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ABSTRACT

The influence of elevated temperature and cycling frequency upon
the fatigue behavior of moderate-strength, low-alloy steels was investi-
gated. 5,000 to 100,000 cycle lifetime fatigue tests were performed on
A-212,B; A-387,B; and "I-1" steels at cycle rates of 110, 1100, and 12,000
cycles per hour. Temperatures of 400°F, 600°F, 800°F, and 900°F were
applied in the reversed bending, constant deflection tests. All three
steels were tested in the spray quenched and stress relieved condition,
while the A-212,B and A-387,B steels were also tested as normalized and
stress relieved.

It was found that in general, the 5,000 and 100,000 cycle life
fatigue resistance of the three steels tested was not markedly changed
over the temperature range from room temperature to 800°F, except in
temperature intervals where strain aging phenomena appear to intervene.
There was no predictable influence of cyclic variation noted applicable
to all steels and conditions. A series of peaks or maximum allowable
strains were revealed Qhen total strain was plotted against testing
temperature. The distribution of these peaks indicated a strain-rate
sensitive aging phenomenon which became operative at lower temperatures
with lower cycle rates. The A-387,B sﬁeel seemed to be more sensitive
to such a phenomenon than the other two steels tested.

An empirical relationship was developed using Coffin's generalized
expression, €N"=c, where € is a total strain value, N is the lifetime

in cycles, m is the absolute value of the slope of the log-strain versus

log-cycles curve, and the constant, ¢, is a material parameter. Fatigue



behavior for similar alloys can be predicted within reasonable error
by the relationships presented. In general, 65,000 can be estimated
from the steel's reduction in area at the temperature in question and
the material parameter can be obtained from the temperature, yield to
tensile ratio, and total alloy content of the steel. The 5,000 to
100,000 cycle fatigue curve could be predicted fromlthis information.
The application of the elevated temperatures and cycle rate

variations did not alter the basic microstructure of the steels during
testing, nor the general transcrystalline crack propagation path as
previously noted in room temperature tests. Deformation bands were
-noted in the normalized and stress relieved‘A-387,B specimens when

tested at temperatures of 800°F and 900°F.



INTRODUCTION

Since the advent of the utilization of metals in machine members
or components, certain of these components have been known to fail after
being éubjected to repeated or varying loads without any plastic deforma-
tion to warn of the impending fracture. This, in view of the fact that
a static load of equal magnitude was safely carried by a similar com-
ponent with no apparent difficulﬁy, has led to the concept of fatigue
as a mode of failure. Generally speaking, metai fatigue can be defined
as a mode of failure associated with an externally applied cyclic load
of such a magnitude as to be well within the capacity of the material
if applied in a static fashion.

The importance of fatigue as a fracture mode dates back to the
early part of the 19th Century when Albert(l) in 1829 proof-tested
mine-hoist chain links by repeated loading in tension prior to their
being placed into service. Rankine(Z), in the mid-1840's, recognized
stress raisers in the form of '"sharp angles" in machine components as
potentially dangerous with respect to fatigue failure. Shortly after
this, the expansion of the railway system raised questions on the effect
of repeated loading upon axles, wheels, rails, and bridges. The result
of suchlquestions was the initiation of several comprehensive studies by

(1) (1,2) ' |
Hodgkinson , 1849, and Fairbain , 1864, in Great Britain and
Wohler(Z), 1852, in Lower Silesia, on the effects of repeated bending
and torsion on railroad axles and related equipment.

Much of Ehe ?uropean work on fatigue was ignored by most American

3,4

investigators of the late 1800's. However, the discover in the
24 ) b

3



(1,2,5)
early 20th Century , that slip band formation -occurred with the

application of a cyclic load changed their way of thinking.

The scientific advances made in the first half of the 20th Century
revealed that not only were railroaders to be vitélly concerned with
fatigue, but the DeHaviland Comet aircraft failures of 1954(6)_proved
that fatigue could not be ignored in aircraft design as well. |

There has been a vast amount of information published on the sub-
ject of fatigue since 1900 as can be witnessed by reviewing the annual
bibliographié listings of fatigue published by ASTM since 1950(7)

The work at Lehigh University, since the early 1950's, has extended this

knowledge, particularly of behavioral aspects of steels.suitable for
(8,9,10,11,12)

pressure vessel application, in low-cycle-life fatigue tests .

Ultimately, the primary purpose of fatigue testing is to predict
the behavior of metals used in service applications in which repeated
loads are experienced. To this end, various types of fatigue tests
have been developed and are being applied today.

However, as in any type of laboratory mechanical test, the relation
between test results and service behavior is always in doubt. 1In ad-
dition to this doubtful relationship in itself, there are further compli-
cations due to scatter in the laboratory test(13). This scatter is due
to many causes. Any material which is commercially produced has inherent
inhomogenieties which account for a great deal of variance. A major
culprit is a local strength differential associated with multiphase

structures, grain boundaries, and inclusions, all of which are present

in degree in today's commercial steels. A possible cause of scatter

4



one step removed from the material is the specimen itself. It is diffi-
cult to assure oneself that each and every specimen was prepared in such
a way that possible variables such as ingot chemistry variations, hot
working effects in rolling and forming, and cold working effects in
-machining were all held constant from specimen to Specimen; A third
major scatter producer is variation in testing conditions from test to
test. Such Qariables could include precise alignment in specimen set-
- up, ambient temperature, humidity, andlair flow about the specimen in
high speed tests. An important variable in testing conditions where
elevated temperatures are concerned is the techniéue of monitoring the
(14) :

temperature . Most experiments, because of inadequate testing pro-
cedures, measure only the mean statistical temperature of the specimen.
However, local temperatures, especially along slip planes, may increase
considerably during deformation in testing. It is clear that predictioms
of service behavior based upon laboratory fatigue tests cannot be made
with 100% certainty.

To avoid the obvious danger of underdesign, a substantial margin
of safety must be imposed upon each and every struéture experiencing
cyclic loading. This saféty factor should make allowances for the un-
certainties involved in material preparation, component manufacture, and
the specific service conditions prevailing. o

The best approach to the afcrementioned problem is a simple com-
parison between a large number of laboratory tests and an equally large
number of prototype structures to ascertain the character of the rela-

tionship between the two types of results. The comparison is simple,

5



but the approach is not feasible from an economic point of view. (The
Appendix of this dissertation includes the results of such a comparison
based upon limited data involving prototype pressure-vessels.) As one
might expect, the cost of such a comprehensive study would be prohibi-
tive as would be the time involved in gathering data.

The best approximation to such a prototype study is a statistical
evaluation of fatigue data generated from laboratory tests which hope-
fully closely duplicate expected service conditions. However, the use
of statistics is not a finite science either. A degree of uncertainty
is a "built-in'" feature of any statistical technique. Also, statisti-
cal evaluations require la;ge populations of data in order to yield
results with any reasonable degree of certainty. Depending upon the
structure being tested and the type of fétigue test being used, this
large number of data points may also be impractical. Fatigue data,
especially those from a limited number of tests, cannot be safely gener-
alized into any universal relationships, but conclusions from these tests
must be restricted to the materials and conditions to which they directly
apply. ]

Historically, investigators have approached the concept of fatigue
through parameters involving, for the most part, the endurance phenome-
non. This endurance limit is a stress value determined from a number of
fatigue tests, below which it is assumed fatigue failure will not occur
over an infinite number of cycles. The stresses involved in such a test
'are‘such that the elastic limit of the material is seldom exceeded, thus
no generalized material flow or plastic‘deformation is experienéed. The

degree of scatter under such conditions is large owing to the dependence

6



of failure upon the presence, size, and distribution of various imper-
fections from specimen to specimen. Endurance testing is also very
dependent upon surface conditions of the specimen.

Such is not the case in the type of fatigue test utilized in this
study. The fatigue lifetimes of interest vary over the range 5,000 to
100,000 cycles to failure, whereas endurance testing involves 10-million
or more cycles. This shorter life-span necessitates the use of higher
applied stresses to cause earlier failure. As a result of the higher
applied stresses, the material's elastic limit is exceeded and one is
faced with a complex combination of elastic and plastic strain compon-
ents as opposed to the simple elastic strain system of endurance test-
ing. The presence of these high strains introduces plastic deformations
which tend to relieve the stress concentrating effect of surface flaws.
One finds then, that in tests involving these higher stresses, the sur-
face conditions and presence of imperfections are not as critical in

(15)
dgtermining failure as they were in endurance testing . This factor
naturally leads to a smaller dégreé of scatter.

A schematic representation of the stress distribution for a beam

(16)
in simple bending is shown in Figure 1 . The common mathematical

approach to a bending beam involves the flexural formula for elastic

beams M
c

1
: (1

g =

The distribution described by equation (1) is shown in Figure 1(a) where
o is the outer fiber stress, M the applied bending moment, c¢ is the
distance from the neutral axis of the beam to the point of interest (in

this case the outermost fiber), and I is the moment of inertia for the

7



beam configuration. Should the testing conditions be such that plastic
flow can occur in the outermost fibers of the beam specimen, the stress
distribution might look something like that shown in Figure l(b). As a
boundary condition of plastic behavior, the stress distribution would
appear as in Figure 1(c). The outer fiber stress in this condition

would be given by
2Mc (2)

31

It can be seen that in the limiting case of all-plastic stress, the

maximum outer fiber stress as calculated by equation (2) would be two-
thirds that of the pure elastic stress distribution, aﬁd one might ob-
serve an apparent increase in fatigue strength under such conditions.
The presence of such massive plaétic deformation could inherently in-
crease the scatter of fatigue results since the degree of plastic
deformation could concéivably vary from specimen to specimen. A common
concept of such massive deformation would be simply creep. Such creep
could be involved in elevated temperature fatigue tests.. The subse-
quent redistribution of stresses to a condition of an elasto-plastic
stress system would further complicate the interpretation of the data.
In addition, this creep behavior is itself dependent upon a number of
variables including composition and microstructure. Thus the occurrence
of creep adds to the scatter factors where elevated temperature fatigue
tests are involved.

While it is customary to refer to fatigue étudies from the sfand-
point of applied stress to failure, one finds, for the magnitude of
stresses applied in this investigation, it is wise to rely upon strain

(17)

as a primary variable rather than stress. Low noted a continuous

8



behavior in strain versus fatigue-life plots for lifetimes in the 100
to 1,000,000 cycle range whereas a stress versus fatigue-life plot was
not continuous throughout this same range. This can easily be explained
by considering the yield point phenomenon. Low concluded that the
continuity under strain conditions suggested that strain rather than

(18)
stress be considered as the cause of fatigue failures. Johansson
states that a constant strain amplitude gives more stable conditions
when testing in the plastic region than does a éonstant stress ampli-
tude or a constant bending moment. Thus the results and terms used in
the dissertation pertain to allowable total strain, rather than stress,
for failure.

The need for further fatigue data concerned with low-cycle life- -
times is necessitated by the many developments in science and engineer-
ing in recent years. As more data are gathered and more knowledge
gained about material behavior under fatigue loading, the resulting
designs more closely approach optimum conditions. With advances in
knowledge of plasticity theory and elasto-plastic stress conditions
some degree of yielding can be tolerated. Consequently both material
and cost can be spared.

While the majority of structures are expected to last indefinitely,
there are situations where an assembly such as a missile is expendable
after a finite lifetime. There are also those cases where cycle rates
are so low that a reasonable lifetime may involve a small number of
cycles as opposed to the millions of cycles involved in endurance tests.
Such examples as high-pressure vessels, heavy guns, and pipe would fall

into this latter grouping. A specific example of such a limited life-

9



time would be a pressure vessel such as that used in a nuclear reactor

(19)
which might have a useful lifetime of 100,000 cycles

(20,21,22)

Recently, several investigators have developed empirical
mathematical relationships in an attempt to characterize the low-cycle
fatigue behavior of metals. For the most part, however, these ex-
pressions have been based upon room temperature fatigue tests, and are,

therefore, limited in their application to the total concept of fatigue.

The form of these expressions is given, in general, by

€ N = <, (3)
where 6 is a specified strain in the specimen, N is the number of cycles
(20)
to failure, while m and c¢ are constants. Coffin has suggested that

the strain factor be one of plastic strain, the exponent, m, equal to
one-half for most materials, and the constant c¢ related to the fracture
(23,24)
strain found from a standard tensile test of the material. Others
have found that for lifetimes in excess of 5,000 cycles, and ranging up
to 100,000 cycles, the total strain range value rather than the plastic
strain as applied by Coffin is more useful. This is in agreement with
some previous work by-the writer(ZS) in which it was found that Coffin's
equation and constants did not apply to the data obtained from the ma-
terials and type of specimen utilized in the current study for lifetimes
in excess of 10,000 cycles.
In addition, the exponent, m was found not to be one-half (m is
experimentally determined as the absolute value of the slope of the log-
total-strain versus log-cycle fatigue curve). 1In no case did this value

(24)
of m reach Coffin's suggested one-half

10



For many applications, cyclic loading of high strains would not be
experienced at a rate of several hundred or thousand a minute, but rather
one an hour or even one per day. The low rate of one cycle per hour or
one per day experienced in service is the basis for applying a cycle rate
variable in this study. As pPreviously stated, regardless of the care
exercised in planning an experiment which closely approximates actual
service conditions, there are some variables which are not practical to
reproduce. Such a variable is an extremely low cycle rate in fatigue
tests. It would be out of the question to run tests at one cycle per day
and hope to obtain meaningful data within a useful period of time. It is
hoped, therefore, that the results of a series of cycle rates ranging
from 200 cycles per minute down to 2 cycles per minutevmay provide the
ability to extrapolate to the even lower rates of one cycle per hour or
one per day. Naturally, this extrapolation involves some doubt but certain-
ly less doubt than generalizing on the basis of rotating beam fatigue tests
at a rate of 5,000 cycles per minute as Waisman(26) proposes. It should be
mentioned, however, that Waisman was referring to the endurance limit when
he stated that over a wide range, the frequency does not influence the
fatigue life at room temperature up to 5,000 cycles per minute.

