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Preface

In the preparation of this book, my intention has been simply to com-
pile the information recently made available on the properties of metals
at elevated temperatures. Kspecially since the last World War engaged
metallurgical interest in the gas turbine, these data have been forth-
coming at a rapid rate. It is therefore now timely to assemble the observa-
tions of many laboratories for comparison and reference.

At high temperatures, the significant deformations of stressed machine
parts are plastic in nature. If an adequate analytic description of the
plastic behavior of materials existed, there would be little reason for the
detailed examination of so many metals and alloys under particular states
of stress and temperature. However, the theoretical prediction of plastic
behavior is still very uncertain and no simple formula can be offered to
forecast the flow of materials subjected to stress at temperatures approach-
ing the melting point.

To present the data in a revealing light, it has seemed wise to include a
chapter on the phenomenological aspects of plastic flow. This chapter, Chap-
ter 1 of the text, surveys the theoretical attempts to discover the laws gov-
crning plastic behavior.  This necessarily involves rather more of an excur-
sion into the fields of elasticity and viscoelasticity than would ordinarily
be found in a metallurgical text. For this reason, Chapter 1, on the the-
oretical aspects of plasticity, is somewhat expanded in content.

In the preparation of the material, I was generously assisted by the
staffs of the professional societies, notably the American Society for Test-
ing Materials, the American Society of Mechanical Engineers, the Ameri-
can Institute of Mining and Metallurgical Engineers, and the American
Society for Metals.  An appreciation is also offered here of the many con-
tributions of the industrial research organizations which have for so many
vears devoted their facilities to the examination of the high temperature
properties of metals, with prompt dissemination of the findings for public
use.  Their efforts have resulted, incidentally, in the data presented here,
and, more importantly, in the consequent development of many new
allovs of remarkable temperature resistant properties. In particular, I
am grateful to the following organizations for useful material and helpful
suggestions: the International Nickel Company, the Westinghouse Electric
Corp., the Baldwin-Southwark Division of the Baldwin Locomotive Works,
Gebriider Sulzer, the Timken Roller Bearing Company, the Babcock and
Wilcox Tube Company, the M. W. Kellogg Company, the American
Brakeshoe Company, the Haynes-Stellite Company, and the high tem-
perature research laboratory under the direction of Professor Nicholas
Girant at the Massachusetts Institute of Technology.



I am also indebted to Emory Valyi in whose employment I was intro-
duced to the problems of high temperature metallurgy, to Eleanor Clark
for invaluable help in the preparation of the manuscript, and to my hus-
band for his unfailing good humor when the household routine was dis-
turbed by the exigencies of composition.

IFrances HHurp CLARK
New York, N. Y.

June, 1950



Chapter 1

Introduction and Theoretical Aspects

A. INTRODUCTION

This book treats of the mechanical and metallurgical properties of
metals and alloys at elevated temperatures. Industrial uses of metals at
high temperatures have greatly increased and the temperatures required
for many operations are steadily rising. The chemical and petroleum
industries utilize low alloy steels and stainless steels at moderately ele-
vated temperatures below 538°C (1000°F) under severely corrosive condi-
tions. Industrial furnaces operating in the neighborhood of 1000°C
(1832°F) consume a large quantity of heat-resistant alloys. These furnace
parts must resist oxidation under conditions of relatively low loading.
The more recent development of the gas turbine has very greatly sharpened
metallurgical interest in high temperature properties. The gas turbine
demands materials operating in the neighborhood of 815°C (1500°F) but
at high stresses due primarily to centrifugal forces. Efficient operation of
gas turbines demands an ever-increasing gas inlet temperature for success-
ful competition with other means of providing power.

1t is the purpose of this book to present currently available information
on the properties of metallic materials at elevated temperatures for the
use of the design engineer. Up to the present such data have not been
available in any single source. For such readers, it is hoped that the text
will serve as a useful reference.

In high-temperature operation, the behavior of metallic parts depends
more upon their plastic properties than upon the elastic properties which
dominate their behavior at low temperatures. The plastic properties are
more difficult to characterize, since the plastic deformations are not propor-
tional to the applied loads. In the high temperature regime, a part may
creep under constant load so that in time the plastic deformation much
exceeds the elastic strain.  The tendency of the part to flow, the deforma-
tion continuously increasing in time, is a high temperature property of
immediate concern to design engineers.  Metallurgists recognize additional
properties necessary to successful operation at high temperature.

The decisive characteristics of metals at elevated temperatures are their
resistance to surface changes and their resistance to flow. The tendency

1



2 METALS AT HIGH TEMPERATURES

toward scale formation of the metal under the condition of no load must
be evaluated at the temperature and in the atmosphere selected for service.
One chapter of this book is devoted to the factors involved in scaling and
to data on the depth of scale formation occurring in certain heat-resistant
alloys. The other characteristic—that of flow—is of importance in all
industrial applications where metals are subjected to loading at elevated
temperatures. The main portion of this text is directed to the phenomenon
of flow in metallic systems, to methods of measuring flow, and to the results
of flow tests on many metals and alloys.

1. Historical

In the early history of creep testing, investigators reported the effect of
stressing metals for long periods at room temperature or for short periods
at high temperatures. In 1885, copper wires and silver wires were stressed
at room temperature by Howe for as much as 6500 hours at 60, 70, and
80 per cent of the breaking load. Recordings were made of the stretch of
the wires as a function of time?®. Other early creep tests on copper, iron,
tin, and lead were reported by Andrade in 1911 and by Chevenard in
19192.%, Constant-stress measurements were made by Andrade in 1914,
but their full significance was not appreciated until recently after many
years of experimental work with constant-load conditions?.

To explain the fracture of tin alloys close to the melting point, it was
suggested in 1912 by Rosenhain and Ewen that metals, when stressed at
high temperature, pass through a critical range where the nature of the
fracture changes from transcrystalline to intercrystalline. Because of
grain houndary sliding, the metal loses its ability to deform and breaks in
a brittle manner. The temperature at which this occurs was called the
equicohesive temperature®. Later, Jeffries and Archer observed a similar
effect in steels after prolonged heating at high temperature?®.

Early work on rapid testing of steel at elevated temperature was re-
ported in 1921 by Dupuy, but no creep values were given''. IHowever,
by 1922, Dupuy published tests on nickel and its alloys at high tempera-
ture?. In 1924 actual measurements of the creep of a chromium steel and
a chromium-nickel steel when stressed at 8.5 tons per square inch over a
temperature range of about 600 to 900°C were reported by Dickenson',
At about this time, the industrial use of metals stressed at high temperature
was expanding rapidly, and it was suggested by French that allowance
must be made by design engineers for creep of metals under such service
conditions'.

II. Arrangement of Data

The emphasis of this book has been placed on the high-temperature
properties of plain-carbon steels, alloy steels, and the special heat-resistant,
alloys (Co-Ni-Cr-Mo, etec.) developed for turbine applications. A smaller
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part is devoted to the lower-melting metals, especially Al and Mg alloys,
which have important commercial uses at moderately high temperatures.
In the course of two decades, the results of a great many tests have been
published. The data presented here have been selected on the basis of
most recent observations, provided that a comprehensive history of the
material under test has been recorded.

In addition, Chapter 2 deseribes test methods and equipment for high-
temperature investigations. There is also a chapter (9) on manufacturing
processes and their relation to the high-temperature properties of the
product. The results of tests on scaling of certain oxidation resistant
alloys are given in Chapter 11.  Also, there will be found in the extension
to this chapter a phenomenological account of the plastic behavior of
metallic materials.

In the selection of the data to be presented, an effort has been made to
include the method of manufacture and heat treatment as the prior history
of the material influences the resistance of the metal to flow. The room-
temperature strength properties are given for certain alloys where such
information is not readily available elsewhere. The high-temperature
strength properties are presented in the general order of the short-time
tensile strength, the stress-rupture strength, and the creep resistance.
These are followed by other high-temperature properties from such tests
as hot fatigue, hot impact, and hot hardness. Not all tests have been
conducted for all materials listed. Classification is in general arranged
in the following sequence.

Tables of High Temperature Properties

—

Chemical composition

. Processing data

. Room temperature properties compared to high temperature properties
4. Short time tensile strength

. Stress rupture strength

6. Creep strength

7. Design data

8. Mot fatigue strength

9. Hot impact strength

10. Change in the clastic constants with temperature
11. Change in the coefficients of thermal expansion
12. Change in the thermal conductivity

13. Hot hardness

14. Relaxation tests

15. Influence of combined stresses
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B. THEORETICAL ASPECTS
I. The Solid and the Fluid States

As the operating temperature approaches the melting point, metals
enter upon the shadowy middle ground wherein the distinction between
the solid and the fluid states loses its sharpness. The distinction comes
out of the observation that in the fluid states, material is incapable, or
almost incapable, of supporting any shearing stress. Having this property,
fluid material may be deformed in shape, without any change in volume,
by the expenditure of little or no work. Such deformations may be
classified as permanent, since they persist after removing the applied force.

Permanent deformations are to be distinguished from reversible strains,
which do disappear upon removal of the applied forces. Even in fluids,
an actual deformation is usually a composite of both types. A perfect
liquid is supposed to sustain no shearing stress whatsoever, and so may be
deformed in shape without work. A perfect liquid can, however, sustain
the stress system of simple hydrostatic pressure, the corresponding strain
being a change in volume, finite although often very small. The applied
forces do work in compressing the liquid; this work is stored in the material
as the potential energy of the strain and is returned to the environment
when the forces are removed, as the material returns to its original volume.
That is to say, the liquid behaves elastically under hydrostatic pressure.

Of course, actual fluids are imperfect. They exhibit a viscous resistance
in shear which allows them to sustain some shearing stress by flowing. To
this degree, they partake of the cohesive properties of solids. Solids, on
the other hand, exhibit a weakness in shear which at higher temperatures
becomes increasingly fluid-like. The fluid-like properties of metals, which
largely determine their engineering usefulness in high-temperature applica-
tions, are the principal concern of the studies reported in the following
chapters. Unfortunately, the description of the fluid behavior of metals
is much less simple than the description of the viscous behavior of fluids.
The properties of metals come into sharper focus, however, if viewed in the
light of the relatively uncomplicated theory of viscosity.

II. The Viscosity of Fluids

The nature of viscous flow is most vividly portrayed in a model of simple
geometry, as illustrated by Fig. 1-1. Here a volume of fluid is confined
between parallel plates. We can suppose the bottom plate to be fixed and
identify its surface with the plane y = 0 of a rectangular coordinate system.
If now the upper plate, whose surface is the plane y = y, is displaced by
the distance u, in the x direction, the confined fluid experiences a deforma-
tion in simple shear. As the layer of fluid in contact with the upper plate
moves through the distance u, along with the plate, the layer in contact
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with the bottom plate remains at rest, while a layer at height y above the
bottom moves through the distance u = (uo/yo)y.

Thus layers at different heights move different distances, the relative
displacement of layers separated in height by dy being du = (uo/yo)dy.
The relative displacement for unit separation in height, i.e., uo/ys , is the
shearing strain, v. In a deformation of this kind, particles of the fluid
which lay in a plane before the displacement also lie in a plane after the
displacement; an element of the material which had initially a rectangular
cross-section accordingly passes into an element whose cross-section is the
oblique parallelogram of the figure.

It would not be easy to set up an experiment on the model of Fig. 1-1 to
determine the relation between the applied forces F, and the rate of de-
formation of the fluid. Among other difficulties, the material could not
be in torsional equilibrium under the action of the forces F alone. In
addition, the plates must exert normal forces upon the material, to prevent
rotation of the whole. We may, however, suppose these to be small
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Fig. 1-1. Schematic representation of viscous flow.

enough so that their effect in compressing the fluid is insignificant. The
hypothetical experiment may then at least be envisaged. It would be
observed that the rate of simple shear depends on the tangential force
per unit area, that is, the shearing stress 1 = F/A, where A is the total
area of the plates. This tangential stress is transmitted throughout the
bulk of the fluid, being exerted along every plane parallel to the plates.

The strain rate, dy/dt = v, would be found in this hypothetical experi-
ment to be constant if  is constant, and so can be written as

1

'y'=5‘r (¢))

where the coeflicient of viscosity n measures the frictional resistance at the
applied stress. For many fluids (and most solid materials), # cannot be
taken as a constant, but rather must be regarded as dependent on the
strain rate.

For certain fluids deforming at rates so low that the flow is laminar and
free from turbulence, n s approximately constant over a considerable
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range in y. In this case the flow is described as Newtonian or truly
viscous. The dotted line in Fig. 1-2 describes this linear relation between
stress and strain rate. The behavior of other fluids and nearly all solids
is less simple, a typical dependence of strain rate upon stress being indi-
cated by the solid line in Fig. 1-2. Such a nonlinear relationship is perhaps
most simply formulated in the empirical expression

v = k(r — 7o)" (2)

for which the three constants 7o , &, n must be determined. Flow of this
type is described as quasi-viscous. The nonlinear dependence of strain
rate upon stress creates formidable mathematical difficulties in using

Fig. 1-2. Stress (1) versus strain
rate (v¥). The broken line repre-
sents  viscous flow. The solid
curve represents an empirical rela-
tion ¥ = k(r — 70)" or quasi-vis-
cous flow. The stress (7o) is the
value for instantaneous strain.

24

observations made in simple shear for the prediction of the behavior of
quasi-viscous materials under other stress systems.

If the material is Newtonian, on the other hand, knowledge of the be-
havior in simple shear suffices for the easy prediction of the behavior in
different circumstances. 'This may be illustrated by considering the steady
flow of a viscous substance in a capillary tube. It is by this means that
viscosity is measured practically.

Suppose the tube to be of radius R and length L, with the pressure P,
maintained at the upper end, and P, < P; at the lower, as in Fig. 1-3. In
steady flow, any coaxial cylinder of radius r, say, is in equilibrium under
the forces acting on it. The unbalanced force acting on the end faces of
such a cylinder is xr2(P; — Ps). This force must therefore be equilibriated
by the tangential force exerted on the lateral surface of the cylinder by
the fluid outside, that is, by the viscous drag.

For the typical volume element, take a cylindrical shell of radius r,
thickness dr. On a lateral surface of this element, the tangential force
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per unit area is (P, — P,)/2L, since the total force is »r2(P, — P,) and
the total area is 2xrL. The fluid outside the shell flows more slowly, and
exerts an upward drag on its outer surface. Inside the shell, the fluid is
moving more rapidly, and the tangential force on the inner surface is

| .
/| i I
Fig. 1-3. Flow in a capillary tube. : = , I : L
[
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directed downward.  Therefore, the fluid contained in the shell is in shear,
the stress being

r = r(P — P)/2L.

The strain is measured by the displacement of the fluid along the inner
surface relative to that at the outer.  If we call the fluid velocity at distance
r from the axis v(r) then the strain rate v isdv/dr. Buty = (1/9)r, so that

wo =P,

dr 2Ly
The velocity within the shell is found by integrating this equation. Since
the fluid in contact with the wall of the tube is stationary,

rliv (I)I—PQ) r (PI—Pi) 2
Lar=-1"2" =ttt e e
v(r) E-/; T dr STm “rdr m (r )

which shows that the distribution of velocity within the tube is parabolic.
The total rate of discharge is found, by summing the contributions from
all the elementary shells, to be

R
V= '/; v(r)2xrdr = ._*_SL:”__ ,
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which is Poiseuille’s Law. In the common apparatus for the measurement
of viscosity, V is noted for a given tube and pressure difference, and o de-
termined by the formula.

The formula also illustrates the useful fact that wherever the relation be-
tween shear stress and shear strain (strain rate) is linear, the relation be-
tween uniaxial stress and strain (strain rate) is also linear.

Atomic Model of Viscosity. Fluid materials in both the gaseous and
liquid states exhibit the phenomenon of viscosity. In the gaseous state,
which is distinguished by complete atomic or molecular disorder, the
phenomenon has an easily apprehended explanation. If we return to the
model of simple shear presented in Fig. 1-1, we observe that, in a lamina
of the fluid at the height y, the average particle velocity in the z direction
exceeds that in the next lamina below, and is itself exceeded by the mean
particle velocity in the next lamina above. On account of thermal diffu-
sion, some of the particles from the y lamina will wander into the lamina
above, where, on the average, their lower velocities will bring them into
collision with the faster-moving particles of the upper lamina in such a
way as to convert some of the transport momentum of these particles into
the random motions of heat vibration. Thus to sustain a higher velocity
in the upper lamina, the applied force must continuously do work. The
particles of the y lamina which diffuse into the lower lamina also contribute
to the resistance of the liquid to shear. In collision with the slower-moving
particles, they induce an increase in momentum which must be resisted by
the shearing force.

The diffusion model of viscosity is less satisfactory for liquids and unac-
ceptable for solids. In both states the constituent particles are more
densely packed, so that the motion of any particle is intimately dependent
upon that of its neighbors. Close packing implies a certain degree of order
in the molecular array which, in the extreme case of crystalline solids,
extends to easily measurable distances through the material. In the case
of liquids and amorphous solids, the structure is less systematic; in liquids,
certainly, disorder in the aggregation is so conspicuous that any order is
difficult to discern. Nevertheless, if a point in a fluid could be examined
sufficiently closely, there would be found a partial order of the molecules
of the sort depicted schematically in Fig. 1-4. Herein the molecules are
for the most part closely packed, the array being disturbed by the presence
of a hole. In solids, such imperfections are comparatively few and far
between, so that the motion of any molecule entrains the motion of many
others. In liquids, we must consider that the holes are very numerous,
so that the regions of even semi-ordered structure are quite localized. In
this event, a particle may be free to slip into an adjacent hole without any
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disturbance to the molecular arrangement more than a few angstroms
distant.

With this model, we can suppose that at any instant a typical particle
in a fluid is constrained by the action of its neighbors to an equilibrium
position of minimum potential energy about which it executes only small
vibrations according to its thermal energy. An average particle is as
likely to have a hole to its right as to its left, so that we can make a repre-

&
A}

J

+

(2) (v)

Fig. 1.4. Atoms subjected to a shear stress.

E E
——
! | \ \
AN/ 4 g
d —> \J d —>
—_—
(a) (b)

Fig. 1-5. Potential energy for a particle adjacent to holes before and after
the application of shearing stress. d—displacement; E—energy.

sentation of the variation in its potential energy with displacement in this
horizontal direction as in Fig. 1-5a. The drawing implies that the typical
particle occupies a position of relatively close packing when the displace-
ment d is zero. To move from this position, it must displace slightly the
close packed particles in the neighborhood, storing some energy in a local
elastic strain. The presence of nearby holes is indicated by the other
potential minima to the right and left. If d becomes so great as to exceed
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the potential maximum, the particle drops into the next hole. The original
closeness of packing is recovered, and the stored energy is reconverted to
the kinetic energy of thermal vibration.

The thermal energy of the typical particle is continually being altered
by contributions from the random thermal motion of its neighbors. In
time, its thermal energy may surpass the “activation energy’ A, and it
will slip into an adjoining hole. In the case depicted, a transition in
either direction is equally likely, and on the average no deformation of the
material occurs. If, however, there is superposed a shearing stress, the
potential barrier in the favored direction is lowered while that in the con-
trary direction is raised, as shown in Fig. 1-5b. Since the typical particle
achieves high thermal energies only infrequently and lower thermal energies
relatively often, there is a higher probability that the transition, if it
occurs, will be in the preferred direction. Ordinarily, a particular particle
would not in fact have a hole on either side; rather, there would only be
found as many particles favorably situated for shear in one direction as
another. In the illustration of Fig. 1-4, the shaded particles are favorably
situated for microscopic shear in the direction of the arrows, which occurs
whenever the upper particle achieves sufficient thermal energy to displace
elastically the obstructing atom. In the following, a hole will be considered
an imperfection only in respect of the particle for which it affords a possible
transition in the preferred direction.

This model can be given a quantitative interpretation with the help of
the Einstein-Boltzmann equation for the frequency of local fluctuations in
thermal energy. This equation states that

vi = Ce—(4 ilkT)

where »; is the number of times per second that the thermal energy within
an elementary volume, V;, of the material is expected to exceed the
activation energy A; at that point. In this expression, & is Boltzmann’s
constant, T' is the absolute temperature, and (' is a constant of proportion-
ality. Whenever this occurs, an elementary shear strain in the volume V',
results. The rate at which the volume V; is contributing to the gross
strain of the material is

Ay = vibdiy
where Ayy is the contribution of the microscopic transition in V, to the

macroscopic strain. If we suppose these to be independent, then the
macroscopic strain rate is

7 =2 A&
1

or
v = CZ}G"(‘“/”’AW ()]
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In the absence of any applied stress, the macroscopic shear strain vanishes
or

F=CZeAlkDpy =0, @
1+

In the presence of an applied shearing stress, the activation energies in the
favored direction will be reduced from the values A; to smaller values A; .
For very viscous fluids and particularly for solids, the bias due to the applied
stress is very slight. One would therefore expect that such reduction in
the activation energies might be expressed by the linear approximation,

A = A; — air (5)

where 7 is the applied stress. Tt will follow directly that this approximation
implies Newtonian flow. For non-Newtonian fluids and solids, the linear
approximation does not hold.

Replacing the A; of the unstressed material in Eq. (3) by the reduced
values given by Eq. (5), we have for the strain rate in the preferred direction

5 = CE 4 '_a‘r)/kTA;'y. (6)
13

This equality is unaffected if, by Eq. (4), we subtract
« 2 e—(Ag/kT)Ai,y =0
3
obtaining
¥= O e ARk T 1),y )]
i

Since the reduction in activation energy by the stress field is small,
exp (a,7/kT) is approximately 1 4+ a,7/kT, and the parenthesis in Eq. (7),
collapses to a,7/kT. Furthermore, the activation energy A, is unlikely
to vary much from point to point in the material. Little error is intro-
duced by replacing A, by its mean value A in each term of summation,

so that
'\ _
v= (k’l')c @hn

C'=CYaidiv
[

where

is a constant of the material. This is the equation of viscous flow

1
V=, (1
with the coefficient of viscosity given by
l = .(_j: e-(A /kT), (8)

n kT
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Thus the mechanical model yields the prediction that strain rate is approxi-
mately proportional to stress which, as has been said, is not always charac-
teristic even of fluids, and which is seldom characteristic of solids.

The mechanical model has, however, predicted the variation of viscosity
with temperature in a way which is qualitatively correct. The predicted
rapid decay of viscosity with increasing temperature is a matter of common
experience. For many substances, this description of the temperature
dependence of viscosity is also quantitatively reliable over a considerable
range in temperature.

08

06

Viscosity i

04

o2t

> Freezing Pt.

r Boiling Pt.

A A A A A

100 300 400 500 600
Temp, °K
Fig. 1-6. Variation of viscosity (centipoises) with temperature for mercury from

50 to 350°C. The dots record the measured values; the solid curve is a graph of the
formula n = (kT/C’) exp (A/kT).

For example, the dots of Fig. 1-6 record measured values of the viscosity
of liquid mercury over almost the complete temperature range between
freezing and boiling. The solid curve is a graph of the formula n =
(kT/C")exp(A/kT) with the constants C'' and A evaluated to match the
data at the extremes of the range. The deviations of the measured values
are small, and it is evident that the relation affords a useful approximation
in this case. For other fluids, the agreement is less satisfactory. In any

event, the formula must necessarily fail at the temperatures for which
change of state occurs.
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III. Stress and Strain

In the following, it will be helpful to have in mind the description of
stress and strain which is conventional in the theory of elasticity. In
general, the description of the state of stress at a point P in the material
requires the specification of six independent components of a stress tensor.
Similarly, the state of strain is described by specifying six independent
components of a strain tensor. The behavior of the material is charac-
terized by a set of stress-strain relations, which express the components of
stress in terms of the components of strain, or vice versa. The physical

Xa

X3
Fig. 1-7. Stress components at a point P for the orthogonal axes X; and X..

significance of the stress and strain components, and of the relationsbetween
them, will be examined in this section.*

Analysis of Stress. Consider a solid body which is in equilibrium under
external forces applied at the boundary surface. Suppose, as in Fig.
1-7, that an interior point P is located by coordinates x;, x,, x; in
respect to a rectangular system of reference axes, of arbitrary orientation.
Through P pass a plane normal to the x, axis, dividing the body into a
left-hand part and a right-hand part. Ordinarily, the left-hand part will
not be in equilibrium under the external forces alone, but will also be
acted on by the right-hand part, the interior forces being transmitted
through the dividing plane.

