented

(1702 Witman, H.

The Siip, Twinning, Coheston, Growth, and Boundarics of Cryatals m i
res Gevetop cormpleely ntependens of he lncage

Prac. Phys Soc. (Landon) 64 (1951) 329-350 sprens
ot atercrysaiin boundarice and conclurione 1o to

Nature and s
ted. Electron-diffraction evidence from

(1707) Wilson, 1. E.., and Thomasnen, L.

X-Ray Investigation of Lattice Recovery of Metals After Cold-Working

X ntervala agrecing with the prediction. Department of Chemical Engineering. Univeraity of Michigan

i
Clectron-aiftractlon patterns observed and the naturs of the spe
ot asiglo of hese Grouping s mechanical deformation of the cryotals
dufing o alter growth by a process of "rotational lip". Such slip ls demon-
Airatea macroacopleally an & deformation process in nonmetallic matersl

nicroncopy on thi

pecimen preparation
Teand o number ofaloys were sudled to nd he time.

(1703) Witms, G. R

Some Obacrvations on the Tertlary Stage of Creep of High- Purity Aluminum
Trans. AIME 200 (1954) 1291-1296

Steuctueal changes are caused by deformation but do ot Influence creep
surcs may be cause ofIncreased atraln rte, Graphs.

" aphic and X-ray diffraction stdics

raec ourcr shelts and difference m rates af ffusion of o

[IET—
udying r“cer‘ atrens and. -

Relation Betwren the Nature of the Plastic Deformation of Alwninum and
he Anpearance of the Lae Spots (In French)

Compt rend. 244 (1957) 2716-2718
sty of pure A e Laue diagram showed fne irlations

of the ..m..um. p0ts whnae durectian corvcapane o he rlentaion of the

elip tin b ot 10, corresponds to the mumber
o v neen e roptapienity n the Teradtared remton.

capecially
Fenaincrs s ighe Lemperaturs when e s ofboundry micrelon 1o
I3 Such fianuren might te: < A acceterated rate of atrain owing
orotonts " Soiace imperiechons seom (@ promo
urcs and Intercrystalline fracture

domin:
o Toeal
formation of 1
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Gratn Denniary Adsarpion ofSaies and ln Bifect on the Greep Vropertiea
of Alpha Tita

Paper preaented at AIME Fall Meeting, Chicago (November 1957)

The gratn bouniary adsnrpion of

eain
Ihe direct grain bow

0 was found thAE he graln bond

of the aolute adaaeption. ' Sinee a Jinear relatior

elongation ans

boundary adsorptlon of soluten having both negative and positive aize factars
wlll have & profound effcct on the high-temperature creep characteclatice of
metala

Wiseman, C.
Substitutionsl Solution Hardening In Copper Alloyn
Paper prescnied at AIME Fall Meeting, Chicago (November 1957)

The abject of thin Inveatigation was tdetermine the cause of substitu

n the metallic lattice  Solution strengthening
{ound 1o be atructure sensltive and hence It was not poasible to find o
aimple law defining thia phenomenon

Wiseman, C. D.., Sherby, O D., and Dorn, J E.

Greep of Single Crystala and Polycrystala of Aluminum, Lead, and Tin
Teans AIME 200 (1957) 57-59

cyclc-temperature techniqe, ihe allowing activation encr-
lh-temperature creep were determined for b
ol ",.mum 35,000, single cryatal 34,500; Pb, polycrysts
00, single crystat 24,500; S, lycrysiatine 22,700 Thus, single-
cryatn and polyarymening sptcimens hove it gh-temperature activa-
U encrgles, which are aqual 1o the reapective aciivation onergl
Arain-boundaty shearing.

Wood, D

Dependence of Strength on Loading Speed and Loading Time
Paper from Sraceatings of the 1955 Sagamare Rescarch Conteence on
ength Limitations of Metala, OTS, U,5, Dept. Commerce, PD 131280
RS

The effect of rate and time of loading on the conventiona! stress-straln
characteriatics: influcnce of wave propagatlon phenomens

Wood, D. 5.
A Comparinon of Preyleld Microstrain in Steel With Dislocation Theory