(27) ,

However, Benham introduces the possibility for an effect of cycle
rate when he noted that regardless of the generally accepted theory in
conventional fatigue testing, that of a negligible effect on lifetimes for
cycle rates between 500 and 10,000 cpm, there is definite evidence to sup-

port the contention that a decrease in lifetime may result from a drop in

frequency from, say, 500 to 1 cpm.
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The above considerations take on added significance when one intro-
duces the influence of elevated temperature upon fatigue behavior. While
it is commonly accepted that the tensile properties of most steels de-
teriorate with increasing temperature, apparently little attention has
been paid to the effect of elevated temperature conditions upon fatigue
life. Perhaps, since the endurance limit has.been found to be related
to the ultimate tensile strength of a steel, it has been assumed that if
you concern yourself with the breakdown of the tensile properties, the
fatigue behavior will follow. This, of course, is true but only to a

. (28)
point. Allen and Forrest have noted a shift in the temperature of
peak fatigue strength when compared to a similar peak in tensile proper-
ties. They relate this shift to a stress-sensitive change occuring in
the fatigue specimen during testing. For want of a better phrase one

(29,30)

might apply the term strain-aging to this phenomenon. Coffin
noted a modification in the fatigue behavior of AISI 1010, 1111, and a
0.1%C - 2.0%Mo steel which appeared as an aging effect. It is suggested
that these aging effects may be sensitive to composition and strain range
as well as strain rate. It has been observed that a decrease in strain
rate accompanied by an increase in strain range induces an aging phe-
nomena to occur at lower temperatures in some cases, while intensifying
the effect in others.

For a mild steel the general decline in tensile strength with in-
creasing temperature is interrupted by a maximum strength value at about

(28)
485°F . Fatigue resistance in tests at 2,000 cpm varies similarly
with temperature. The major exceptipn is a displacement of the maxim?gl)

from 485°F for tensile strength to 650°F for fatigue strength. Forrest

12



showed that the temperature of peak fatigue strength is lowered by lower-
(28)
ing the cyclic frequency of testing. Tests run at 10 cpm reduced
the peak strength temperature to between 400 and 575°F. An increase in
the fatigue strength is also noted for the lower speed. These results
suggest that strain aging during an entire fatigue test is not sufficient
to raise fatigue strength noticeably but that it is necessary to lock
dislocations within the period of one stress cycle to obtain an appreci-
(32) .
able effect. Baird attributes this behavior to the presence of
carbon and nitrogen acting as an obscure dislocation locking mechanism
within a single stress cycle and refers to this behavior as dynamic
strain aging. The term ''dynamic strain aging' is used to denote aging
processes occuring simultaneously with plastic strain. Rally and Sin-

(33)
clair have shown that an increase in testing temperature raises the
knee of the S-N curve to a higher stress and a lower number of cycles,
which is in agreement with the strain aging mechanism.

Since the previous work has been limited substantially to room
temperature data, one of the purposes of the present study should be to
indicate the feasibility of a mathematical statement, comparable to that
of Coffin's, applying to elevated temperature fatigue behavior, covering
the low-cycle region and possibly cycle rate variations as well. The
financial support for this study was supplied by the Materials Division
of the Pressure Vessel Research Committee of the Welding Research
Council. A complimentary study, sponsored by the Fabrication Division

of this same group, was performed simultaneously at Lehigh ana dealt

with the creep and stress rupture behavior of a series of steels.

13



The decision to run fatigue tests over the range of 600 to 900°F
for this study was made to ascertain the interplay between fatigue and
the onset of creep and to learn more about this strain aging phenomenon
with respect to common, moderate-strength, low-alloy pressure-vessel
steels. The materials chosen for the study were selected on the basis
of their availability to, and potential use by pressure vessel fabrica-
tors. All three steels are commonly used today in pressure vessel ap-
plications and show some potential for limited elevated temperature
service. These steels are described in the materials section.

The goal of this study is to expand the knowledge specifically of
the fatigue behavior of the materials chosen with the hope that a more
sophisticated design criteria will emerge for elevated temperature ap-
plications,‘ That is, it is hoped that the results of the two compli-
mentary programs can be combined such that one can determine at what
point in elevated temperature applications one must become concerned
with either stress rupture or fatigue failure as a limiting design
value as opposed to the one-quarter of the ultimate tensile strength
criterion used today. ‘The variation in applied cycle rate should pro-
vide a better insight into the effects of extremely slow stress vari-
ations in service vessels. To some degree, the variation in testing
temperature may expose application limitations pertaining to each
specific steel tested. And finally, it is hoped that, should a relation-
ship exist betwéen fatigue behavior and some easily obtainable material
parameter, this relationship could be developed in such a fashion as to
permit prediction of fatigue behavior with a reasonable degree of confi-

~dence.
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EXPERIMENTAL PROGRAM
Approach

In view of the ultimate objectives of a comprehensive research
program at Lehigh University sﬁudying the effects of elevated tempera-
ture service upon low-alloy, moderate-strength steels, the following "
experimental approach was conceived. The entire fatigue research
program is easily sub—ﬁivided into four basic phases consisting of
first, the actual mechanical testing phase involving tensile and fatigue
tests at ambient conditions and in the elevated temperature range of
600°F to 900°F. A variation in cycle rate was utilized in the fatigue
program in that fatigue curves were génerated at 1100 and 12,000 cycles
p2r hour respectively with a limited number of tests at 110 cycles per
hour.

The second phase involves a more detailed investigation of some
unexpected results of phase one. This work deals basically with the
anomalous fatigue behavior exhibited by the "T-1" steel at 800°F and
900°F when tested at 12,000 cycles per hour. This secondgry study
consisted of aging "T-1" specimens prior to testing at 800°F for vari-
ous lengths of time. Any change in fatigue behavior as compared to
'bthe unaged specimens of phase one was noted. Tensile specimens and
charpy bars were cut from the broken "T-1" fatigue épecimens in an
effort to asceftain the aging effect on the tensile and impact proper-
ties.

Part three of the research program involved the mathematical in-

terpretation of the elevated temperature fatigue data from the stand-
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point of temﬁerature and cycle rate effects. In all cases a single or
double linear least-square analysis was made on each set of fatigue
data. There is a set of data fof each of the three steels in each heat
treatment condition utilized at each of the four testing temperatures
and for each of the two cycle rates for a total of forty separate
fatigue curves.

Particular emphas%s was placed upon the slope of the least squares
line and the 5,000 and 100,000 cycle strain values. A multiple re-
gression analysis was performed with the previously mentioned fatigue
curve values as dependent variables and the various tensile property
values and chemicai compositional values as independent variables.

The resulting regression equation was applied as an empirical relation-
ship in predicting fatigue behavior from tensile and compositional data.

The fourth phase of the program involved light and electron mic-
roscopy in sfudying the secondary crack morphology of the fatigue speci-
mens tested at each of the four temperatures under low, moderate, and
high applied strain levels. A plastic replica technique was employed
in the electron microscopy phase using chromium shadowing and a carbon
backing to obtain a film for viewing. |

Materials and Heat Treatments

As previously mentioned, the materials chosen for study were se-
lected for their potential to be utilized in pressure vessel applica-
tions where limited elevated temperature service is anticipated. The
steels which were selected are ASTM designated A-212 (Grade B) and
A-387 (Grade B), while the third steel is a United States Steel Co.
proprietary material labeled "T-1". The A-212,B 1is a plain carbon
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steel with the carbon content in the 0.25% to 0.30% range. The A-387,B
is a chromium-molybdenum grade of about 1.0%Cr and 0.57%Mo, while the
"T-1" is a complex alloy steel containing restricted amounts of nickel,
chromium, molybdenum, copper and vanadium. The chemical analyses for
the specific heats of steel used in the study are listed in Table I.

It was necessary to use two different heats of each type of steel in the
investigation, and this is noted in Table I where both compositions are
given. 1Identical heat treatments were applied to the corresponding heats
and room temperature fatigue tests were performed to ascertain any dif-
ferences in the fatigue characteristics resulting from compositional
effects.

The A-212,B and the A-387,B steels were tested in the quenched and
tempered, and in the normalized and stress relieved condition. The
austenitizing temperature for the A-212,B steel was 1650°F while that
for the A-387,B gradg was 1675°F. ~Austenitizing time in all cases was
one hour. The tempering and stress relieving temperature for both grades
was 1150°F and the timé at temperafure was one hour. The "T-1" steel was
tested in the mill-quenched and tempered condition only. This mill treat-
ment involves an austenitizing temperature of 1700°F with a tempering
treatment of 1200°F for a sufficient length of time to produce the pre-
scribed tensile properties.

All heat treatments involved in the study (with the exception of the
"T-1" steel' were performed on 3/4" thick plates, 12" in width and 18"
long. The normalizing was performed in a still air quench while the spray
quenching was performed in accordance with the technique established by

(34)
- Canonico
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Four specimens of the geometry shown in Figure 2 were cut from
each of the normalized 12" x 18" plates. Stress relieving followed
the milling operation but preceded final grinding of the reduced section
which took place immediately prior to testing. Three specimens were
cut from each of the spray quenched plates following tempering. A
larger "waste-piece" was cut from the quenched 12" x 18" plate prior
to removing any usable specimens to avoid possible edge-effects result-
ing from the spray quenching.

Testing Equipment and Procedures

Tension Tests: All tensile testing was performed on 0.252-inch

diameter, one-inch gage length specimens. The testing temperature was
held to +5°F at temperature levels of 600°F, 700°F, 800°F and 900°F in
addition to ambient conditions and all specimens were broken in air.
Heating was accomplished by way of a resistance furnace. A strain rate
of 0.05 inches per minute was used through the tension tests which were
performed on an Instron Tensile Testing Machine. The data recorded and
tabulated consisted of yield strength, ultimate tensile strength, elonga-
tion, reduction in area, strain hardening exponent, and the yield strength -
to tensile strength ratio for all steels and conditions.

Fatigue Specimen: The fatigue testing was performed using the

standard Lehigh reversed bending cantilever fatigue specimen (R=-1)

shown in Figure 2, aﬂ;.a constant deflection type of loading. As can be
: seeﬁ from the specimen geometry, the width to height (or thickness) ratio
is 5 to 1 providing for a 2:1 biaxial stress distribution at the'dﬂtEEBS)

All specimehs were cut from 3/4" x 12" x 18" plates with the longitudinal
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axis of the specimen parallel to the rolling direction of the plate.

The reduced section of the specimen was milled and subsequently ground

to an 80-grit finish with the scratches running parallel to the longi-

tudinal axis of the specimen (perpendicular to the plane of fatigue

crack gro?ghgi A complete description of the test has been published
5

elsewhere

Fatigue Testing Apparatus: The fatigue testing apparatus shown in

Figure 3 is one of two such units built especially for this investigation
to complement a third existing machine described by Laxar(ae). This
third testing machine applies a similar load.to the specimen but has a
different drive mechanism.

Basically the fatigue testing apparatﬁs consists of a fixed support
which holds the short end of the specimen rigid énd an arm which applies
a vertical reciprocating motion to the free en@ of the specimen during
testing. The deflection of the free end of the specimen is varied by
means of an adjustable eccentric cam unit mounted on the end of the
motor drive shaft. Thus the strain in the specimen can be varied simply
by altering the eccentric cam setting prior to each test. Provision is
made so that the cycle rate can be varied by means of a more elaborate
back-gear arrangement utilizing a chain-sprocket drive for positive
action. The standard cycle rate of 12,000 cycles per hour was used for
part of the testing program and these resulting fatigue curves were com-
pared with those obtained‘at 1100 cycles per hour (or a 10 todl reduction
in cycling speed), and limited data at 110 cycles per hour (or a 100 to 1

reduction).
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Complete fatigue curves were obtained for tests at room temperature,
600°F, 800°F, and 900°F in air for the 12,000 and 1100 cycle per hour
rates. Also, 5,000 cycle life strain values were obtained at the 110
cycle per hour rate. The elevated temperatures were attained using a
resistance-type furnace which enclosed the fixed grip and the specimen
length up to within several inches of the movable clamp. Test speci-
mens with embedded thermocouples indicate a temperature variation of
+10°F within the center of the reduced section. The equipment shown in
Figure 3 shows the furnace raised to reveal the specimen in testing
position.

Strain Measurements: Strain measurements on the room temperature

specimens were made with a Tuckerman optical strain gage having a nomi-
nal 1/4-inch gage length. The gage-length straddled the midpoint of
the reduced section and registered total strain over several complete
cycles of reversed bending. Vertical deflection readings at the free
end of the specimen were also recorded with the strain readings. By
calculation one could ascertain the equilibrium or midpoint deflection
of the specimen as indicated by a dial gage. By flexing the specimen
to its maximum deflection in one direction and ;eturning to the mid-
point position one could obtain a Tuckerman reading. Repeating the
procesé in the reversed direction would result in a second Tuckerman
reading. The difference between these two Tuckerman readings is a
measure of the plastic strain range imposed upon the specimen in one
complete cycle of reversed bending. All strain readings‘were made and
recorded after the teﬁth cycle to eliminate any possible errors result-

(10)
ing from strain hardening effects
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A special mechanical fixture had to be devised for strain measure-
ments at the elevated temperatures. This fixture is in the form of an
inverted "U" and is mounted on the specimen by way of a knife edge and
a slotted nut, both of which are rigidly attached to the specimen through
three threaded studs which are welded to the specimen. The strain in.
the specimen is transmitted by the fixture to the thin cross=-piece of
the U-shaped bracket. A foil-type resistance strain gage is mounted on
the cross-piece in such a fashion as to experience a flexure whenever
the specimen is flexed. Maximum and minimum microinch values of strain
in the gage were noted on a Baldwin SR-4 Strain Indicator. These micro-
inch differences yield specimen strain values by way of a room temper-
ature correlation with the Tuckerman strain gage. Effectively the
mechanical fixture has a one-inch gage length at its point of attachment
to the specimen. The strain readings were made, as in the room temper-
ature tests, after ten complete cycles had been experienced by the speci-
men.

Failure Criteria: All strain data taken are in the form of percent

total strain range and percent plastic strain range to failure. Speci-
men failure is defined as the point at which the flexed section can no
longer transmit a useful load to the fixed end. This point is determined
by zeroc deflection as registered by the Baldwin strain recorder which in
this case is connec;ed to an SR-4 type resistance strain gage mounted on
the vertical loading arm of the fatigue machine. A no-load condition

experienced by the arm dictates failure of the specimen.
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PRESENTATION AND DISCUSSION OF RESULTS

Elevated Temperature Tensile Properties

The data from the elevated temperature tensile tests are listed in
Table‘II and are presented graphically in Figures 4 through 6.