* The material of the section is taken from lecture notes of Professor W. Prager
of Brown University.
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Let dA be an elementary area of this plane containing the point P.
The force exerted through dA on the left-hand part neced not be normal
todA. If it has a normal component, call it ondA, where oy, is the normal
force per unit area. The tangential component of the force may itself
be resolved into components parallel to the z, and x; axes. Call these
o2dA and e dA, respectively. The three numbers oy , 012, 013 define the
stress vector at P for dA oriented normal to the x; axis, as indicated by the
leading subsecript.

Next let the dividing plane be rotated about P until it is normal to the
x, axis. The force now exerted through the elementary area dA upon the
lower part of the body will ordinarily be different from the force described
in the preceding paragraph, which was exerted by the right part upon the
left part. We can characterize this new force by the normal component
ondA, and the tangential components, oudA and oudA. The leading
subscript indicates that for this stress vector, dA4 is taken normal to the
x2 axis; the second subscript identifies the direction of the component.

The state of stress at I’ is completely determined if the force transmitted
through dA is specified for three orthogonal orientations of the dividing
plane. So finally, rotate the plane until it is normal to the x; axis, and note
the components o31dA, o3dA, and o3dA. This set of nine stress com-
ponents serves to determine the force transmitted through d:A, regardless
of its orientation.

However, not all of these nine components are independent. The
material in the vicinity of P is in equilibrium; if we were to consider the
forces acting on an elementary cube containing I°, it would appear that
moment equilibrium for the cube requires ¢;; = o;; . Therefore, the 3 X 3
array of stress components is symmetrical, the values of three off-diagonal
elements being determined by the other three.

To determine the force transmitted through an element d4 of the divid-
ing plane, when this has an arbitrary orientation, we can consider the
equilibrium of an elementary tetrahedron containing P. Take three of
the faces of this tetrahedron parallel to the coordinate planes, and the
fourth as the dividing plane, as in Fig. 1-8. Suppose the dividing plane is
normal to a unit vector n, whose projections n; , n, , n3 on the coordinate
axes are its direction cosines in this reference system. Locate the dividing
plane on this normal so that the area of the slant face of the tetrahedron
is dA. Then the areas of the other three faces are nidA, n.dA, and nydA,
respectively, and the forces transmitted through them are in proportion,
the constants of proportionality being the ¢’s. Equilibrium of the tetra-
hedron requires that the stress vector S, on the oblique face have com-
ponents in the coordinate directions which equilibriate corresponding
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components of the forces on the other three faces. Therefore, we have
immediately,

Sh: = norz + neoar + naox
Su = Mo + Ny + ngop

S = mon + neoa + ngon
= } )
Evidently, for a given state of stress, the values of the several stress
components depend upon the arbitrary orientation of the reference axes.
To find the way in which these components vary as the reference axes are
rotated, we need next to find the projection of the stress vector S, on an
arbitrary direction determined by the unit vector m, say, whose direction
cosines relative to the given reference axes are m,, m,, m;. This is

%o

X3

Fig. 1-8. Stress on an inclined plane.

easily accomplished by summing the projections of the three components
on the m direction:
Sum = Spmy + Spyma + S M.

When by Eq. (9) the 8’s are evaluated in terms of the ¢’s, the expression
is less simple, viz.,
Snm = onnn + o1 MaMmy + oz
+ gizme + gpname + apnam: (10)

+ ounimy + ounems + agngm;

Now suppose that the original reference axes are rotztted into’ a new
. . !
orientation, referred to which the coordinates of P are x;, z2, 3. Let
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the direction cosines of the axes in the new orientation referred to the old

be
aip = cos (zi, 7p), i, p=123. (11)

Then to find 11, the force in the x; direction exerted across unit area normal
to this direction, we must in Eq. (10) identify n, and m, with ay;, 7. and
ma with a2 , and n; and m; with a;; .  This gives

, 2
on’ = onau + onanan + oyaizon
2
+ cuana + oo + onapag
2
+ ouanai + onaizais + oo .

To find o1z, the force in the z, direction exerted across unit area normal to
the z; direction, we should identify n, , n, , n; as before, but take my = ay,,
my = ap,Ms = apx. In this way, we can write out all six independent
components of stress, referred to the primed axial system. Obviously, a
more condensed notation would be desirable. If account is taken of
symmetry, it is seen that in general,

3 3
Ope = ‘@‘ 1§1 QipAjq Oij - (12)
Under a common convention that affixes appearing twice in the typical
term necessarily denote summation on those indices, the summation signs
are often omitted. Physical quantities which depend in this way upon
rotation of the reference axes are tensors, and the set of stress components
which, for a fixed orientation, specifies the state of stress at the point P
constitutes the stress tensor.

Principal Axes. Returning to the general tetrahedron of Fig. 1-8, we
next inquire if the direction vector n may be so chosen that the stress vector
S, coincides with n, or so that the force on dA is normal. For this purpose,
we must resolve S, into a component S,, normal to d4, and a component
S.: tangential to dA, as in Fig. 1-9. It must then be determined if the
tangential component vanishes for any orientation of n.

The normal component is easily computed by summing the projections
on n of the 2, , z, , =, components of S, , as given by Eq. (9); that is,

Snu = nlsm + ’ﬂzsn, + nSSM . (13)

This quantity will recur frequently in the subsequent discussion; henceforth
we shall represent it for short simply by e. The components of ¢ along the
coordinate axes are mo, n.,0, and nso, respectively.

The tangential component of the stress vector has components in the
coordinate directions which are the components of S, diminished by the
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components of o, or 8., — n0, Sn, — N20, Su; — nze.  These all vanish if
Sn¢ i8 zero, so that S, is normal to dA and has the magnitude ¢. If the
values of the S.; are substituted from Eq. (9), setting equal to zero the
three components of the tangential stress yields the equations
(o — o)ny + oz + oanz = 0
oun + (022 — o)n2 + oz = 0 (14)
ouny + onnz + (033 — o)ny = 0
to determine the components n;, n:, nz of the desired unit vector n.

These linear equations are homogeneous in the unknowns, and so have a
solution if the determinant of the coefficients vanishes. This determinant

X

X3

Fig. 1-9. Normal and tangential components of stress.

is a cubic polynomial in the normal stress, ¢, and the condition may be
written

ot — Jio? — Jjo — J1 =0 (15)
where
Ji=on+ on+ou, )
o1 021 o212 032 o1 O3
Ji= - - -
oz 022 o3 O33 13 O3 16)

o1 o021 03

Ji= |02 o1 on

o13 Oas 033 v



18 METALS AT HIGH TEMPERATURES

It can be demonstrated by an argument rather too lengthy for inclusion
here that the roots of Eq. (15), 01, 02 , 03, say, are all real. If the roots are
distinct, and o, is put for ¢ in the equations (14), the determinant of the
coefficients is zero and the equations may be solved for the ratios n,:nq:ng .
Together with nj 4+ n3 4+ n; = 1, since n is a unit vector, the solution
fixes an orientation of d.A for which the stress vector is normal, and of
magnitude o .

Using in succession ¢ = o2 and ¢ = gy in (14), we can determine two
other directions for which the stress vector is normal to d:. It is another
demonstrable property of the stress tensor that the three directions so
determined are mutually orthogonal. They are called the principal direc-
tions of stress. If the axes of reference are rotated into the principal
directions, they become principal axes. For principal axes, the tangential
tensor components o,,; (i X j) are of course zero, while the normal com-
ponents o;; are o, , o2, o3, respectively. These are the three principal
stresses.  We shall use a single subseript to identify the principal stresses.

It was hypothesized above that the roots g, , g2, g3 were distinet.  The
diseriminantal equation may have multiple roots. If ¢, is distinet, but
a2 and g3 are equal, then only one principal direction is determined uniquely.
Any direction normal to this is also a principal direction, and the stress
tensor is invariant to rotation of the reference system about the x1 axis.
If all three roots are equal, every direction is a principal direction and the
stress tensor is diagonal for any orientation of axes whatsoever. In this
case, which corresponds to simple hydrostatic pressure, the stress tensor is
described as “spherical”. In the degenerative cases in which two or more
of the principal stresses are equal, less than six numbers are required to
specify the state of stress at a point in the body. Otherwise, three num-
bers are required to locate the principal directions at that point, and three
to specify the principal stresses.

For a given state of stress, the discriminantal equation (15) determines
the principal stresses regardless of the orientation of the original reference
axes. Therefore, the coefficients of the polynomial must be invariant
to rotations of the reference system.  When the reference axes are principal
axes the off-diagonal terms vanish, and the stress invariants become

Ji =01+ a2 + a3
Ji = —oi0: — aw03 — 1 ( 7)
J; = 010203 J

all symmetric functions of the principal stresses.

The Deviatoric Stress Tensor. We shall find it useful to decompose
the general stress tensor into two parts, one of which is associated with a
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change of shape only, and the other with a change of volume only. The
mean normal stress at the point P is

g, = % (011 + on + 03:)' (18)

The components of the devialoric stress tensor are taken as

8, = 0ii — 0o, t=1,2,3
(19)

8ij = 0ij, ) *]
If to the deviatoric tensor there is added a spherical tensor whose nonvan-
ishing (z.c., diagonal) elements are ay , the general stress tensor is recovered,
The spherical part of the state of stress corresponds to hydrostatic pressure,
and induces a change in volume of the material. Since the sum of the
s;i is identically zero, the deviatorie part of the stress induces only a shape
change at constant volume.

The deviatorie tensor has the same principal directions as the stress ten-
sor and its principal values, s1 , 2, s; may be found from o, , 02, g3 simply
by subtracting from each oy = 3(oy + o2 + o3). Alternately, we can
determine the principal directions from the deviatoric tensor itself, starting
from the equations (14) with the ¢’s replaced by ¢’s. This leads to a
discriminantal equation

89— Just — Jas — J3 =0 (15")

whose roots are s, 2, & . The coeflicients are given by the equations
(16) with the ¢’s replaced by s’s. But since the sum s;; 4+ s 4+ 833 is
zero, Jy necessarily vanishes.

Moreover, with the help of this relation, the deviatoric stress invariants
Js and J; may be formulated somewhat more perspicaciously. Expressed
in terms of the principal stress deviations, they may be found from equa-
tions (17) by substituting s, for ¢; . But also by using J, = 0 together
with the identity

8182 + 8283 + S8 = }{81(32 + 83) + s2(81 + 83) + sa(s1 + S:)}
we can put ./, in the form,
Jo = ¥(s} 4 83 + s3).

Thus, in a sense, .J. provides a measure of the intensity of the deviatoric
stress at I”. In a similar way, it is found that

Jy = §(st + 83 + s}).

Principal Shearing Stresses. The stress deviation at the point P may
be described in a different way by giving the values of the maximum shear-
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ing stresses. Suppose the plane of the elementary area dA is rotated about
one of the principal directions of stress, say the direction of ¢ . When
the plane is aligned with the direction of o2 or o3 , the tangential component
of stress transmitted through dA vanishes. For intermediate positions,
the tangential component is finite. As the rotation proceeds from the
second toward the third principal direction, this component increases in
absolute value to a maximum attained at the 45° point, and thereafter
decays to zero. The value of this maximum is

n==%]0— o3} (20)
which is the same as
4 I 8 — 8 l .

Likewise, if the plane of d4 were to be rotated about the second principal
direction, the tangential stress component would be greatest when the
angle between the other principal directions was bisected. The absolute
value of this shearing stress is

n=3%|la—a|=3|8—8]. (20)
Finally, a rotation about the third principal direction gives
rn=4lo—a| =48 —s]. (20)

The normal stresses at these three orientations are (o2 + 3), $(03 + o)),
and %(o1 + o2), respectively.

The set 7,, 72, 73 constitutes the triple of principal shearing stresses.
This set serves also to determine the deviatoric invariant J, , since

bl bl =1 (s — )t A (85— &) + (8 — 8))
=} {(s} + 8] + s}) — (s18: + %285 + 8:8)}

= }J:.

Analysis of Strain. During the deformation of a solid body the material
near a typical point P, having initially the coordinates z;, undergoes a
displacement u to a point P’, having the coordinates r; 4+ u;. Such a
displacement, illustrated by Fig. 1-10, consists in part of a rigid body
displacement, and in part of a pure deformation. The latter part is
measured by the state of strain at P, a tensor having the components

18y 21
“ T o\dz; " dz ) )

Of these, the normal strains e;; represent the unit extensions in the direc-
tion of the reference axes; the off-diagonal components e;; = ¢;;, (Z ¥ j),
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represent changes of shape. These tensor components are related to the
shearing strains v.; according to

Yii = 2€j. (22)

Xo

X3

Fig. 1-10. Displacement of a point P of an elemental surface to P’ by an amount u,
on the Xj axis, u; on the X; axis, and u; on the X, axis.

hade
Xo —g,:‘l_:dxa*‘—{' y
- -
P /1; “““““

Fig. 1-11. Two-dimensional view of the displacement of a volume element.

The significance of this description is made clear by examination of Fig.
1-11, which shows for two-dimensional strain the displacement of a volume
element having originally a rectangular cross-section, the sides parallel
to the coordinate axes being of length dz, and dx., respectively. The
deformation carries the point P into the point P’. If the material were
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rigid, the adjoining vertices @ and R would experience equal displacements,
the volume element going into an element having the dotted cross-section
of the figure. If the material is elastic, however, the neighboring points
Q@ and R will undergo displacements slightly different from the displace-
ment of P. Their displacements may to the first order be found from the
displacement at point P by

du du
w? = uP + —dx uf = uP + — dz,
ar, azz (23)
i) h
ul = ul + —lizda:; ul = uf +;');‘2 dz,
Xa
du
o~ 3)(l dxa
9 2
v ————————
o
o
x
o
P
o2 |
[~ \
* { dup
N—~ Xm
% : ax,
X

6 Bax )dx,~ dx

Fig. 1-12. The closing of originally perpendicular planes during shear.

where du;/dx, is the rate at which displacement of the material in the
x, direction varies in the r; direction, and so forth. When these rates are
all positive, the equations define final positions for the points Q and R,
as indicated in the figure.

Evidently, du;/dx; and duas/dr, , that is, & and ex , measure the per-
centage extension of the volume element in the respective coordinate
directions. We suppose that the displacement of R differs but little from
that of P, so that their final separation in the z, direction, (1 4 du,/dx;)dr,
is only slightly different from dr,. For clarity in the drawing, this
difference has been greatly exaggerated. Under the assumption of small
strains, it is seen from Fig. 1-12 that du,/dx, measures the rotation of the
side originally parallel to the x; axis, while du,/dx, measures the rotation
of the side originally parallel to the x, axis. The angle through which the
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originally perpendicular sides have closed during the deformation is the
sum
du;  due

a =— 4 —
1+ az 2z, T oz

This angle is the shearing strain v, = 2¢, .

It is easily seen that this description of shear is equivalent to the descrip-
tion of simple shear which we invoked in Section II. There the shearing
strain was described as the unit lateral displacement of parallel planes.
For infinitesimal strain, this is also given by «; + a2. For, in Fig. 1-13,
we can approximate to dl with dxs so that

:jj = cot(g— ay — dz) = tan (o) + a2) = a; + 3.

X

Fig. 1-13. Lateral displacement
of parallel planes during shear.

Xy

Throughout the following sections, the simplifications due to the presump-
tion of small strains will be retained. Elastic strains are in fact so small
that the infinitesimal approximation is very good. Although the plastic
deformations which we must consider later are frequently very great, we
shall nevertheless not undertake to introduce into our analysis the non-
linearities associated with finite strain.*

* For specimens elongated in simple tension, it is sometimes attempted to accom-
modate the nonlinearities of finite strain by writing

tail l
e=f —l'==|og*.

When the final length I does not greatly exceed the original length l. , this expression
reduces to the conventional definition of infinitesimal strain.
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Exactly as for the components of the stress tensor, the components of the
strain tensor depend for their values upon the orientation of the reference
axes. For the strain tensor, there likewise exists a set of three orthogonal
reference directions for which the strain is normal. These directions
remain orthogonal throughout the deformation. These are the principal
directions of strain. The normal components of strain in these directions
€, €, € are found as the roots of the discriminantal equation analogous
to Eq. (15) in which the ¢’s are replaced by ¢’s. These are the principal
strains.

Similarly, the strain tensor may be decomposed into a deviatoric tensor
describing change of shape and a spherical tensor describing change of
volume. By the strain deviation, we shall mean

€in = €4i — ¢€o

. . 24
€i) = €5, 1*]} @)
where ¢ is the mean normal strain;

€0 = §(en + €2 + eqa).

This decomposition of the stress and strain tensors leads to particularly
simple stress-strain relationships in the special case of isotropic substances.
This case is of particular interest since, unlike single crystals, engineering
materials may often be characterized to a satisfactory approximation as
free from preferred directions of strain.

Finally, the deviatoric strain may be represented by three principal
shearing strains. Among all directions normal to a principal direction of
strain, the maximum value of shear is attained on the plane which bisects
the two other principal directions. There is one such plane for each of the
three principal directions. The absolute values of shearing strains re-
ferred to such a triple of planes are given by

yi=|e — e}, y2 = | e — e |, yi=le —er]. (25)

From these expressions, the factor } which appeared in Eq. (20) is missing
because of the relation between shearing strain and the strain tensor
components.

Stress-Strain Relations of Elasticity. In order to predict the deforma-
tion of a solid body under external load, it is necessary to join with the
conditions of equilibrium and compatibility, the relations between stress
and strain for the material. These are simplest when the deformations
are entirely elastic. But even when material obeys Hooke’s law, the
characterization of its behavior requires much data. In general, each
component of stress is a linear function of all the components of strain
Generally, we must write

) 3

ey - 2 Z C:}V". (26)

=1 g¢=1
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This generalized form of Hooke’s law thus requires a 9 X 9 array of elastic
constants C} to relate the nine components of strain to the nine components
of stress. Because of symmetries, only twenty-one of the elastic con-
stants are independent. However, the twenty-one independent values
are not purely constants of the material, but depend also upon the orienta-
tion of the reference axes in respect, say, to the crystallographic planes of
the substance.

If the material is isotropic, the relation between stress and strain is
tremendously simplified. In this event, the orientation of the reference
axes in respect to the material is indifferent; the principal directions of
strain coincide with the principal directions of stress; and the number of
independent elastic constants reduces to two. Even in this case, there is
no one-to-one correspondence between the components of stress and the
corresponding strains. If, for example, a specimen is subjected to simple
tension in the x, direction, the corresponding elongation e, is accompanied
by contractions e and e; in the two orthogonal directions. With the
reference axes oriented in principal directions, we have in general for the
isotropic substance

1

e = 'E[Un — v(os + 03)]
L o2 = sas + o] (27)
62=E0’2—V03+0’1

ey = %[d: — v(oy + a9)]

where the two independent elastic constants are E, the Young’s modulus
and », Poisson’s ratio between the percentage lateral contraction and the
percentage longitudinal elongation. It is casily verified that a value of
0.5 for Poisson’s ratio corresponds to elongation at constant volume. Many
materials, for example steels, exhibit some diminution in volume under
clongation, being characterized by a Poisson’s ratio of about 0.3.

For an isotropic material, a one-to-one correspondence between stress
and strain components may be achieved by decomposition of the general
tensors into deviatoric and spherical parts. If this be done, the relation
between a stress deviation and the corresponding strain deviation is found
to be

eij = % Sij (28)
where G, the modulus of rigidity, is related to the Young’s modulus and
Paisson’s ratio by

E

G=axtn

(29)
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The relation between the components of the hydrostatic stress and strain
tensors is

oo = 3Keg (30)
where K is the bulk modulus, equal to

. E

K = m_év—) . (31)

This decomposition provides the handiest formulation of the relation
between stress and small strain for isotropic materials. As we will see in
the following sections, the usefulness of the decomposition extends beyond
the elastic case here considered. The part of a general deformation which
involves a change of volume can be regarded as entirely elastic, and so
is entirely contained in Eq. (30) with K constant. The shape change
described by Eq. (28) can usually be regarded as occurring at constant
volume, although it be in part elastic and in part plastic. Of course, in so
far as the deformation is elastic, @ likewise is constant; to accommodate
plastic effects, we shall need to assign a generalized meaning to this
factor.

IV. The Stress-Strain Relations of Viscoelasticity

There is a class of solid materials, including glasses and the high polymers,
which are capable of supporting elastic shearing stresses but which also
exhibit a tendency to flow continuously under the applied stress. Such a
material may be regarded as a complex of ordered elastic regions inter-
mixed with disordered viscous regions. If the flow in the viscous regions
is Newtonian, so that a linear relation obtains between the local stress
and the strain rate, then the elastic equations of the preceding section may
be rather easily extended to account for the combined effects.

To do this it is necessary to invoke two assumptions which in actual
cases are seldom fulfilled exactly. TFor one, let us suppose that the material
is isotropic, so that the components of the deviatoric stress tensor depend
uniquely on the corresponding components of the deviatoric strain tensor.
For the other, we suppose that the strains remain small so that the non-
linearities associated with finite strains are not introduced. Actually, in
steady flow, the observed strains may in time become very great. The
analysis of finite strains is extraordinarily difficult and far beyond our
scope.

The simplest combination of an elastic domain and a viscous domain
which we can conceive is represented by the mechanical model of Fig. 1-14.
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For this arrangement, which is sometimes called the Maxwell element, the
applied stress is transmitted through the spring to the dash pot and the
resultant strain is the sum of the elastic and the plastic strains. If con-
stant stress is suddenly applied at the initial instant, the spring deforms
instantaneously and the dash pot begins to pull out at a uniform rate.
When the stress is removed at time f,, the elastic strain immediately
disappears and the plastic strain persists, as shown to the right of the
figure.

e

v

N 9] te t—
Fig. 1-14. Response of series combination of spring and dash pot. Extension
under constant load applied at t = 0, removed at t = t..

The stress-strain relations describing this behavior are found simply by
adding the elastic and plastic parts of the strain. The elastic contribution
to the strain rate can be written

I)'I é
e = G
while the viscous part is given by
2/ = =
n
s0 that the total strain ¢ = ¢’ 4 ¢ is
§ s
2= +-. (32
¢t . )

If, at the instant of starting, the value of the stress is raised from zero to
the constant value so , the equation prescribes initially an infinite rate of
strain. Subsequently, the strain increases at the constant rate prescribed
by the coefficient of viscosity as shown in Fig. 1-14.

A second possible arrangement of a single elastic domain and a single
plastic domain is shown in Fig. 1-15. In this case the dash pot and the
spring deform together, the applied stress being supported in part by one
and in part by the other. This is a so-called Voigt element. If the
constant stress s be suddenly applied at the initial instant, it is at first
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entirely expended in pulling out the dash pot since the unextended spring
supports no force. As the deformation proceeds, the spring extends,
assuming more and more of the load and reducing the part available for
maintaining the strain rate. The strain rate tends toward zero as the
spring approaches the steady state extension which equilibriates the stress.
This behavior is shown on Fig. 1-15. If at the instant {. the stress be
removed, the process is reversed, the potential energy stored in the spring
being slowly expended in reducing the extension of the dash pot to zero.
This phenomenon is sometimes called ‘“‘retarded elasticity”.