Paper trom Dislcatlons and Mechanical Propertcs o Grystaa, Jobn Wiley
and Son, inc. , New York (1957) 413-41

ssdery applied (o the matertl and malmained conoant
Werealter, she il rov of plsalc sraining ‘“hould be propertions
e o seleae of daocatons from stmosgheres Fimental record of
Faln versus time for several values
4 tenale ireesIeun than the rmer yicls stvees (40,000 po he mieror
strain asymiotically approaches some equillbrium value

Declas:

ans

ane

anm

ane

ana

a720)
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Metale
e Phya, Sac, (London) 52
s ture of oty ryattline metale i i

14 warh i by atatle and oys
perard wntn erysiatiiten

i fnternal Lattlc e

o
prwaihie 1o it

e atio
ive 1A pann af & et thes va¢pIng the Wabdne m, nde ety brvaner

e extornal defarumation,
Wood, W A
X-Ray Diffeaction and Deformation of Metala

3 Set tantruments 18 (1941) 15)-154

Relel aurvey of prinicipat changes In structure of metal o
Hon an revealed by appl

Heation of X-ray diffraction methads
Wood, W. A,
The Benaviour of the Lattice of Polycryialline Iron In Tenaton
Proc Roy Soc (London) 1924 (194R) 218-231
ain characteristics of Fe fn tension were inveatigated by

ay methods Earller ohacrvations that the metatlic Iattice under strean

ceasea 1o conform with Hooke's law when exter
conflrmed, but deviation differs in two ca
{211 spacing sppeare tobe gresir than for e 5100 spacing
of the "lattice yleld", the twn typea af apacing ahos
! steain o eppasite sign o the strain und ot the magattude

atferent
Wood, W A
Intrinale Crystalline Structure and the Strength of Metals
PhIL Mag. 42 ser 7(1951) 310-312

ointa out that the objections

by Pateraon { hid,
(1950430) ot btoch

temperature the iz of the disariented elementa variea with the atraln rate
Woad, W A
Dislocation Theartes
Bull, tnst Metale 1 (1953) 198
e 10 a remark by Welll [Mém. artilleric francatae 26

(1952 417 ot W peevtous meepeettints of vemite o sk e e
deformation do not agree with theorles of dislocations and polygonization

cussed and shown to he consiatent with the gancral dislocation theory
Wood, W A,

Greep Processcs

Paper from Creep and Fracture of Metals at High Temperat
Majeaty's Sistionery Olfice, London (19501 5977
problem of creep s regarded as one partic

he ¢ aspectof the rela-
tion between me chani fa

ropertien and deformation  The stractural

ing crecp ta composcd of boundary
flow 'and grain clongation. These principles are related to the conventiontl
creep curve.

Wood, W A
Strain-ilardening of a Metal by Laminar or Turbulent Flow
PRl Mag 46 (1955) 1028-1030
Polycryaatine Cu xtended S n enalon s 2 ardneas of 66 VPN: X-ray
that the grams are disordered fn that the
mumm e
alternating tem

the ;o Xy .m
hardly petectably disordered s

eriai, apart from the divorientationn, 1 In thelr anmesting
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wman

arey

anzn

poriented saterat secyratiises st 450 0 400 G a4
Ut o, S 4
400 G it rocryatallisation and fimaiy 1
Feala are inepreted i tron of il rros Sebeentin arviya o e o
Wood, W A, amd Rachinger, W, A
Strength of Me
(1oam 91802
Peogreasive deformation of an anneated
Into amaller cryaiallcn which bave s siaiours
urements af thia Hmith
T, N, e W by 31 ipeaord X oy
T ahiained were related in maemn tematle areemgihe

rta reake down th groina
Gatne o th

Wowd, W, A and Rachinger, W A
The Mechantaim of Pefarmation in M
. et Metata 26 (1947) 237253

1 made of clunges In crystalline structurs produced at varlous

he

grainn develop

train. The meel

hents of the subtructure exceed o cortain

Wond, W. A, and Rachinger, W A,

Crystallite Theary of Strength of Metata

3 nst Metala 75 (1949) 571574

Evidence ia preacnted for the bellef that the metallic grain containe &

NIk I amnot b brehen down b plaslc

e s e seveiopmente 0 neold omyiteations of rntl
Wood, W A, and Scrutton, R F.