Figure 4 reveals the expected drop-off in ultimate tensile strength
and yield strength with increasing testing temperature. It is evident
that only one'steél, the "T-1", shows any marked peak in tensile strength
with increasing temperature. The fact that the peak occurs at a signifi-
cantly higher temperature than that noted by Allen and Forrest(28) for
a mild steel may be a consequence of the complex composition of the "T-1"
or could possibly be an effect of strain rate. While no tensile tests
were performed at 400°F and 500°F, the literature(37) reveals no major
maxima or minima within the room temperature to 600°F range. It can be
noted that there is a mild decrease in strength for the A-212 steel in
bothvthe quenched and tempered, and the normalized and stress relieved
conditions to 600°F. From 600°F to 900°F the tensile strength deteri-
orates ét an increasing rate for both conditions as might be expected
for a low-strength, plain carbon steel. The normalized and stress re-
lieved condition of the A-387,B also shows this small initial decline
in tensile strength, but in this case a slight recovery is noted at 700°,
followed by a drop-off in strength to 900°F. The A-387,B grade differs
from the A-212 in that there is a marked separation between the two heat
treated conditions of the A-387,B, while the strengths of the two compa

rable conditions of A-212 differ only slightly at each temperature.

This difference is a ramification of the relative hardenabilities of
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the two steels. The absence of any substantial alloyiﬁg elements in
A-212 and its low carbon content necessitate a rather poor hardenabiiity
as compared with Af387,B. The quenched and tempered A-387,B, while
starting at a considerably higher tensile strength at room temperature,
shows much the same general effect of increasing temperature as its
normalized and stress relieved counterpart; ﬁhe only difference being
that the strength level for the quenched and tempered steel is shifted
to higher values throughout the temperature range. The microstructures
of the steels in the various heat treated conditions differ by degrees.
A léter section of this dissertation is devoted to the metallographic
aspects‘of thé study, but some distinct characteristics of the mxucuneé
should be notéd at this time. The A-212 steel, due tobits felatively
poor hardenability, shows only a slight difference between the quenched
and tempered and the normalized and stress relieved conditions. Both
structures are basically pearlite-ferrite aggregates with the outstand-
ing.distinction being the pearlite spacing. The pearlite in the quenched
and tempered condition is unresolvable under‘normal light microscopy
conditions while that of the normalized and stress relieved structure

is coarse and easily resolvable. The A-387,B, steel shows a marked
difference between the two heat treated conditions. The normalized and
stress relieved structure is composed of ferrite and blotchy pearlite
areas much too fine to be resolved by light microscopy. The quenched
and tempered structure is composed of acicular ferrite-carbide networks,
vastly different from the normalized.and stress relieved structure.

The "T-1" which is mill quenched and tempered is very similar in micro-
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structure to the quenched and tempered A-387,B, with little significant
to distinguish between the two.

As might be expected, the yield strength versus temperature plot
of Figure 4 shows the same general effect of increasing‘temperature as
was noted in the tensile strength plot. The same groupings exist for
the latter figure in that the two conditions of the A-212 steel show
similar strengths for all temperatures. The normalized and stress re-
lieved A-387,B exhibits moderate strength,.while the quenched and
tempered A-387,B and "T-1" steels possess the highest strengths of the
steels tested. The "T-1" and the A-387,B, steels show similar effects
of increasing temperature upon yield strength.

The temperature effects upon ductility are shown in Figure 5. It
should be noted that the expected increase in ductility associated witﬁ
the decrease in strength above 700°F_is generally exhibited by the two
plots of Figure 5. The slight dip observed in the 600°F to 700°F region
in the elongation plot is probably aséociated with a strain aging phe-
nomenon during testing; as the corresponding peaks in the strength
curves could also be attributed to a strain aging mechaﬁism.

Figure 6 is a plot of strain hardening exponent versus testing
temperature. It can be seen that the strain hardening exponent in-
creases from its room temperature value to a higher value when measured
at 600°F or 700°F. A general decrease in the strain hardening exponent
is experienced ab&ve 700°F. This effect is most pronounced in both
conditions of the A-212 steel. It is also interesting to note that the
groupings observed in Figure 4 are maintained in this plot in Figure 6

with the only difference being that the order is reversed in that the
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A-212 stéels show considerably higher strain‘hardening exponents than do
the quenched and tempered "T-1" and A-387,B, with the normalized and stress
relieved A-387,B maintaining its central position.

The similar effect of temperature upon both the tensile and yield
strengths result in rather constant yield strength to tensile strength
ratios throughout the elevated temperature range. The one exception to
this statement is the A-212 steel in which the yield to tensile ratios
drop considerably from their room temperature values to those at 600°F
and 700°F with a slight recovery at 800°F and 900°F. This occurs. for
both heat treated conditions of the A-~212 steel. This same general trend
is exhibited by the dther steels, but the differences in the yield to
tensile ratios throughout the temperature range are slight in these
cases. It is this low yield to temsile ratio in the 600°F to 700°F range
which causes the apparent marked response to temperature for the A-212
steels in Figure 6. The increase in the strain hardening exponent for
the other steels is a combination of the factor previously mentioned
combined with a décrease in ductility as observed in Figure 5. These
combined effects produce a more steeply rising stress-strain curve, and
therefore a larger strain hardening exponent. The increase in ductility
in the 900°F region combined with the increase in yield to tensile ratio
results in a decrease of the exponent as noted in Figure 6.

Fatigue Properties

All the data used in generating the fatigue curves are given in the
Appendix. For ease of discussion and comprehension, only effects perti-
nent to two fatigue-life levels will be presented and discussed. These

two lifetimes involve, essentially, the end points of the fatigue curves.
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They'are the strain ranges required for 5,000 and 100,000 cycle life-
times. A third parameter to be presented is the slope of the log-strain
versus log-number of cycles to failufe plot. The strain ranges for
failure at the two prgviously mentioned lifetime levels for the three
steels studied are foﬁnd in Table III along with the respective slopes
of the fatigue curves.

12,000 Cycle per Hour Fatigue Tests

Figures 7 through 11 are the fatigue plots of log-total strain
versus log-cycles to failure for the three steels studied in the vari-
ous conditions of heat treatment. A series of three summary plots.
found in Figures 12, 13, and 14 reveal the effects of elevated temper-
ature upon the total strain range for the 5,000 and 100,000 cycle ends
of the fatigue curves and upon the slope of the respective curves.
Figures 12 and 13 substantiate previous work(12) on different steels
which indicates that higher strength materials, "T-1" and quenched and
tempered A-387,B, in this case, are superior in room temperature fatigue
resistance for 100,000 cycle lifetimes to the lower strength materials
represented by the normalized and stress relieved A-387,B and both
conditions of the A-212,B steel. However, the weaker but more ductile
steels show superiority at the shorter lifetime of 5,000 cycles, again
when tested at room temperature. This distinction was maint;ined gener-
ally for the 100,000 cycle data as the testing temperature was increased,
but the 5,000 cycle data showed considerable variation with increasing
temperature. Figure 12 shows that at 600°F, the 5,000 cycle total
strain values were about equal to or slightly below the room temperature
values for the "T-1" and the A-212,B steelé, There was a marked increase
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in fatigue resistance for both conditions of the A-387 steel over the
same temperature range. While the A-212 steels showed definite in-
creases in total strain at 600°F for 100,000 cycles, the values are
still lower than those of the other steels, which remained about the
same as at room temperature.

At 800°F, all steels and conditions showed a decrease in total
strain range for 5,000 cycles, as did all but one series for the 100,000
cycle strain range. The excéption was the quenched and tempered A-212
which recorded a 10% increase in allowable total strain range at 800°F
for 100,000 cycle life over the 600°F value.

A testing temperature of 900°F introduces an apparent recovery in
5,000 cycle fatigue resistance in that all but two series show strain
ranges approximately equal to, or greater than their respective room
temperature values. These exceptions are the two heat treated con-
ditions of the A-212 steel which show considerably less fatigue re-
sistance at 900°F than they exhibited at room temperature. The 900°F
recovery is evident for the 100,000 cycle plot also, but it ié not.as
marked. Generally speaking, the effect of temperature seems to be much
more drastic on the 5,000 cycle lifetimes as is evidence in a comparison
between the spreads involved in Figures 12 and 13. While all the steels
appear to have recovered their room temperature fatigue resistance at
900°F for 100,000 cycles, the A-212 steels still show their inferiority
to the other materials tested. 1In fact, with the exception of the marked
decrease in allowable strain at 100,000 cycles for the normalized and
stress relieved A-387,B steel at 800°F, the plain carbon A-212 shows
poorer fatigue resistance 'across the board" at 100,000 cycles.
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When comparing the effects of elevated temperature upon the fatigue
resistances and the tensile strengths of the steels studied, there seems
to be some contradiction in the results. Where the fatigue values show
a dip in the curves, the tensile values show a peak, and vice versa.
This is probably an interplay between strength and ductility and their
effects upon fatigue life which also involves differences in strain rates.
A later section will explore the relationship between fatigue behavior
and tensile properties in more detail.r

The fatigue curves in Figures 7 through 11 are linear least square
fits to the data with no subjective influences. The data points have
been eliminated for clarity. They are all listed in the fatigue data
section of the Appendix. Had all the data points been shown for the
four curves in each figure the result would have been incomprehensible.
By the same token, the shdwing,of selected points for each curve would
not have been a fair representation of the true data. Thus, it was
decided that no data points be shown on this type of plot. The average
deviations in the plots range from 2% to 16% with a median value of
6.4%. 1t should be pointed out that for fatigue work, especially ele-
vated temperature fatigue tests, the scatter has been kept to a minimum.
In most cases, where the average deviation is high it is because of one
or two ‘bad' points which statistically probably should have been elimi-
nated. There were two plots which demanded some attention from a sub-
jective viewpoint. These were the 800°F and 900°F "T-1" plots at 12,000
cycles per hour. One is shown in Figure 15 with the room temperature
plot added to give some indication of the minimal scatter involved in
the room temperature tests. The room temperature curve shown on the
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plot is what one would consider as normal. The 800°F data seem to
indicate an'unusual behavior. The sharp decrease in fatigue resistance
at 800°F results in a knee in the curve at 50,000 cycles with decreasing
fatigue resistance from this point on. The 900°F data show a similar
but less marked drop-off occurring at about 20,000 cycles and progress-
ing beyond 100,000 cycies. The doubt as to the real or imaginary ef-
fects of such a behavior is further complicated by the fact that. should
the data for both temperatures be treated as two single straight lines
as in Figure 7, the slopes of the four curves differ only slightly. How-
ever, the possibility of an aging or embrittling phenomenon exists, and
this had to be investigated. The resulfs of the study of this irregu-
larity will be discussed in a later section.

1100 Cycles per Hour Fatigue Tests

As in the previous section, Figures 16 through 20 present the 1100
cph fatigue plots for the three steels studied in the respective con-
ditions of heat treatment. Summary curves can also be found in Figures
21, 22, and 23 showing the effects of elevated temperature upon the
total strain range for 5,000 and 100,000 cycle lifetimes and upon the
fatigue curve slope.

The superiority of the weaker, but more ductile steels at room
temperature in the 5,000 cycle range noted in the 12,000 cph tests was
maintained in the 1100 cph tests as well. The same order of merit for
the 100,000 cycle vaiues is also displéyed in Figure 22 as compared with
Figure 13. As in the 12,000 cph tests, the A-~212 strain values remained
below those of the other steels with increas%ng temperature at 100,000

cycles.
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The 5,000 cycle plot indicates that the effect of increasing
temperature varies with the particular steel and condition while, for
the 100,000 cycle values, all the steels and conditions react similarly
to increasing temperature but the degree of response varies with the
steel. The quenched and tempered A-387,B strain ranges remain about
the same at 5,000 cycles with an increase in testing‘temperature.
However, the other series react quite differently; Both conditions of
the A-212 steel show a decrease in fatigue resistance with increasing
temperature. The quenched and tempered series shows an almost linear
decline from 400°F through 900°F, while the normalized and stress re-
lieved condition shows about a 20% decrease in allowable strain range
from room temperature to 400°F followed by a leveling-off to 600°F,
and then a sharp decline through 800°F and 900°F. Both conditions
suffer abo#t a 40% loss in fatigue resistance at 900°F for 5,000 cycle
lifetimes when compared with room temperature values. The normalized
and stress relieved A-387,B reacts strangely in that it experiences a
diﬁ at 400°F followed by a sharp recovery at 600°F amounting to a 20%
improvement in fatigue resistance over its room temperature value.

As would be expected, tests at 800°F cause a drop in allowable strain
range for the normalized and stress relieved A-387,B, but the resulting
strain value is about éhe same as the original room temperature value.
This is further decreased in tests at 900°F. The "T-1" steel, at‘SJXD
cycles, shows only a slight decline'in'fatigue resistance to 600°F
followed by a declination to 900°F at an increasing rate.

The general dip and subsequent recovery in 5,000 cycle fatigue
resistance ogserved in Figure 12 for the 12,000 cph tests at 800°F and
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900°F does not appear in the plots of Figure 21 for the 1100 cph tests.,
Rather, the general trend is to continue at 900°F the decliné in fatigue
resistance.experienced at 800°F.

The data from thé 100,000 cycle plot of Figure 22 also differ marked-
ly from those of Figure 13. Room temperature to 600°F shows little effect
on allowable strain with the exception of the marked increase in fatigue
resistance shown by the normalized and stress relieved A-387,B. This is
comparable to the similar increase shown in Figure 21 for the same steel
at 5,000 cycles. Generally, there appears to be a peak in fatigue re-
sistance at about 800°F for the 1100 cph tests as opposed to the dip
noted in the 12,000 cph results for this temperature. The A-212 steel
is the exception to this statement in that the quenched and tempered con-
dition displays a mild peak in allowable total strain at 400°F followed
by a steady decline in fatigue resistance from that point on. The
normalized and stress relieved condition exhibited a similar mild im-
provement at 400°F followed by a shallow dip in allowable strain at 600°F,
a slight recovery at 800°F, and the normal decrease in fatigue resistance
at 900°F. All steels and conditions show a decline in fatigue resistance
from 800°F to 900°F, but it is notable that the allowable strain value
for the quenched and tempered A-387,B at 900°F is approximately the same
as its original room temperature value, while that for the normalized
and stress relieved A-387,B is actually 257 higher than its room temper-
ature value. The 900°F values for the other steels and conditions were
lower than their original room temperature values.

The data from the "T-1" tests at 1100 cph for 800°F and 900°F do
not suggest the discontinuous type of behavior noted in the 12000cph tests.
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The linear least square fits to the fatigue data in Figures 16
through 20 have about the same degree of scatter as those in the 12,000
cph section. The average deviation varied over the range of 3.7% to
18.4% with a median value of 5.8%. As was previously noted, this mini-
mal degree of scatter should be considered quite good when all the
variables, as mentioned in an earlier discussion of scatter in this dis-
‘sertation are taken into account. |

Plastic strain values are given with all data points in the Ap-
pendix for three cycle rates. Readings were taken as described previ-
ously. . No use was made of these data in this dissertation since they
did not add anything of value to the discussion. The observation that
the plastic strain values gradually increase with increasing total
strain can be made. However, in the elevated temperature tests, the
plastic strain tends to fall off to a point where it is difficult to
detect., This is in agreement with that predicted by Forrest and Tap-

(38)
sell as the type of behavior expected where dislocations are slowed
down by strain hardening processes until strain aging is able to lock

them.