I f

oo | T T T T T =
\

= B /
I | N ‘

(o] to te t —
Fig. 1-15. Response of parallel combination of spring and dash pot. Ixtension

under constant load applied at t = 0, removed at t = t..

For this case, the stress-strain relations are found simply by adding the
part of the stress supported by the spring to the part supported by the
dash pot. The elastic stress is

s’ = 2Ge
while the viscous part is
s = 2qé
so that the total stress is
s = 2Ge + 2q¢. (33)

If this combination is loaded in the same way as the other, the integral of
this equation, subject to the initial conditions ¢ = ¢ = 0 for t = 0, is

80 —ue
e 20(1 € ),

where & = 7/G is the “relaxation time’’ of the combination. This is the
equation plotted in Fig. 1-15.

These simple combinations do not generally suffice to describe the
behavior even of linear materials. However, they are easily extended to a
very general model by combining a Maxwell element with a number of
Voigt elements each characterized by its own relaxation time. This
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arrangement is shown in Fig. 1-16. By an extension of Eqs. (32) and (33),
we can see that the stress-strain relations for the general model have the
form

Ps = 2Qe (34)
where P is the differential operator
d d? ar
Pot+Pi— 4Py p 2
o+ ldt+ 2(”2+ +I"dl"

and @ is the operator
d d? dr
Qt+Q+Q nt +QnE
the coefficients P;, Q; being constant. These linear equations can be

integrated to fit boundary and initial conditions in all cases for which the
solution to the purely elastic problem is known.

0 % 1 ==

0] t—>

Fig. 1-16. Multiple arrangement of springs and dash pots for general case.

In certain respects, the predicted behavior resembles the reaction of
metals at elevated temperatures. However, on closer examination, it is
evident that the behavior of metals is much more complicated than the
behavior of viscoelastic materials and is, in fact, highly nonlinear. The
next section deals with the aspects of metals in which the observed behavior
does differ from the viscoelastic phenomena.

V. Plastic Behavior of Metals

The observed behavior of metals is not predicted, even approximately,
by the linear relations of viscoelasticity described in the preceding section.
There is, however, a superficial resemblance between the mechanical
behavior of metallic materials and the behavior of viscoelastic substances
which becomes closer at higher operating temperatures.
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What must be regarded as a high operating temperature depends on the
material. Plastic flow increases as the melting point is approached.
Different engineering materials behave in a roughly similar way at tempera-
tures which are the same fraction of the melting point in degrees Kelvin.
The ratio of the absolute operating temperature to the absolute tempera-
ture of melting for the material will be called 6, the homologous temperature.
Generally speaking, a value for § exceeding 0.5 corresponds to a high operat-
ing temperature for the material. This is not necessarily a high actual
temperature. For lead and its alloys, room temperature corresponds to a
value of 8 equal to 0.5. For aluminum and its alloys, a high operating
temperature is approached at 200°C, whereas for a high-nickel alloy, such
as “Inconel”; the value 6 equal to 0.5 is reached at 600°C. In this section,
an examination will be made of the observed plastic behavior of typical
materials at the higher operating temperatures, that is, at values of 6
between 0.5 and unity.

Suppose that a specimen at a high temperature is suddenly loaded in
pure tension and a record made of the relative elongation as a function of
the time after loading. If precautions are taken to insure constancy of 8
and constancy of the tensile stress o, the record of the strain e will appear
as in Fig. 1-17. The strain is observed to increase sharply at the initial
instant. The strain rate remains high for some time but gradually subsides
into a substantially constant rate which is quite reminiscent of viscous
flow.

It is not to be supposed that the simple behavior indicated in Fig. 1-17
can be observed without very special precautions to insure that the stress
is in fact maintained constant during the deformation. If the test were
to have been conducted at constant load, the stress would increase as the
cross sectional area diminished during the extension. This condition
leads to an acceleration of the strain rate at high strains, generally
followed quickly by fracture. For a test at constant load, where the nom-
inal stress, oy , is taken as the ratio of load to initial area, the record would
appear as in Fig. 1-18. At short times and small strains, the observations
would be nearly identical with those recorded in Fig. 1-17. For some
combinations of oo and 8, the strain might be observed to settle into a
constant creep rate for some time, but sooner or later, the increase of
actual stress with decreasing cross-section of the specimen results in an
acceleration of the strain rate, followed shortly by necking and resulting
finally in rupture. For some combinations of oo and 6, no interval of
constant creep is observed, the linear segment of the graph shrinking into a
point of inflection. A test at constant load may very well correspond
more exactly to the actual service conditions for which the material is
intended. Nevertheless the added complication of changing stress during
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the experiment greatly confuses the discussion of the theoretical behavior
of materials. In the following, it is supposed that the experiments are

{

Fig. 1-17. Strain versus time under tensile load with temperature and stress constant.

t
Fig. 1-18. Strain versus time under tensile load with temperature and load constant.

performed with constant stress. Means for preserving constancy of true
stress are described in Chapter 2.

The strain-time curve at constant true stress (Fig. 1-17) may be re-
solved into the components illustrated by Fig. 1-19. The total strain is
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observed to be a compound of a usually small elastic strain, instantaneous
and reversible, and two plastic components which do not disappear when
the specimen is unloaded. Of these, one is a steady flow of the type ex-
hibited by viscous liquids. The case of metals is distinguished by the
appearance. of a new strain component, called in Fig. 1-19 the initial
plastic strain. This may be itself a compound containing a part which
appears suddenly upon the imposition of the stress, blending imperceptibly
into a part which, starting at an infinite rate of increase, subsides in time
into a constant final value.

It is noticed that the high-temperature strain depends on the time of
exposure to the stress. Evidently, it depends as well upon the tempera-
ture and upon the constant stress. The dependence upon the stress will
next be examined. If the experiment which produced the record of Fig.
1-17, is repeated, with the temperature maintained constant at the same

Fig. 1-19. Decomposition of strain-

time curve at constant stress of Fig.
(2) 1-17 into (1) a small elastic strain, (2)
the initial plastic strain and (3) steady
(3) state creep.

(1)

t

value of 6, but with suddenly applied constant stresses of differing mag-
nitude, a family of strain-time records similar to those of Fig. 1-20 is
obtained. If the stress is progressively increased from the constant value
o to the value ¢’, and to ¢”, etc., the steady state component of the creep
is found to increase very rapidly. A measure of the rate of increase is
obtained by estimating the final strain rate from the linear parts of the
record and plotting them against the corresponding stress. When this is
done for the curves of Fig. 1-20, which incidentally are typical of the
behavior of lead at room temperature, the variation shown by Fig. 1-21
is obtained. If the material were viscous, the dependence of strain rate
upon stress would conform to the dashed line drawn on the figure. It is
evident that for actual metals the relationship is highly nonlinear so that
the steady flow can be at most described as ‘“quasi-viscous”.

It remains to consider the dependence of the strain-time record upon the
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operating temperature. If the experiment which produced Fig. 1-17 is
repeated keeping the true stress constant at the value ¢, but progressively
reducing 6, from the constant value ', to 8", etc., a family of curves similar
to those of Fig. 1-22 is obtained for a typical material. From this figure,
it is observed that the steady creep decreases very rapidly with decreasing
temperature and may become entirely negligible at values of 8 below 0.5.

o-lll o
o'
Fig. 1-20. Strain-time curves at vari-
ous constant stress levels, all for con- €
stant temperature.
o
t

Fig. 1-21. Plot of steady state strain
rate against stress for quasi-viscous
flow. The dashed line corresponds to o
viscous flow.

€ss

A representative graph of the final steady creep rate against temperature
is presented in Fig. 1-23. The initial plastic deformation subsides to final
values which also decrease with temperature, although, if ¢ is great, it may
remain large relative to the elastic strain. Moreover, the time required
for the initial plastic strain to settle on its final value shortens notably as
the temperature lowers. The combination of these two effects allows the
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time of exposure to be eliminated as a parameter in the determination of
the strain at low temperatures, such as 8’’’ of Fig. 1-22, provided the stress
is not varied too rapidly.

From the foregoing, it is seen that a very high steady creep rate will
be observed only under conditions in which both homologous tempera-
ture and the stress are great. However, even the smallest tendency of
a material to elongate continuously under constant stress has tremendous

6

ol

Iig. 1-22. Strain-time curves at various con-
stant temperature levels, all at constant

8"  stress.
-
t

Fig. 1-23. Plot of steady state creep rate
against temperature at constant stress.

Egs

implications for engineering design. Therefore, creep tests are often ex-
tended over many thousands of hours so as to detect even the smallest
steady strain rates. On such a time scale, the initial plastic deformation
appears to be instantaneous. The results of many such tests will be
reported in the subsequent chapters. Perhaps regrettably, practically
all the experiments have been conducted at constant load rather than
constant stress, and so involve the complication of increasing strain rate
with increasing strains. This effect appears more quickly the higher the
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stress. In the so-called stress rupture test, the load is adjusted to produce
fracture within a few hundred hours.

VI. Low-Temperature Plasticity

At temperatures so low that steady flow is negligible, the time can be
eliminated as a parameter. An ordinary tensile test may be substituted
for the creep test, the specimen being loaded in simple tension by successive
increments, and a record kept of the corresponding extensions. When the
temperature is not high, these will ordinarily settle to a steady value very
shortly after each change of load. Tensile test data are presented as the
stress-strain curve for the material, an example of which is portrayed by
Fig. 1-24. For small stresses, the specimen extends elastically along the
straight line portion of the curve, the slope of which is the Young’s modulus.
For higher stresses, the observed extension excceds the elastic strain as
the material begins to yield plastically. Sometimes the point at which the
stress-strain curve begins to depart from the elastic line is quite clearly
marked. More often the departure is very gradual and the yield siress, k,
is taken as the stress required to produce a permanent strain of 0.2 per
cent.*

The variables used in Fig. 1-24 to describe the behavior of the material
are the strain

where I, is the original length of the specimen and Al the increase in length,
and

P
T A

o

where P is the load and A is the cross-section at that load. These defini-
tions suppose a homogeneous state of stress in the elongating specimen,
and fail when local necking begins.

A somewhat different description of the behavior is obtained if the true
stress ¢ is replaced by the nominal stress oo defined by

P

oo = Io
where A, is the original cross-section of the material. Since the actual
cross-section diminishes with increasing extension, the nominal stress is an
underestimate of the true stress in the material. Fig. 1-25 illustrates the
nominal stress-strain curve of Fig. 1-24. In consequence of the increase in
true stress as the cross-sectional area decreases, the curve of Fig. 1-25

* The stress so defined is sometimes called the proof stress.
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reaches & maximum value of nominal stress. At greater extensions, the
specimen can only support lower loads. The maximum value of nominal
stress is called the wltimate strength of the material. After the maximum
has been passed, the observed stress-strain curve is likely to be perturbed
by local inhomogeneities in the stress due to the beginning of necking.

v

E

€ —>»
Fig. 1-24. True stress-strain curve.

e

Ultimate Strength
Necking Begins

Fig. 1-25. Nominal stress-strain curve.

If, nevertheless, the test be continued until the specimen fails, the elonga-
tion at fracture can be obtained as a further useful measure of the plastic
properties of the material.

As long as the stress remains homogeneous, the true stress-strain curve
is simply related to the nominal stress-strain curve. It is necessary only
to suppose that the strain is mostly plastic and, accordingly, at constant
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volume. .I'n this case, the cross-sectional area at any extension is related
to the original area by

Ao _ 1 _lotal

Tl

4 b 1o

so that, if

then

% € —>
Fig. 1-26. Cyclic loading.

With the help of this equation, the true stress-strain curve can be easily
constructed from the nominal stress-strain curve up to the point at which
necking begins. In the following, it will be supposed that the elongation
is referred to the true stress, for the same reasons that control in the case
of creep.

Fig. 1-26 is the true stress-strain curve for a virgin specimen which
under increasing load has been extended to the elongation ¢ . If at this
point, the load is then reduced, the specimen will be found to contract
along the line e — e, having also the slope E. By the time the load is
completely removed, the strain is reduced to the permanent set 6. If
then the specimen be immediately loaded, the strain is found to increase
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at the elastic rate. The curve, however, follows the line e — ¢ until a
stress considerably greater than the initial yield stress k is attained. That
is, the specimen has been work-hardened. If not very much time has
elapsed in the unloading and subsequent reloading, the stress-strain curve
rejoins the dashed curve obtained by continuously increasing the load.
Additional cycles of loading and unloading result in similar behavior as
indicated by the figure.

During the unloading along the line ¢ — cé, the stress increment is
related to the strain increment according to the elastic law

Ac = EAe.

This equality is unaffected if both sides of the equation are divided by At,
in which case it becomes in the limit

¢ = Eé. (35)

This generalization of Hooke’s law provides a succinet formulation of the
differential relationship, making the rate of variation independent of the
absolute value of the strain. However, the homogeneous relation be-
tween stress rate and strain rate implies no flow in the sense of viscous flow.

If, after the initial loading and unloading, the specimen is allowed to
remain in the unloaded condition for an extended period, a different be-
havior will be observed on subsequent reloading. A part of the work
hardening will be found to have disappeared, the strain varying with
increasing stress according to the dotted curve of Fig. 1-26. This phe-
nomenon of resoftening in time is known as recovery. At very low tem-
peratures, it is insignificant, but it becomes more evident as the rest
temperature of the specimen approaches § = 0.5. At about this homolo-
gous temperature, the process of recovery is much hastened by recrys-
tallization of the material.

VII. Stress-Strain Relations of Low-Temperature Plasticity

In the elastic, isotropic case, simple ‘tensile tests of the type considered,
serve to provide values for the two material constants, however these are
chosen. Observations of the gage length and cross-section of the specimen
as the load increases determine immediately the modulus of elasticity E
and Poisson’s ratio ». In the elastic case, this pair determines the modulus
of rigidity G and the bulk modulus K through the equations (29) and (31)
of Section III. These data enable the prediction of elastic deformation
of engineering parts of complicated geometry variously loaded.

When the yield stress of the material is exceeded, the case is more
difficult. The resulting deformation is compounded of usually small elastic
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strains and often great plastic strains.* To predict such deformations of
engineering parts, it is necessary to generalize the stress-strain relations
of elasticity to include the plastic component of strain. Also, it is neces-
sary to decide what elementary experiments yield a description of the
plastic behavior appropriate to the generalized stress-strain relations. In
the plastic case, the easy relation between the behavior in simple tension
and the behavior in simple shear is missing. Although the results of
tensile tests were used above to illustrate the general nature of plastic
:)el:avior, the basic description of the material is derived from shearing
ests.

For plastic deformation takes place by shear, just as in the phenomenon
of viscous flow. One process by which such deformation occurs in metals
is slip, which is readily observed in single crystals. This process takes
place by glide on preferred slip planes, which are crystal planes of high
atomic density. Fig. 1-27 is a schematic diagram of slip in a crystal having

Fig. 1-27. Deformation of a single cryvstal of zinc.

a unique slip plane. Such a material is zinc, the hexagonal crystal lattice
of which has but one plane of high atomic density, the basal plane. If
a single crystal of zinc be stressed in simple tension, the deformation
produced is a relative displacement along slip planes, as evidenced by the
appearance of visible slip bands on the surface of the strained specimen,
in the manner suggested by the figure. The slip bands are found to coin-
cide with the basal planes of the erystal.

Ordinarily, in a tensile test, the ends of the specimen would be con-
strained, and lateral motion inhibited. Tn this event, the slip planes
rotate under increasing elongation. Near the ends, there is local bending
of the slip planes and a nonhomogeneous state of stress.

* The plastic strains resulting, for example, from forming operations and rupture
tests may be very large. In the following, consideration is limited to permanent
strains which, while very much greater than clastic strains, are still small enough to
be regarded as infinitesimal,
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Other crystal lattices have several planes of high atomic density on
which slip may occur. Whether or not they become slip planes is deter-
mined by the value of the resolved shearing stress for these planes. Crys-
tals having a face-centered cubic lattice, for example, may slip on any of
the several octahedral planes. The existence of many slip planes in the
face centered cubic lattice accounts for the duectility of such metals as
copper and aluminum.

Engineering materials are polycrystalline aggregates generally isotropic
in nature and accordingly without preferred planes of specially high atomic
density. In such materials, slip is observed to occur along the planes of
maximum shearing stress. In a simple tensile test, such planes are in-
clined at 45° to the axis of the stress. That slip along these planes does
in fact occur during extension is sometimes evidenced by the appearance
of Luder’s lines on the strained material.

Gi*

" o

Iig. 1-28. Typical stress-strain curve.

(o} r—

Thus the evidence supports the view that the permanent plastic strain
observed in engineering materials results from a mechanism very like the
mechanism of viscous flow considered in Section II. Accordingly, the
plastic strains are expected to be shape changes purely, unaccompanied
by any volume changes in the material. Finally, since the basic mecha-
nism is shear, it is to be expected that the essential experimental data
should describe the nonlinear behavior of the material in shear rather
than in tension.

Experimental procedures for the determination of the plastic behavior
of a metal in shear are easily devised. An approximation to a state of
gimple shearing stress is obtained from a thin walled tube loaded in torsion.
As shown above, the state of simple shearing stress exists only as an ap-
proximation since additional stresses are required for the satisfaction of
the equilibrium conditions. In a well designed experiment, the stress
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component of simple shear is made dominant and homogeneous over most
of the volume of the specimen. From such a test is obtained a stress-
strain curve for the material in which the dominant stress is the shearing
stress 7 and the corresponding strain the shear, y. For low values of
stress and strain, the elastic relationship is measured by the shear modu-
lus G. This measures the slope of the line to which the observed stress-
strain curve is tangent at low strains as in Fig. 1-28. Observed stress-
strain curves depart from elastic behavior at higher strains in the shearing
experiment in a way qualitatively identical with the behavior in tension.
The permanent plastic yield is measured by the departure of the observed
curve to the right of the elastic line. The effect of work-hardening is
revealed by the continued upward slope of the recorded observations,
there being no point at which the material can yield freely under constant
stress.

The behavior illustrated in Fig. 1-28 implies a continuously decreasing
value of the differential ratio

e 7, =00 (36)

The modulus @ is of course nothing but the slope of the stress-strain curve
at the point whose ordinate is r. As 7 decreases, G(r) tends toward the
elastic modulus of rigidity. This limiting value will henceforth be desig-
nated Go. To indicate G specifically as a function of r, the notation G*
will be used. This is usually called the tangent modulus and describes
the nonlinear behavior of the material under simple shear. Fig. 1-28 is
drawn for positive values of 7; this suffices for the isotropic materials con-
sidered here, since a reversal in the sign of 7 implies merely a reversal
in the sign of v. If one wished, one could imply such symmetry by writ-
ing G* as a function of 72 rather than r.

A second quantity describing the nonlinear behavior of the material is
sometimes of interest. This measures the slope of the line drawn from
the origin to the point on the stress-strain curve corresponding to a given
ordinate 7. The slope is the secant modulus which will be designated
by G**(r?). A typical line of which G** is the slope is also shown on
Fig. 1-28. For the secant modulus, the defining equation is

Ioom@. (37)

)

Thus, if G** is given as a function of r, the corresponding strain is imme-
diately found as the ratio 7/G**.

The observed plastic behavior of engineering materials in simple shear
does not permit of very easy analytical formulation. A popular approxi-
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mation to the behavior is represented by Fig. 1-29. A material conform-
ing to this representation is described as a ‘“perfect plastic.”” For a
perfectly plastic material, the elastic law is obeyed up to a well defined
yield stress 7 = k. The material is supposed to be incapable of supporting
any shear stresses greater than k and, accordingly, yields to effect stress

Go
T
k Fig. 1-29. The stress-strain curve of
perfect plasticity.
v
Go
K —
Y v

Fig. 1-30. The hyperbolic tangent approximation.

relief in any region throughout which the elastic stress would exceed k.
In this approximation, '

G* = Go,for # < K, and
G* = 0, for 7 > K.

The simplicity of this analytical formulation of plastic behavior has made
possible mathematical solutions to physical problems of extraordinary
interest. It is immediately evident, however, that engineering materials
do not conform very exactly to the assumptions of perfect plasticity.
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A somewhat improved analytical formulation is to be had from the

familiar hyperbolic tangent relationship between strain and stress. If
this be written as

k T
vy = Eo argtanh Z
illustrated by Fig. 1-30, it is seen that the behavior at low stress conforms
to the identification of (f with the elastic modulus. This simple shear
stress-simple shear strain relation provides a continuous transition from
the elastic to the plastic regime, and accounts for work-hardening at all
stresses inferior to the limiting stress taken here as k. As the shear stress k
is approached, the representation makes the material tend toward perfect
plasticity. In this limit the tangent modulus G* tends toward zero. In
actual materials, the effects of work-hardening do not disappear quite so
fast with increasing stress. The approximation, however, allows an easy
analytical evaluation of the tangent modulus as a function of stress,

namely,
1 dy k d T
_— = = e - — t h -
G* " dr  Godr (“‘-‘ an k)

|

=E';;k2—r~2.

To anticipate somewhat the formulation of the general stress-strain rela-
tions under combined stresses, it can be noted now that the stress invariant
Js in the case of simple shear becomes nothing but 2.  Accordingly, for
simple shear the expression above can be written as

Go k?

G* kB — J,

and
Go_, _
G* Tk—Jy

(38)

This equation will later on be helpful in understanding Prager’s generaliza-
tion of the relationship.

The following paragraphs review some of the efforts to extend the analy-
sis to the case of combined stresses. It is of course desirable that the
behavior of the material be expressed in the generalized case by the con-
stants obtained from simple tests of the type described above. It is then
necessary to decide what measure of the intensity of the combined stress
system will be used as the equivalent of the simple shearing stress 7 approxi-
mated to in the test. Tresca’s yield condition stipulates that the greatest
principal shearing stress determines the plastic behavior of the specimen®.



44 METALS AT HIGH TEMPERATURES

This conceptually simple condition is extremely awkward to express ana-
lytically. If the principal directions of stress are chosen so that
a1 > o2 > o3, then the greatest principal shearing stress, taken by Tresca
as equivalent to the simple shear stress, is

7= §(o1 — o3)

But if the principal directions are not so ordered, or if the orientation of
the reference system is arbitrary, the equivalence is much more difficult
to express. However, Von Mises has shown that the Tresca condition
is very nearly the same as the identification

T =VJ;

where the invariant J; is independent of the reference coordinate system®.
Then for a state of combined stress, J, may replace 72 in the arguments
of G*(7?) and G**(7?) obtained from tests in simple shear.

In the generalization to combined stress, use can be made of the restric-
tion to isotropic materials so that, even in plastic deformation, the direc-
tions of principal strain coincide with the directions of principal stress.
This is Nadai’s first rule.

Nadai’s second rule states that the permanent deformations are at con-
stant volume. This imposes on the principal components of strain the
relation

&1+ €2+ € = 0. (39)

Otherwise, we can note that plastic deformations are deviatoric in char-
acter and so separate out the hydrostatic component of the stress and strain
tensors. It is supposed that the elastic compressibility relation,

(o011 + o022 + 033) = 3K(en1 + €2 + ea3) (30)

where K is the bulk modulus, obtains also throughout the plastic range.
The shape changes defined by relations between the deviatoric strain
components e;; and the stress components s;, are then necessarily at con-
stant volume and so satisfy Eq. (39). The ¢;; corresponding to a given
state of stress may, however, contain reversible elastic components propor-
tional to the s;; along with permanent components which are more com-
plicated functions of the entire stress system and perhaps as well of the
strain history.