Mechaniam of Primary Greep in Metals

3. Inat. Metala 77 (1950) 423-434

Previous wark on the deformation of metals at slevsted temperatire
& (1949-1950) 237) wad shoun that he

In refereed to a e
atve »uhﬂ!lnr ot the metat
2 dlrectly withat fntermediate o
echaniam ani 18 associated with 3 progzeasive harden
the Initially anncaled graine untll the cquilibrium of the secondary phase
‘actual primary creep curve Ie regarded resultant of

Wood, W A, and Segall, R L.
Softening of Cold-Worked Metal by Alternating Strain
3 nst Metals 86 (1958) 225-228
Specimens of cod-arked G, NI, and Al were ublecied to slternating-
aremente ware iude of the pro
e of plas s strsin wacening oc-
ee apptie, oo thie ;.mm.,. oon reaches 3
‘marked o the

atrea:
nd-1ro slip movements In altcrnating strain may bulld up alip bande with
fotchlike contours.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/01/27 : CIA-RDP81-01043R003200240005-1

(700 Wod, WAL and Saver, W
Weenveey wn Atuminim
Tuat. Metala RO (1151) S04 S0,

el inges tn strength amd st

i
e rme e srempoh o o T
(721) Wond, W. A, anid Tapaeil, 11 4
Meehantam of Greep in Metals
Hature 158 (1946) 415-416
Indicate that & difference In the (undamenta) p
reskdemm fthe graee might
time deformation .
Sveas o a continatua e brrmation at the smuch slower rate
(1729) Wood, W. A, Wilma, G, R, and Rachinger, W, A
Thee Base Sages n he Mechaniam of Deformationof Netaa 2 Diferent
Temperatures and Strain-Ra
3. Inet Metala 79 (1981) 150-172

A temperature o deformatln of A1 Is nerensed

third s Implications in relation
10 the mechaninm of defarmation, strain hardening, And creep.
(1729 Woodard, D 11
Stagen In the Deformation of Monc) Metal as Shown by Polartacd Light
Teans. AIME 188 (1949) 722726
fous Invenignions inusling the use of pelerined Hght have been
resriciedto snncated mealeInthe pape It 1o shmn hat
Atton which reulte In Iatice bending
‘experienced by Individual graine in ,u.,n,-y.nm- Monel,

. during the deforma-

oL el by o sty o iy Tines Tormmed ater pior Shaane srain
(1730) Woolley, R, L.
Work-Hardening in Polycrystalline Pure Metals
Papss rom Report of » Conerence on Stcongthof S, Py Soc _ London
(194) 51
Obeeruation o he plastic deformatin of meta
A means of checking various theorica o
Imental results for G €an be saplained by esch of
threa theorles, sultably moditied,

hen the direction of

(1731) Work, C. E , and Dolan, T. 3

The Influence of Straln Rate and Temporature on the Strength and Ductiity of

Mild Steel In Torston
Proc ASTM 53 (1983) 611-626

e was tetcd n foron 3 emparatures from 400t 1000 £

expresscs approximately
Some of the varlations obiained In mechanical propertics.

(1732) Wy, T, L., and Smoluchowski, R

A New Criterton of Slip n Thin Single Al Crystala

Phys Rev 75(1949) 345

Observatlons of slip i thin flat specimens of Al single crystals unde

d criterion of maximum resclved shear
it appeare that in such apecimens

“hich the resolvrd shear divided by the thick-

mum. A correaponding formula
. with experimental data, which confirm W without ex~

new allp aystem seta in, and this sla

Fesponding to simultancous slip In two directions, b
new criterion A possible reason for this dependence of allp mechaniem on
the thickness of specimens 1 suggested.

(733 Wasatowsk, 2
New Methods for the Determination of Coefflctents fn Plastic Deformatton

{In German)

Neue Ifitte 1 (1956) 215-279
Derivation of general relations for plastic deformation pracesses.,
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Translent Creep tn ure Metata

Nata

167 (950 nee

hen e pure e a1
ation m.um,.. atter the fo
Amirae has

vled heyomt the yietd paini,
2 el AG consant strkan
N

it the creep
Ly tnceieeating o beaetion m..,
prriegLiA tiona have

ments ware m, i, AL, i C ot
I wan found that ane
"

wlle cange f sirssara
equation (logarithmic) fts ar Inw trrmpes
At blgh temporatures, with a composiis v
range.