110 Cycles per Hour Fatigue Testé

| The application of the 110 cycles per hour testing rate to the
entire 5,000 to 100,000 cycle lifetime range was not practical from a
time standpéint. For this reason the 110 cph data are limited to the
low cycle end of the fatigue curve.

Figure 24 is a summary plot showing the effects of elevated

temperature upon the total strain range for 5,000 cycle life when
tested at 110 éph. As a point of intérest, note the consistent
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superiority of the plain carbon A-212 steel at room temperature over

the stronger, more highly alloyed A-387,B and "T-1" steels in this low
cycle region. As in thé faster cycling rates, however, this superiority
is soon lost as higher testing temperatures are applied. The series of
110 cph curves of Figure 24 also show some influence of microstructure
upon the temperature effects on fatigue behavior. The normalized and
stress relieved A-212 steel exhibits a 15% decline in allowable strain
range from room temperature to 400°F, while the normalized and stress
relieved A-387,B steel maintains a constant fatigue resistance through
the same temperature change. 1In direct contrast, however, are the three
quenched and tempered steels which show increases in total strain range
at 400°F. The A-387,B steel is the least affected, while the A-212 and
"T-1" steels are increased by 12.5% and 21% respectively at 400°F. This
improvement in fatigue behavior is short lived, however, since at 600°F,
the total strain range for all the steels and conditions drops to below
0.9%, lower than any steel at room temperature. The decline is con-
tinued to 800°F followed again by differing effects. At 900°F, the two
normalized and stress relieved series seem to level off in their fatigue
resistance. The quenched and tempered A-212 suffers a further reduction
in allowable strain from 0.8% at 800°F to 0.697% at 900°F. However, the
quenched and tempered A-387,B and 'T-1" steels appear to undergo a
slight recovery at 900°F, similar to that observed in the 12,000 cph
tests. One important point to make here is the fact that all allowable
strain values at 900°F in the 110 cph tests are substantially lower than
their respective room temperature values, in contrast to that noted in
the 12,000 cph tests.

33



The curves of Figure 24 can be compared with those of Figures 12
and 21 for a general indication of the cycling rate effect upon the
5,000 cycle lifetime region. In such a comparison, probably the most
evident feature of the three plots is the trend toward closer grouping
of all the steels in the 110 cph curves, particularly at 600°F, 80b°F,
and 900°F. Thus, it seems that as the cycling rate is decreased from
12,000 cph to 1100 cph te 110 cph, the overall effect is to show quite

similar fatigue behavior by all the steels at temperatures above 600°F.

Combined Temperature and Cycle Rate Effects

Figures 25 through 29 show the 5,000 cycle lifetime allowable
strain data in such a fashion as to evaluate the effects of cycle rate
and temperature from the same plot. The first impression from these
figures is that the normalized and stress relieved steels appear to be
more sensitive to changes in cycling rate than do the quenched and
tempered materials. The fatigue behavior of the normalized and stress
relieved A-387,B series, shown in Figure 25, is markedly altered by the
reduction in cycle rate from 12,000 cph to 1100 cph to 110 cph. Figure
26, showing the reaction of the normalized and stress relieved A-212
steel, very clearly indicates;a decreasing fatigue resistance with the
application of a decreasing cycling rate at temperatures in excess of
400°F. However, this relationship does mot apply at room temperature,
as shown in Figure 26, and is not as cleariy evident in any of the other
steels, since the indication of such an effect is distorted by the curve
maxima shown in the figures. Figures 27? 28, and 29, showing the re-
actions of the quenched and tempered steels to the elevated temperatures

and cycle rate variations, show similar effects between the three steels.
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Viewing the five figures as a group reveals the following observations:
a) at 12,000 cph the normalized and stress relieved A-212 and both con-
ditions of the A-387,B steel show peaks at 600°F, the A-387,B peaks being
the most pronounced; and b) all steels and conditions, except the normal-
ized and stress relieved A-212, show severe dips in fatigue resistance
at 800°F followed by an apparent recovery at 900°F; c) at 1100 cph the
normalized and stress relieved A-387,B shows a strong peak at 600°F,
while the quenched and tempered condition exhibits an elevated plateau
in fatigue resistance over the 400°F to 800°F range; the "T-1" retains
its room temperature behavior to beyond 400°F at which point a gradual
deterioration begins; and d) at 110 cph all steels but the normalized
and stress relieved A-212 show a peak or plateau in the 400°F region
followed by a decline in fatigue resistance. Overall, the A-387,B steel,
in both conditions of heat treatment, appears to show the most pronounced
effects of the increasing temperature and decreasing cycling rate as ap-
plied in this study. The "T-1", in its mill quenched and tempered con-
dition, closely parallels the behavior of the quenched and tempered
A-387,B, as does the quenéhed and tempered A-212 steel,

The recovery behavio; noted in the 12,000 cph tests at 900°F can be
explained by the following. The plastic strain distribution discussed
by Grover(16> can result in an increase in the deformation as measured
in the strain determining step of the fatigue test. Since the state of
strain (and stress) applied to a specimen is determined by a relative
displacement between two fixed points on the specimen, the displacement
(or strain in inches/inch) measured will be higher for those specimens

which undergo considerable plastic deformation. Such deformation as
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. creep will have the effect of relieving the stress system within the
specimen to a point somewhat lower than one might expect from the
measured displacement. Thus while the measured displacement (or strain)
is high, the actual stresses supported by the specimen in the presence
of creep will be low. This would explain the apparent increase in
fatigue resistance (as mentioned in the Introduction with Grover's
analysis). That is, it would appear that the specimen is maintaining
a higher stress state, due to the method of determining strain, than is
(39)
actually the case for a given fatigue life. Kennedy has shown that
the épplication of a fatigue stress increases the creep rate and could
conceivably lower the temperature at which creep is noticed. It is pro-
posed that the recovery at 900°F for the 12,000 cph tests is not truly a
recovery in fatigue resistance, but rather the result of the combined ef-
fects of fatigue and creep brought on by the applied cyclic load as de-
scribed above. Further, it is proposed, that a similar improvement is
absent in the 1100 cph tests as a result of the lower frequency of stress-
w9
ing which does not enhance the creep phenomenon sufficiently to lower its
threshold temperature to 900°F.

The order and distribution of the peaks and plateaus in fatigug
resistance present in Figures 25 through 29 indicate a strain-rate
sensitivity for the steels tested. If one accepts the concept of dis-
locations and a common theory of strain aging, that of dislocation locking
by solute atoms present in the steel, than the following can be proposed.
The atomic mobility of such solute constituents is dependent upon, among
other things, temperature. Since the solute atoms must be able to pur-

sue and overtake dislocations in order to effectively 'lock' them, the
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speed of the dislocation movement becomes important. The slower the
dislocation movement, the less mobile the solute atom must be. Thus

at high cycle rates, the speed of the dislocation motioms is high, and
the temperature must be high to provide sufficient atom mobility for
dislocation locking. With a decrease in cycling frequéncy, the speed

of the dislocation is also decreased, and the locking phenomenon is
possible at lower temperatures. Thus peaks in fatigue resistance versus
temperature plots would occur at lower temperatures for lower cycling
rates. In effect, this is what is observed in Figures 25 through 29.
The A-387,B steel seems to be much more sensitive to the temperature

and frequency variables than do the other steels. Also, the strain
hardening exponents (from Figure 6) for the two conditions of the A-387,B
steels shOW'anlincrease in excess of 407 in the 600°F to 700°F region.
This increase in strain hardening rate could explain the more pronounced
influence of the strain aging upon the A-387,B steel as found in this
study. While the strain hardening exponents of the A-212 steel also
increase quité sharply in this region, the respective tensile strengths
have falleﬁ off to a point where their expected high-strain fatigue
resistance is quite low. Thus one would expecﬁ a lesser response in
these steels.

The Anomalous "'T-1"

The second phase of the study described in the experimental pro-
cedure involves the strange behavior of the "T-1" steel when tested at
800°F and 900°F at 12,000 cycles per hour. As mentioned previously, a
subjective approach leads one to the irregular behavior shown on
Figure 15. However, an objective approach, using a linear least-square
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fit results in the following: the slopes of the curves generated from
the room temperature, 600°F, 800°F, and 900°F tests were -0.243;
-0.238; -0.238; and -0.237 respectively. It is obvious that these four
slopes are identical when considering the type of test used in the
study. It should not be considered unusual to note the absence of any
apparent temperature effect upon the slope of the curve in the "T-1"
while it was observed in the plain carbon A-212. Similar differences
were noted in the temperature effects upon the tensile properties.

It is felt that the remarkable agreement in the four slope values is
more than merely coincidental, but rather a strong indication that the
single straight line is more realistic.

A second factor in favor of the latter belief is the absence of
any such anomalous knee in the 1100 cph tests. However, the claim
that the irregular behavior may be strain rate sensitive is a valid
one and must be evaluated.

In order to gain more information about this phenomenon, room
temperature tensile tests and Charpy V-notch. impact tests were per-
formed on the "T-1" material. Samples were cut from the short piece
of the broken fatigue specimen.‘ This is the end which was firmly
clamped and did not undergo any elastic or plastic deformation during
testing. Also, the short piece was within the furnace and therefore at
the same temperature as the fracture section of the fatigue specimen.
Tests were run on as-received material for control purposes, on speci-
mens which failed in fatigue before the 'knee'" in the curve, and on
specimens which failed after the 'knee'. The results of these tests
are listed in Table V. It is obvious that, except for a drop in
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yield and tensile strengths experienced by all the specimens following
fatigue testing at 800°F and 900°F, there is no apparent effect of in-
creasing time at temperature during any given fatigue test. The 15ft.-
1b. transition temperature values for the 800°F tests are identical when
consideration is given to experimental error. The impact values for the
900°F tests are also in close agreement. Therefore, it should be con-
cluded that increasing time at temperature-for-the duration of the re-
ported fatigue tests apparently had no effect upon the room temperature
tensile properties or the relative Charpy V-notch impact properties.
The slight embrittlement noted in the 900°F tests, as compared with the
room temperature and 800°F values is in relative agreement with that
observed by Pense(40), and is indicative of the complex alloy make-up
of the "T-1" steel.
Further evidence supporting the theory of a straight-line repre-
sentation for the 800°F and 900°F data is given by a companion study
presently in progress at Lehigh. Chivinsky(41) has performed fatigue
tests upon similar specimens of the same heat of "T-1" material. The
major difference between his specimen and that discussed herein is the
application of a single weld pass on the top and bottom surfaces of
Chivinsky's specimen prior to fatigue testing. His data involving the
"T-1" steel do not suggest the type of break-down in fatigue properties
illustrated in Figure 15, Rather, a straight line seems to fit his
data quite well. Both 1100 cph and 12,000 cph cycle rates were ap-
plied in his work. It should also be mentioned that his welded and
unwelded data seem to agree quite well for "T-1" and A-387,B, indi-

cating the lack of an influence by the single pass longitudinal weld
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upon fatigue resistance,

It was decided to try to ascertain the appropriate fatigue behavior
of specimens taken from a new heat of '"T-1" steel. This was necessitated
by the exhaustion of the>supply of the original heat material. The data
and the least square-fit line combining both new and old material will
be found on Figure 30. This curve represents the room temperature be-
havior of both heat$§ combined. It should be pointed out that the two
heats are very similar in their room temperature fatigue behavior. The
slope of a straight line fit to the new material data points only is
slightly shallower than that shown for the room temperature curve in
Figure 15.

Figure 31 shows the 800°F least-suqare fit line for the new ma-
terial and that for the original heat as well. It must be stated that
there is considerably greater difference between the 800°F curves for
the two heats than there was for the room temperature curves. However, -
this should be expected for several reasons. First, the elevated
temperature tests inherently involve more scatter. Secondly, the com-
plex make-up of the "T-1" material is such that one must expect some-
what differing reactions to similar conditions from heat to heat.

This is evidenced by the markedly different transition temperatures
between the two as-received materials as listed on Table V. And final-
ly, since the heat treatment of the '"T-1" steel is variable and dependent
upon the resultant properties, there is a finite possibility that the
thermal histories of the two heéts were sufficiently different to cause
such a differing response when tested at 800°F. The only compositional '
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difference to speak of is a 25% increase in chromium content from heat
#1 to heat #2.

Further investigation into the possibility of an aging phenomena
occurring within the "T-1" material involvgd pre-aging a group of speci-
mens at 800°F for times :anging from 5 hours to 100 hours. These speci-
mens were then fatigue tested in the normal way at 800°F at a strain
which should cause failure at more than 50,000 cycles. These results
are listed in Table VI. The last column in Table VI lists the cycle
lifetimes for the various aging times with ﬁhe data normalized to a
total strain value of 0.67%. It is quite clear that the results differ
markedly. 1In fact, there seems to be a deterioration in fatigue life
with increasing aging time to 20 hours. The subsequent 50 and 100 hour
treatments appear to indicate a mild recovery in fatigue resistance.
The limited data seem to represent an aging phenomenon occuring, but
further tests were in order. Charpy V-notch specimens were cut from

¥ udh )
these pre-aged specimens and the 15 ft-1b. transition temperatures for
the respective conditions are listed on Table V. The order of merit
noted in the normalized cycles to failure column of Table VI was main-
tained in the transition temperature values of Table V for these pre-
aged specimens. The as-received value of -156°F is considérably lower
than the comparable value for the original "T-1" heat. Five hours at
800°F prior to fatigue testing raised the transition temperatﬁre 16°F.
An additional 15 hours aging time raised the transition temperature 8°F
more and resulted in the poorest projected fatigue life for a total
strain of 0.6%. (This embrittlement tendency is also in agreement with

Pense's findings.) Further aging at 800°F for 100 hours preceding
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- fatigue testing restored the brittle fracture parameter, the 15-ft-1b.
transition temperaturé, to its original as-received value, while the
fatigue resistance was only slightly improved (over the 20-hour aged
specimen) by this additional aging.

To further complicate matters, no apparent differences were ob-
served in the resulting micfostructures under either light or electron
microscopy following the aging treatments. Also, no major change in
crack morphology was noted throughout the study.

