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ABSTRACT

Fatigue tests were psrformed on low carbon steel at a rate of 2, 600
load cycles per minute and at temperatures up to 700° F. All tests were
conducted at a constant stress amplitude of 35, 000 'b. per sq. inch. A num-
ber of specimens, usually i3, were tested at each sclected temperature, and
the results were anaiyced statistically. It was found that a peak occurred
in fatigue life in the region of 450° F. There was a pronounced tendency
for the scatter in life to increase as the mean life increased.
Subsequent tests established that the magnitude of the observed peak
depended on the amount of carbon and nitrogen in solid solution so that the
effect could logically be classified as one of strain aging which takes place
during the course of the test. When both carbon and nitrogen were present
the peaking temperature was somewhat higher than when nitrogen alone was
present, which seemed to indicate an interaction between the two types of
interstitial atoms.
A recerntly deveioped theo1y of strain aging has been applied in
which carbon and nitrogen atoms are presumed to strengthen the metal by
diffusing to dislocations in the crystail iattice. To appiy this theory tu
fatigue conditions, the following assumptions were made:
(1) The time available for aging was of the same order as the
time of one loading cycle.

(2) The distance to be travelled by the carbon and nitrogen atoms,
in order to re-anchor dislocations in fatigue affected zones,
was 2 x 1076 cm. (This corresponds to the distance they
travel under tensile conditions and approximates to the closest
approach of dislocations in a heavily cold worked metal. )

Utilizing these assumptions, the calculated peaking temperature
ugreed well with the observed value. A curve was ccnstructecd of the pre-
dicted temperature for peak life over a wide range of cyclic rates.
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. I INTRODUCTION

1. Preliminary

b L s T et

. The term strain aging is familiar in connection with the recovery of

the yield point in mild steel after tensile overstraining and there are other

instances in which it is known to exert an appreciable effect on mechanical 4

S

properties. For example, steel exhibits a greater tensile strength at

mildly elevated temperatures than it does at room temperature; this is

attributable to strain aging occurring during the course of the test. As to
i the origin of strain aging, it has been known for a number of years that it
is directly connected with the presence of carbon and nitrogen in the

steel. Under suitable circumstances, extremely small amounts of either

d element are sufficient to produce the effect. * 1) @) During conditions

|

of repeated loading there are certain types of behavior which have lately

. Geen associated with the aging of affected portions of the material.
Sinclair 3) has shown that materials capable of strain aging may readily
be "coaxed" (i. e. run for large numbers of cycles at several successively

increasing values of stress) io a much higher fatigue strength than they

formerly possessed. Again, when such materials are tested by the Prot
method, to establish their endurance limits, the results may be affected
by aging occurring while the test is in progress. (4)

The development of fatigue damage is, by its nature, a relatively

. long time phenomenon duriug which plastic deformation occurs in highly

localized regions. It is to be expected therefore that, if a material is

capable of strain aging, it will do so in these deformed regions wnen sub-

jected {0 repeated loading.

* Numbers in parentheses refer to bibliography.
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There appear to have been no attempts to correlate quantitative
knowledge of strain aging with knowledge of fatigue properties. Such a
project was thought to be attractive because of recent advances in the
theory of strain aging made by researchers in the field of metal physics.

2. Purpose of Investigation

The observation that some steels, notably those in the low carbon
category, appear to have greater fatigue strength in the range 400 to 500°F
than at room temperature has been reported by seversa! investigators. (5)(6)
The purpose of the present work was to investigate this elevcted tempera-
ture behavicr using statistical methcds which lend assurance to the
analysis of results. The eventual aim wuas to compare, both qualitatively
and quantitatively, the observed elevated temperature behavior with that
deduced from strain aging theory.

From the qualitaiive standpoint the aim was to isolate the éffect
of strain aging on fatigue life by modifying the carbon and nitrogen contents
of the metal. Quantitatively any basic correlation between fatigue strength
and strain aging properties necessarily involves the comparison of experi-
mental fatigue results with the predictions of strain aging theory, so that
the purpose of this part of the investigation was:

(1) To suggest methods for utilizing strain aging theory to

take account of repeated loading conditicns. This part of
the work is contained in Appendix A.

(2) To examine the agreement between theoretical and experi-
mental results in order to assess the validity of the
application of strain aging theory to this probiem and, by
inference, to vincr a2ging nhenomena such as coaxing, the
effect of rest periads on fatigue performance, the occur-

rence of a sharp 'knee' in the S-N diagram, etc.
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3. Scope of Tests

Three batchee of metal were tested in reversed bending at selected
temperatures up to about 700°F. The first batch consisted of ordinary low
carbon steel, the second batch was of the same steel treated so as to

reduce the carbon and nitrogen contents and hence minimize the sirain

BT S

aging effects. The third batch was given the same treatment s the second

but was also given a subsequent treatment to restore nitrogen to the lattice

RS

and therefore to reintroduce strain aging ability. The same cyclic loading
rate wag used for all tests.