£ tevinential)
e emeiate

) Woan, 0.1t
Teanstent Creep in Pure Metata
Proc Phys. Soc. (Landon) 66 1 (195 ) 489-40

Polycrystatiine €

: btween <196 € i

i et e e e e

MIERSr temperatures they fited ¢ s M ey Thess e :.u,.m i‘mp
e nge the carves (ied

e e i oot e o

commerclally pure Al and alan for Al w

Aserten of In

o uce e scilviion
sec, and the Trequrncy of evmal R

are obtained
Wyon, G.

Sty of the Structaral Changes tn Aluminum and I Alloys During Cree
1 U, 11 (In French) ter i Creces

Métawx (Corroston-ind. ), 28 (1953) 143-151; 203-221; 244-261

1) strwcuras chanses hat ke siace in Al and Al alops
creep comprise th © of i lnee a0ddeformatian band
boundar, mov!menll, "and Tragrmenmation of
more or lean periec

rain-boundary migration fs pro-
he simullancous occurrence of angentia drapiocemsrn (seeocs
 dieconl e 4 with tnters

ment,
placement occra. mm Th

he

0C, Creep at bigh temperature
m of very mobile

o fagmentaton nto iy droareed s,

salots dofor,

facilitates cresp an
Wyon, G., and Grussard, C.
Modifications of the Structure of Aluminum During Greep (In French)

Rev. mét 48 (1951) 121-130

Micrageaphic stlen of nteaceyataline tructures formed duri

S7EER L 250-310C revealed scveral madifiemtons of detormmmns
mevingboundaries, iy formaion o the so

oL e v e T

boundaries of Iarge grains were some of the effects obee
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An
QT Wyon, €6, and Cru

rd, €.

= in Strws e of Aumioim During Greep (fn Feench)

el of more

Tean gt vt during ,...,. o
.4\ wnu mV], wsing X+
o 13,

and Woor by
" e
fom, one achaal cantervling th

Ao with 3 parti

e g creep .
e o e e e st bty ot

s o v
eonpmratres

(19 Yagu, Y L., and Chaplineky, | A,

10 of Metaln 1o Piastie Deformation (in R

Doklady Aka AR 90 (1953) 10231026

Fe, nteels, and Albronse were subjected 1o tonsile and ompression
Gents comprining et tension, pivin it ot e 1 compransian e,
the Taat under two rqual e,

ing of
N do not tabe o ac<ount the Inte rinedrare ,,m.u,u
geated hat 2 crlterion corteaponding to that give

Sadles when he Average v siens mieeed o e

e to deformation.
(740) Yakovtews, € 5.

The Mechanlam of Plastic Deformatlon and the Mechanieal Properti
Aluminum. 1. ~An Investigation af the Nechaniam o i
of Aluminum by Means of the Traces Praduce:
e L Dloch Pormation Wik Wi Graioe s e
Plastic Deformation (in Ru

of
e Potormaion

< by

loved. Akad. Nauks. s,

Flz. Metal § Meta R, UrarFia
e Mt L UrarFusl, 4 (1957

1) The mechaniam of deformation was studicd by surface obscr
bands and grain-boundary mavementa. Measur
tbamd apsein 1. the
boundary mover
e b o n b ineeesan 1
Increasing ¢, B decreasen (11 ) Men

ip-stcp height b, and the .
pera

e ey * given totat ¢ increa
Tevs Tanaly oL e igher vrmpersto
At the m.».n ‘r md lwer 0 m: block size becomes equal to p i

0741 Yaroviews, E. 5.
The Mechaniam of Plastic Deformation an the Mechanieal Propertics of
luminum 1L ==The Role of the Mechaniam .1 Platlc Deformation tn

Ruy

e Fovmtion it Mechanical Propertica of Aluminum (i ian)

loved  Akad. Nauk 5.5.5.R., Ural® Fillal, & (1957)

Flr. Metal 1 et
306-309

Streas/atrain curves wero obtained for pure polycryataliine Al
xtended at varlous strain rates and temperatures.  The differenscn in
he ohaerved curves aro correlated with bacrved diffe rene:
s ot detormation, ., with slin-band apacing, relative amounts of
ATaInboundary and inteageanular slin, polygon slse, Arain stoe, cier

(1742) Yaroviawa, £. 5., and Yakutovich, M. v

indarles in the Plastic Deformation of Aluminum

The Role of Grain Do
{In Runstan)

Doklady Akad Nauk S.S.5.R 90 (1953) 1027-1029

* deformation In tension . variaus atra rates and temperatares
of --mplu of pure Al, consisting of l.ln.le crystals In cros wd-«um nd
£Everal i I, wan inwestgated viewaty: e e rons oo
iarle on tormation Asirs wih e omaiione
1 Tow lemperature and Hgh irain 1ate hey hoder sheon o i
7 Are seurtes of werkmen

the nature of flow of Al at high trmprratures supports the
exlstence of a transition ayer at the boundaries of aingle crrstae.