In general, one must admit that there does appear to be an aging
phenomenon occuring within the "T-1" steel. This is evidenced by the
imﬁact and fatigue data of the aged specimens from heat #2 as well as
the work of others. However, this aging effect appeared only after
substantial aging treatments over-and-above those normally encountered
in fatigue testing. The complete absence of any deterioration in
fatigue resistance as noted by Chivinsky rules out the time at temper-
ature during a standard fatigue test as sufficient to cause an embrittile-
ment. The embrittlement which occurred, did so only in the specimens
having considerably more time at temperature than that encountered in
fatigue testing alone. A definite difference does exist between the
two heats of steel (that of the brittle fracture tendencies), but this
does not account for the absence of any deterioration in properties by
the same material in the hands of another investigator.

All things considered, it is the writer's firm opinion that the
irregular behavior of the "T-1" steel at 800°F andAIZ,OOO cph indicated
on Figure 15 is a spurious representation resulting from a subjective

influence in viewing the data.
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Mathematical Analysis

Utilizing the General Electric Computer-Library of programs, a
Multiple Linear Regression Analysis was applied to the fatigue data.
The testing conditions and static tensile properties of the respective
steels and conditions were acted upon as.independent variables, with
the various fatigue curve ﬁarameters as the dependent variables. The
results can be stated as follows: the correlation analysis revealed
that the slope of the log-strain vs. log-cycles to failure curve was
statistically related to the yield strength and yield to tensile ratio
of the material with 90% to 95% confidence of significance and to the
testing temperature with 95% to 99% confidence of significance; the
total strain range for 5,000 cycle life was related only té the percent
reduction in area with a 95% to 99% confidence of the variable being
significant; the total strain range for 100,000 cycle life was corre-
lated with the independent variables and found to depend upon the test-
ing temperature with 90% to 95% confidence of significance and the per-
cent reduction in area with 95% to 99% confidence that the area factor
is significant; and finally, a fatigue constant factor (which will be
explained later) was found to correlate with the yield to tensile ratio
with 90% to 95% confidence of significance and the testing temperature
with at least 99% confidence that the temperature is significant in
determining this constant term.

A rather interesting point to note is the absence of any signifi-
cant correlation between a fatigue parameter and the effective cycle
rate. This is verified by the slight effect of cycle rate variation

upon the 5,000 cycle allowable strain values shown in Table IV.
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(19)

Combining the above information with an approach similar to Coffin's
but applying total strain values as opposed to plastic strain values,
one comes upon the following relationship:
€N = ¢, (3)
where € is the total strain range, N is the number of cycles to failure,
m is the absolute value of the slope of the fatigue curve, and c is a
material constant which is dependent upon the composition class into
which the material falls. This cdnstant, c, is the fatigue constant
factor discussed in the previous section on the regression analysis
results.
Trial plots of the various correlations result in Figures 32 and
33 as the most reliable. Figure 32 indicates the reliability of pre-
dicting the total strain range allowable for 5,000 cycle life from the
reduction in area obtained in a simple tension test. The resulting
equation:
€ 5,000 = -0.0lx(%Red.Area) +1.65 (4)
will predict the 5,000 cycle strain value within the limits of probable
error as shown on Figure 32. It must be pointed out that the percent
reduction in‘area used in equation 4 must be measured in a tensile test
made at the temperature for which the fatigue information is desired.
This estimate of a strain value gives the € factor in equation (3).
A second factor is necessary for solving the equation and predicting
fatigue behavior. This second factor is the fatigue constant term, c.
Figure 33 reveals the relationship used in obtaining this constant term
and, also its dependence upon composition as previously mentioned. In
order to estimate ¢ one must determine the composition class into which
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his alloy falls. If the total alloy content is less than 1.75%, or
reacts as a plain carbon steel, the line to use is that with the 0.85
slope. Should the total alloy content be greater than 1.75% and react
as a low alloy engineering steel, then the less steep line (slope=0.12)
should be used. It is difficult to say‘why there is no overlap between
these two lines on the part of the data, but they are presented as they
occurred. The resulting constant values are in general agreement with
those reported by Pense and Stout(23), as is the composition break-down.
However, the three groupings used in their paper do not appear in the
computer analysis. The resulting two curves of Figure 33 more closely
depict the relatively marked difference between mechanical properties
of a plain carbon steel and a low alloy steel while the differentiation
between low alloy steels is slight. The temperature referred to in
Figure 33 is meant to be the temperature of interest for fatigue data,
and the yield to tensile ratio is that ratio taken from a tension test
performed at the temperature of interest.

The estimation of 65’000 and ¢ from Figures 32 and 33 permits
one to calculate the slope of the log-strain versus log-cycles curve,
- and ultimately predict the entire fatigue curve to 100,000 cycle life-
times. In an effort to reduce the possible error from such an approach,
it would be to the investigator's advantage to evaluate the allowable
strain at 5,000 cycles from several short-time fatigue tests if at all
possible. This would eliminate the possibility of under- or over-
estimating the 5,000 cycle strain by as much as 20% as indicated on
Figure 32. 1It is felt that this is the weakest point in this empirical

approach.
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Care must be taken not to extend this mathematical approach too
far. The cautions expressed in the Introduction certainly apply here
as well as any othér type of laboratory testing. The resulting equations
for predicting fatigue life, as presented here, should be limited in
their application to equivalent types of fatigue tests involving roughly
the same size specimen and same types of steels. Further limitations as
to temperature should involve room temperature up to 900°F with no relia-
bility intended above or below this range. As previously stated, the
cycle rate apparently has little effect upon the resulting fatigue
values over the range of 110 to 12,000 cycles per hour. This also has
its limitations as mentioned in the Introduction should one desire to

expand the applicable range.

Metallographic Aspect

Basic Microstructure: Figures 34 through 38 are representative of

the base microstructures for the three steels in the various conditions
of heat treatméntv Unless otherwise stated, all light photomicrographs
are magnifications of 500 times. A 2% Nitalketch was used in all cases.
The base structure of the A-212 steel depicted by Figures 34 and
35 show the normal differences one would expect between the normalized
and stress relieved and the quenched and tempered conditions of a plain
carbon steel possessing relatively poor hardenability. The normalized
and stress relieved steel shows normal grain size (ASTM G.S. No. 7-8)
and rather coarse, easily distinguishable pearlite lamella. On the
other hand, the quenched and tempered A-212 steei, while still composed
of a ferrite-pearlite aggregate, exhibits a finer grain size as a rami-
fication of the more rapid cooling rate of the quenching treatment.
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These basic structures remained essentially unaltered throughout the
course of the fatigue study.

The fact that the two heats of A-387,B steel were obtained as
'made to coarse-grain practice' (ASTM G.S. No. 3-4) is clearly evi-
denced in Figures.36 and 37. The normalized and stress relieved A-387,B
is a coarse ferrite-pearlite aggregate with the pearlite being of the
"blotchy" type; that is, the pearlitic areas, rather than displaying
the classical, fine ferrite-carbide lamella, appear as small islands
Qf_such unresolvable material in a sea of ferrite. This is the com-
bined effect of a rapid cooling rate, moderate alloy composition, and
low carbon content, all of which Alter the pearlite formation. Since
the alloy content of the A-387,B is higher than that of the A-212,
similar cooling rates result in dissimilar structures. The pearlite
formed in the normalized and stress relieved A-387,B is very fine and
discontinuous when compared with that of the normalized and stress
relieved A-212. The quenched and tempered A-387,B structure is markedly
different from that of the A-212. Extremely fine but acicular ferrite
and carbide particles compose the A-387,B quenched and tempered material.
The rather coarse prior ausﬁénite grain size is clearly indicated in
Figure 37.

Figure 38 shows the base structure of the "T-1" material as-received
in its mill quenched and tempered condition. This "T-1" structure is
very similar to the gquenched and tempered A-387,B as might be expected.
The most significant difference between the two structures is the slight-
ly finer grain size exhibited by thé "T-1" steel. There are also more

numerous and larger regions of 'free-ferrite' present in the "T-1".
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This is probably the result of the higher tempering temperature of
1200°F used on the "T-1" steel. It is doubtful that such areas are
proeutectoid ferrite since the alloy content of "T-1" and the water
spray quench on a 3/4-inch plate should guarantee 'through hardening',
and therefore, no proeutectoid ferrite should be present in the structure
assuming proper austenization. The A-387 and "T-1" structures also
showed no marked change during the various fatigue tests. This is not
surprising when one considers the time and temperature relationships

in tempering or stress relieving, Applying the>Holloman and Jaffe
tempering parameter(42) to the temperatures of 1150°F and 900°F, one
finds that for equivalent resulting hardnesses, it would be necessary
to temper at 900°F for 8,000 hours to reproduce a one-hour treatment at
1150°F. This is verified by the negligible changes in Brinell hardness
numbers as seen in the data in the Appendix. Thus, it is expected that
one would notice no change in microstructure resulting from elevated
temperature fatigue tests at 900°F for times of 100 hours or less.
This, in fact, is the observation of>the investigator.

Figures 39 through 42 are electron micrographs of the A-212,B and
A-387,B steels, both in the normalized and stress relieved conditions.
The plastic replicas represented in these figures were obtained from
broken fatigue specimens which had been tested at 800°F and 900°F re-
spectively. One can clearly note the grain boundary areas betweeﬁ
adjaceﬁt ferrite grains and those separating ferrite from pearlite.

The 10,000 magnifications show no evidence of segregate particles or
precipitates at the grain boundaries or within the grains themselves.

This further substantiates the contention that no general microstructural
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change occurred within the fatigue specimen during elevated temperature
testing.
Crack Morphology: Previous room temperature fatigue tests per-

(12)
formed by the writer revealed a general tendency for transcrystalline

failure. In cases whefe the microstructures were acicular, the crack
tended to follow aligned carbide particles when coincident with its
direction of growth. This was determined by tracing secondary crack
propagation paths. These secondary cracks developed adjacent to the
fracture plane and grew to a size which proved to be less than the
critical size required for failure. It was assumed that the morpholo-
gies of the primary and secondary cracks are identical.

The same technique was used in the present study to determine the
effect of elevated temperature and cycle rate variations upon the crack-
ing tendencies of the steels. Typical cracks are shown in Figures 43
through 60. All but one of the cracks represented in this group of
figures grew in from the upper or lower surface of the fatigue specimen
in a plane parallel to the final fracture surface. The one exception
" to this statement is that of Figure 43 whichshows a crack growing into

an A-212, normalized and stress relieved fatigue specimen from the
fracture surface, perpendicular to the plane of failure, in a plane
parallel to the rolling plane. This specimen was tested at room temper-
ature. An interesting point to note is the convenient ferrite path sup-
plied in the steel. This nominally straight ferrite path is a result

- of the banding tendency of the hot-rolling technique. The crack is
observed to follow the ferrite while avoiding the pearlite by a slight

bend as seen in the left half of the figure. This tendency to follow
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the ferrite when convenient is to be expected since the ferrite, having
the lowest yield strength of the constituents present, undergoes the
most plastic deformation, therefore failing before the pearlite. The
crack shown in Figure 43 is oriented parallel to the direction of load-
ing and>in a plane parallel to the rolling plane. The cracks shown in
the remainder of the figures are all oriented at right angles to the
direction of loading and transverse to the rolling diréction as well,

Figures 44 and 45 show typical secondary cracks in both the normal-
ized and stress relieved and the quenched and tempered A-212 steel tested
at 600°F and 800°F respectively. Both figures show the transcrystalline
nature of the crack path through both ferrite or pearlite. Figure 44
shows a common observance, that of the crack splitting at the tips in
tests of 600°F or higher. This has been observed by other investigaéigz
as well.

Figures 46 through 51 show secondary cracks found in the A-387,B
steel as tested in the normalized and stress relieved condition. Both
Figures 46 and 47 show rather fine cracks splitting a pearlite area in
two, continuing through a ferrite region, and finally coming to rest
in pearlite. Figure 47 shows the upper edge of the fatigue specimen
and how the crack traversed the structure. Both these specimens were
tested at room temperature but at different cycle rates. Figure 48
shows a fine crack which has been halted in a ferrite grain. This speci-
men was tested at 600°F at 1100 cph. Figure 49 shows a crack which has
branched off to form two cracks which in turn have rejoined to continue
as one. The specimen from which this structure came was tested at 800°F
at 12,000 cph., Figures 50 and 51 show rather large cracks, both from
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the same 900°F fatigue specimen but from different areas. The crack
in Figure 50 also shows this branching and rejoining as noted on a
finer scale in Figure 49, Figure 51 shows the abrupt halting of a
crack in a ferritic area.

Figures 52 and 53 are typical of the cracks observed in the quenched
and tempered A-387,B specimens. There does not appear to be any strong
relationship between the character of the microstructure and that of
the crack travelling through the structure. Note the splitting tenden-
cies of the cracks in Figures 52 and 53.

Figure 54, however, shows a strong influencé of the coarser acicu-
lar structure of the "T-1" steel. The crack, while propagating in es-
sentially a straight line, is encouraged to branch out at right angles
to its intended direction by the sharp spike-like ferrite and carbide
particles, or possibly by the presence of weak but brittle sulfide
inclusions which could cause the same splitting tendency. This branch-
ing, however, did not extend much beyond that shown in Figure 54.

Figures 55, a and b, are two halves of the same continuous set of
cracks which had to be separated to fit the page. Figure 55a shows an
interesting point in that the upper surface edge is shown at the top of
the pic;ure. Note the discontinuity presented by the material between
the two cracks. From the size of the cracks and the voids below the
surface, one deduces that the block of material was displaced upward
during the crack's propagation. In propagating, several unusual occur-
rences can be noted concerning the parallel cracks. Again one sees the
branching gnd rejoining tendency as noted previously. Also note the
fact that both ferrite and pearlite regions are split in two by the crack
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with no attempt made to avoid the stronger pearlitic areas. Figure 55b
shows the two cracks bridging over to one another, but still maintaining
their individuality in further propagation. Following the two cracks to
their ends one notes that one comes to rest in ferrite while the other
1s arrested in a fine pearlite area. There is also an indication by

the crack on the rigﬁt to branch along the aligned pearlite areas near
its end by sending out two small "fingers".

An unexpected observation is noted in Figures 56 and 57 which show
a crack in the normalized and stress relieved A-387,B steel. Figure 56
is a low magnification (150X) picture of the crack from the surface of
the specimen to its end within the specimen to give one an idea of the
total length involved. Figure 57 shows the same crack at 500X and the
manner which it traversed the specimen. Again note the splitting of the
ferrite and pearlite areas and the branching near the crack tip. Note
that both the main crack and the small "finger" are arrested in ferrite.
épecific attention should be given to the ferrite grains in Figure 57.
The randomly oriented, parallel bands within the ferrite are of par-
ticular interest. These deformation bands are the first indication of
massive plastic deformation occurring within the fatigue specimens in
the area of failure. These bands will be discussed in more detail in a
later section,

Figures 58, 59, and 60 are electron micrographs of cracks found in
normalized and stress relieved specimens tested in fatigue at 800°F and
900°F. The crack in Figure 58 seems to be stopping at a grain boundary
shown in the lowerlleft corner of the plate. This is contrasted with

the crack in Figure 59 which is halted at an inclusion and that of
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Figure 60 which comes to rest in the center of a ferrite grain, however,
this is not evident from the photograph.