In formulating his third rule of plastic deformation, Nadai ignored the
dependence on the past history of strain. To his rule on isotropy and
his rule on incompressibility, Nadai adds the rule that the principal com-
ponents of plastic strain be in the proportion of the principal components
of stress. If the general stress-strain relations are written to conform with
Nadai’s third rule, they are found to describe the observed behavior of
plastic materials when specialized to the easily measurable cases of pure
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tension, pure compression, and pure shear. Suppose that the principal
components of stress are ¢, a2, 03, the corresponding principal compo-
nents of strain being e , e, €, so that the principal shearing stresses and
principal shearing strains are given by

n=e o %
1= — =
! 2
gy — 0]
Y2 = € — T2 = "~
2 2
v o — 02
3= a6 — € T: =
! 2
Then Nadai’s third rule states
YiiY2iYs = T1iT2ITS (40)

On account of the identities,
Mm+vy2r+vy=0 and r+7m+Tr=0

only one of the ratios (40) is independent. When written in terms of
the principal components of stress and strain, the third rule is rather more
complicated; in these terms the two ratios (40) are

ei:"(} o2 — O3 q—ez=o'1—o’g

= ——— and
G — 63 — 01 € — € o3 — 01

The difference of these two equations is the ratio

ea—ez—¢|+€z_a'z—o‘3—¢r1+oz (1)

€ — gy — 01

which, along with the equivalent relations obtained by cyclic permutation
of subscripts, constitutes the condition on the principal stresses and strains
given by (40). When expressed in terms of the principal deviatoric strain
and stress components, Eq. (41) reduces to

€2 Sa

o (42)
e — € 83 — 8

The relation (Kq. 42), and the similar relations, can obviously be satisfied
simultaneously if each principal strain is related to the corresponding

principal stress by
) 1 8
“ 2q)""

where the factor (1/2Q) is the same for all 2. Taking account of the 2:1
relation between the shear strains and the tensor components, we can
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identify the G in this expression with the factor relating v to 7 in Eq. (37).
@ is therefore the secant modulus G** of the simple shear experiment, and
is itself a function of the shearing stress, or of J, in the case of combined
stresses. Moreover, by the first rule, the principal strain e; is linearly
related to. the general deviatoric strain components e;; in the same way
that the principal stress s; is related to the general deviatoric stress compo-
nents s;; . Therefore, one could write as well
3

AN

eij (43)

Eq. (43) illustrates what has been called the ‘“‘deformation type” of
general stress-strain relations for plasticity. In this type the strain is
uniquely determined by the stress, although the relationship is by no
means simple. The transition from the elastic to the plastic range accom-
panies the gradual decay of the function G** as the stress intensity in-
creases. For a given material, this decay is determined from observation
by a test in simple shear. One source of nonlinearity in Eq. (43) is thus
the physical behavior of the material. A second source of nonlinearity is
concealed in the argument J, at which G** is evaluated. This stress
invariant is of course a quadratic function involving all stress compo-
nents s;;, 7,7 = 1,2,3. Thus, even for the isotropic materials, a particular
e;; in the plastic case depends not only upon the corresponding s;;, but
also upon a highly nonlinear function of all the stress components.

For very small values of J., the deformations are essentially elastic,
G** approaching the constant value GGy , the modulus of rigidity. At this
extreme, the nonlinearities disappear from the relationship. At greater
values of J;, the predicted strains e;; are a compound of reversible elastic
extensions and permanent plastic strains. To isolate the residual strains,
it is necessary to substitute for Eq. (43) a different relationship during
the period of unloading. The behavior is to a close approximation elastic
during unloading and for J, < 0, we can, as in the last section, replace
Eq. (43) by the differential relationship

ds;;
de;j 2G. - (44)

This prescribes that the slope of the unloading curve will be the same
as the slope along the elastic part of the stress-strain curve during the
initial loading. Integration of the differential relation results in the elastic
stress-strain relationship except for a constant of integration which fits
the relation to the strain at which unloading commences. This constant
also measures the permanent strain remaining after all stresses have heen
removed,
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Also, as mentioned in Section VI, the nomenclature can be made more
compact by dividing Eq. (44) on both sides by the differential, dt. This
in no way effects the equality, but allows one to write the relation as

&

= 2G,

éij J 2 <0 (45)
in conformity with the usual convention by which the dot denotes time
differentiation. In this homogeneous relation, no actual dependence on
the time is implied.

Taking the strain history more generally into account involves a con-
siderable increase in complexity. This leads to a type of stress-strain
relationship which might be well called the ‘differential type”, although
it is designated by its originators, namely, W. Prager and his students,
as the “flow type”. This expression follows naturally from the use of the
compact notation mentioned in the above paragraph, although no “flow”
in the sense of continuously increasing viscous displacement under con-
stant stress is intended. In the flow type of relation, the physical behavior
of the material is measured by the factor which in simple shear is the
tangent modulus (7*, although this is not immediately evident from the
form in which the general relations are presented. These are given as

. 1 A 1 Ja .
6, = 2‘(’,;°<3n + Sk — J?Ssi) . (46)

In this expression, the first term on the right accounts for the elastic com-
ponent of the strain. The second term accounts for the permanent com-
ponent of strain, the homogencity of the relation in respect to time being
preserved by the factor J;. But the factor s;; makes the plastic strain
dependent upon the strain history of the specimen.

We can see this by specializing to the case of simple shear, and invoking
the approximation of Eq. (38), by which

1 Go 1
T ('G"* -1 ) T (38)

In simple shear, we can identify 2e¢;, with ¥ and s,, with 7, so that (46)

becomes
1 1/Go Jz
C_ L. G )
Y oo[r+2(0* )J:1:|

But in simple shear, J. is nothing but 72, so that Jyis 2r7.  Making these
substitutions, we have

; L P Go 1 2ri _..1;
v=al tale= ) )@




48 METALS AT HIGH TEMPERATURES

which by Eq. (36) is only the definition of the tangent modulus G* for
the particular combination of stress and strain experienced in the specimen.
The dependence of G* upon the strain history (for the initial loading only)
is seen in Fig. 1-30.

At the time being it appears that the differential relations are somewhat
more flexible in meeting the compatibility conditions than the deformation
relations advanced earlier. 1t is to be emphasized, however, that they
are also highly nonlinear in character and lead to insuperable mathematical
difficulties except in problems of particularly simple geometry. Despite
the appearance of the rates ¢ and $ in these homogeneous relations, it
should be recalled that they read only on the case of ordinary low tem-
perature plasticity from which time variations are excluded, the deforma-
tions being supposed all to occur instantaneously. Thus, even before the
high temperature phenomenon of creep is included, the mathematics has
failed. Not even for the systems of ordinary plasticity can one repeat
the statement made in Section IV for linear viscoelastic systems that the
general solution can be found if the purely elastic solution can be found.

VIII. Time Effects in Plasticity

The assumptions of low temperature plasticity, which suppose the plastic
deformation to be instantaneous, are an idealization of the actual behavior
of material. Even at quite low temperature, the plastic deformation does
in fact take some time to complete. There is a range of moderately high
temperatures for which the steady state component of creep is small
enough to ignore but for which the duration of the initial transient creep
is appreciable as at 6’’’ of Fig. 1-22. In this case the stress-strain curve,
alike in tension or shear, observed in a test of the material, will depend
somewhat upon the rate of strain. If, at such a temperature, the specimen
is suddenly subjected to a constant stress, the resulting strain will be
observed to increase as time goes on, finally approaching a constant limiting
value. If the value of the strain at successive equal increments of time
be noted down, the results of the test may be represented as in Fig. 1-31.*
Actually, such a record would be impossible to obtain. Even if the
apparatus could maintain the true stress constant under increasing
deformation, in any event, the instantaneous deformation would be con-
trolled by the inertia of the machine. Nevertheless this presentation
helps in visualizing the relationship. One can imagine the test repeated
for different values of the constant imposed stress and the whole family of
stress-strain curves obtained by linking the observations corresponding to
the same times. Such a family of “isochronous’’ curves is exhibited in
Fig. 1-32.

* This representation and its8 subsequent development in this section were sug-
gested by unpublished papers of F. R. Shanley. See also Reference 30.
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These curves make it possible to investigate the dependence of the be-
havior upon the strain rate. If for example the specimen is strained very
slowly, the dashed limit curve to the right of Fig. 1-32 is obtained. The
behavior at higher strain rates can be estimated by supposing the specimen
to be subjected to shear by equal increments at the beginning of each time
interval. By choosing both the strain increment Ay and the time incre-
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Fig. 1-31. Strain vy at succesive time
intervals under constant stress r.
The modulus of rigidity G is the slope
of the elastic stress-strain curve.
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Fig. 1-32 Family of isochronous curves.

ment At sufficiently small, one can approximate closely to a continuous
strain rate. The stress increment corresponding to each incremental strain
is a compound of the elastic component predicted by the modulus of rigid-
ity and a plastic component dependent upon both the total strain and
strain rate, that is, upon v and A¢t. Suppose, as in Fig. 1-33, that a number
of incremental strains have accumulated to the total strain 4 and the
stress . For this condition, there occurs during the next time interval
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the plastic strain Ay’. Then the stress increment corresponding to the
forced shear Ay is the elastic stress corresponding to the strain Ay — Ay/,
or A7 = Go(Ay — Avy’). A continuation of this step-wise process extends
the stress-strain curve which would be observed at the given strain rate.
The dashed curve to the left in Fig. 1-32, corresponding to a high constant
strain rate, was obtained in this way.

The step-wise approximation is easily adapted to situations in whlch
the strain rate is not constant. For example, if the specimen is suddenly
deformed to the strain v, which is thereafter held constant, the method

t=0 | 2 34
T+AT //
T /
0 ¥ Y+A~y
Fig. 1-33.

yields the relaxation curve of Fig. 1-34. To delineate the behavior, it is
necessary to use in the step-wise approximation & time interval smaller
than that for which the stress-strain curves are sketched. This can
always be done; in the drawing, the ratio of these time intervals is 1:4.
In this way, the precision of the approximation can be improved as needed,
and the procedure adapted to any controlled variation in the rate of strain.
Also, the procedure may be modified in an obvious way to predict behavior
observed under controlled rates of stressing.

It is interesting to note that for certain materials the stress-strain curves
obtained at controlled strain rate may be remarkably unlike any in the
family of Fig. 1-32. Steels, for example, when stressed at room tempera-
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ture exhibit a significant dependence upon strain rate, the part of the
plastic deformation which is truly instantancous, being small. Fig. 1-35
is the analogue of Fig. 1-32 for such a material in simple tension. It
shows also the step-wise calculation of the predicted behavior when this
material is tested at a high strain rate. The familiar sharply marked
upper and lower yield points are properly indicated. Since the plastic
deformation is relatively slow, in the early stages of the test, a high elastic
stress is established. By the end of the fourth time interval, the slow
yield begins to relieve the established stress and a temporary relaxation
occurs. Beyond the lower yield point, work-hardening effects become
dominant. Since the method of approximation over-estimates the stress

Go t=0 \

T — (0] t—

Fig. 1-34. Fast extension followed by relaxation.

when the stress is increasing, and underestimates it in the contrary circum-
stance, the actual variation would be found—by reducing the step interval
-—to conform to the solid curve of the figure. Of course, experimental
stress-strain curves for steels do not conform exactly to this simple model,
since with ordinary testing equipment the operator has control over neither
the stress rate nor the strain rate but only over a complicated combination
of the two.

The stress-strain relations for temperature ranges in which time effects
become significant are evidently vastly more complicated than those de-
scribed in the preceding section. In this case, the modulus G* which
relates the stress increment Ar to the strain increment Ay can no longer
be expressed as a function of the stress alone. The curves of Fig. 1-36
illustrate the behavior of a material in which the stress has been estab-
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Fig. 1-35. Upper and lower yield stress.
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Fig. 1-36

lished through different constant rates of deformation. The limiting curve
to the right corresponds to deformation at a very low strain rate and so is
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identical with the limiting curve of Fig. 1-32. The bounding curve to the
left is supposed to correspond to a very great rate of deformation and the
remaining curves to typical intermediate values. The effect of the strain
history is revealed in two ways. First, different values of the strain cor-
respond to the same stress 7o depending upon the past rate of strain.
Second, the slope G* at the stress 7, varies widely between the value ob-
tained at high strain rates, perhaps only slightly less than the elastic
modulus, and the much lower value obtained at low rates of deformation.
Thus, for any condition of the specimen, the rate of change of stress with
strain must be considered as a function of the strain as well as of the stress.

No entirely satisfactory formulation of this relationship has been
achieved. An interesting attempt is represented by Holloman’s mechani-
cal equation of state®. In a much more elementary way, some account
can be taken of the strain history merely by estimating the value of G*
appropriate to each combination of 7, ¥ by scrutiny of experimental
records of the type exemplified by Fig. 1-36.

IX. An Atomistic Model for Creep; Transient Creep

In high-temperature metallurgy, there is added to the considerations of
the preceding sections the further complication of steady state creep, that
is, the steady flow of the material under load resulting in deformations
continuously increasing with time. Even though the steady creep rate
be very small, nevertheless the resulting deformation during the service
life of a part stressed at high temperature may be so great as to dominate
all other effects. In fact the determination of the steady state creep rate
is the primary concern of high-temperature metallurgy and most of the
material testing described in the following chapters is directed toward
this end.

The phenomenon is like the viscous flow of liquids in that the strain
rate is determined by the stress. In an earlier section, it was distinguished
from the phenomena of low-temperature plasticity, in which the stress-
strain relations are homogeneous, so that the strain rate is determined
by the stress rate. The steady creep of metals is distinguished from
viscous flow in liquids and amorphous solids primarily by this, that in no
case is the flow Newtonian, or even approximately proportionate to the
applied stress. For metals the typical dependence of strain rate upon
stress was illustrated in Fig. 1-2. If, as is usual in metals, the strain rate
is constant under constant stress, although not proportional, the flow is
described as quasi-viscous. A satisfactory rationalization of this behavior
has yet to be brought forth.

Very little of the available creep data have been obtained at constant
stress; technical creep tests are conducted at constant load and necessarily
exhibit the acceleration in creep rate due to diminution in cross section
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of the specimen.  But if this rather trivial effect could be sorted out, so
that the quasi-viscous component could be ascertained merely by waiting
until transient effects had subsided, still it would be found that metals
do not always tend toward a constant creep rate under constant stress.
The reason for this is, of course, change of state. If, during the period
of exposure to stress and temperature, the material changes phase through
recrystallization (or otherwise changes structure through the precipitation
or diffusion of microconstituents) the steady creep rate can alter even
though stress and temperature are held scrupulously constant. The recom-
mended range of operating temperature for any material is ordinarily
adjusted so that such structural changes are not likely to occur. They
are not further considered here; however, the possibility of their occurrence
should be held in mind whenever creep data are to be interpreted.

The atomistic model already used in Section 11 for the prediction of
viscosity in liquids can be made to serve for the prediction of the steady
creep of metals. In the solid state, it must be supposed that the ordered
regions of close packing are relatively extensive, with the “holes” or dis-
ordered regions localized and sparsely distributed. These holes are char-
acterized exactly as in Fig. 1-3. Even though the local imperfections of
structure be separated by many atomic distances, so that they are nearly
independent one of the other, it is still possible that in the aggregate they
are very numerous, so that the total population of soft points is not seriously
depleted by the occasional successful transitions. If it is supposed that
the potential barriers to transition for the several imperfections are all
high, then one has a model for a state of aggregation which can support
elastic shearing stresses. By the same premises, the imposed stress field
makes only a small modification of the activation energies at the soft
points, giving a slight bias in favor of transitions in the preferred direction.
Wherever through thermal fluctuation the free energy in the neighborhood
of an imperfection surpasses the least potential barrier, a transition in the
preferred direction occurs. Under the assumption of high barriers these
are infrequent, and, under the assumption of independence, these make
equal contribution to the macroscopic strain. This combination of as-
sumptions leads to a formulation of the dependence of strain rate upon
stress and temperature identical to that adduced for the viscous flow of
fluids in Section II, viz.,

y =7 )

n
where v is here only the steady state component of the creep. Quantita-
tively, the relative freedom of solid materials from loose points would
indicate a greatly reduced rate of strain, which is of course observed. But
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again, the model gives no indication of the dependence of activation ener-
gies upon the applicd stress, and the same assumption of linearity yields
the Newtonian case. An improvement of the model to account for the
observed nonlinearities of quasi-viscous creep would seem to be the first
priority task of high-temperature metallurgy.

The atomic model used for the (rather imperfect) prediction of the
steady state component of creep is certainly inadequate for the prediction
of the transient component, characterized by a very high initial rate of
deformation and a subsequent rapid deceleration. The refinement of the
model to account for this effect has received attention from Andrade,
Becker, Orowan and their co-workers® * **. It is necessary to consider
that in the early stages of the deformation, the material contains loose
points, or imperfections of very low activation energies, which are by no
means infinitely numerous, but which are, to the contrary, rapidly used up.
Then for the deformation to proceed, higher energy barriers must be sur-
passed. In this view, work-hardening is equivalent to the elimination
from the material of the imperfections of low activation energies.

When the virgin material is subjected to stress, the energy stored elas-
tically modifies the potential barriers, reducing the activation energies
required for transitions in the preferred direction. Wherever in the virgin
material the potential barriers were sufficiently low, they are extinguished
by the application of the load and the transitions occur instantaneously.
This accounts for the instantaneous component of the plastic deformation.
At other imperfections, the potential barrier in the preferred direction is
only reduced to a value which may occasionally be exceeded in the course
of thermal fluctuations in the local energy. The progressive elimination
of such imperfections accounts for the time dependent—initial creep.

To improve the mechanical model, one should know the distribution of
the A;, where A is the activation energy for the imperfection located at
point ¢ in a typical slip plane of the virgin material. One should further
know the modified values A, to which the A ’s are reduced by the applied
stress for transitions in the slip directions. Such information would permit
the prediction of the shearing rate as a function of load and temperature.
Actually, these distributions can only be inferred from observations of
the macroscopic behavior, and we undertake only to evaluate statistical
averages. We can form a first estimate of the way in which the mean
activation energy A’ necessary to continued deformation increases, as the
loose spots are exhausted, by examination of Fig. 1-37. In this figure, the
curve, which is identical with the left-hand curve of Fig. 1-32, measures
the distribution of activation energies in the virgin material. The sud-
denly applied stress 7, , which produces immediately the elastic strain v’’/,
also reduces to negative values of A{ a sufficient proportion of the A4,
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to produce instantaneously the macroscopic plastic deformation y’/. As
time goes on, the specimen creeps under constant stress to the deforma-
tion v;, exceeding the instantaneous v, by the creep strain /. It is
supposed that this time is taken short enough that the quasi-viscous
component, of the creep is inconsiderable.

The deformation v, might have been produced instantaneously by the
imposition of the stress r,. That is, a suddenly applied stress r, re-
duces to negative values the proportion of the A; corresponding to the

TT o ¢* t=0
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Fig. 1-37. v’ = Activation stress;
v’ = Transient creep strain;
v” = Instantaneous plastic strain;
7'” = Elastic strain;
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macroscopic strain 4; . Thus the difference 7' = 7, — 7, provides a meas-
ure of the proportion of imperfections eliminated during the creep v'.
One can call 7' the “activation’ stress corresponding to the applied stress
1o and the strainy, = v, + 4’. It is observed to increase with increasing
creep. Initially it is quite small; correspondingly, the material contains
imperfections for which the potential barriers, being reduced very nearly
to zero by the applied stress 7, , are exceeded by the smallest thermal fluc-
tuations. Since these occur very frequently, the time rate of deforma-
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tion is high. As creep proceeds, the loose spots are eliminated, and
large, infrequent fluctuations are required to exceed the remaining po-
tential barriers; this corresponds to greater values for +' and slower

rates of deformation. For v’ not too large, the activation stress is given
approximately by

= G*y' 47
where the modulus G* is to be evaluated at + = 7, on the stress-strain
curve for ¢t = 0.

The so-called activation stress 7/, as here defined, provides only a crude
measure of the disorder remaining in the material after the creep strain v’.
The definition implies that during the creep v, following the instantaneous
deformation v, , the same set of microscopic transitions is successfully
achieved as would be achieved if the total deformation v, were accomplished
instantly. This is hardly to be expected, since during erecep at the constant
applied stress 7o, the surpassing of the potential barrier at any particular
imperfection is entirely a matter of chance fluctuation in the local
energy. On the contrary, in the distribution of activation energies for the
imperfections remaining after the strain 4, , one should anticipate differ-
ences depending upon the way in which v, has been established; that is,
differences dependent upon the strain history of the material. Careful
measurements have established quite conclusively that such differences
do exist, although they may be relatively unimportant®™. The absence of
these differences implies the existence of a “mechanical equation of state”.
The presence of these differences implies that one’s estimate could be
improved by the substitution for G* in Eq. (47) of a different constant
dependent upon the strain history as well as upon 7, . In this connection,
the issue is of trifling importance, since G* is not itself a measurable quan-
tity, and whatever proportionality constant is to appear in Eq. (47) must
be determined by an empirical fit to observed creep data.

In order to obtain a useful characterization of transient creep one needs
to convert the activation stress 7’ into the corresponding value for the
mean of the activation energies A; appearing in the Einstein-Boltzmann
relation

v @ o(—4 slkT) (48)

so as to evaluate at least the mean frequency of transitions due to thermal
fluctuation. In this calculation, the 4; should be distinguished from the
activation energies at imperfections in the virgin material. Rather, one
wishes 7 to range only over the imperfections surviving after the specimen
has deformed to the strain v:, say; and moreover the 4; must, like the
A, reflect the reduction of the potential barriers in the slip direction due
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to the imposed constant stress 7o . From the average of this distribution
one could predict the rate of creep under stress 7o at strain v, .

Under this interpretation, Becker’s formula gives the activation energy
A within an average volume element V of the material as the following
function of the activation stress:

()2

A= -
2Go

(49)
where Gy is the elastic modulus of rigidity. Using this value for A, one
finds for the average frequency of successful transitions within V,

—(1'2/2GkT)V _ e—(alr)r'i (50)

v « e

To obtain a formula for strain rate, it remains only to evaluate the con-
tribution of a successful transition to the macroscopic strain. If it were
assumed, as for the case of viscous flow, that each transition made the
same contribution to the observed shear, the strain rate would also be
given by the formula (Eq. 50). But in the early stages of transient creep,
the material is rich in imperfections. These are so closely spaced that
the effect of a single transition upon the local stress field extends to neigh-
boring loose points, lowering the barriers to transitions there. In tran-
sient creep, inhomogeneities in the stress field, and interaction between
transitions, cannot be ignored. Thus, the stress relief achieved by a
successful thermal fluctuation at the point 7 may redistribute the stress
field at neighboring imperfections in such a way as to trigger off a whole
chain of transitions. That this interdependence actually exists is evi-
denced by the observed initial rate of transient creep, which does not seem
to be finite but which, to the contrary, appears smoothly to continue the
instantaneous deformation.