(743) Yamamon

+ Mayami

S., and Nishiyama, 7.

e Blsetton of Steain i i
1 ~-Changes Due £

Drformed Aluminam Crystats,
ing (In Japanear)

Nippon Kinzoku. Gakkaiahi 21 (1957) 128-131
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X-ray diffencton methats weee
Aty e rystaiysiion »

drncr of reveralon ni snbgrai foroontion 1o - sy
tiom b the gl weee paraie] b e band S
" we e alounet

'
otz tion

howei «
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Hon
bande

749 Yamamota, ¥

A Geneeal Thrary of the Plastic Dehaving of M

Japan Natl Conge Apsl Mo hanie s (195

o plantic-atrain Law in tntrodas e,

form of that given by
ahowa the Bauschinger mflect Yamamots recog
Tnatabilty phenomenon whtth 1o pents wpn the prope iy of h

(1749 Yampol'sky, B Ya , and Amfitreatrova, T A

An Tnveatigation of the Deformation of Metals Under Simall Stecases
s ian)

“Abuninian (1n R

Regularities of the Creen i

Fie Metsl | Metaloved Akad Nauk$ S § R . Ural® Filial, 4 (1957) 151-140

(", X the work-hardening conflictent
e enal friction (“creep viacosih he
= rratieen << melting point the recovery term c
reey e becomes o
= rimenis ar drscribed to measure Py A an
Polycrystalline wirea Al these quantities s "Sith dec.

recouery procesnes bec
{mportant and Py, ky and sl il
" becomes Increasingly important relative

Intragrans

0746 Yen, MK
A Proposed Microbending Mechanlsm of Plastic Deformatton
Trans AIME 185 (1949) 1003-1004

Hyponetieal rmicrobendin

e
ardening. whch tends 10 prevent foriher glkding slong the same pi
o s eases sufliclently to overcome the barriers
e th e chich haw reaivly Lrge mlalgment S he €k, e

however, the external strel
= alip markings are produced between the old
(741 Yen, M K., and Mibbard, W R., Jr.
The Transverse Dending of Single Crystala Sf Aluminum

Trans AIME 185 (1949) 710-720

nt role of bending and constralnts during ot

mately concerned with the rellef of bending stresses,
211 and the Iatter by a process analogous to recryatallization.

transvesae bending mode oftesting, uslag he twa-pola losding
»pe

method, was sclected because the center po

Tt od o ander s theoredteatly pure bending
= mament. Cons

flow character!

tics of the crystals during deformation.

(748 Yokoborl, T
Falure and Fracture of Metals as a Nucleation Process

3 Thys Soc Japan 1195 44-47

©continuous planic phenomen Inmetal, < g , yielding and britle
e remded s Markoft prace svea rd a0 Siscunacs mathematicaly

fracture, are regarded

which is 2
e Maremuer 1 10 et lne ol

) to produce flow (s 2 function of atrain ¢, strain

Mowever, At higher (m,,.mu.. " araine

e crystals are dincuss

(whics of plastic deformation of metals have emphasix

v s under relatively pure

ema such as saly conjogate sllp and polygonization
e

i wnitorm wending

e

(4710 Yobotori, T

B Frartare of Copper an & Husleation Iro eae

3 Phys Sae apan 109N Ao

<« wae stucd experimentaly, and e 1o

Ao e eacture of Gu wi

gt « AUKT
At et feor W.“ /ol wrieation o the o of o distraion, € 1e
e depr ' npan the Femgth of the swire, and the (i tatlon

e i o It e 1. n

Fallure aud Fractuee of Metale an a Rate Process
3 Phys Sor Japan 700952 1222123
Mathematiest dedus thons fr