The following conclusions can be made in sﬁmma;y of the basic micro-
structural study. No evidence for any favored crack path or medium was
found in any of the structures observed. 1t appears that neither testing

-~ temperature nor cycling rate, within the respective limits ofv§0°F to
900°F and 110 cph to 12,000 cph, had any effect upon‘the tendency of the
crack to propagate'in a transcrystalline fashion. Neither did there- ap-
pear to be a favored arresting constituent for the cracks with about
half of those observed coming to rest in ferrite and the others halting

in pearlite.

Deformation Bands: The deformation bands were observed only in the
A-387,B normalized and stress relieved steel specimens under certain
testing conditions. Samples taken from specimens tested -at 800°F and
900°F exhibited this band phenomenon while room temperature and 600°F
specimens did not. When they were present they occurred only in the
ﬁpper and lower corners of the fracture plane in thé area of maximum
deformation during testing. Figure 56 shows the higher density of bands
near the surface of the specimen, while below the tip of the crack‘there
are very few to be seen. Further displays of these deformation bands
are found in the light photomicrographs of Figures 61 and 62. Close
scrutiny of these two figures will show that the striations are typical
of deformation bands in that they are relatively straight and parallel
within any given ferrite grain. Some bands appear to extend their influ-
ence across the grain boundary into adjacent grains. Figure 62 shows
evidence of such bands starting or stopping within a grain as opposed to-
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traversing the grain's entire width.

Figures 63 through 68 are electron micrographs showing more detail
of these bands. Figure 63 shows a series of finer bands which appear to
start at the grain boundary and fade out as they traverse the grain.
Figure 64 shows four much coarser bands halting at a grain boundary.
Figure 65 and 66 show similar bands bging interrupted by pearlite ob-
structions with little effect in deviating their direction. Figure'65
shows two orientations of the bands. The 900°F specimens of Figures 67
and 68 also showed this banding effect. Note the very uniform etching
characteristics displayed by the deformation bands in Figure 68.

The observation of these slip bands is not new. Thompson(43)
reported the presence of 'persistent slip bands' in copper fatigue
specimens after electro-polishing(44). It is proposed that the presence
of such persistent bands tend to support the theory that the work harden-
ing process within the slip band, which would normally force slip to
occur on other slip systems within the crystal, is suppressed under
cyclic loading. As a result, deformation is limited to several active
slip bands which become very intense upon further cycling. Such move-
ments, though referred to as slip, differ from the conventional slip
concept. Such a non-conventional slip was described as a viscous motion
by Bullen and Wood(45) due to the absence of local strain hardeningq'
(The absence of any local increase in hardness in the region of the
bands was substantiated by the writer in that Tukon hardness tests using
a 100 gram load indicated no change in hardness occurred in the deformed
region when compared with the undeformed base matezia%), While wavy

6.

slip bands are normally found in alpha-iron, Gough has shown that
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straight slip bands are observed in iron upon the application of cyclic
load.

While these bands, as viewed by the electron microscope, are sug-
gestive of the intrusion~extrusion phenomenon noted in past fatigue
studies, one must be aware of the fact that the bands are observed in-
ternally within the specimen. Any discussion of the éccurrence of such
intrusions and extrusions involves a free surface, which is not present
in this case. Therefore, it is the writer's contention that these bands
are regions of numerous repeated dislocation motions caused by the
cyclic loading at elevated temperatﬁres which create a localized dis-
ruption of the crystal structure resulting in the increased tendency to

etch heavily during the normal preparation of the metallographic sample.
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CONCLUSIONS

1. The influence of increasing temperature upon the fatigue
resistance of the‘various steels and conditions studied varies.with
the strain level considered and the applied cycle rate. In general,
the 5,000 and 100,000 cycle life fatigue resistance of steels such as
A-212,B; A-387,B and "I-1" is not markedly changed over the temperature
range of room temperature to 80Q°F, except for intervening stfain aging
influences in specific temperature intervals.

2. A general decline in fatigue resistance at 800°F and sub-
sequent recovery at 900°F was noted for the 12,000 cph cycling rate.
This apparent recovery is attributed to the stress reduction influence
of massive plastic deformation resulting from the onset of creep,
initiated by the cyclic loading.

3. A mild decrease is noted at 400°F for certain of the steels
at a cycling rate of 1100 cph, followed by a recovery of 600°F to
800°F. A similar fatigue resistance peak occurs at about 400°F for
the 110 cph cycling rate. This shift in maxima temperature is at-
tributed to a strain rate sensitive-aging phenomenon.

4. Generally, the influence of temperature and cycling rate is
less pronounced for the elastically strained 100,000 cycle lifetime
specimens than for the highly plastically strained 5,000 cycle speci-
mens. That is, the separation between allowable strain values for ail
steels and conditions is less pronounced at any given temperature for
the iO0,000 cycle values as compared with the 5,000 cycle datg.

5. The A-387,B steel seems to be more sensitive to the effects

of cycling rate and temperature than do the other steels. This could
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Be a result of its increased rate of strain hardening with increasing
temperature, while.maintaining a respectable tensile strength.

6. The A-212 normalized and stress reliéved steel shows a de-
crease in fatigue resistance with a decrease in cycling rate from
12,000 cph to 110 cph at temperatures over 600°F. The other steels
and conditiops do not indicate as clear-cut an effect of decreasing
cycling frequency. That is, there is no consistent cycling rate effect
noted upon tﬁe moderate-strength, low-alloy steels when tested in
reversed bending as in this study. However, this observation could
be distorted by the effects of the strain-rate sensitive influences
noted in (3) and (4).

7. TFatigue behavior for alloys similar to the range of compo-
sitions covered by the A-212,B; A-387,B; and "T-1" steels can be pre-
dicted for temperatures between 80°F and 900°F at cycling rates between
110 cph to 12,000 cph. The generalized Coffin expression, € N = c,
is used where € is a total strain value (€ 5,000 can be estimated
from the steel's reduction in area), N is the lifetime in cycles,

m is the absolute value of the slope of the log-strain versus log-
cycles curve, and ¢ is a material constant which can be estimated from
the temperature of interest, the yield to tensile ratio at the temper-
ature of interest, and the total alloy content of the steel.

8. No migrostructural changes were noted in any of the steels
throughout the 80°F to 900°F temperature range.

9, 'Neither cycling rate nor testing temperature had any effect

upon the noted crack morphology. The tendency for transcrystalline
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failure was maintained throughout the entire testing range of 80°F
to 900°F. .

10. Deformation bands were noted in the ferrite regions of the
normalized and stress relieved A-387 specimens after testing at 800°F
and 900°F. The bands appeared in the.afeas of maximum deformation and
are attributed to regions of lattice disruption resulting from localized

disorientation through cross-slip operation.
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Table 11

Tensile Property Data

* Q-T: Spray Quenched and Tempered

*% N-SR: Normalized and Stress Relieved

64

YS/TS Strain Hard.

Steel Temp.-°F Y.S.Ksi T.S.Ksi % % Elong. 7ZR.A. Exp.
S R.T. 119.0 131.0 90.8 19.5 63.2 .096
Mill Q-T* 600 91.2 102.5 89.0 20.0 57.1 .107
800 85.2 101.5 83.9 21.0 61.8 .081

900 8l.4 92.5 88.0 19.0 67.0 .056

A-387,B R.T. 129.5 140.6 92.1 16.0 63.8 .071
Q-T 600 101.2 116.2 87.1 22.0 62.4 101
800 97.0 108.0 89.8 22.0 67.8 .068

900 89.8 101.0 88.9 18.5 68.2 .097

A-387,B R.T. 68.9 95.8 71.9 26.5 60.8 134
N-SR#%% 600 64.4 88.6 72.7 21.0 55.9 .126
800 58.5 83.6 70.0 23.0 62.5 . 155

900 60.4 81.0 74.6 25.0 68.9 .159

A-212,B R.T. 49.4 79.5 62.1 30.0 67.1 . 194
Q-T 600 28.1 73.3 38.3 24.8 74.5 .332
800 29.2 58.4 50.0 42.0 82.6 .216

900 24 .4 45,2 54.0 48.5 86.8 .169

A-212,B R.T. 44.3 72.8 60.9 37.5 60.8 203
N-SR 600 29.5 67.7 43.6 28.0 65.3 .336
800 26.5 56.0 47.3 41.5 77.2 .364

900 20.0 43.3 46.2 44.0 82.8 .232



Table III
Fatigue Property Data

Percent Total Strain
. 12,000cyc. /hr. 1100cyc./hr. 10cyx. A,
Steel - Temp.-°F 5,000cyc. 100,000cyc. 5,000cyc. 100,000cyc. 5,000cyc.

"pogn R.T. 1.00 0.51 1.01 0.48 0.952
Mill Q-T 400 - - 1.012 0.462 1.15%
600 0.97 0.47 0.98 0.42 = 0.882
800 - 0.84 0.42 0.90 0.48 0.842

900 0.96 0.48 0.84 0.31 0.972

A-387,B  R.T. 0.92 0.48 0.92 0.47 0.97P
Q-T 400 - - 1.05P 0.47 1.01P
600 1.18 0.48 1.02 0.39 0.90P

800 0.92 0.43 1.04P 0.49b 0.78P

900 1.09 0.57 0.96° 0.44P 0.88P

A-387,B  R.T. 0.94 0.43 0.99 0.38 0.96°
N-SR 400 - - 0.90P 0.37P 0.96b
600 1.45 0.46 1.23 0.59 0.87P

800 0.74 0.24 1.00P 0.61b 0.76P

900 1.00 0.46 0.96P 0.49b 0.76b

A-212,B R.T. 1.13 0.31 1.09 0.31 1.11¢
Q-T 400 - - 1.00% 0.40¢ 1.25¢
600 0.96 0.37 0.87 0.35 0.90¢

800 0.63 0.40 0.74° 0.31€ 0.80°¢

900 0.90 0.35 0.65¢ 0.21¢ 0.69€

A-212,B R.T. 1.12 0.32 1.20 0.29 1.18¢
N-SR 400 - - 1.00°¢ 0.345¢ 1.00°¢
600 1.17 0.45 ~0.98 0.29 0.82¢

800 0.92 0.34 0.84° 0.31¢ 0.76

900 0.78 0.42 0.74¢ 0.25¢ 0.74

a: 2-"T-1", All Other Tests 1-"T-1"
b: 2-A387, All Other Tests 1-A387

c: 2-A212, All Other Tests 1-A212
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the 5,000 Cycle Allowable Strain Values (%)

_ Table IV
The Influence of Cycle Rate Upon

"r-1"  A-387,B  A-387,B  A-212,B  A-212,B
Cycle Rate Q-T Q-T N-SR Q-T . N-SR
Room Temperature
110 cph 0.95%  0.97° 0.96° '1.11° 1.18%
1100 cph 1.01 0.92 0.99 1.09 1.20
12,000 cph 1.05 0.9 0.9 1.13 1.12
400°F
"110 cph 1.152 1.01P 0.96P 1.25° 1.00¢
1100 cph 1.012  1.05P 0.90P 1.00¢" 1.00¢
12,000 cph - - - - -
600°F
110 cph 0.882  0.90P 0.87P 0.90 0.82¢
1100 cph 0.98 1.02 1.23 0.87 0.98
12,000 cph 0.97 1.18 1.45 0.96 1.17
800°F
110 cph 0.8428  0.78P 0.76P 0.80¢ 0.76
1100 cph 0.90 1.04P 1.00P 0.74¢ 0.84°
12,000 cph 0.84 0.92 0.74 0.63 0.92
900°F
110 cph 0.972  o0.88P 0.76P 0.69¢ 0.74
1100 cph 0.84 0.96P 0.96P 0.65¢ 0.74¢
12,000 cph 0.96 1.09 1.00 0.90 0.78

a:

b: 2-A-387,B, All Other Tests 1-A-387,B

Cc:

2-"T-1", All Other Tests 1l-'"T-1"

2-A-212,B, All Other Tests 1-A-212,B
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Table V
Tensile and Impact Properties of
As-Tested "T-1" Fatigue Specimens

Y.S. T.S. YS/TS Elong. R.A. 15 ft.1lb,

Condition (RKips) (Kips) (%) (%) (%) n*  Trans.Temp.
Heat 1

As-Received 119.0 131.0 90.9 19.5 63.3 0.096 -104°F
Fatigue Tested at

800°F-5,280 cyc. 106.9 117.8 90.8 11.0 63.0 0.114 -102°F
Fatigue Tested at :

800°F-50,000 cyc. 107.3 118.6 90.5 10.5 64.5 0.112 -98°F

Fatigue Tested at
800°F-57,000 cyc. 107.4 118.8 90.4 10.5 62.4 0.114 -

Fatigue Tested at
800°F-111,000 cyc. - - - - - - -102°F

Fatigue Tested at
900°F-10,200 cyc. 107.4 119.4 90.2 12.5 64.4 0.124 -92°F

Fatigue Tested at
900°F-24,000 cyc., 109.2 120.4 90.7 13.5 65.4 0.118 -

Fatigue Tested at

900°F-45,600 cyc. - - - - - - -80°F
Fatigue Tested at

900°F-156,000 cyc. - - - - - - -90°F
Heat 2

As=-Received 122.0 132.8 91.8 - 53.9 0.101 -156°F

Aged 800°F-5 hrs.
Fatigue Tested at
800°F-77,000 cyc. - - - - - - -140°F

Aged 800°F-20 hrs.
Fatigue Tested at
800°F-35,000 cyc. - - - - - - -132°F

Aged 800°F-100 hrs.
Fatigue Tested at
800°F-73,000 cyc. - - - - - - -160°F

* Strain hardening exponent
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Table VI
Results of Pretest Aging Study on "T-1" Steel

Heat No. 2
800°F Aging Temperature and Testing Temperature
Cycles to Failure

Aging Time Normalized to 0.6%
Prior to Testing % Total Strain Cycles to Failure Total Strain

5 hours 0.58 77,000 60,000
10 hours 0.595 35,000 33,000
20 hours 0.555 35,000 20,000
50 hours 0.625 29,600 40,000