For such reasons, the hypothesis that suceessful fluctuations make equal
contributions to the macroscopic strain is untenable in transient creep.
Orowan conjectured that the interdependence effect might be accounted
for by taking the strain rate proportionate not to », but to (1/7")%, where
(1/7)? is to be regarded as an empirical factor’®. He wrote

y = S e—(B/T)r'Z (51)

as a simple, but surprisingly adequate characterization of transient creep.
The activation stress being zero at the commencement of transient creep,
the formula correctly predicts the infinite initial rate of creep strain.
Moreover, as the material hardens under continued deformation (and +’
increases), the density of imperfections (and accordingly the interaction
effect) decays in a way which is at least superficially consistent with the
formula.
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When the activation stress is expressed in terms of the creep strain,
Eq. (51) becomes

C

§ = @ ')2e—(B/T>(aw/)2
Y

(52)

where G* contains the dependence upon the applied stress, and perhaps
also on the strain history. Since the instantaneous stress-strain curve,
which provides the estimate of G*, depends on the temperature, G* is
temperature-dependent as well. 1In fact, it is the G* which mainly deter-
mines the temperature dependence of transient creep. For the exponential
factor of Eq. (52), in which T appears explicitly, is only a small correction,
serving to hasten the deceleration in transient creep rate at large strains.
Tor all the materials studied, the multiplier BG*?/T is so small that the
exponential departs but little from unity during the principal part of the
deformation. This accounts for the marked difference in the variation
with temperature of the transient and steady components of creep. The
quasi-viscous component, being more nearly an exponential function of
—(1/7), disappears quickly as the temperature is lowered. The transient
component, being dependent more upon G*, persists as the temperature is
lowered, being observed cven at temperatures close to absolute zero,
although at such temperatures the duration of the transient becomes
very brief.

If the exponential factor of Eq. (51) is approximated by unity, the
resulting equation integrates to

v /3 (53)

which is Andrade’s early formula for the transient component of creep.
In the present notation, the constant of proportionality is (3C)13(G*)~*/®,
This remarkable general result stipulates that for all materials, however
stressed at whatever temperature, the variation of creep strain with time
is in the early stages, represented by curves of the same slope, all cubic
parabolas. Since these form a one-parameter family, it should be possible
to find, for any material, combinations of applied stress and temperature
which determine a particular curve in that family, or, what is the same
thing, which correspond to the same constant of proportionality. This
possibility has been confirmed by Los, whose measurements on copper
and aluminum at appropriately sclected values of temperature and stress
are given in Fig. 1-38. The mcasurements yielded the variation of total
strain with time; to obtain the creep component, the observed strains were
reduced by the instantaneous strains, the values of which were chosen for
best fit. The agreement among the three sets of observations is dramatic,
but not superior to other cases not illustrated here.
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The smooth curve upon which the observations fall departs significantly
from the cubic parabola at times greater than about 15 minutes. The
smooth curve was calculated by mechanical integration of Eq. (52), after
best choice of the constant BG*? and therefore reflects also the exponential
reduction in strain rate at large strains.

The transient component of creep is thus fairly well predicted by a very
crude model, making only the most general assumptions regarding the
state of aggregation of the material. It may well be expected that sharper
results will flow from a closer examination of the molecular structure and
the nature of the imperfections. .\ tool for such an investigation is pro-
vided by the theory of dislocations, whieh is briefly reviewed in the follow-
ing section.

»
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X. Dislocation Theory

In the preceding discussions, a point of looseness or imperfection in the
material was envisaged as a hole into which an adjoining particle might
rather easily slip under the influence of thermal fluctuations or external
load. This model has a certain plausibility for liquids but is somewhat
strained in its application to polycrystalline metals and fails completely
in application to single erystals. Single crystals also deform plastically by
slip in a way which cannot be explained on the hypothesis of a perfectly
uniform crystalline structure. 1t must be supposed that single crystals
contain imperfections. The model proposed by Volterra for such imper-
fections was called by Love a dislocation. This model has served in a
qualitative, and even semi-quantitative way to explain the plastic behavior
of single crystals, as is witnessed for instance by the soap bubble experi-
ments of Sir Lawrence Bragg. Moreover, useful models of more compli-
cated states of aggregation, such as polycrystalline materials, may be
constructed as arrays of dislocations.
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In Fig. 1-39, the small drawing (a) represents a section through a perfect
crystal having a simple cubic lattice. The small drawing (b) shows a
section through the crystal after the atoms above the dashed line have
slipped one atomic distance to the right. Tt is supposed that the arrange-
ment of atoms on every parallel section through the crystal is identical.
The displacement of the upper left hand atoms has resulted in a line of
dislocation (normal to the plane of the drawing) where a vertical plane
of atoms terminates on the slip plane. The adjoining “vertical” atomic
planes are at least in approximate register as they intersect the horizontal
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Fig. 1-39. Propagation of a dislocation through a cubic lattice.

slip plane, but they are slightly deformed elastically, the material above
the slip plane being in a state of compression in the neighborhood of the
dislocation, whereas the material below is in tension. By convention,
this configuration is described as a positive dislocation. If the plane of
atoms to the right of the dislocation should divide on the slip plane, the
lower half falling into register with the atoms of the terminated plane, the
dislocation is propagated by one atomic distance, to the right. The con-
tinuation of this process to the boundary of the material relieves the
elastic strain and results in a permanent slip deformation.

The same deformation can be obtained in a different way as illustrated
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by the drawings (d), (e), (f) of Fig. 1-39. These show a displacement
in the opposite sense of atomic planes. If this originates in the right hand
boundary and is propagated to the left, the macroscopic shear is the same.
In the neighborhood of this imperfection, the material above the slip
plane is in tension, and that below in compression; it is a negative dis-
location.

The work which must be done by the applied forces on a perfect crystal
in order to produce a dislocation can be calculated from the elastic con-
stants by determining the energy stored in the strained material nearby.
Similarly, the work which must be done in order to propagate a dislocation
by one atom distance may be calculated.

Since the atoms in the neighborhood of a dislocation are under consider-
able elastic stress, it requires only a small external force to produce a
transition in the preferred direction. Therefore the energy expended in
the propagation of a dislocation is small. The propagation of a disloca-
tion across an entire slip plane through the body is easily shown to require
the expenditure of relatively little energy. In fact, the energy is only a
tiny fraction of the energy required to displace simultaneously the atoms
above the slip plane of a perfect crystal to the neighboring equilibrium
locations. In this way it is explained why the yicld stress of single crys-
tals is so very much less than would be required for the rigid displacement
of parallel atomic planes.

To explain the observed shear of crystalline materials under applied
stress, it does not suffice to assume that all the dislocations are generated
by the action of the external forces; to explain observed behavior there
must be many such imperfections present in the virgin crystal. Under
initial loading, certain of these dislocations are eliminated through propa-
gation to the boundary of the body and work-hardening results.

XI. Grain Boundaries, Fracture, Precipitation of Microconstituents

In the foregoing sections, the theory of plasticity of metals has been
developed on the basis of homogeneity of structure without regard to the
actual structure of polycrystalline substances, particularly grain bounda-
ries. The existence of grain boundaries, segregation of impurities, and
the possibility of other defects in the aggregate of metal crystals add
enormously to the complexity of plastic behavior. Measurements of in-
ternal friction of single crystals of copper indicate that this material is
fairly insensitive to mechanical shock. Polycrystalline copper, on the
other hand, has a tenfold increase of internal friction under similar condi-
tions of mechanical disturbance. Grain boundaries thus appear to be a
source of dislocations*’.

Much has been written about viscous behavior of grain boundaries, and,
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while there is evidence for support of this concept, it is really only necessary
to assume that grain boundaries are areas of disorder. The effect of grain
size in metals, when they are stressed at elevated temperature, is evident
in that larger grains generally show greater creep resistance than very fine
grains. This decrease in the grain boundary areas with increased creep
resistance coincides with the requirements of disorder. Examples of this
effect will be shown later under specific metallic systems.

In a characterization of metal fractures, a ductile failure is classed as
one which necks down at fracture. Generally, in the vicinity of the frac-
ture, deformed grains are visible under the microscope. The same metal
may fail in a brittle manner with little or no necking down at the fracture
and the grains are undistorted in the vicinity of the fracture. This deserip-
tion is obviously an idealized picture.
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At room temperature, ductile metals may fail in a brittle manner under
high-speed impact or other types of sudden shock. It is also true that
metals which are ordinarily ductile at room temperature may fail with a
brittle fracture when subjected to low temperatures. In the case of steels,
there are many factors such as notch sensitivity to increase the prob-
ability of brittle failure.

To explain such ductile and brittle behavior, it is assumed that metals
possess a fracture stress which is larger than that required for plastic flow.*
Where the surfaces intersect, fracture of the metal occurs. It is also
assumed that the fracture stress of the unbroken metal is dependent upon
the amount of deformation that it has undergone. On a conventional
stress-strain diagram, the curve for fracture stress appears above that of
the curve for the flow stress as in Fig. 1-40. When the flow stress for a

* Flow stress is defined as the greatest principal stress during flow under any
stress combination (McAdam).
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metal is raised so that it equals the fracture strength, then fracture occurs.
Or, stated another way, if the flow stress is less than the fracture stress,
the metal can deform plastically until it is stopped by fracture.

If two samples of the same metal are alike in all particulars except, that
there is a large separation hetween the curves for flow and fracture of one
of them, this sample then exhibits ductility. The converse is also true
that slight separation between flow and fracture curves indicates brittle-
ness. It is difficult to measure the fracture and flow stresses for a metal.
If plastic deformation occurs, the fracture stress has changed; while if
fracture occurs, further deformation cannot be measured. Low tempera-
ture experiments where brittleness can be induced are one method of
determining fracture strength. For single crystals, the temperature does
not influence the fracture stress, but there is a temperature effect for poly-
crystalline metals. Other variables which will change the flow and frac-
ture of metallic structures are the stress system, strain rates, and the
microstructure.

The type of fracture produced in a metal is strongly temperature de-
pendent. The effect is readily observed in a type of fracture resulting
from grain boundary sliding or intercrystalline fracture. In certain metals
such as plain carbon steel, the transition to intercrystalline fracture occurs
in a narrow temperature range which has been designated the equicohesive
temperature. The occurrence of grain boundary sliding at fracture is also
time dependent and is observed frequently after long creep test periods.
This effect will be illustrated in later sections of the text.

The precipitation of microconstituents in a metal changes the resistance
to creep. The presence of complex carbides in certain alloy stecls may be
largely responsible for their increase in creep resistance?’. In heat-resistant
alloys, the precipitation of microconstituents after prolonged heating at
high temperature will also change the creep resistance. This reaction
may or may not be detrimental to the load-carrying ability of the material.
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Chapter 2

Test Methods and Equipment for Elevated Temperature

A. OBiEct OF ELEVATED TEMPERATURE TESTING

Creep of metals is the continually increasing deformation which occurs
when a metal is stressed at a constant load while held at a constant tem-
perature. Creep tests are conducted to establish safe working stresses
for materials subjected to loading sustained usually at elevated tempera-
ture. The object of the tests is to determine the deformation to be ex-
pected in the metal during a certain period of service. Creep tests are not
suitable for acceptance tests since the time periods involved are too ex-
tensive.

It is convenient in investigating the creep of metals to apply a tensile
load on the test specimen. Such a practice in general does not simulate
actual service conditions, since shapes such as beams, pipes, shells, etc.
arc subjected to combined stresses. However, the centrifugal forces at the
root of turbine blades rotating at constant speed without regard to other
forces such as bending and vibrational stresses produce tensile stresses.
Bolts are also subjected to tensile stresses.

I. Test Periods

The observed behavior of metals stressed at elevated temperature de-
pends importantly on the length of the test period. The time factor is
an economic problem, as long test periods are costly. Test periods less
than 1 per cent of the expected life of the material are not significant?.
Where possible, a test period of at least 10 per cent of the service life is
preferred. The selection of a suitable test period for any material also
depends on the structural changes that may occur in the material and may
render extrapolation of the data on the time axis uncertain.

On the basis of length of the test period, elevated temperature testing
can be classified as follows:

(1) Creep testing at small deformations and low stresses for several
hundreds or thousands of hours at strain rates of the order of 10~
sec™t.

(2) Stress rupture testing at larger deformations and higher stresses
for a few hundred hours at strain rates of the order of 10~"sec™.

67
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(3) Short time tensile tests conducted at large deformation and the
high stresses encountered in the usual tension testing equipment at
strain rates of the order of 10~%sec™.

Since a great deal of the data available cover creep testing of metals,
this long time testing will be considered first.

B. Tension TEsTs

I. Creep Tests at Constant Load

When a metal is submitted to creep testing, it is placed in a furnace and
allowed to reach a uniform temperature. A zero reading of the length is
taken, the load is applied, and another reading is taken within a few min-
utes of application of the load. Thereafter, subsequent readings are made
at suitable intervals during the test. The data recorded comprise the
length and the cross sectional area of the specimen, the load, temperature,
and the time. Of these, the temperature and extension are the most
difficult to measure.

Standards established for creep testing require an accuracy in recording
the loading within 1 per cent’. Temperature variations over long test
periods must be held to an accuracy as follows?:

For a specimen with less than a 5-inch gage length, the temperature over
the gage length should be controlled to an aceuracy of

+1.5°C to 650°C (£3°F to 1200°F),

+3°C to 870°C (£5°F to 1600°F), and

+6°C to 1090°C (= 10°F to 2000°F).

The intervals of recording the extension under load of the specimen at
the test temperature are selected to define the extension-time curve suffi-
ciently accurately. This curve begins with a nearly instantaneous exten-
sion, part of which is elastic, and disappears upon removal of the load.
The plastic recovery which occurs in the specimen over a longer time after
unloading may also be recorded.

a. Object. The principal objective of the creep test is to ascertain the
steady state creep rate Vo = de/dt of Fig. 2-1 for the given conditions of
temperature and stress. Under conditions of fairly low temperature or
stress, the final value ¢ of the initial transient creep is also important.
Since most creep tests have been conducted under constant load, the
steady state creep rate is not directly observed, since the creep rate is
accelerated by the increase of true stress due to diminishing cross section.
Accordingly, it is customary to identify the minimum observed creep
rate with the steady state creep rate for that nominal stress. Unfortu-
nately, the acceleration on account of diminishing cross section may some-
times mask variation in steady creep rate due to structural changes in
the material.
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b. Time versus Elongation Curves. Typical time-elongation tests on
a 16 Cr-25 Ni-6 Mo alloy are shown in Fig. 2-2 and Fig. 2-3. The creep
rate is determined by drawing the tangent to the curve or, if more con-
venient, by calculating the average creep over a small interval of time.
From the time-elongation curves shown, the three stages of creep can be
seen.

c. Stress versus Creep Rate Curve. When the constant minimum
creep rate has been established for second stage creep, a more convenient
method of representation is to plot this value against the applied stress
that produced it on log-log coordinates. If the minimum creep rates
established for several creep tests carried out at different stresses under
constant temperature are thus plotted, often a fairly straight line relation-
ship results, as shown in Fig. 2-4. From this curve, the stress to produce
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Fig. 2-1. Tension creep curve: Plastic deformation as a function of time. (After
McVetty)

any desired stationary creep rate for the temperature of test can be se-
lected. If structural changes take place, such a procedure is impossible.

d. Allowable Creep Rates. Materials for use at elevated temperatures
are designed to allow for a certain minimum creep after a stated period.
Certain designers of gas turbines have set a standard of 0.1 per cent creep
in 10,000 hours as permissible for their service conditions. Other indus-
tries allow smaller or larger deformations in service. This value corre-
sponds to 0.01 per cent in 1000 hours or to 0.1 millionth of an inch per
inch per hour. The stress to produce the permissible creep rate (e.g. 0.1
per cent in 10,000 hours) is called the limiting creep stress.

The difficulties and expense of carrying out creep tests over very long
periods are great.  Short cuts to abbreviate the testing period are therefore
very attractive. It is inviting to extrapolate into the future data which
plot as straight lines on logarithmic stress and time scales.  This practice
is unsafe. The large amount of creep data available in recent years makes
it evident that the facts generally do not admit of such a procedure.
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72 METALS AT HIGH TEMPERATURES

e. Time to Fracture. Carrying out creep testing by measuring the
strain and calculating the strain rate even over prolonged periods does not
in itself give any indication as to when fracture of the specimen may occur
in the future. This is more apparent if attempts are made to predict
fracture by translating the effects of testing to lower stresses. The effect
of time on the deformation of a material in relation to fracture is not sim-
ple. On the contrary, in general, all materials under load at high tempera-
ture show a decrease in ductility with time. Changes in the structure of
the metal such as precipitation of micro-constituents result in lowering of
the ductility. The effect of time in decreasing the ability of a metal to
deform will be shown later in the text for many metallic systems.

i 1
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" 32 48 A5 116 259 16
o
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3 —4’—#‘__/
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(Courtesy American Brake Shoe and Foundry Co.)

Fig. 2-4. Log-log plot of stress versus strain rate of cast Alloy 26-12 tested at
982°C (1800°F).

f. Increased Creep Rates due to Structural Changes. There are many
changes occurring in a metal under load at elevated temperature which
cause an increase in creep ‘rates. The movements that take place in a
crystal aggregate during recrystallization may produce creep or increase
the creep rate. This is reported for lead which recrystallizes at room tem-
perature, for brass when stressed above 370°C (700°F), and for steel
heated from 315 to 538°C (600 to 1000°F) after deformation. In general,
the transformations resulting in changes in the microstructure of a metal
or alloy produce increased creep rates. The creep time-curve is also
changed by spheroidization in steel and by localized flow by means of cracks
as observed in lead.

g. Creep Testing Equipment. Creep testing equipment consists essen-
the other samples on test. The equipment is often set up as a battery of
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tially of a device for applying a constant load over an extended time, a
means of measuring the extension of the specimen very accurately, and a
means of heating the specimen under closely controlled conditions. The
development of creep testing over a period of many years has been largely
devoted to increasing the accuracy of measuring small deformations, more

Fig. 2-5. Lever arm creep
machine.

(Courtesy Westinghouse
Electric Corp. and Baldwin
Locomotive Works.)

rigorous temperature control, and increasing attention to the chemical
composition, prior treatment, and other physical data of the test material.

1. Arrangement of Test Specimen. Most creep testing equipment is so
arranged that each specimen is centered in its own furnace and held on
an individual frame so that the jar of breaking a specimen does not disturb
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Fig. 2-6a. Lever arm creep machine.

the other samples on test. The equipment is often set up as a battery of
such units in conjunction with panels for instrument control. A single
unit® for creep testing is shown in Figs. 2-5 and 2-6.

Some creep testing furnaces are designed for multiple testing as in a
recent installation?! where 48 test bars are tested at the same temperature
but with different loads. Another arrangement provides 36 stations in
the same furnace with individually adjustable loads. The furnace and
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the temperature controlling devices for this equipment are shown in Figs.
2-7 and 2-8. The machine is so constructed that 2 bars can be inserted
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at each station so that 72 specimens are tested at the same time, but the
load must be the same for each pair. In this installation, the outer jacket
revolves slowly to maintain a uniform temperature. Within the furnace,
each specimen has its own additional heating unit. By this method, the
temperature variation over the gage length of the specimen is exceedingly
small.
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2. Loading Mechanism. TFor simplicity and economy, the specimen is
generally loaded through a lever arm by dead weights. It is often con-
venient to maintain a ratio of about 10:1 in the loading arm, and, by the

(Courtesy Sulzer Brothers, Winterthur, Switzerland.)
Fig. 2-7. Multiple creep testing unit with control panels.
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Fig. 2-8. Multiple creep testing unit showing the connection of u single specimen
in furnace with the pressure regulator.

use of counterweights, to eliminate the tare®.. In an individual case, a
10-gm weight placed on top of the specimen grip will balance a 1-gm
weight attached to the loading shackle®. Under these conditions, the maxi-
mum error in loading is reported as 0.06 per cent. In other installations,
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the lever arm ratio may be different, such as 20:1. The range of applied
stress may be 50 to 50,000 psi in steps of 50 lbs?®.

In the installation for testing 36 and 72 specimens shown in Fig. 2-7,
space saving requirements prevented the use of dead weight loading. A
system using hydrostatic pressure from an oil reservoir operates a series

(Courtesy Sulzer Brothers, Winterthur, Switzerland.)

Fig. 2-9. Multiple creep testing unit showing loading mechanism.

of specially designed pressure regulators in conjunction with a servo-
mechanism which controls accurately the load on the test piece. The
system is conveniently operated from a central position and the load is
applied by means of a hand wheel for each individual specimen as shown in
Fig. 2-9.

The threaded ends of the test piece are held in grips of a heat resistant
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alloy or of a ceramic material. Axial alignment is provided by crossed
knife edges at the grip or by ball bearings at the points of leverage outside
the furnace.

3. Temperature Conirol. In creep testing, the maintenance of uniform
temperature over the gage length of the test piece is of utmost importance.
Much of the earlier creep data are unreliable due to inadequate control in

Fig. 2-10. Radiograph of winding.

(Courtesy American Brake Shoe
and Foundry Co.)

this respect. To insure a uniform temperature over the gage length of
the specimen, the winding of the furnace may be arranged as in the radio-
graph shown in Fig. 2-10. In this case, the leads are connected to shunts
to provide more precise temperature adjustment for each individual tests.
It is reported that, with this winding, the maximum temperature varia-
tion over the gage length is =1°F. In all installations, the temperature
control should be automatic-recording.

The temperature over the gage length of the specimen may be controlled
by three thermocouples. In one arrangement, they are attached at five
points by means of spot welding. After uniformity of temperature has
been established, only the top, middle, and bottom couples are checked
daily®. The maintenance of constant calibration is made difficult by
contamination from oxides of chromium and iron which volatilize and
condense on the thermocouple leads. Such effects may result in an error
of 10°C (18°F). Temperature variations along the gage length of a test
bar at 982°C (1800°F) and 760°C (1400°F) are shown in Fig. 2-11. Fluctu-
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ations of temperature for a short period® and for a long period are shown
in Figs. 2-12 and 2-13 in the installation shown in Fig. 2-10.
In a room filled with a group of creep testing furnaces, variations due
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Fig. 2-11. Representative thermal gradients along test bar gage lengths.
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Fig. 2-12. Short time fluctuations in control temperature.

to temperature fluctuations in the Constantan resistance slide wires and
in the batteries of pyrometers must be considered. In many instances,
air conditioning has been used. Voltage regulation of the power supply
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is also important; fluctuations should not exceed the order of 41 per cent®.
4. Effect of Temperature Variations. That the results of creep tests
may be critically dependent upon the maintenance of uniform tempera-
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Fig. 2-13. Long time fluctuations in control temperature.
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Fig. 2-14. Test bar for creep determinations.

ture is indicated by an interesting experiment® on two identical specimens
of a cast 26 Cr-12 Ni steel having the following analysis:

Material Chemical Analysis
C Mn Si Ni Cr N
Cast 26-12 0.32 0.46 0.45 11.5 25.9 16
Bar Stress Temp Time Elong. % ~ Type of
psi ) (°F) (hrs) per 1000 hrs est
A 3000 982 1800 5308 3.9 Standard
B 3000 982 1800 221 26.0 20° F cycle

(a) Specimen broke.

(b) Test discontinued. Bar had 4.5 per cent residual elongation.
Both bars were subjected to the constant stress of 3000 psi at the average
temperature of 982°C (1800°F). TFor bar A, the temperature was main-
tained constant at the average value and the steady creep rate of 3.9 per
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cent per 1000 hours observed. For bar B, the temperature was varied by
+6°C (£10°F) about the average in a cyclic fluctuation of 7 minutes
period. In this case, the reported steady creep rate was more than 20
per cent per 1000 hours. This is very much greater than the rate corre-
sponding to the constant temperature equal to the peak value of 1810°F.

5. Test Spectmens. The standard test bar recommended for use has a
uniform cross section accurate to +0.5 per cent throughout the gage
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ot
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(Courtesy American Instrument Co.)
Fig. 2-15. Schematic drawing of Tuckermann strain gage.

length, which is at least 2 in3 8- 12,4 The diameters are often 0.505,
0.357, or 0.252, but the preference is 0.505 in, as shown in Fig. 2-14.