s which reg:
movement ol d

evimemal :
s meching s tie srpained o & ot prar
eteatan prece
s vorobnet, T
1) Patlore and Fracture of Metts Fram he Standpoin ofthe Stochani
! ‘h + 1) Ductility Transition and Cold I\vﬂ!lrn’- (111 Fatigue Frace

ture From the Standpoint o the Stochastic Theo

3 Phya Soc Japan 8 (1953) 104-106; 107-10%; 265-268

A mathematical theary of the faflure and [racture of metalr, freated
1 thna o ot rarees (04 3095 (4] e o
aition prébabil o

v for ceer
et the b drpendence of e

sults and ths vulclllnﬂ(lrulun- The occurrence of fracture 18 Interpreted
a0 growth of & crack nu

(1752 Yokborl, T

Delayed Yield and Strain Rate and Temperature-Dependence of Yield Point
in tron

3 ARl Phy. 25 (1954) 593594

Janaion o (he experimental reaulta of Wood and Clark relsting
'pm na of the time-delay of ylelding under conatant siress | Trans

Sble order of magnitude It Is sugaeated that the mechaniam of yielding may
Change from the Cottrell 1o the Mott-Nabarro or Frank-Read type when the
applicd stress falls below a limiting value

(753 Youns, F A.
Polygonization of Copper

3 Appl Phy 20 (1958) 760-764

In Gu crystata doped with
Jxation of such Cu alter bending
Climbing or curred at
houre at 1000 G In similar

stions can be revealed as eich pi
T

This indicaten that f impurity In necessary for polygonization, only a very
small amaunt 1s required.
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010 200 5 0
Mardness and Plasticity of Metata (in tatch)
Metalen (1954) 383-358; 373380

Shows that hardnes In no e ety o et
been «.w. e th phoe ....,.(.,,.

mation curve trom har
sired that theae valuen are anly apprasim.
ey
(758 Zackay, V. F
Contribution of a-Lievel Electrans tn the Biastic Broperties of Nickel Alinya
S Atomic Encrey Comm Publ (1989) (AEGU-252% 10 pp
wly of whether Alpha-electrons (in transitional elements) contribue 1o
T Sroperiien of atloye  An experinnentsl sudy was made aiih Ni-Fe an
1-Co alloye by creep and hot-tennile teats
(756 Zalkov, M A ey
Strength of Carbon Sicela at iigh Temperatures (in Russtan)
Zhur Tekh. Fix. 19 (1949) 684-95
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APPENDIX C

CLASSIFICATION OF THE NUMBERED REFERENCES
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Theories of Strength

4,5,7,38,43,46,73,74,75,89,98, 101, 113, 118, 119, 120, 121, 122, 124,

126,171, 173, 176, 211, 218, 230,235, 254, 286, 289, 299, 302, 323, 334, 346, 360,
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)

’
)