100 hours 0.53 73,000 30,000
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The Elevated Tempefature Fatigue Testing Equipment
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STRAIN HARDENING EXPONENT
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Figure 7 - Total Strain Versus Cycle Lifetime, "T-1" Steel, Mill Q-T, 12,000 cph
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Figure 9 - Total Strain Versus Cycle Lifetime, A-387,B Steel, N-SR, 12,000 cph
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Figure 11 - Total Strain Versus Cycle Lifetime, A-212,B Steel, N-SR, 12,000 cph
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PERCENT TOTAL STRAIN RANGE FOR 5,000 CYCLE LIFE
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PERCENT TOTAL STRAIN RANGE FOR 100,000 CYCLE LIFE
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SLOPE OF FATIGUE CURVE
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Figure 15 - Anomalous "T-1" Fatigue Behavior - 12,000cph
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Figure 16 - Total Strain Versus Cycle Lifetime, "T-1" Steel, Mill Q-T
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TOTAL STRAIN RANGE (%)

Figure 17 - Total Strain Versus Cycle Lifetime, A-387,B Steel, Q-T, 1100cph
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TOTAL STRAIN RANGE (%)

Figure 18 - Total Strain Versus Cycle Lifetime, A-387,B Steel, N-SR, 1100cph _
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TOTAL STRAIN RANGE (%)

2.0

Figure 19 - Total Strain Versus Cycle Lifetime, A-212,B Steel, Q-T, 1100cph
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Figure 20 - Total Strain Versus Cycle Lifetime, A-212,B Steel, N-SR, 1100cph
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PERCENT TOTAL STRAIN RANGE FOR 5,000 CYCLE LIFE
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PERCENT TOTAL STRAIN RANGE FOR 100,006 CYCLE LIFE
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PERCENT TOTAL STRAIN RANGE FOR 5,000 CYCLE LIFE
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'PERCENT TOTAL STRAIN RANGE FOR 5,000 CYCLE LIFE
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Figure 25 - Influence of Cycle Rate and Temperature Upon The

5,000 Cycle Strain Range - A-387,B Steel, N-SR
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PERCENT TOTAL STRAIN RANGE FOR 5,000 CYCLE LIFE
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Figure 26 - Influence of Cycle Rate and Temperature Upon The
5,000 Cycle Strain Range - A-212,B Steel, N-SR
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PERCENT TOTAL STRAIN RANGE FOR 5,000 CYCLE LIFE
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Figure 27 - Influence of Cycle Rate and Temperature Upon The

5,000 Cycle Strain Range - A-387,B Steel, Q-T
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PERCENT TOTAL STRAIN RANGE FOR 5,000 CYCLE LIFE
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Figure 28 - Influence of Cycle Rate and Temperature Upon The

5,000 Cycle Strain Range - "T-1" Steel, Mill Q-T
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PERCENT TOTAL STRAIN RANGE FOR 5,000 CYCLE LIFE
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Figure 29 - Influence of Cycle Rate and Temperature Upon The

5,000 Cycle Strain Range - A-212,B Steel, Q-T
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PERCENT TOTAL STRAIN RANGE FOR 5,000 CYCLE LIFE
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Figure 34 Figuré 35
A-212,B Steel, N-SR A-212,B Steel, Q-T
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Figure 36 Flgure 37
A-387,B Steel, N-SR A-387,B Steel, Q-T

500X

Nital Etch

F1gure 38
"P-1" Steel, Mill Q-T

Base Microstructures of Materials Used in Study
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Figure 39 Figure 40
Fatigue Tested at 800°F Fatigue Tested at 900°F

Electron Photomicrographs of A-212,B, N-SR Steel
Showing Adjacent Ferrite and Pearlite Areas

Figure 41 Figure 42
Fatigue Tested at 800°F Fatigue Tested at 900°F

Electron Photomicrographs of A-387,B, N-SR Steel
Showing Typical Grain Boundary Areas

Plastic Replicas 10,000X As Shown
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Figure 43

Crack Found in A-212,B, N-SR Steel, Tested at 80°F.
Crack is Growing in from Fracture Surface in a Plane
Parallel to the Rolling Plane and Loading Direction.

Figure 44 Figure 45
Crack in A-212, N-SR, Tested Crack in A-212, Q-T, Tested
at 600°F; Growing Down from at 800°F; Growing Down from
Surface, Perpendicular to Surface, Perpendicular to
Direction of Loading. Direction of Loading.
Nital Etch Secondary Cracks - 500X
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Figure 47 Figure 48
Tested at 80°F, Tested at 80°F, Tested at 600°F,

12,000 cph 110 cph 1100 cph

Figure 49 Figure 50 Figure 51
Tested at 800°F, Tested at 900°F Tested at 900°F
12,000 cph _ 1100 cph 1100 cph

Secondary Cracks in A-387,B Steel, N-SR

Nital Etch 500X
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Figure 53
Tested at 800°F, 12,000 cph
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Figure
Tested at 600°F,
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A-387,B Steel, Q-T
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Figure 55 :
e Lengthy Cracks in A-387,B Steel, N-SR
Nital Etch Tested at 800°F, 110 cph

500X
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Figure 56
Low Magnification Picture

of Secondary Crack in

A-387,
Tested at 900°F, 1100 cph

B Steel, N-SR

150X

Figure 57
Enlarged View of
Crack Shown in Fig.56
Showing Crack Morphology

2

and Deformation Bands.

500X
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Figufé.58
Tested at 800°F, 1100 cph

Figure 59 ‘F}éh}etéok
Tested at 800°F, 1100 cph - Tested at 900°F, 1100 cph
Electron Photomicrographs of Cracks in A-387,B, N-SR Steel

Plastic Replicas 109 5,000X
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Figure 61
Tested at 800°F, 1100 cph
500X

Figure 62
Tested at 800°F, 1100 cph
1000X :

Deformation Bands in A-387,B Steel
Nital Etch N-SR
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igure 64

F
Tested at 800

igure 63
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Figure 67
Tested at 900°F, 1100 cph

Figure 68
Tested at 900°F, 1100 cph

Electron Photomicrographs of Deformation Bands
in A-387,B Steel, N-SR
Plastic Replicas : 5,000X
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APPENDIX

Full-Scale Fatigue Tests

The prototype or full-scale approach to fatigue testing, alluded
to in the 1ntroduction, has been attempted in an effort to determine
the reliability of the laboratory scale tests. Such a full-scale study
was performed on preséure-vessels at the Southwest Research Institute,
Since the fabrication of a pressure-vessel involves considerable form-
ing and welding, it would be of interest to determine the general stress
raising effects of such welding techniques, as well as those introduced
by attaching the various nozzles and fittings normally applied to such
vessels in practice. The results of such a study(lg)are shown grabhi-
cally in Figure A-1. Plotted here is the ratio of strain range for
fatigue failure in laboratory cantilever beam specimens to membrane
strain producing comparable lifetime fatigue failure in full size
pressure-vessels. The plot indicates that the ratio, defined as the
fatigue strength reduction factor, is Sensitive to the cyclic lifetime
but not to the composition of the steel. The A-20l steel is a plain
carbon material of nominally 0.15%C; the A-302 steel is a 1.5% Mn-0.4%
Mo steel; and the "T-1" steel is comparable to that used in the present
study.

If one considers the 100,000 cycle life as satisfactory for a
pressure-vessel, then a realistic fatigue strength reduction factor
equal to about 4 can be obtained from the plot of Figure A-1. Thus, one
could take laboratory data, alter it by a factor of four, and have a

reasonable approximation of the effective fatigue strength of a full-
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size pressure-vessel. However, the point must be made that Figure A-1
is based upon a very limited number of full-size fatigue tests, six to
be exact, and care must be exercised in extending such a generalized
statement.

Design Criteria

The results of combining the fatigue study data and those of the
creep rupture study are presented in Figures A-2, A-3, and A-4(47)

As mentioned previously, the common design criterion for pressure-
vessel constfﬁction today is the one-quarter tensile strength value at
the temperature of service. There are two other possibilities which
must be considered, that of the stress for rupture in 100,000 hours
based upon creep rupture studies, and secondly, the stress for 100,000
cycle fatigue life divided by four. The factor four is obtained from
the full-scale vessel tests just discussed. (It must be assumed that
thié factor is not sensitive to temperature changes since the data
generating it are room temperature values.)

Figure A-2 reveals that the stress necessary for 100,000 cycle
fatigue failure at 1100 cph or 12,000 cph is ﬁot critical in design-
ing a pressure-vessel of A-212 steel. Over the room temperature to
850°F range, the one-quarter tensile strength factor is controlling,
while above 850°F, the stress for rupture in 100,000 hours must be
considered dominant. This is true for both heat treated conditions of
A-212. Similar plots for the A-387,B and "T-1" steels, shown in
Figures A-3 and A-4, indicate that the one-quarter tensile strength
factor is critical up to about 700°F, at which point the 12,000 cph

fatigue data show a dip below the tensile curve. This critical area
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for the fatigue strength ranges from 700°F to about 900°F, where the
1100 cph values dip down at about the same point at which the 12,000
cph data show a recovery. This recovery is proposed to be the combined
effect of fatigue and creep as opposed to the results of simple fatigue
testiﬁg. At about 950°F the stress for rupture in 100,000 hours again
becomes dominant. In all three plots of Figures A-3 and A-4, the
fatigue data from the 1100 cph tests show superior fatigue strength up
to about 900°F. Since the 110 cph tests were not extended to 100,000
cycle lifetimes, it is not possible to say what effect the slower rates

will have on these plots.
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Table A-T

12,000 cph Fatigue Data

Steel, Condition % Total % Plastic Cycles to Brinell
and Testing Temp. Strain Strain Failure Hardness No.
1-A-387,B; Q-T .90 0.05 5,860 -
80°F .80 0.02 10,400 . -
.75 0.0 15,300 -
.63 0.0 21,000 -
.56 0.0 43,000 -
.56 0.0 71,000 -
.51 0.0 94,000 -
48 0.0 95,000 -
46 0.0 100, 000 269
b 0.0 163,000 -
1-A-387,B; Q-T 1.20 - 5,100 -
600°F 1.11 - 6,500 -
.82 0.20 12,000 262
.68 0.14 29,800 -
.76 0.16 30,000 -
.54 0.06 65,000 -
.45 0.0 130,000 -
1-A-387,B; Q-T 1.02 - 1,860 -
800°F 1.23 - 3,800 . 257
.81 0.23 4,500 -
.82 0.25 9,000 -
.86 - 10,600 -
.84 - 15,300 -
.68 0.27 25,000 -
45 0.06 36,000 -
45 0.04 37,000 -
.68 0.24 51,500 -
42 0.0 57,000 -
.55 - 59,500 -
.57 - 74,500 -
.36 0.0 75,000 -
.46 0.10 85,000 -
.39 0.0 98,000 -

120



Table A-1 (cont'd) .
12,000 cph Fatigue Data

Steel, Condition % Total % Plastic Cycles to Brinell
and Testing Temp. Strain Strain Failure Hardness No.
1-A-387,B; Q-T 1.10 0.08 4,200 -
900°F 1.34 0.135 4,600 -
.88 . 0.065 11,600 -
.87 0.05 12,500 -
.65 0.0 29,500 -
.69 0.0 33,400 -
.66 0.0 50,000 -
.54 0.0 56,000 -
.66 0.0 83,000 229
.62 0.0 206,000 -
43 0.0 260,000 -
1-A-387,B; N-SR 1.12 0.21 3,300 -
80°F .92 0.19 4,100 -
.92 0.14 6,400 -
.84 0.10 7,850 -
.62 0.03 23,000 -
.59 0.03 24,800 -
.635 0.02 25,000 197
.60 0.03 26,350 -
.56 0.025 33,000 -
.53 0.015 42,000 -
47 0.01 52,000 -
475 0.01 70,000 -
.40 0.0 205,000 -
1-A-387,B; N-SR 1.72 0.0 3,600 -
600°F 1.62 0.0 4,500 -
1.17 - 6,775 -
1.23 0.0 9,400 193
1.07 - 11,100 -
.94 0.0 11,500 -
.84 - 18,000 -
.66 0.0 40,000 -
.53 0.0 61,000 -
.63 - 67,000 -
40 0.0 145,000 -
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Table A-1 (cont'd)
12,000 cph Fatigue Data

Steel, Condition % Total 7% Plastic Cycles to Brinell
and Testing. Temp. Strain Strain Failure Hardness No.
1-A-387,B; N-SR 1.31 - 1,980 -
800°F .725 0.085 2,850 -
.685 0.085 4,000 -
.92 - 7,000 -
.54 0.0 12,500 -
.415 0.0 19,700 -
425 - 23,800 -
.40 0.0 28,000 .-
.37 Q.0 31,000 ' -
.22 0.0 70,000 207
.24 0.0 72,000 -
.235 - 0.0 125,000 -
.22 - 204,000 -
1-A-387,B; N-SR 1,25 0.035 4,000 =
900°F 1.04 0.0 4,800 -
.81 0.0 8,200 -
.93 0.0 12,600 -
.64 0.0 19,000 152
.62 0.0 20,500 -
.49 0.0 30,600 -
.51 0.0 34,500 -
.57 0.0 66,900 -
.60 0.0 84,000 -
.46 0.0 97,500 -
.22 0.0 204,000 212
1-"T-1"; Mill Q-T 1.14 - 4,350 235
80°F 1.07 - 4,550 241
.97 - 6,700 235
.81 - 12,500 235
.74 ' - 20,000 235
.62 - 40,000 241
.59 - 59,000 235
.53 - 88,000 241
.51 - 93,000 - 235
.51 - 107,000 235
.50 ‘- 111,000 235
.47 -- 124,000 . 235
2-"T-1"; Mill Q-T .88 0.04 6,400 248
80°F .775 0.02 10,100 244
.705 0.0 - 18,900 244
.55 0.0 64,500 252
47 0.0 119,500 245
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Table A-1 (cont'd)
12,000 cph Fatigue Data