6. Extensometer Measurements. There are various methods for reading
elongations of the specimen. Extension arms attached to the specimen
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protrude from the furnace and operate micrometer dial gages or optical
levers. The Tuckermann optical strain gage consists of an extensometer
attached to a test piece to measure an increase or decrease in length, and
an auto-collimating tube with a reticle for reading the change in dimension.
The tube is separate from the extensometer and may be adapted to reading
more than one specimen. In Fig. 2-15, the optical system and arrange-
ment of the parts are shown for measuring changes in length of a test piece

Fig. 2-16. Tuckermann strain gage.

(Courtesy American Instrument Co.)

at room temperature. Two extensometers may be attached to the speci-
men, one on each side, and the readings averaged. This arrangement
automatically compensates for slight bending if it occurs in the test piece.

The extensometer carries a knife edge at one end mounted on the speci-
men for marking the gage length. A lozenge of ground and polished
““Stellite” rests on the specimen and marks the other end of the gage length
which for a 2-in section may be as accurate as £-0.0002 in. As elongation



TEST METHODS AND EQUIPMENT 83

or contraction occurs in the test piece, the lozenge rocks on one edge and
deflects a light beam reflected from the surface of a prism also shown in
the drawing. The degree of rocking is measured in the auto-collimator.

This optical strain gage measures changes in length with a sensitivity of
0.000002 in.

(Courtesy of Baldwin Locomotive Works)
Fig. 2-17. Unit for recording strain and time.

For elevated temperature service, it is necessary to place the extensom-
eter outside the heated zone of the furnace. In Fig. 2-16, a typical arrange-
ment is shown for attachment of the extensometer indicated by the letter A.
The two adapters at B are clamped to the specimen C and mark the gage
length. The rods D extend from the top and bottom adapters to the
extensometer below. The upper portion of this apparatus operates in
the heated zone of the furnace. From the illustration, it is evident that
the two rods D which are attached to each extensometer transmit the
dimensional changes in the gage length to the extensometers placed at
either side to compensate for bending of the specimen. The extensom-
eters rest on a metal plate F and are held flexibly against the rod G.

In the creep equipment shown in Fig. 2-5, automatic reading of the
elongation of the specimen is provided by the unit shown in Fig. 2-17.
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The extensometer is attached to the specimen by pin holes drilled in the
shoulder of the specimen?®®. As the specimen elongates, electrical contacts
in a circuit become separated and the break excites an electric motor which
drives a follow-up and closes the contacts again. The motor also operates
a revolution counter whereby the elongation of the specimen is recorded.
In this equipment, the revolution counter registers extensions in units of
0.000025 in. In another installation, the counters are photographed by
a motion picture camera which takes a single exposure every 4 hrs!,

7. Furnace Atmospheres. Some creep tests are equipped to operate in
inert atmospheres, but, for the most part, tests are conducted in air?.
Creep testing of aluminum alloys is carried out in furnaces immersed in
liquids for maintenance of the temperature required. For lower tempera-
tures, hot water under thermostatic control is satisfactory!®. For tem-
peratures up to 190°C (375°F), boiling glycol-water solutions recirculated
by a reflux condenser maintain a temperature control of less than +13°F
in the system.

8. Form for Reporting Data. A standard form for reporting creep
measurements is shown in Table 2-1 which is recommended by several
laboratories from many years of creep testing. Emphasis is placed on a
complete description of the manufacturing procedure and the physical
properties of the material prior to testing. Space is provided for the
recording of the conditions of the creep test as temperature, load, elonga-
tion, and time. Subsequent to plotting of the elongation versus time, the
tangent to the curve, the intercept, and the creep rates are recorded. After
completion of the test, changes in the microstructure and physical proper-
ties due to stressing at elevated temperature may be noted.

II. Stress Rupture Tests (Creep Rupture Tests)

a. Object. Stress rupture tests (sometimes called sustained load tests)
are conducted to estimate the ability of a metal to resist fracture under
prolonged stressing at elevated temperature. They differ from creep tests
in that stresses are raised sufficiently to cause failure in shorter periods
usually not exceeding 1000 hrs. Many stress rupture tests are conducted
in 10 to 400 hrs. For certain types of service it may be important to know
the strain of the metal at the time of fracture. This is obtained from
measurements of the specimen after fracture.

The data recorded from these tests are usually plotted in log-log co-
ordinates of stress versus rupture time and the stress varied to produce
rupture in 10, 100, and 1000 hrs. If no structural changes occur during
the test period, a straight line relationship usually holds. For example,
Fig. 2-18 shows the fracture time for different stresses at 982°C (1800°F)
for a cast 25 Cr-12 Ni alloy?®.
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While the principal objective of the creep rupture test is to determine
the time to fracture, it is possible before fracture to determine the elonga-
tion as a function of the time, as in an ordinary creep test. From these
additional data, the steady creep rate at very high stresses may also be
estimated. The stress rupture data become more edifying if the creep
data are also presented as in Fig. 2-18. For instance, if the permissible
creep rate were as great as 0.0001 per cent per hour, the limiting stress at
982°C (1800°F) for the material would be determined by Fig. 2-18 as 2200
pst which corresponds on the figure to fracture in less than 5000 hours.
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Fig. 2-18. Correlation of creep data with stress rupture data. (After Fellows,
Cook, and Avery)

A warning must be given here against the practice of extrapolating the
time-to-fracture curve to predict failure of materials at the low stresses
and long periods encountered in creep testing. It must be remembered
that overloading bars at high temperature and attempting to extrapolate
these data to lower stresses may lead to many dangerous conclusions.
However, stress rupture data yield useful information for limited service
life, particularly for gas turbines operating in aircraft.

b. Design Curves. When the stress rupture test is conducted by meas-
uring the elongation of the specimen at specified intervals, and the time
and strain at fracture, another presentation of the data is often useful.
This representation, known as a design curve, exhibits in a single drawing
the results of stress rupture tests at many applied stresses as in Fig. 2-19.
Here the time to rupture for the given material is exhibited as a function
of the applied stress, the stress scale being linear and the time scale being
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logarithmic. The strain at rupture is indicated for the several loads at
which the tests were conducted. Additional information is given by curves
showing the time to reach 0.2 and 0.3 per cent strain at various stresses.
The curve for transition from second to third stage creep identifies the
time and stress at which acceleration in the strain rate due to necking
begins, the corresponding strains being recorded on the figure. The mini-
mum creep rate as a function of the stress is represented by a curve referred
to the upper scale.

CREEP RATE— % /HR
Q.00001 0.000! O

<

3

048 % | 0.99%

o

Z_&'_‘M

PTURE / CREEP RATE
o

TEST LOAD—1000PSI
&

& 'k428"
EX 24x10° P81 AT?ZB%SIFEO

oL
| 10

100 1,000 10,000 100,000
TIME AT LOAD—HOURS o

Fig. 2-19. Design curves for K42B* at 650°C (1200°F). Specimens machined from
hot rolled bar stock. Heat treatment: Solution treatment 1065°C (1950°F), 1 hr.; oil
quenched; aged 732°C (1350°F), 20 hrs. (After Scott and Gordon)

* See Chapter 5 for further description of this alloy.

c. Equipment. The cquipment used in creep testing is suitable for
stress rupture measurements if allowance is made for the difference in
elongations which occur in stress rupture tests, since the stresses are much
higher. The extensometer is therefore less sensitive in design and may
read in ten-thousandths of an inch (0.010) for strains up to failure!*. Since
elongations are large the test specimen may be designed with a shorter
gage length, such as 2 in.

Recent designs in equipment for conducting creep rupture tests incor-
porate some novel features for labor saving and space saving improvements.
The machine shown in Figs. 2-20 and 2-21 does not usc weights and lever
arms for application of the load, but a motor driven screw jack loads the
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specimen through a spring load weighing block. Creep, or elongation,
is measured by the travel of the screw jack while engaged in maintaining
constant load on the specimen. The deflection of the spring load weighing
block is indicated by the dial gage which has been calibrated in pounds
load on the specimen. An electric contact on this dial gage controls the
motor driving the jack to hold the load constant on the creeping specimen.

Fig. 2-20. Screw driven stress rupture machine.

(Courtesy Weslinghouse Electric Corp. and Baldwin
Locomotive Works.)

The capacity of this machine is 100,000 psi on a standard 0.505 in test piece.
This screw driven type of stress rupture machine can also be adapted to
short time tension tests and relaxation tests.

III. Short Time Tension Tests

Short time tension tests at elevated temperature are used to study the
effect of heating a sample and testing under strain rates encountered in
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(Courtesy Westinghouse Electric Corp. and Baldwin Locomotive Works.)
Fig. 2-21. Schematic drawing of Screw Driven Stress Rupture Machine.

the ordinary tensiletesting machine. These tests do notindicate the proper-
ties of a metal subjected to stressing at high temperature for long periods.
They are, however, sometimes used for rapid estimation of materials
which may warrant further study.
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Short time tension tests are carried out in any standard tension testing
machine with suitable arrangement for heating the specimen and holding
the temperature constant for the short test period. An automatic stress
strain recorder is convenient to use with this equipment. The arms of the
extensometer which reach into the furnace may be made of some heat
resistant alloy.

IV. Relaxation Tests

The phenomenon of relaxation is exhibited when a metal is stretched
and held at a given elongation so that the strain remains constant. Under
these conditions, creep begins at a rate dependent upon the stress in the
test piece. Due to the restraint in the metal, a release of the load occurs,
which is balanced by an elastic shortening of the material under test
A schematic drawing of this phenomenon was shown in Chapter 1 (Fig.
1-34). Relaxation tests are especially useful for determining stresses
suitable for materials to be used for bolts under conditions of high tempera-
ture. Relaxation tests can be conducted in several different ways. In
one type of test, the sample is placed in the furnace cold and stressed to
some predetermined value which is selected to give the maximum allow-
able deformation of a bolt in service. After a suitable time at test tempera-
ture, the creep rate is measured for this stress. The stress is then lowered
a specified amount and the creep rate again measured. A record is main-
tained of the creep rates for the different stresses of this step down test.
The residual stress may be taken at the end of, for example, 1000 and 10,000
hrs. Many heat resistant alloys are examined on the basis of the deforma-
tion resulting from an initial stress of 50,000 pst.

A relationship for the residual stress and relaxation creep data has been
suggested by Robinson as follows?:

e
(n — DroKt
t = elapsed time (hr)

b = elasticratio, total system to that of creep bar
n = % increase in creep rate per 9% increase in stress
or the inverse slope of stress-rate curve for creep test -
E = modulus of elasticity (psi)
7o = nominal creep rate (in/in/hr)
S, = nominal strength (psi to cause o)
S = residual stress (psi after time )

V. Abridged Methods of Creep Testing

In the earlier investigations undertaken to establish creep data for
metals at elevated temperature, numerous attempts were made to devise
experiments to evaluate the long time behavior of the specimen from short




TEST METHODS AND EQUIPMENT 93

time tests. These depend on setting standards for allowable deformations
at periods of only a few hours®: 2. %#. %, The difficulties in such evalua-
tions still remain, so that extrapolations on the time axis are uncertain.
For short test periods, it is often impossible to establish second stage creep
rates. Furthermore, short test periods do not take into account the possi-
bility of structural changes in the material during its service life. For all
creep testing, the great problem is the prediction of structural changes which
may occur over long periods. A recent evaluation of several of the early
standards for creep tests indicate some promise, and they are therefore
given below?.

a. Hatfield Time Yield. The Hatfield time-yield test is based on a
total period of 72 hrs. The time-yield stress is defined as the maximum
stress which produces a deformation not greater than 0.05 per cent during
the first 24 hrs. This time-yield stress, moreover, during the next 48 hrs
must not produce an average creep rate greater than 10-¢ in per in per hr.
The limiting creep stress has had several interpretations, such as the stress
required to produce 0.048 per cent or 0.05 per cent elongation during the
last 48 hrs. To conduct a time-yield test, the specimen is subjected to
several different stresses and the deformation plotted against the time.
Extrapolation of these values provides information on the stress required
to obtain 0.00053-in deformation between the 24th and 72nd hour of test.

b. D.L.N. (D.V.M.) Method (German). This method likewise suggests
a shortened test period, which is the stress required to produce a creep
rate of 1 per cent per 1000 hrs between the 25th and 35th hour. The
stress for this creep resistance is defined as the “conventional limit”’, and
the test period is a total of 45 hours. The second requirement is that the
permanent deformation should not exceed 0.2 per cent by the end of the
45th hour.

c. Barr and Bardgett Method. This test is an accelerated type of test
lasting 48 hours; it depends on the relaxation or decrease in stress in a
specimen over this period. A test piece 6 in long by 0.25 in diameter is
fastened at both ends and stressed in axial tension in a heavy frame. The
load is applied by means of a screw at the top of the specimen at some
selected constant temperature. A weigh bar attached at the lower end of
the specimen measures its extension by means of a dial gage. The elonga-
tion of the weigh bar is calibrated for various values of the load.

At the selected test temperature, an initial stress is applied to the speci-
men. During the 48 hour period, the specimen elongates and the decrease
in stress is recorded at the end of the test. Several tests are conducted
at the same temperature with different initial stresses. Curves are drawn
to show the decrease of stress plotted against the initial stress. The
“limiting creep stress” is defined as that stress which will not decrease
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measurably for the 48 hour testing period, and is indicated by the inter-
section of the curve with the initial stress axis.

C. Crrer Tests UNDER ('ONSTANT STRESS
Creep tests carried out under constant stress require a device for main-
taining the stress constant as the specimen elongates during the test.

Under the assumption that the volume of the material remains substan-
tially constant during the test,

A L
401

where [, and A, are the length and cross-sectional area of the specimen

at the moment of application of the load and [ and A4 are the length and

cross-sectional area at some subsequent period. Devices for constant

stress tests consist of methods for decreasing the load on the specimen as

it elongates since the force is inversely proportional to the elongation.

I. Device using V-Shaped Specimen®

One convenient arrangement utilizes & wire bent into a V-shape with
the ends supported at the top and a stress applied at the vertex of the angle
as shown in the inset of Fig. 2-22. As the legs of the V-shaped specimen
elongate, the angle «y becomes smaller and the load decreases. If the force
in the vertical plane is F;, the load applied at the vertex is w, and the angle
after closing is «, then

w
-2-=F,=Fcos;.

The stress S in each leg is expressed as,

F w o
=

At the time of starting,

where Sy, ay, and Ay are initial values.
Then
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Fig. 2-22. Schematic drawing of V-shaped specimen for constant stress creep

test. Curves show variation of stress with initial angle.  (After Fisher and Carreker)

Since the elongation is at constant volume,

ap
s 1°%2
S" - ;0 COS(‘.

2

If the distance between the points of the supports is fixed,

R

sin -

[\

b
=2

. ao
sin —
2

Eliminating a by this equation yields
1\2
Iy
LY 2 20
/‘ﬂ-k [(l—;)) — l]sec 2

If e is made nearly equal to 90°, the stress S is found from this expression
to vary but little with increasing elongation as illustrated by the figure.
In this graph of S/S, versus the true strain ¢, variations are shown for ag

S_
S



96 METALS AT HIGH TEMPERATURES

at 85, 90, 95, and 100°. The two dashed lines indicate a small range for
the ratio S/S; from values of 0.99 to 1.01. It is also possible to measure
the small increase x at the vertex during the test rather than the change
in length of the specimen. The upper line in the figure marked oy = 0
(specimen is a straight line) shows the relation to S/S, and the true strain
e. This method is suitable for testing small wires with a reasonable ac-
curacy. It could be used with larger specimens with suitable grips for
holding the two rods at the vertex.

II. Device using a Weight Operating through a Linkage!

A more complicated and somewhat more accurate method than the one
described above maintains a tensile force on a horizontal specimen which is
pulled from both ends so that the center does not change its position.

A‘B-fa/-%r‘
6¢ oH
Fig. 2-23. Device for maintaining constant stress
10 on a rod operating through a linkage. (After
Andrade)
m
K
L4
8d o

During the test, the pull diminishes as the specimen elongates and decreases

in cross-section. In Fig. 2-23, a cylindrical specimen S’S is attached at

either end to the rigid rods AB and CD which are pivoted at positions

Band D. A weight placed at W applies a force at G and H which in turn

causes A and C to approach each other as the specimen increases in length.
From the geometry of the system,

AB_ CD
GB HD’

If AG = ¢,GB = f,and r = CD

D’ then

c
-1 -
r +f
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If GL = HL = p and the angle subtended at GLH = 26, the horizontal
force at G is

1
F = EW tan 6.
The axial force is
F' = l W tané
T or ’

Assume that at the time of starting, the length is lp and the angle 6,, and
at some subsequent time, the length is [ and the angle 8. Then the speci-
men length 1 is

1= I+ 2pr(sind — sin @) .
If ¢ = 2pr/ly, it follows that
1 = L[l + c(sin @ — sin y)].

It follows by an argument similar but more complicated than that outlined
for the V-shape specimen that constancy of stress may be maintained within
very close limits of accuracy. In fact, for a value of « of 8°, where
a = 6, — 6, a specimen which has been extended 30 per cent, may be held
to a constancy of stress of 0.2 per cent. This linkage method of test offers
an advantage in accuracy over the V-shaped specimen in that there are
two parameters, ¢ and 6,, to adjust.

D. TorsioNn Creepr TEsTs

Metals may be tested at elevated temperature in torsion with specimens
in the shape of thin walled cylinders which provide a fairly uniform radial
stress distribution depending upon the wall thickness and diameter of the
test sample. However, the difficulty of manufacturing certain heat re-
sistant alloys in tubular form may preclude this type of sample. One
arrangement for creep testing in torsion has the lower end of a tubular
specimen attached rigidly to a frame and twists the upper end through a
constant torque’. Means are provided for heating the specimen at con-
stant temperature and for reading the angle of twist to determine the
shear strain.

A view of an installation for creep testing in torsion showing the furnace
for heating the specimen and a wheel for application of the load in torsion
is given in Fig. 2-24. This equipment is designed to test a solid cylinder
utilizing a cylindrical specimen 22 in long and § in diameter with a 2 in
gage length of 0.75 in diameter.

The equipment may be utilized for a rapid twist test by means of a
variable-speed D.C. motor. The displacement of a pendulum pattached to
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one end of the specimen indicates the maximum torque. Long-time
torsion creep-testing is controlled by a constant load applied by a torque
wheel. The equipment provides autographic recording of the load versus
strain for the short-time twist test and for the strain versus time for the
torsion creep test. With this arrangement graphs of torsion creep rate

(Courtesy M. W..Kellogg Co.)
Fig. 2-24. liquipment for creep testing in torsion.

versus the maximum fiber stress in torsion plotted on log-log coordinates
appear to follow a straight line under the test conditions as reported.

To evaluate the tension and torsion creep test, a comparison is given
in Table 2-2 of the results of creep in tension and creep in torsion of a
steel tested in the form of a hollow cylinder. The analysis of the material
is as follows’:

C. Mn S P Si Mo
0.146 0.54 0.018 0.015 0.21 0.53
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The steel was produced in a 60 ton open hearth furnace; the samples had
a heat treatment of annecaling at 732°C (1350°F) for 1 hr followed by fur-
nace cooling 27°C (50°F) per hr to 593°C (1100°F), and were finally cooled
in air.

Steels at room temperature have a ratio of yield point in shear to yield
point in tension of about 0.6. From the results shown in Table 2-2, this
ratio still holds at test conducted at 426°C (800°F). When the tempera-
ture is raised to 565°C (1050°F), the ratio of creep in torsion to creep in

TaBLE 2-2. ComprARrisoN OF TorsioN CREEP AND TENsSiON CREEP IN A
0.5 Per CENT Mo STEEL

Stress for Designated Creep Rate Ratio Torsion Creep to
mp (psi) Rate 9, per 1000 Hrs Tension Creep
(°C) (°F) Type of Test at 0.01%, at 0.10%, at 0.019%, at 0.10%
2 800 Torsi 12,2 1

426 orsion s (30 7,800 0.63 0.60
426 800 Tension 19,250 29,750
565 1050 Torsion 4950 7500
565 1050 Tension 6200 12,800 0.80 0.59

tension is 0.6 for the higher creep rate of 0.10 per cent per 1000 hours, but,

at the lower creep rate of 0.01 per cent per 1000 hours, this ratio becomes
0.8.

K. COMBINED STRESS

1. Notched Specimens

The effect of combined stress in its relation to high temperature will next
be examined. A state of stress represented by a triaxial stress system in
which the mutually orthogonal principal stresses s, sz, and s; have different
values is difficult to obtain experimentally. A biaxial stress system where
two of the principal stresses are equal is a simpler representation for the
case where the principal stress s; is the greatest and the stresses s, and s;
are equal. Combinations of the uniaxial stress systems and the torsion
experiments described in the preceding sections of this chapter provide one
means of establishing a biaxial stress system. Another experimental ap-
proximation to a biaxial stress system is a notched solid cylindrical rod in
tension in which the principal stress s; operates along the axis of the speci-
men and the radial stress s;, perpendicular to s; and algebraically less than
81, oceurs at the base of the notch where the cross section is a minimum.
The radial tension at the minimum diameter is comprised of the two stresses
s; and 83, equal to each other, mutually perpendicular and rotatable around
the axis of the specimen. In such a system, it is assumed that the radial
stress is uniform. The distribution of the stress within the notch is contro-
versial but it is sometimes considered as zero at the outer surface limited
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by the boundary conditions and reaches a maximum at some interior
position.

Tension tests on notched bars are effective in relating the influence of a
biaxial stress system to the true breaking stress, the yield strength, and
the true strain. The presence of the notch adds the variables of notch
depth, notch angle, and radius at the base of the notch. The evaluation
of the stress concentration factor is difficult but it is known to decrease
during plastic deformation. The extent to which plastic deformation
relieves the stress concentration at the base of the notch is large for certain
metals as copper and less for many other metals.

Although the experimental results of the effects of biaxial stress systems
on metals at room temperature have been investigated to a considerable
degree, much less information is available for creep tests on notched speci-
mens at high temperature. A few suggestive experiments are indicated
in this section to show some of the trends that certain alloy steels exhibit.
If notched bars are broken in a stress rupture test at elevated temperature,
it is found that the existence of the radial stress component has sometimes
increased and some times decreased the time to fracture, as compared to
the effect of the same test on a smooth bar.

It is possible to compare the effect of different types of notches with
unnotched specimens by conducting stress rupture and creep tests at ele-
vated temperature and by evaluating the true stress and the reduction of
area at the time of fracture of the specimen. The results of such a series
of tests are shown for an austenitic steel with the following composition??:

Steel No. 1 Chemical Composition (%)
C Mn Si Ni Cr W \% Co Ch
0.47 1.02 1.4 14.3 13.9 3.14 0.2 10.0 ‘ 2.3

The test specimens consist of unnotched creep test pieces and of two types
of notched bars, one with a sharp V notch with an angle of a 60° opening
and one with a round notch of 1.5 mm radius of curvature. The results
of testing at 650°C (1202°F) and 700°C (1292°F) for various periods of
time from 2 minutes to 2350 hours are shown in Fig. 2-25. When the true
stress in kg per sq mm measured at fracture is plotted against the per
cent reduction in area on linear scales, an S-shaped curve can be drawn
through the points at constant temperature to indicate the variation in
the reduction of area or ductility.

The solid line in Fig. 2-25 shows the test results at 650°C (1202°F); the
broken line shows the results at 700°C (1292°F). The reduction in area
plotted against the true stress for the smooth bars follows the double
S-shaped curve consistently. The minimum contraction is indicated at
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about 169 hrs; the maximum contraction occurs at the opposite end of
the second loop at 1673 hrs.

The position of the notched bars shown in Fig. 2-25 also follows a pat-
tern in these tests. At 650°C, the bar with the sharp notch of 0.5-mm
radius and a 60° angle broke in 35 hrs with a reduction in area of about 4
per cent. The bar with a round notch of 3-mm radius broke in 1012 hrs
with a reduction in area of about 13 per cent.