)
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128,129, 132,133, 135,138, 139, 141, 143, 148, 151, 157, 159, 160, 161, 162, 168,
169, 177, 178, 179, 180, 190, 193, 203, 205, 206, 213,214, 215, 220, 221, 223, 238,
244,250, 251, 254, 256, 259, 260, 264, 268, 269, 279, 282, 288, 290, 292, 296, 297,
298,300, 301,303, 306, 307, 310, 313, 345, 349, 350, 351,369, 370, 371, 372, 375,
396, 397, 398, 409, 410, 411, 412, 414, 419, 420,425,426,427,425,429,430,434,
436,437,439, 441, 448, 449, 451, 454, 455, 458, 459, 460, 463, 472, 474, 475, 490,
491,523, 530,538,539, 541, 543, 552, 558, 559, 578, 580, 588, 589, 594, 595, 596,
612,613,623, 627,628, 629,630, 631, 634, 635, 639, 641, 646, 647, 657, 659, 660,
668,675, 678, 679, 686, 687, 688, 689, 694, 697, 700, 719, 720, 721, 724, 727, 729,
739,740, 751, 759, 773, 775, 776, 778, 780, 781, 784, 788, 789, 792, 793, 794, 796,
798,810, 819, 824, 826, 828, 831, 832, 834, 835, 837, 838, 841, 842, 844, 868, 870,
872,873, 874,876, 878, 880,893, 899,911,912, 915, 918, 920, 923, 933, 934, 935,
936, 937,938, 939, 940, 941, 942, 945, 954, 956, 960, 963, 964, 969, 971, 986, 987,
1023, 1029, 1042, 1045, 1057, 1076, 1080, 1097, 1109, 1114, 1127, 1139, 1144,
1150, 1151, 1156, 1170, 1171, 1172, 1176, 1177, 1178, 1179, 1180, 1181, 1182,
1183, 1185, 1186, 1188, 1190, 1192, 1200, 1204, 1205, 1232, 1235, 1250, 1254,
1256, 1257, 1268, 1269, 1270, 1277, 1285, 1287, 1288, 1294, 1306, 1315, 1316,
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1317,1318, 1325, 1332, 1345, 1351, 1355, 1381, 1382, 1385, 1386, 1387, 1393,
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1433, 1436 1437, 1438, 1439, 1442, 1443 1445, 1470, 1471, 1476 l477 1478,
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1752,1758, 1759, 1760 1761 1766 1768 1770 1771, 1772, 1773, 1774 1780 713,714, 715 716,723,738, 746 770,771,777,782, 805 850 852,857, 865 869
1781. 902,903,904, 921, 944, 948,953, 975, 976 977, 950 982,988,989, 990,991, 999,
1000, 1020, 10’1 1027 1037 1039 1043 1044, 1048 1059, 1061, 1066 1071,
1116 1117 1119,1120, 1124 1128, 1129 1131, 1133, 1137, 1140 1141, 1143
Review Articles 1145, 1154, 1155, 1157, 1160 1161, 1164, 1166 1194 1195 1199, 1203 1209
lZlO, 1211, 1213, 1214, lZZZ, 1228, 1234, 1254, 1258, 1273, 1279, 1280, 1282,
9,10,23,24,26, 27,29, 30, 32, 94, 108, 109, 127,174, 175,207,216,217, 1283,1284,1300,1301, 1328,1333,1335,1339, 1340, 1341, 1350, 1367, 1368,
241,242, 262. Z70 287 289 290 293 294, 318 343, 347 354 367 379 384 385 1375,1392, 1401, 1446, 1451, 1453, 1454, 1459, 1461, 1462, 1463, 1466, 1467,
406 440, 444, 461 462,474, 476 477,478,489, 504 515,518, 520 532,537, 567 1469, 1473,1474, 1475, 1480, 1481, 1485,1488, 1521, 1527, 1555, 1561, 1562,
571,573,576, 586 604 614 633 636 645 652,658, 685 691, 692 693 709,731, - 1564, 1566, 1570, 1571, 1572, 1583, 1588, 1603, 1604, 1609, 1610, 1612,1613,
756 807,817,819, 820, 823, 825, 845, 848, 852, 856 874 894,913,914,915,917, 1616,1618, 1620, 1621, 1644, 1649, 1650, 1651, 1652, 1655, 1665, 1673, 1674,
924,927,951,973, 1014 1053 1054 1055 1063 1065 l074 1075, 1076 1078 1690, 1691, 1697, 1701,1731, 1732, 1733, 1734, 1735, 1745, 1757, 1777, 1778,
1081, 1087 1088, 1090 1093 1095 1096 lllZ 1113 1118 1123 1142 1146 i 1779,1783.
1161 1184, 1186 1187,1189,1191,1193, 1202 1212,1215, 1217 1218 1223,
1227 1233,1245,1253, 1255, 1261, 1299, 1310, 1312 1313, 1319 1320, 1323,
1324 1354, 1356 1374, 1376, 1378 1394, 1396 1405, 1406 1407, 1425, 1435,
1441, 1444 1460 1462 1503 1504 1505,1512, 1525, 1538, 1539, 1540, 1541,
1544 1557, 1558 1559, 1563 1585, 1626, 1632 1656 1660, 1690 1715,1719.