Steel, Condition % Total % Plastic Cycles to Brinell
and Testing Temp. Strain Strain Fajilure Hardness No.
1-"T-1"; Mill Q-T 1.05 - 4,200 -
600°F .84 - 7,500 -
.92 - 7,700 235
.73 - 14,000 235
.63 - 31,000 -
.52 - 47,500 -
.55 - 51,000 -
.58 - 68,000 -
1-"T-1"; Mill Q-T .75 - 3,400 -
800°F .88 - 4,300 248
.88 - 4,500 248
.93 - 5,280 255
.83 - 5,640 248
.72 0.06 13,800 248
.70 0.05 29,500 . 255
«59 0.05 49,500 241
.62 0.05 50,000 241
4l 0.05 57,000 235
.34 0.05 66,700 -
.46 0.05 72,600 248
44 Q.05 73,000 -
43 - 80,000 255
.32 0.05 110,000 255
2-"7-1% Mill Q-T 1.01 - 0.05 3,300 252
800°F 1.015 0.045 5,200 - 252
.94 0.025 8,800 255
.85 0.035 26,500 252
.655 0.02 37,000 248
.59 0.005 37,500 245
.625 0.03 38,900 248
.605 0.025 130,000 252
.585 0.04 250,000 255
1-"T-1"; Mill Q-T .92 0.04 4,700 -
900°F .96 0.0 5,600 -
.83 0.055 10,200 -
72 0.0 15,500 -
.68 0.0 20,500 -
.76 0.0 24,000 -
.71 0.0 45,600 -
.47 0.0 50,500 -
42 0.0 100, 300 =
.45 0.0 156,000 -

123



Table A-1 (cont'd)
12,000 cph Fatigue Data

Steel, Condition % Total % Plastic Cycles to Brinell
— and Testing Temp. Strain Strain Failure Hardness No,
1-A-212,B; Q-T 1.16 0.41 4,900 -
80°F 1.08 0.40 6,100 ‘ -
.75 0.23 12,100 -
.60 0.12 21,000 152
.56 0.11 23,900 -
445 0.06 38,000 -
.38 0.02 48,000 : -
.38 0.03 66,000 -
.315 0.0 87,000 -
.325 0.02 105,000 -
.30 0.0 123,000 -
1-A-212,B; Q-T 1.075 0.205 4,850 -
600°F .81 0.20 6,400 -
.85 0.20 7,100 -
71 0.12 16,000 -
45 0.0 : 26,000 -
.56 0.015 34,000 -
.545 6.0 36,800 -
.32 0.0 124,500 -
.37 0.0 130,000 -
1-A-212,B; Q-T .66 0.185 3,860 -
800°F .64 ¢.10 6,000 -
.52 0.075 10,000 -
.55 0.065 18,500 -
.51 0.06 25,000 -
.38 0.0 73,400 -
.45 0.0 73,600 -
1-A-212,B; Q-T .675 0.12 12,600 140
900°F .515 0.065 24,500 -
445 0.075 61,700 140
.24 0.0 285,000 137
1-A-212,B; N-SR 1.24 0.42 4,700 -
80°F 1.19 0.39 4,900 -
1.02 0.33 7,000 -
.90 0.27 9,800 -
.72 0.19 12,000 130
.71 0.18 14,900 -
.59 0.11 18,900 -
.48 0.08 34,500 -
a4 0.05 45,000 -
.34 0.02 71,500 -
.37 0.03 80,000 -
.27 0.0 196,000 -
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Table A-1 (cont'd)
12,000 cph Fatigue Data

Steel, Condition, % Total 7 Plastic Cycles to : Brinell

and Testing Temp. Strain Strain Failure. Hardness No.
1-A-212,B; N-SR 1.44 0.38 2,750 -
600°F .99 0.189 6,500 - 128
21,07 0.085 13,200 , -
.67 0.11 18,300 -
.54 0.075 38,000- -
.53 0.0 75,000 -
1-A-212,B; N-SR 1.02 0.195 3,800 -
800°F .81 0.32 5,900 -
.86 0.20 6,500 -
.89 0.055 6,800 -
.64 0.10 11,400 -
.55 0.075 25,000 128
.53 0.055 50,000 -
.35 0.0 51,500 . -
42 0.0 96,900 -
.26 0.0 165,000 -
1-A-212,B; N-SR .865 0.205 4,950 127
900°F .615 0.115 8,000 131
.54 0.01 31,000 131
.43 0.03 95,000 127
.18 0.0 140,000 128
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Table A-II

1100 ¢ph Fatigue Data

Steel, Condition % Total % Plastic Cycles to Brinell

and Testing Temp. Strain Strain Failure Hardness No.
1-A-387,B; Q-T 1.085 0.09 2,870 241
80°F .98 0.065 4,100 255
.80 0.02 9,550 241
.57 0.01 22,000 . 262
.61 0.01 35,200 235
.53 0.01 47,000 250
.56 0.01 50,000 242
46 0.0 151,000 244
2-A-387,B; Q-T .90 0.08 8,500 -
400°F 1.11 0.13 3,700 217
.50 0.01 81,000 248
1-A-387,B; Q-T 1.33 0.145 2,250 255
600°F 1.155 0.145 : 4,750 241
.705 0.105 7,960 250
.805 0.08 18,275 244
.55 0.045 28,500 255
.345 0.03 61,000 255
.48 0.04 63,000 246
48 0.05 84,000 255
1-A-387,B; Q-T 1.125 0.07 2,500 -
800°F 1.09 0.22 . 4,600 -
.90 0.23 _ 7,000 -
.895 0.075 12,600 -
.795 0.06 19,000 -
.735 0.04 27,300 -
41 0.09 151,000 -
1-A-387,B; Q-T .965 0.07 4,510 -
900°F .83 0.08 7,500 -
.84 0.08 13,000 -
.70 0.025 17,500 -
.63 0.025 25,000 -
.46 0.0L 46,000 -
445 0.01 127,000 -
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Table A-II (cont'd)
1100 cph Fatigue Data

Steel, Condition % Total % Plastic . Cycles to Brinell
and Testing Temp. Strain Strain Failure Hardness No.
1-A-387,B; N-SR 1.20 0.215 2,800 192
80°F 1.00 .0.14 4,550 183
.80 0.09 9,200 187
.65 0.055 14,300 170
.56 0.03 31,100 179
47 0.0 48,950 179
445 0.0 53,600 187
41 0.0 131,000 197
2-A-387,B; N-SR 1.39 0.365 2,200 -
80°F .975 0.19 6,100 164
.65 0.11 17,900 174
.50 0.04 36,000 156
415 0.005 68,300 -
.405 6.005 70,000 -
.365 0.0 125,000 -
2-A-387,B; N-SR .83 0.095 6,056 167
400°F .73 0.09 10,500 172
.45 0.015 50,000 156
445 0.005 65,000 145
1-A-387,B; N-SR 1.315 0.205 2,500 192
600°F 1.165 0.14 9,650 187
.94 0.14 18,600 -
.72 0.03 59,000 187
.54 0.09 84,360 -
2-A-387,B; N-SR 1.22 0.07 2,300 157
800°F 1.10 - 0.15 3,000 157
1.045 0.09 3,250 -
.925 0.115 8,000 172
.885 0.14 14,000 159
.765 0.045 20,000 170
.55 0.035 50,700 169
.56 - 160,000 157
.64 0.025 202,000 180
2-A-387,B; N-SR 1.195 0.21 4,300 164
900°F ,87 0.17 4,330 159
.72 0.135 13,500 152
.705 0.035 30,000 159
.53 0.095 30,000 146
.55 0.025 36,000 157
.635 0.08 50,000 150
.48 0.06 145,000 159



" Table A-II (cont'd)
1100 cph Fatigue Data

Steel, Condition % Total % Plastic Cycles to Brinell
and Testing Temp. Strain Strain Failure Hardness No.
1-"T-1"; Mill Q-T 1.39 0.24 2,600 235
80°F 1.03 0.09 5,180 -
.98 0.07 5,600 -
.81 0.03 : 6,700 -
.78 0.02 11,200 -
.72 0.01 18,400 -
.43 0.00 184,000 -
2-"T-1"; Mill Q-T 45 0.015 116,000 262
400°F : .97 - 0.07 8,100 257
.91 0.05 7,640 257
1.05 0,12 4,400 -
1-"T-1"; Mill Q-T 1.20 0.33 3,000 241
600°F 1.21 0.29 3,250 -
1.08 0.30 3,700 -
.89 0.22 6,125 -
.70 0.13 14,000 -
.53 0.08 32,000 -
47 0.04 86,700 -
1-"T-1"; Mill Q-T 1.017 0.33 3,400 241
800°F .90 0.23 4,300 -
.805 0.09 9,100 -
.715 0.12 17,100 -
.61 '0.08 19,500 -
.62 0.07 25,300 -
.48 0.01 130,000 -
1-"T-1"; Mill Q-T 1.315 0.40 1,950 235
900°F 1.095 0.36 2,500 -
1.07 0.28 2,900 -
.84 0.23 3,300 -
.85 0.18 3,500 -
.73 0.16 6,450 -
.70 0.16 - 8,850 -
.66 0.14 10,950 -
.40 0.03 48,800 -
1-A-212,B; Q-T 1.75 0.57 1,825 140
80°F 1.29 0.42 3,425 149
.795 0.205 9,200 149
.635 0.125 19,000 143
.605 0.11 24,800 143
465 0.05 32,400 143
.335 0.0 88,500 148
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Table A-II (cont'd)
1100 cph Fatigue Data

Steel, Condition % Total 7 Plastic ‘Cycles to Brinell
and Testing Temp. Strain Strain Failure  Hardness No.
2-A-212,B; Q-T 1.16 0.175 4,300 143
400°F .705 0.125 8,400 143
44 0.025 75,000 138
1-A-212,B; Q-T 1.345 0.365 2,300 157
60C°F .915 0.185 5,800 141
.52 0.145 18,200 148
.395 0.03 21,000 144
.50 0.09 26,000 157
.38 0.0 190,000 144
2-A-212,B; Q-T .735 0.08 4,500 137
800°F .75 0.095 5,000 134
.53 0.03 20,000 -
.35 0.075 54,000 131
© .35 0.065 80,000 137
.31 0.03 105,500 134
1-A-212,B; Q-T ,685 0.05 4,500 133
900°F : .67 0.155 4,800 131
.385 0.09 24,000 141
.23 0.025 62,000 131
.22 0.02 113,000 -
1-A-212,B; N-SR 1.70 0.62 2,250 126
80°F .78 0.22 12,500 131
.68 0.155 14,300 121
.49 0.07 30,000 125
.325 0.01 73,000 126
2-A-212,B; N-SR 1.14 0.405 6,200 =
80°F .865 0.23 12,200 131
.64 0.145 18,500 135
.46 0.055 38,000 -
.405 - 47,000 -
.31 0.0 113,500 132
2-A-212,B; N-SR 1.20 0.215 3,400 127
400°F .93 0.16 5,700 126
.345 0.005 102,000 126
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Table A-II (cont'd)
1100 cph Fatigue Data

Steel, Condition % Total % Plastic Cycles to Brinell

and Testing Temp. Strain Strain Failure Hardness No.
1-A-212,B; N-SR 1.19 0.27 3,500 132
600°F 1.255 0.28 3,900 131
1.03 0.31 5,700 132
. 965 0.16 7,250 125
.365 0.045 18,000 134
.435 0.095 19,500 128
43 0.085 50,000 130
.30 0.03 150,000 130
2-A-212,B; N-SR 725 0.145 4,700 123
800°F .855 - 0.08 5,000 121
.88 0.225 8,200 127
.49 0.03 26,000 123
.35 0.03 68,000 125
.29 0.01 -— 111,000 125
2-A-212,B; N-SR .81 0.125 4,400 118
900°F .755 . 0.135 4,850 120
.37 0.095 27,000 128
.315 0.05 55,000 - 120
.26 0.03 108,500 126
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Table A-TIII

110 cph Fatigue Data

Steel, Condition % Total % Plastic Cycles to Brinell
and Testing Temp. Strain Strain Failure Hardness No.

2-A-387,B; Q-T

80°F 1.025 0.105 3,750 226
400°F .93 0.135 7,400 235
600°F 1.02 0.08 3,400 235
800°F .90 0.08 2,700 244

.765 - 5,100 223
900°F .975 0.075 3,400 217
2-A-387,B; N-SR 1.245 0.295 2,285 161

80°F 1.06 0.235 3,760 169

400°F .87 0.075 7,000 149
1.08 0.265 3,675 156

600°F . 945 0.065 2,800 149
.99 0.19 4,000 152

800°F .87 0.08 3,550 157
.695 0.05 3,500 156

.685 - 6,200 147

900°F 775 0.05 4,600 149

2-"T-1"; Mill Q-T

80°F .925 0.03 5,600 241
400°F 1.11 0.13 6,250 248
600°F .935 0.145 4,050 248
800°F .915 0.10 2,500 255

.87 0.035 4,600 253
900°F .975 0.14 4,900 255
2-A-212,B; Q-T 1.315 0.445 3,600 131

80°F .97 0.27 7,100 144

400°F : .92 0.17 11,000 137
» 1.25 0.315 3,300 143

600°F 1.005 0.135 2,800 149
.925 0.11 4,800 135

800°F 1.01 0.14 2,230 135
900°F .93 0.10 2,300 130
2-A-212,B; N-SR 1.36 0.49 3,650 122
- 80°F 1.04 0.35 6,500 127
400°F .865 0.18 6,700 126
600°F .985 0.205 3,140 127
800°F , .935 0.13 2,700 132
900°F .965 __  0.045 2,510 126
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Robert Allen DePaul, son of Samuel and Emma M. DePaul, was born
in Reading, Pennsylvania, on April 8, 1936. He graduated from Reading
Senior High School in 1954, and ente&ed a foundryman apprenticeship with
Textile Machine Works in Wyomissing{5Pennsy1vania. As part of the ap-
prentice training, he received a Certificate in Engineering Technology
from The Wyomissing Polytechnic Institute in 1956. Robert was honored
as an Outstanding Pennsylvania Apprentice in 1957 by the Pennsylvania
Manufacturers' Association prior to receiving his Journeyman's Papers
in 1958. At the completion of his apprenticeship, Robert was awarded
a three-year scholarship by Textile Machine Works and entered Lehigh
University in the Fall of 1958 with advanced standing as a metallurgical
engineering student. While an undergraduate at Lehigh, Mr. DePaul was
voted into Tau Beta Pi as a Junior and was awarded the Bradley Stoughton
Student Award as a Senior. He was graduated with High Honors from Lehigh
in 1961, receiving the degree of Bachelor of Science in Metallurgical
Engineering.

Mr. DePaul entered the Graduate School of Lehigh in September, 1961,
where he was subsequently elected to the Society of the Sigma Xi. While
pursuing a program of graduate study he was engaged as a research assist-
ant and instructor in the Departmént of Metallurgical Engineering.

In October of 1963, Mr. DePaul was awarded the degree Master of
Science from Lehigh University. He has been a member of the American
Society for Metals, the.Americén Institute of Mining, Metallurgical, and
Petroleum Engineers, the American Society for Testing and Materials, and

faculty advisor to the Student Metallurgical Society while at Lehigh.
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