The results of testing notched bars at 650°C suggest that the bar with
the sharp notch failed in 35 hrs due to the greater stress concentration at
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Fig. 2-25. True stress at fracture versus reduction in area for Steel No. 1 tested
at 650 and 700°C. (After Siegfried)

the base of the notch. It is also in the region of the curve where the de-
formation capacity is lower. The other notched bar with a testing time
of 1012 hrs has a lower stress concentration due to the rounded notch, and
at the same time it is in the region of the curve where the deformation
capacity at this loading period is greater.

From such curves it is evident that the deformation capacity of this
steel varies considerably with time and may increase or decrease depending
upon the course followed in the S-shaped curves. This method of showing
the effect of true stress, reduction of area, and time has been duplicated for
several steels and for tin alloys. It appears likely that the S-shaped curves
exist for other metallic systems.
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Fig. 2-26. Fractured test bar of
Steel No. 2 for a rupture time of
55 hours at 650°C. (After Sieg-
fried)

Fig. 2-27. Fractured test bar of
Steel No. 2 for a rupture time of
2567 hrs. at 650°C. (After Sieg-
fried)

Fig. 2-28. Fractured test bar of
Steel No. 2 for a rupture time of
150 hrs. at 650°C. (After Sieg-
fried)

The type of fracture varies somewhat depending upon t_he position of
the test specimen in relation to the S-shaped curves. In Figs. 2-26, 2-27,
and 2-28, fractures at 650°C are shown for an austenitic steel of the follow-

ing composition?:



TEST METHODS AND EQUIPMENT 103

Steel No. 2 Chemical Composition (%)

C Mn Si Ni Cr w Mo Ti
0.15 1.3 0.86 31.34 15.35 1.06 1.0 0.52

The steel in Fig. 2-26 represents a fracture which occurred after 55 hrs
and a reduction in area of 9.6 per cent. Although the graph of the S-shaped
curve is not shown here, this steel represents the front portion of the S-curve
where the deformation capacity is small. The fracture shown in Fig. 2-27
represents the same steel which failed after 2567 hrs at 650°C, with a re-
duction in area of 29.3 per cent. This steel on the S-shaped curve rep-
resents the area at the opposite end of the loop where the deformation
capacity is high. However, the fracture in this case appears quite different
from that of Fig. 2-26. In Fig. 2-27 the neck formation superimposes a
radial stress which causes a general loosening of the crystalline structure
and the formation of many fine cracks in the vicinity of the fracture. The
fracture of this same steel is shown in Fig. 2-28 for a bar with a rounded
notch of 1.5-mm radius of curvature. This specimen fractured after 150
hrs at 650°C. This steel also shows a large number of cracks which formed
before fracture. The stress concentration in the round notch is not as
severe as the sharp notch, but the radial stress that does exist tends to
reduce the deformation capacity and cause extensive cracking before
failure.

F. Hor Faticur TEsTs

Hot fatigue tests involve holding a specimen at elevated temperatures
under closely controlled conditions and subjecting it to alternating stresses.
Most of the hot fatigue testing has been carried out with standard equip-
ment, of either the rotating beam or the tensile stress type. Such assem-
blies are modified by surrounding the specimen with a furnace for heating
the test specimen to the desired temperature. Even with such arrange-
ments dissatisfaction is expressed over the fact that laboratory test methods
do not represent the actual stresses encountered in service conditions such
as gas turbines. It is claimed that the impulses in turbines are character-
ized by a very high frequency and that bending stresses and torsional
stresses are superimposed on the stresses derived from centrifugal forces.

It appears evident that heating of the test piece above 538°C (1000°F)
results in a fatigue curve which does not have a true endurance limit.
Furthermore, at a temperature of 871°C (1600°F), all special alloys for
high-temperature service subjected to 100 million cycles of stress are an-
nealed and fail at about the same stress, in the neighborhood of 10,000 psi.

One arrangement for hot fatigue testing of Ni alloys consists of a standard
rotating-beam machine operating at 3450 rpm in which the test bar is 16
in long and has a turned-down section 10 in long in the center of the piece.
The diameter of the bar is 0.350 in and the 3 in ends of the bar are held in
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grips. A heating unit is slipped over the specimen in the 10-in section
and heating of the gage length is conducted in air with a temperature
control of & 3°C (+5°F).

G. HarbpNEss TEsts

I. Room Temperature

Hardness testing at room temperature of certain alloys is used during
the manufacturing process to indicate steps in solution heat treatment and
subsequent precipitation hardening. The following conversion Table 2-3 is
included here to indicate changes in hardness that may occur in such alloys

TaABLE 2-3. RELATION OF ROCKWELL C TO DiamMoND Pyramip HarpNEsS (VICKERS)
FOR PRECIPITATION-HARDENED AUSTENITIC ALLOYS??

Diamond Pyramid Diamond Pyramid
(50-kg load) Rockwell C Rockwell C (50-kg load)

400 39.6 40 403
390 38.5 38 385
380 37.4 36 367
370 36.3 34 349
360 35.2 32 331
350 34.1 30 3156
340 33.0 29 307
330 31.8 28 300
320 30.6 27 293
310 29.4 26 286
300 28.0 25 280
290 26.6 24 274
280 25.0 23 268
270 23.4 22 262
260 21.6 21 257
250 19.5 20 252

19 248

as K42B, “Discaloy’’, and “Refractaloy” 26 during manufacturing?’. The
figures represent diamond pyramid hardness (DPH) under a 50-kg load
converted to standard Rockwell C scale. These alloys are precipitation-
hardened by titanium.

In general, hardness tests have not been correlated with the structure of
alloys in the solution treated (quenched state) nor in the aged condition
where many metals show precipitation of certain constituents over a
period of time when exposed to elevated temperatures. Some changes in
hardness do occur, but either they are not consistent or cannot be dupli-
cated for various temperatures and times of exposure.

The microstructure of gas-turbine alloys consists of a relatively soft
austenitic matrix through which is dispersed a network of hard complex
carbides. The indenters used for both Rockwell and Brinell readings are
too large to indicate small significant changes in hardness during aging.
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The Knoop hardness tester, which indents on a microscale, can be cen-
tered on the austenitic matrix where precipitation is taking place. Hardness
values obtained with the Knoop tester do show changes occurring in the
austenite, but they are inconsistent due to a lack of uniformity in orienta-
tion of the austenite grain as a whole!2

II. Hot Hardness Tests

(1) Static tests for hardness at elevated temperature are conducted by
surrounding the specimen with a heating unit, placing it on an anvil, and
then measuring its hardness by conventional methods. To protect the

(Courtesy of Climazx Molybdenum Co.)
Fig. 2-29. Hot hardness testing equipment.

surface of the specimen from oxidation, it may be immersed in water, oil,
or salt baths for measurements at moderate temperatures. At higher tem-
peratures, the specimen may be prevented from oxidation by a controlled
atmosphere such as nitrogen or by the use of an evacuation system main-
tained at 10~ mm mercury or less.’
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Due to the possibility of oxidation, a diamond indenter is required for
hardness tests and, because of the time factor involved in static testing,
the indenter must be at the same temperature as the specimen itself. Since
a metal flows at elevated temperature, the time of testing should be kept
constant if comparisons are to be made of different materials. An arrange-

A
B
D
c
E
F
G
H

NN

TCXXEDIDCA PO T ZO

I
J
K
L
(Courtesy Climax Molybdenum Co.)
Fig. 2-30. Hot hardness equipment showing position of specimen and furnace.

Vickers loading piston M Vickers stage

Flexible piston suspension N Heating coil

Piston (Invar) O Diamond indenter
Suspension collar P Specimen

Cylinder (stainless steel) Q Refractory tube

Top steel plate R Vacuum pump connection

Hold-down bolts

Steel cylinder

Sealed furnace leads
Aluminum foil radiation shield
Silica brick insulation
Stainless steel anvil

Refractory pusher rod

Brass cap screw holder

Thumb screw

Bottom steel plate
Thermocouple bead hot junction
Sealed thermocouple leads
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ment for static hot hardness testing with an evacuation system is shown in
Figs. 2-29 and 2-305.

The results of static hot hardness tests are valuable in a few instances.
In the development of certain chromium base alloys, it is possible to set a
minimum hardness requirement, in this case a value of 200 Vickers pyramid
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hardness at 871° C (1600° F), to determine which compositions show prom-
ise of good creep strength??. However, static hot hardness tests do not indi-
cate aging and diffusion consistently in steels or heat-resistant alloys.
There is also no satisfactory correlation generally between static hot hard-
ness and high-temperature strength or ductility.

(2) Dynamic hot hardness tests depend upon the indentation obtained
by striking a specimen rapidly. The specimen is heated in a furnace for a
specified period, removed and struck a blow within a short period of 1 to
1.5 sec. Since energy losses occur due to rebound of the blow, vibration of
the specimen, and other losses, correlation of the dynamic test with other
hardness tests is difficult. Certain advantages are, however, that the time
element does not enter, since the blow struck is instantaneous. The test
also permits the use of steel ball indenters and tests may be conducted
with specimens held as high as 1204° C (2200° F).

In one design, a guillotine type of machine provides a drop hammer
fitted with a removable steel ball of 10-mm diameter which moves between
two polished steel slides and strikes a blow on the surface of the hot speci-
men. The diameter of the impression may be correlated with Brinell num-
bers also made on the same material. It is difficult to check hardness values
obtained by different investigators in this type of dynamic testing. It is
recommended that standard size specimens be used to minimize heat losses
during the test?®.

Another arrangement for dynamic hot hardness testing consists of a
spring-loaded center punch equipped with a high-speed steel indenter
which transmits a blow to the sample during the tempering operation.
This method is useful in obtaining information in martempering steels as
the start of martensite formation is indicated in both air-hardening and oil-
hardening steels®.

H. MaGNETIC AND RESIsSTIVITY TESTS

Magnetic tests at room temperature on alloys before and after exposure
under load at elevated temperature do not show consistent results in
changes that occur in the structure of the material with the possible excep-
tion of the austenitic 18-8 steels. These changes are likely to be precipita-
tion, aging, and migration of certain microconstituents. Magnetic tests
could be carried out at elevated temperature under certain conditions but
there is little data available2.

Tests on the electrical resistivity at room temperature of certain heat-
resistant alloys before and after exposure under load at elevated tempera-
ture do show some promise in indicating changes occurring in the structure

of the alloys under test. These changes will be discussed in later sections
of the text.
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I. Hor ImpacT TESTS

Methods of conducting hot impact tests involve holding a specimen for
several hours at a constant elevated temperature and breaking it in a
standard Charpy or Izod impact-testing machine. The results of such tests
will be reported in the text under the alloy system for which tests were
made.
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Chapter 3

Plain-carbon and Low-alloy Steels

A. PLAIN-CARBON STEELS
1. Elevated-temperature Properties

The flow of plain-C steels at high temperature is influenced by many
factors, such as the method of manufacture, heat treatment, and previous
deformation. At higher temperatures, recrystallization (if it occurs) and
oxidation tend to lower creep resistance. The lower limit for the tempera-
ture of recrystallization of a low-C steel after cold-working is about 460° C
(806° F'). Physical properties determined at room temperature appear to
provide little information concerning creep at high temperature, since
plain-C steels with similar tensile properties and hardness at room tem-
perature may display very different creep properties. It is also generally
agreed that short-time tensile properties obtained at elevated temperatures
have little relation to the creep properties of a steel.

Although plain-C steels are limited for many services at high tempera-
ture, a study of the structural changes taking place may lead to an under-
standing of changes occurring in highly alloyed, heat-resistant metals.
Such factors are the precipitation of iron carbides, spheroidization of the
carbides, and diffusion of these microconstituents through the grain.

There is available today a considerable body of literature on elevated-
temperature properties of plain-C and low-alloy steels. Incorporated in the
codes for boiler construction and pressure vessels are allowable working
stresses for moderate-temperature requirements well below the recrystal-
lization temperature of the steel. However, for higher temperatures flow
properties must be evaluated on the basis of long time creep tests.

In Tables 3-1 and 3-2 the results of elevated-temperature tests at 454° C
(850° F) and 538° C (1000° F') are shown for a plain-C steel with 0.35 per
cent C and for a C-Mo steel with 0.16 per cent C and 0.53 per cent Mo
(designated K20 and K22, respectively3*). The figures include short-time
tension tests, stress-rupture tests, and several different creep tests, as de-
seribed in the previous chapter. The results of hot hardness tests for these
two steels are given in Table 3-3.

The strength values for S.A.E. 1035 steel (designated K20) are generally

110
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much lower than for 0.5 per cent Mo steel (designated K22). At 454° C
(850° F), the stress rupture for K20 steel after only 10 hrs is 33,000 psi;
the creep strength of the same steel at 454° C (850° F) for a creep rate of
0.1 per cent per 1000 hrs is 7600 psi. Hot hardness tests on K20 steel show
a decrease in Vickers hardness at 426° C (800° I).

The creep properties of three S.A.E. 1015 C steels are shown in Table
3-43. These steels of close chemical analysis vary slightly in grain size; one
has received a normalizing heat treatment and two have been annealed.
The creep strength in all cases falls at test temperatures above 426° C
(800° F).

a. Variations in Creep Strength. /. E{fect of C Content. The influence of C
content on the creep strength of steels at high temperature is more compli-

TaBrLe 3-1. ComrosiTioN aNp HEAT TrREATMENT OF STEELS K 20 anNDp K 223

Steel C Mn P S Si Mo Grain Size
McQuaid-Ehn

K20 0.35 0.55 0.016 0.03 0.19 — 6 to 8

K22 0.16 0.66 0.015 0.027 0.24 0.53 6 to 8

Manufacturing Dala
Both steels are representative of a 100-ton basic open-hearth heat.
K20: ladle deoxidation 509 ferrosilicon and 1.2 lb Al/ton
K22: ‘o “ (4 “ [ 1.6 %3 (43 c

Both steels were rolled to 1 in bar stock and heat-treated as follows.

K20: Heated to 813° ' (1550° F) in 2 hrs, held 13hr, furnace-cooled to 538° C
(1000° F), then air-cooled. Reheated to 694° C (1280° F) in 4 hrs, held 2 hrs, furnace-
cooled to 538° C (1000° F), then air-cooled. Cold-straightened and reheated to
510° C (950° F) and air-cooled.

K22: Heated to 900° C (1650° F), held 1% hr, air-cooled. Reheated to 650° C
(1200° F), held 2 hrs, air-cooled. Machine-straightened, stress-relieved at 650° C
(1200° F) 2 hrs, and air-cooled.

cated than the simpler relationship for room-temperature properties where
an increase in C content increases the strength of the steel. The earlier
evidence from creep testing is conflicting, as in some reports an increase in
C content is beneficial in the temperature range of 400-538°C (750-
1000° F) while in other cases the reverse appears true!'®22:3.33 From Table
3-5, it is evident that an increase in C content improves the creep strength
of steel at the lower temperatures where the carbides are present in lamellar
form. At higher temperatures, where the carbides are spheroidized, the
strength of the steel is decreased as C increases'.

More recently, tests at 426° C on three steels of 0.23, 0.53, and 0.91 per
cent C show increasing creep resistance with increase in C content, as
shown in Fig. 3-1%. These same steels tested at 538° C do not show improved
creep resistance with increase in C content.
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2. Effect of Heat Treatment. For high-temperature service, normalizing
is generally recommended as a heat treatment for plain-C steels. Variations
in the normalizing temperature may result in steels with different creep
properties, since a high temperature tends to produce a coarser grain or

TaBLE 3-3. Hor HArDNESs oF STEELS K20 aAnp K223

‘Tem,

Material Type of Test (°C)
K20 Dynamic 454
482

510

538

Vickers 27
426

454

482

510

538

565

593

621

650

677

704

732

K22 Dynamic 454
482

510

538

Vickers 27
426

454

482

510

538

565

593

621

650

677

704

perature
(°F)

850
900
950
1000
80
800
850
900
950
1000
1050
1100
1150
1200
1250
1300
1350
850
900
950
1000
80
800
850
900
950
1000
1050
1100
1150
1200
1250
1300

Hardness Number
95 Equivalent Brinell
95
105
110
152 D.P.H.
131
120
109
93
82
74
67
60
56
49
43
39
95 Equivalent Brinell
105
105
115
149 D.P.H.
140
134
128
126
119
111
103
95
86
74
63 |

may dissolve carbides which persist at lower normalizing temperatures!®.
If steels intended for high-temperature service are normalized and drawn,
it is recommended that the drawing temperature should be 94° C (200° F)
above the operating temperature. Working or stress-relieving a steel
after the normalizing treatment also changes the creep resistance.
Plain-C steels in the annealed condition are generally less stable than
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those with normalized structures. Exposure of annealed steels to a tem-
perature of 538°C (1000° F) shows a marked change of pearlite to a
spheroidized condition’- 4!, Creep resistance is lowered by such changes in
the microstructure. Variations in the cooling rate through the tempering
range during an annealing operation also influence the creep resistance,
since these may change the structure of the steel.

TaBLE 3-5. INFLUENCE OF C CONTENT ON CREEP RESISTANCE'
Stress psi for Designated Creep Rate %

Temp. per 1000 Hrs

Steel (°C) (°F) 0.01 0.10 1.0

1015 426 800 12,000 17,200 25,500
1040 426 800 13,000 18,500 27,000
1015 538 1000 1800 3300 6000
1040 538 1000 2800 5500 9300
1015 650 1200 140 540 2100
1040 650 1200 140 860 2650

Note: Creep tests of 1000 hours duration.

Grain Type
Steel C Mn Si S P Brinell  Size Furnace

S.AE. 1015 0.15 0.46 0.28 0.021 0.019 111 56 0.H.
S.AE. 1040 0.43 0.67 0.20 0.033 0.035 167 4-5 O.H.

Note: Both steels annealed at 1550° F.

Q 0o
3 CARBON
= 50
a % .
e 4091% G3%| yoz3%
o v /—f”’___—-';:__g s e ho%
I&J 5 /,.
v
[}
0.0t 005 0l 05 | 5 10 $0 100

CREEP RATE,% PER 1000 HRS.

Fig. 3-1. Logarithmic plot showing relation between stress and strain rate for
Fe-C alloys compared with commercially pure Fe at 426° C (800° F). (After Austin,
St. John, and Lindsay)

The rate and extent of spheroidization in plain-C and low-alloy steels is
important, since, as pointed out earlier, the occurrence of spheroidization
decreases the creep resistance. Below the transformation temperature of
steel, the relation between spheroidization rate, time and temperature
according to Bailey and Roberts is expressed as follows?:

{ = AebIT

where ¢ = time, 7 = temperature, and 4 and b arc constants.
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The equation is valid only for the same steel under identical conditions
where only time and temperature are the variables. In this relationship,
1/T plotted against log ¢ produces a straighl line. Tests indicating the
validity of this equation show that below the maximum temperature
possible for spheroidization, the same degree of spheroidization is obtained
at different temperatures but with a variation in the time required. With
decrease in temperature, the time required for spheroidization increases.
As an example, for a steel with 0.9 per cent C, heating for 278 hours at
600° C (1112° F) gives the same spheroidization as 2000 hrs at 560° C
(1040° F).

TABLE 3-6. INFLUENCE OF IIEAT TREATMENT ON CREEP CHARACTERISTICS
AT 538° C (1000° F) oF ErLectric AND OPEN HEARTH S.A.E. 1015
Type STEELM

Stress psi for Designated Rate of
Creep % per 1000 Hours

Steel 0.01 0.10 1.0

EF A Hot-rolled 7000 12,800 15,800
OH A Hot-rolled 6100 6800 7800
EF B N.940(1725), D.650(1200*) 4900 9900 12,100
OH B N.940(1725), D.650(1200*) 4000 5500 7700
EF C Ann.843(1550) 3000 6200 12,900
OH C Ann.843(1550) 2350 4500 6200
EF D N.940(1725), D.650(1200t) 2750 5800 8200
OH D N.940(1725), D.650(1200%) 2600 5300 7400

* Drawn 1 hour at 650° C (1200° F).

t Drawn 168 hours at 650° C (1200° F).
EF—Electric furnace heat.

OH—Open hearth heat.

Note: Creep tests of 1000 hours duration.
N: Normalized.

This equation is useful for temperatures as low as 398° C (750° F). At
temperatures as high as 593 to 704° C (1100 to 1300° F) spheroidization
rates for plain-C steels are rapid. The relationship does not hold for highly
alloyed steels, probably because the composition of the complex carbides
are changed by prolonged heating?.

The rate of spheroidization in steels is influenced by many factors. Cold-
working increases the rate of spheroidization. In general cast steels are
difficult to spheroidize. Larger carbide lamellae take longer to spheroidize
than finer particles which may account for the fact that annealed steels
have somewhat lower spheroidization rates than normalized steels?®. All
these factors influence the creep resistance of a steel at elevated tempera-
tures. It may be that the flow itself, occurring at the test temperature, al-
though exceedingly small, may increase the rate of spheroidization.

In Table 3-6, a comparison is given of the creep strength at 538° C
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(1000° F) of two steels, S.A.E. 1015, produced in heats from an electric
furnace and an open hearth. The samples represent four different heat
treatments as follows!*: (1) hot rolling, (2) annealing at 843° C, (3) normal-
izing at 940° C, followed by drawing at 650° C, and (4) normalizing at
940° C and drawing at 650° C for 168 hrs to produce a spheroidized struc-
ture. At the test temperature of 538° C, the hot-rolled structure has the
highest creep strength in both the electric and open-hearth furnace heats.
The next most favorable treatment is that resulting from the normalized
and drawn structure. In these tests, the electric furnace steel annealed is
superior to the spheroidized structure. ¥For the open-hearth steel, the re-
verse is true. These anomalous results indicate that many factors must be
evaluated to determine the net results on creep resistance of even a simple
C steel.

TaBLE 3-7. CreEEr CHARACTERISTICS OF IiLECTRIC AND OPEN HEARTH
S.A.E. 1015 TyrE STEELS (ANNEALED)'
Stress psi for Designated Rate of Creep %

Temp per 1000 Hours
Type Steel °C) (°F) 0.01 0.10 1.0
Electric 426 800 18,500 26,800 38,500
Open-hearth 426 800 12,000 17,200 25,000
Electric 482 900 12,800 16,900 22,100
Electric 538 1000 2700 5750 12,100
Open-hearth 538 1000 1800 3300 6000
Electric 593 1100 850 1800 3850
Electric 650 1200 290 620 1300
Open-hearth 650 1200 140 540 2100

All values based on tests of at least 1000 hours duration.

3. Effect of Melting Furnace. Two steels of the S.A.E. 1015 type melted
under conditions to control the chemical composition closely in (1) an
electric furnace and (2) in an open-hearth furnace, have creep strengths as
shown in Table 3-7!4. In this series of tests, there is no report available of
the grain size of the two steels, and for this reason, the superior performance
of the electric furnace product over that of the open hearth steel may de-
pend on several factors not controlled under the test conditions. At 426° C
(800° F), the electric furnace steel has a creep strength of 18,500 psi for a
creep rate of 0.01 per cent per 1000 hrs while the open-hearth steel has a
creep strength of 12,000 psi under the same conditions. The same general
trend holds for the other temperatures investigated, namely, 538 and 650° C
(1000 and 1200° F).

The factors involved in such a comparison must take into consideration
the fact that open-hearth steels are more highly oxidized than electric
furnace steels. Furthermore, the quality of a steel is dependent upon the
degree of deoxidation and the subsequent effect on heat treatment. It is



PLAIN-CARBON AND LOW-ALLOY STEELS 119

more than likely that if both types of steel are produced to give a fine grain
(McQuaid-Ehn grain size 6-8), their creep properties will closely resemble
each other.