Experimental and Phenomenological Methods of
Predicting Properties

)

v
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C-4

Experimental Relationships Among Variables

Experimental Observations of Factors Influencing
Strength Properties

1,12,19,31, 39, 40, 41, 63, 64, 67, 68, 69, 90, 96, 97, 106, 115, 128, 131,
133,140, 141, 145, 146, 147, 149, 152, 153, 154, 165, 167, 172, 181, 185, 204,213,
234,235,238, 252, 264, 282, 304, 321, 326, 328, 329, 332, 342, 348, 356, 357, 358,
359,360,383, 387, 391, 393,394, 423, 426, 431, 433, 468, 469, 479,492,493, 494,
500,509,514,533,550,558,570,58‘1,585,601,602,611,615,616,617,618,638,
641,649,653, 654, 656, 674,691, 701, 702, 705, 706, 709,716, 718, 734, 741, 745,
748,751,752, 755,760, 767,799, 801, 802, 803, 804, 805, 818, 828,835,852, 855,
857,858,859, 862, 864, 865, 878, 884, 885, 886, 890, 896, 897, 899,930,943, 944,
949,953,959, 962, 965, 967, 975, 976, 979, 983, 992, 995,996, 1006, 1009, 1015,
1016, 1020, 1021, 1028, 1035, 1039, 1046, 1048, 1049, 1053, 1058, 1060, 1061,
1064,1066, 1069, 1103, 1105, 1117, 1126, 1129, 1130, 1135, 1158, 1159, 1167,
1169,1196, 1201, 1203, 1206, 1210, 1211, 1231, 1234, 1236, 1242, 1243, 1246,

1,2,3,4,6,7,8,11,12, 14,17, 19,28, 31,33, 34, 35, 36, 39, 41, 42, 44, 47,
48,50,51,55,56, 58,60, 61,62, 63,64, 65,67, 69,71, 72, 76, 77,78, 79, 81, 82,
83,84, 85,86, 87,88, 92,93,97,99, 104, 105, 107, 114, 128, 129, 130, 131, 133,
134,135,136, 137,138, 140, 141, 142, 143, 144, 145, 146, 147, 150, 152, 157, 158,
163,164, 166,170, 171, 182, 183, 184, 186, 187, 188, 189, 191, 192, 193, 194, 195,
196,197, 198, 199, 200, 201, 202, 208, 209, 210, 212, 219, 220, 221, 222, 223, 224,
225,226, 227,228,229, 231,235,236, 237, 238, 239, 240, 243, 244, 245, 246, 247,
248,249,250, 251, 253, 255, 257, 258, 259, 260, 263, 264, 265, 266, 267, 271, 272,
273,274,276, 277,278, 280, 282, 284, 285, 304, 305, 308, 309, 311, 312, 314, 315,
316,317,319, 320, 321, 324, 325, 326,327,329,330,33é,§3?,z;;, igz, ;gg,;gg,
348, 353, 355, 360, 363, 365, 366, 368, 373, 374, 378, 380, 381, 383, 388, 389, 390,
1249, 1256, 1258, 1259, 1274, 1275, 1291, 1293, 1295, 1296, 1297, 1328, 1336, 395,399,400, 401,402, 404, 405,408, 413,416, 421, 422, 423, 424, 429, 430, 431,
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AD-154109
l Battelle Memorial Institute, Columbus, Ohio
LITERATURE SURVEY OF THEORIES AND
METHODS OF PREDICTING CHARACTERISTICS OF
MATERIALS, by E. E Underwood, M. F. Amateau,
R. E. Maringer and G. K. Manning January 1959.
pp. (Project 6836, Task 68804)
(AFMDC-TR-59-1) Unclassified Report
A literature survey of theories and methods relating to
strength and plastic deformation oi materials has yielded
almost 1800 abstracted references from various publi-
cations appearing between 1930 and 1957-1938. Primary
emphasis was given to dislocation theories, absolute
reaction rate theories, thermodynamic theories of frac-
ture strength, rel hips based on of state,
and empirical relationships and parameters. The evalua-
tion of the most promising theories and methods indicates
that dislocation-type theories, or the parameter-type
expressions, oifer the greatest opportunity for ultimately!
predicting strengch properties.

AD-134109

Battelle Memorial Institute, Columbus, Ohio
LITERATURE SURVEY OF THEORIES AND
METHODS OF PREDICTING CHARACTERISTICS OF
I MATERIALS, by E. E. Underwood, M. F. Amateau,
| R. £ Maringer and G. K. Manming. January 1959.
| pp. (Project 6886, Task 68804)
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{ emphasis was given to dislocation theories, absolute

| reaction rate theories, thermodynamic theories of frac-
| ture strength, relationships based on equations of state,

i and empirical relationships and parameters. The evalua-
| tion of the most promising theories and methods indicates
| that dislocation-type theories, or the parameter-type
| expressions, offer the greates i
predicting strength properties.
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