4. Effect of Melting Practice. The use of deoxidizers in steel melting influ-
ences creep strength. In many alloys, it is generally true that coarse grains
have a higher creep strength than fine grains. The part played by the grain
boundary itself in a coarse or fine grain structure was discussed in an earlier
chapter. Since both Al and Si used for deoxidizing steel produce fine grains
which also increase the rate of spheroidization, these deoxidizers are gener-
ally limited in their use. Thus it is recommended that steels for high-tem-
perature service be limited to 0.5 1b of Al per ton of steel®.

Creep tests on a killed and an open S.A.E. 1015 at 426° C (800° F),
482° C (900° F) and 538° C (1000° F') are shown in Table 3-8!4. The amount,
of deoxidizer and the resulting grain size are not reported for these two

TaBLE 3-8. CREEP CHARACTERISTICS OF KILLED AND OPEN* PLAIN-CARBON
OreN HeaArTH STEEL S.A.E. 101514

Stress psi for Designated Rate of Creep % per
Temp 1000 Hours

Type Steel (°C) (°F) 0.01 0.10 1.0
Killed 426 800 13,000 18,000 25,000
Open 426 800 15,000 19,500 25,000
Killed 482 900 11,250 15,250 20,500
Open 482 900 5400 8000 11,500
Killed 538 1000 3200 6800 14,500
Open 538 1000 1800 3550 7000

Note: Creep tests of 500 hours duration.
* Open (rimmed stecl).

steels. At 426° C, the killed steel is superior in creep strength. At 482° C
and 538° C, the reverse is true. If there are more nonmetallic inclusions in
the open steel, these may inhibit flow at the higher temperatures.

In an examination of a series of low C steels, containing 0.4 to 1.5 per
cent Mn, 0.01 to 0.15 per cent Si, and 0 to 0.11 per cent Mo, it is reported
that all steels which have abnormally high creep rates are fine-grained.
The Al additions in these tests vary up to 3 lbs per ton of steel. To determine
whether the steel has an abnormal creep rate, it is subjected to a stress of
8 tons per sq in at 450° C (842° F') for 5 days. The creep rate at the end of
this period is taken as a value to establish the ability of a steel to withstand
elevated temperature service. All steels in the test are normalized at 920° C
(1688° F') previous to creep testing to give a comparable microstructure.
The results of the tests indicate that abnormal creep due to the presence of
Al is considerably reduced by the presence of Mn, Si, and Mo within the
limits shown above. In general, it is recommended that Al additions for
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these steels should be low enough to maintain a coarse-grained structure
(McQuaid-Ehn grain size)!®.

5. Effect of Ingot Size. Variation in the type and size of an ingot has an
influence on the creep properties of metals, since the change in cooling
rates from the liquid state will influence the dendritic structure and the
distribution of impurities. With increase in the size of the ingot, dendritic
segregation increases. Both preheating and hot-working lower the tendency
toward a banded or segregated structure. In actual manufacture, a small
ingot may receive less reduction and therefore have considerable segrega-
tion. Tests on specimens from steel ingots ranging in size from 20 to 3800
lbs, stressed to produce a creep rate of 0.01 per cent per 1000 hrs, vary in
creep resistance from 8200 to 12000 psi. The smaller ingots show a higher
creep resistance!4‘.. The advantage shown by the smaller ingots is less
marked at higher creep rates.

TaBLE 3-9. ErreEcT OF WORKING ON THE CREEP RATE oF S.A.E. 1040 STEELM

Temp
Steel (°C) (°F) Creep Rate % per 1000 Hours

Hot-rolled 315 600 0.013
6% Elong. 315 600 0.018
129%, Elong. 315 600 0.020
Hot-rolled 454 850 0.10

6% Elong. 454 850 0.198
12% Elong. 454 850 0.132
Hot-rolled 538 1000 0.132
6% Elong. 538 1000 0.374
12%, Elong. 538 1000 0.323

6. Effect of Previous Deformation. A series of tests are reported on a 0.40
per cent C steel tested for creep in (a) the hot-rolled condition (b) cold-
drawn to 6 per cent elongation and (c) cold-drawn to 12 per cent elonga-
tion. The results of creep-testing on these samples at constant load are
shown in Table 3-9'4.

At each temperature of test, the hot-rolled steel shows the lowest creep
rate, the samples with 6 per cent the next, and the samples with 12 per
cent elongation the highest rate of creep. This difference is greater as the
temperature increases. The hot-rolled condition is therefore the most
stable of the three in these tests. As stated earlier, cold work increases the
rate of spheroidization which in turn decreases creep resistance.

7. Effect of Time on Ductility. In low-C steels there is a definite tempera-
ture range and time of stressing where the type of fracture which occurs
during a creep test changes from a brittle to a ductile type. This condition
is termed the equicohesive temperature and in low-C steels it may well
coincide with the temperature of recrystallization'®. The type of fracture
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in an electric furnace steel S.A.E. 1015 is changed by the following condi-
tions indicated in Table 3-10.

The tests indicate that for a test temperature of 538° C (1000° F') an in-
crease in testing time increases the tendency to brittleness.

8. Effect of Time on Structural Changes. Steels stressed at high tempera-
ture undergo changes in microstructure especially in regard to the carbides.
For example, in a 1015 steel stressed at 538° C (1000° F), the pearlite
laminations originally present will slowly become spherical and will migrate

TaBLE 3-10. KErrEcT oF TIME FOR FRACTURE FOR S.A.E. 1015 STEEL!?
Short time tensile at 538° C (1000° F) Ductile fracture, deformed grains
Failed after 6.4 hrs at 25,000 psi Ductile fracture, deformed grains
at 538° C (1000° F)

Failed after 1552 hrs at 12,000 psi Brittle fracture, non-deformed grains
at 538° C (1000° F)

Failed after 13,950.75 hrs at 6000 psi Brittle fracture, non-deformed grains
at 538° C (1000° F)

TaBLE3-11. MicrosTRUCTURAL CHANGES IN S.A.E. 1015 STEEL AT 538° C (1000° F)!3

S.A.E. 1015 Steel Microstructure
(a) Original condition as received Pearlite not completely laminated
(b) Stressed at 9000 psi at Appreciable spheroidization
1000° F 4788.5 hrs
(c) Stressed at 6000 psi at Appreciable spheroidization
13,950.75 hrs and carbide migration

TasLE 3-12. ImpacT TEsTs AT ELEVATED TEMPERATURE
Charpy Impact Resistance (ft-1bs)

Temp

(°C) (°F) Laboratory No. 1 Laboratory No. 2

26 80 31.5 33.5 32 33
232 450 45.0 45.5 43 43
315 600 44.0 48.5 40 41
400 750 34.5 35.5 37 39
454 850 28.5 29.0 32 32
538 1000 23.0 26.0 22 24
650 1200 68.0 73.0 55 56

through the grain. This carbide migration and spheroidization is readily
observed under the microscope under the conditions shown in Table 3-11'3,

Such movement of carbides is observed in low-alloy steels and highly
alloyed austenitic structures when they are stressed at elevated tempera-
ture. This phenomenon is characteristic of changes occurring during creep
tests, as will be shown later.

II. Hot Impact Tests

The results of hot impact tests are reported in Table 3-12 for the follow-
ing 0.35 C steel®.
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Chemical Analysis

C Mn P S Si
0.35 0.55 0.016 0.03 0.19

Manufacturing Data

Samples are representative of a heat from a 100-ton basic open hearth furnace.
Deoxidation practice is 1.2 1b/ton of Al added to the ladle.

Heat Treatment

Heated in 2 hrs to 843° C (1550° F), held 1 hr, furnace-cooled to 538° C (1000° F),
air-cooled. Reheated to 694° C (1280° F') in 4 hrs, held 2 hrs, cooled to 538° C (1000°
F), air-cooled.

The results in Table 3-12 are duplicate tests carried out in two different
laboratories. Specimens arc held 13 hrs at temperature before breaking.
Except for the values determined at 650° C (1200° F), the agreement is
fairly good.

B. Low-ALLOY STEELS

At elevated temperature the creep resistance of steels, containing approxi-
mately 1 per cent of one or more alloying elements, is in general higher than
that of plain-C steels. Increased oxidation and corrosion resistance of low-
alloy steels add to their high-temperature stability. The fact that alloying
elements raise the temperature at which the lowest temperature of re-
crystallization occurs also contributes to increased creep resistance.

In the absence of C, alloying elements added to ferrite up to approxi-
mately | per cent form solid solutions, regardless of whether they are con-
sidered as carbide formers or as elements entering into solid solution with
iron. Some of these, notably Mo, are most effective in increasing creep re-
sistance of pure iron. When C is added to ferrite and the alloying element
maintained at a value low enough to keep the steel pearlitic, the effect of
an alloying element as a carbide former is important. At test temperatures
above the recrystallization temperature of the steel, the carbides present,
especially those located in the vicinity of grain boundaries, increase high-
temperature stability. Creep properties in these higher-temperature ranges
are largely determined by grain boundary conditions, and it is probable
that the carbides act as keyways to prevent flow!4.

I. Binary Ferrites

A comparison of the creep resistance at 426° C (800°F) and 538° C
(1000° F) of a series of binary ferrites is presented to demonstrate the
relative effectiveness of the several elements in combination with pure Fe.
The constant-temperature tests are conducted by a method of stepped up
1oa,ding"as follows*5: A load of 5000 psi is applied for 600 to 700 hrs, during
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which the time versus the extension is measured. Then the load is given an
increment of 2500 psi and again held for 600 to 700 hrs. This stepping up
of the load in increments of 2500 psi is continued until failure of the speci-
men occurs.

At a test temperature of 426° C (800° F), the creep rates of several
binary ferrites containing from % to 1% per cent of alloying elements are
plotted against the stress in Fig. 3-2. At the same temperature, the stress
to produce three different creep rates, namely 0.05, 0.1 and 1.0 per cent, is
shown for six binary ferrites containing 1 per cent by weight of each ele-
ment in Fig. 3-3.

It is interesting to compare the effect of these binary ferrites in increasing
room-temperature strength and creep resistance at 426° C (800° F) over

60 v
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CREEP RATE,% PER 1000 HRS.

Fig. 3-2. Semilogarithmic plot showing comparison between behaviors of elements
in ferritic solid solution at approximately one weight per cent at 426° C (800° F).
(After Austin, St. John, and Lindsay)

ferrite in the absence of C. While both Ni and Si dissolved in Fe each in-
crease the hardness and tensile strength of ferrite at room temperature,
these two elements do not improve creep resistance of ferrite at high tem-
perature. Mo strengthens ferrite at room temperature and is most effective
in increasing creep resistance when added to ferrite. Mn is similar in its
effect to Mo at both room temperature and high temperature, although to
a more modest degree. The element Cr is unusual in that it does not change
the room-temperature properties of ferrite, but does improve creep re-
sistance. Co changes neither room-temperature nor elevated-temperature
properties when added to ferrite to form a solid solution.

Another aspect of the effect of alloying elements on ferrite is the change
due to cold work. Different elements have varying effects on the tempera-
ture of softening after ferrite is cold-worked. It appears that this factor
bears some relation to creep resistance of the alloyed solid solution, accord-
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ing to tests conducted at 426° C (800° F). Mo markedly opposes softening
of the solid solution after cold-working, which is in line with its effect in
improving creep resistance. Cr and Mn also oppose the softening tendency,
but to a lesser degree. Si is only slightly effective in this regard, and Ni and
Co have practically no effect.

In creep tests conducted at 538° C (1000° I¥), the only binary ferrite to
show any improved creep resistance is that containing 0.54 and 1.5 per
cent Mo. This may be due partly to the fact that the presence of this ele-
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Fig. 3-3. Stresses causing indicated creep rates at 426° ¢ (800° F) in ferritic solid
solutions containing one per cent by weight of each element. (After Austin, St. John,
and Lindsay)

ment in ferrite raises the softening temperature of the cold-worked material
well above 538° C (1000° F)s.

II. C-Mo Steel (0.59, Mo)

In the presence of C, the addition of 0.5 per cent Mo is most effective in
increasing creep resistance compared with plain-C steel. At 482° C (900° F),
this alloy steel has about twice the creep resistance of plain-C steel.

The results of short-time tensile tests on a 0.2 per cent C, 0.5 per cent
Mo steel are shown in Table 3-138,

The creep properties of a steel with 0.1 per cent C and 0.5 per cent Mq
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are shown in Table 3-143. This steel retains its strength for a creep rate of
0.1 per cent per 1000 hrs fairly well at 482° C (900° F). The steels shown
in Table 3-14 represent several analyses with varying manufacturing meth-
ods and heat treating conditions.

a. Effect of C on 0.59, Mo Steel. T'o investigate the effect of C content
on a steel with 0.5 per cent Mo, a series of steels shown in Table 3-15 have
a C content varying from 0.05 to 0.395 per cent. Steels A1 and A6 represent
heats of 18 lbs from a high-frequency furnace and the other four steels,
A2; A3, A4, and A5 are open-hearth products?.

The samples represent 1-in diameter bars normalized at 950° C (1742° F),
except sample Al with 0.05 per cent C, which is normalized at 1000° C
(1832° F') to obtain a structure similar to sample A2 with 0.09 per cent
C. The results of creep tests on these samples are shown in Fig. 3-4 where the

TaBLE 3-13. SHorT-TIME TENSILE TEsTs or C-Mo STeEEL (0.59%, Mo)$¢

C Mn S P Si Mo
0.1-0.2 0.3-0.6 0.045 0.04 0.1-0.5 0.45-0.65
Temp Tensile Strength Reduction of
°C) (°F) (psi) Elong. % in 27 Area (%)
426 800 70,500 28 72
482 900 63, 500 28 76
538 1000 57,500 29 77
593 1100 45,100 38 84
650 1200 27,000 60 88
704 1300 16,200 83 94
760 1400 8700 94 86

total strain is plotted against time. The tests are conducted at a constant
temperature of 600° C (1112° F) under a constant load of 4 tons per sq
in. These curves indicate that the steels with the lower C contents deform
less than the samples with the higher C contents in the early period of the
test. It is also evident that steels A1 and A2 with the lowest C contents
enter third-stage creep sooner than the other steels under these test con-
ditions.

The effect of C content on deformation is more clearly seen in Fig. 3-5,
where the per cent C is plotted against the time required to reach specific
amounts of deformation. The lowest curve indicates 0.1 per cent strain,
the next above 0.2 per cent strain, and the others in increasing amounts up
to 0.6 per cent strain. At the lowest deformation, 0.1 per cent, the steel
with the lowest C content takes the longest time to reach this value. With
increasing deformation, the steel which takes longest to reach the specified
deformation has an increasing C content. This value of C content reaches
0.2 to 0.25 per cent for the steel which takes the maximum time to reach
0.5 to 0.6 per cent strain. Thus, at small deformations, the low-C steels
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Steel
Al

A2
A3
A4
A5

A6
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TABLE 3-15. MANUFACTURING DETAILS AND ANALYsIS oF 0.5% Mo

Process
18 1b
H.F.
Basic
0.H.
Basic
O.H.
Basic

STEELS WiTH VARYING C CONTENT??
Method of
Deoxidation c Si s P Mn Ni Ct Mo Cu
FeMn and 0.055 0.16 0.032 0.018 0.48 0.10 0.04 0.50 0.08
FeSi

SiMn to .09 .22 .044 .013 .43 .09 .03 .51 .08
ladle
SiMn to 145 .15 .030 .032 .56 .12 .01 .48 .06
ladle
SiMn to .21 17 0 .030  .029 .49 — — .56 —
ladle
SiMn to .31 .18 .038 .040 .55 — — 62 —
ladle

FeMn and .395 .14 .029 .018 .48 .11 .06 .48 .08
FeSi

O.H. = Open hearth.

H.F. = High frequency.

Note: The above steels, in the form of 1 in diameter bars, are normalized from
950° C, with the exception of the 0.05 per cent C steel which is normalized from
1000° C to give a structure similar to that of the 0.09 per cent C open-hearth steel.

Fig. 3-4. Steel.
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Carbon content: A1—0.055%, A2—0.09%,, A3—0.145%,, A4—

0.21%, A5—0.31%, A6—0.395%,. Curves of creep tests on 0.5% Mo steels with various
carbon contents. Stress 4 tons/sq inch; temperature 600 ° C. (After Glen)

are most effective in creep resistance, but at larger deformations steels
with C contents of 0.2 to 0.25 per cent have the greater creep resistance.
It is important to point out here that these results hold only for this par-
ticular test temperature of 1112°F (600° C).
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b. Effect of Tempering 0.59, Mo Steel. Variation in the time of tempering
a steel influences the amount of spheroidization of the carbides, which in
turn affects creep resistance. This effect is reported for Steel A2 containing
0.09 per cent C, 0.51 per cent Mo, tempered at 650° C (1202° F) for periods

of 5, 10, 20, 50 and 100 hrs followed by air-cooling. The increase in temper-
ing time increases the amount of spheroidization. These samples tested for
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Fig. 3-5. Curves showing the effect of carbon content of 0.5% Mo steel on the
time to reach the strains indicated. Derived from Figure 3-4. Stress 4 tons/sq inch,
temperature 600° C. (After Glen)

creep at 550° C (1022° F) and at 6 tons per sq in display a decrease in
creep strength with increase in tempering time. This deterioration in creep
strength with increase in spheroidization is in accord with many observa-
tions for other steels. Creep tests conducted at higher temperatures, namely
650° C (1202° F) indicate that spheroidization is more important in the
deterioration of steels containing 0.5 per cent Mo than scaling of the
surface during the test®.
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c. Spheroidization. An interesting comparison of spheroidization of a
C-Mo steel exposed in the laboratory to elevated temperature under no
load is made with the same type of steel taken from actual service. The

S g

Fig. 3-6. C-Mo steel before exposure. Magnificati
zewski, and Smith)

D

-

N ﬁf:“’ Co T T R ﬁ {
Fig. 3-7. C-Mo steel as shown in Figure 3-6 after exposure at 593° C (1100° F) for
3000 hrs. Magnification 1000X. (After Miller, Golaszewski, and Smith)

laboratory sample spheroidized under controlled conditions has the follow-
ing analysis®®:

C Mn P S Si Mo Al Al,Os
0.14 0.55 0.016 0.023 0.15 0.53 0.02 0.026

It is a fine-grained steel produced with Si and about 1.5 Ibs Al per ton of
steel. The heat treatment before exposure to high temperature consists of
normalizing for 30 min at 900° C (1650° F'), as shown in Fig. 3-6 at 1000 X.
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This microstructure is typical of the analysis and treatment which the
sample has received. The spheroidization which occurs when this steel is
heated to 593° C (1100° F) for 3000 hrs is shown in Fig. 3-7. The globular
form of the carbides is quite evident.

A steel of the same nominal composition in service for 30,000 hours at
593° C (1100° F) is shown in Fig. 3-8. The increase of exposure time by a
factor of ten results in much greater spheroidization. It is interesting to
observe here that neither of these steels reveals any evidence of graphitiza-
tion with such long exposure times.

As pointed out earlier, temperature is the most important factor in in-
creasing the rate of spheroidization. A few hours’ exposure at 650 to 700° C
produces more spheroidization than months or years at 480 to 538° C for

Fig. 3-8. C-Mo steel
service life at 593° C (1100° F) of 30,000 hrs. Magnification 1000X. (After Miller,
Golaszewski, and Smith)

plain-C and low-alloy steels?®. In general, the deterioration in a normalized
0.5 per cent Mo steel exposed 10,000 hrs at 538° C (1000° F) is estimated
to be a loss of % of its initial creep strength®.

d. Graphitization in Plain-C and C-Mo Steels. Prolonged exposure of
plain-C steels containing 0.2 per cent C to the temperatures encountered
in steam pipes may result in failure due to graphitization of the carbides
originally present in the structure. The type of graphitization which is
rather uniformly distributed through the grains is not necessarily harm-
ful, but graphitization which is highly localized is believed to account for
certain failures noted in service!”. One of the factors contributing to local-
ized graphitization is the occurrence of plastic deformation during exposure
of the steel to elevated temperature. At the areas where graphitization has
occurred, reduced ductility may well account for failure of the part.
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Deoxidation practice is one of the major factors in determining the
period of incubation before graphitization and the rate at which graphitiza-
tion takes place. In 10,000 hours’ exposure tests in a temperature range of
482 to 650° C (900 to 1200° F'), all deoxidized C steels graphitize®®. This
tendency exists whether the deoxidized steel is an acid bessemer or basic
open-hearth product. Undeoxidized steels are much more resistant to
graphitization.

Mo added to low-C steels reduces the tendency to graphitization al-
though, in amounts up to 0.5 per cent, this resistance is not marked in
steels undergoing many years of service. The addition of Cr to 0.5 per cent
Mo steels reduces the tendency toward graphitization, but there exists a
minimum Cr content to prevent graphitization. A steel with 0.5 per cent
Mo and 0.25 per cent Cr deoxidized with Si and a large amount of Al ex-
hibits graphitization. However, a 0.5 per cent Mo steel with 0.5 per cent
Cr, regardless of deoxidization practice, shows no graphitization after
10,000 hours’ exposure at three different temperatures, 482° C (900° F),
565° C (1050° F), and 650° C (1200° F)*.

Other compositionsof steels of low alloy content show tendencies to graphi-
tize as follows: (1) a steel with 1 per cent Mo graphitizes after 10,000 hours
at 565° C (1050° F); (2) a steel with 1.5 per cent Mo and 0.16 per cent V
graphitizes after 10,000 hours at 565° C (1050° F); (3) a steel with 3.7 per
cent Ni graphitizes after 1000 hours at 565° C (1050° F'); (4) a steel with
0.38 per cent C, 0.26 per cent Mo, and 1.7 per cent Ni graphitizes after
1000 hours at 565° C (1050° F'); (5) a steel with 5.2 per cent Ni shows no
graphitization after 1000 hours at 565° C (1050° F), but has large nodules
of graphite after 10,000 hours’ exposure*’. With low-alloy steels in general,
deoxidation practice should be such as to produce normal steels. Such a
procedure decreases the possibility of graphitization in service when steels
are exposed to high temperatures for long periods.

III. 0.89, Cr, 0.59, Mo Steel

Up to an amount of 1 per cent, the addition of Cr to steels containing
0.5 per cent Mo increases their creep resistance, but beyond this amount,
the creep strength diminishes!. Steels of these analyses have a finer grain
structure than those containing only Mo. In creep tests with C varying
from 0.10, 0.145, to 0.22 per cent and Cr and Mo held to 0.8 and 0.5 per
cent respectively, the higher C contents show greater creep strength!®.

Tempering this series of steels at 650° C (1202° F') for periods up to
100 hours shows a decreased creep strength with increase in tempering
time, but the deterioration is not as marked even after 100 hours, as in the
case of the straight C-Mo steels. It is evident that the presence of Cr has a
stiffening effect on these compositions. In stress-rupture tests on these
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same steels, where values of the stress are shown as a function of time on a
log scale, a linear relation does not hold. The fact that the curves resulting
from stress-rupture tests for the 0.8 per cent Cr, 0.5 per cent Mo steel falls
below a straight line indicates that spheroidization is probably taking place.

IV. 0.3%, V, 0.59, Mo Steels

The addition of 0.3 per cent V to a steel of 0.5 per cent Mo results in
increased creep resistance over the straight C-Mo and the C-Mo steel with
0.8 per cent Cr?. In a series of analyses of the above V and Mo contents
and with C varying from 0.08, to 0.13, to 0.19 per cent, the higher C content
shows the best creep resistance in tests at 550° C (1022° F) under a load
of 9 tons per sq in. Tempering the Mo-V at 650° C (1202° F) does not de-
crease the creep strength, while tempering at 690° C (1274° F) only slightly
decreases it.

The addition of Al as a deoxidizer to the Mo-V steels is