It was decided not to try to establish the endurance limit for each
batch at each selected temperature because of the iength of time and
quantity of specimens required for such an operaticn. Instesd, a siress
of 35, 000 lb. per 8q. inckh, (which was above the endurance limit at room
temperature) was chosen, and all specimens were run at this nominal
stress. The performance was judged on the basis of the number of cycles
to fracture.

To provide sufficient data for reliable statistical comparison of the

mean life at one temperatuire with that at ancther, a number of specimens

s T R

(usually 10) were tested under each chosen condition. As a subsidiary
phase of the work an examination was made of the variability in fatigue

life through the temperature range.
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II TEST APPARATUS AND PROCEDURE

1. Material Used and Preparation of Specimens

The material used for the series of tests was a 1/4' diameter SAE
1018 cold rolled rod having the foiicwing nominal chemical composition:

C Mn P S
0.15-0. 20 0.60-0. 90 0. 04 max 0. 05 max.

The specimens were machined to the form and dimensions shown in
Fig. 1. The reduced sections were polished longitudinalily with No. 1/0
followed by No. 2/0 emery polishing paper.

Subsequent hest treatment was of three kinds:

Batch I Heated ia an inert atmosphere of helium at 1300°F
for 24 hours then furnace ccoled.

Batch I Heated in an atmosphere of wet hydrogen at 1300°F
for four days. The purpose of this treatment was to
reduce the carbon and nitrogen content of the steel
and thus to minimize the strain aging properties of
the material.

Batch III Same treatment as Batch II but the specimens were
reheated to 1300°F for 24 hours in an atmosphere of
ammonia and again furnace cooled, the purpose being
to reintroduce nitrogen and hence strain aging charac-
teristics to the steel.

In order to determine the success of the various heat treatments,

a sample from each batch was polished and etched and microphotographs
(x150) of the varicus crystalline structures were prepared.

2. Tesung mMucuins and Colibrestion

The fatigue tests were carried out on the specially-built rotating

beam machine shown in Fig. 2. The beam was simply supported at the

- i".mm- vl T SRR, Wl e e L T e

ot xR
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ends and loaded by dead weights at the third points so that there was a ;
. constant bending moment over the central section. The grips were msachined ;
to accommodate a 1/4" diameter specimen and drive was provided hy an ;?i
electric motor through a belt and pulley arrangement giving the machine ;

a speed of 2, 600 revolutions per minute.
The machine was calibrated for load by measuring, weighing and

balancing the separate paris. The bending moment at the test section due

SVORE Y TR N

to the tare weight of the machine was then calculated and the resuit taken

into account in computing the magnitude of extra weights to be added tc

obtain the specified stress st the test section.

The temperature of the specimen was conirolled by means of an
electric furnace fitted over the central portion of the beam. Current te
the furnace was regulated by a Leeds and Northrup "Micromax' tempera-

ture regulator and recorder. Automatic shut-off of electricity, on

breakage of specimen, was provided by arranging for the falling beam to
trip a microswitch connected into both the heating and motor circuits. The ’
electrical connections are shown in Fig. 3 and it will be seen that the heating

aud motor circuits could be operated separately when the microswitch was

"on'' but when this switch was 'off, '’ both circuits were dead. This arrange-
ment allowed the specirnen to be brought up to a predetermined temperature
before the fatigue loading was initiated.

Temperature calibration was carried out by placing a specimen in
poeition with a thermocouple spot-welded to the tes: section, the leads
being connected to a potentiometer. With the furnace closed, simultaneous
readings were taken of furrace temperature, as indicated on the "Micromax®

records, ond the thermocouple e. m. f. as indicated on the potentiometer.

The corresponding temperature at the surface of the specimen was then founa

. é
from the e. m. f. reading i

i
]
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When the furniace was fully up to its pre-set temperature, the
potentiometer readings continued to be taken u:til the specimen tempera-~
ture attained its maximum value. It was found that this took approxi-
mately thirty minutes, a lengt™ of time whicﬁ was nearly constant for
several different furnace temperatures.

3. Test Procedure

Exploratory tensile tests were carried out after the various heat
treatments had been completed, the specially machined tensile specimens
having been heat treated with thc various hatches of material. The data
on these tests are given in the next section.

For the fatigue tests the diamter of the minimum section of the
specimen was measured with a hand ball-point micrometer and the load
calculated to give the desired nominal stress at the minimum section
according to the ordinary flexure formula,

S = Mc/1

Where:

S = the stress at the outer fiber in Ib. per sq. inch.

M = the bending moment appiied in lb. inches.

I/c = the section modulus at the critical section in inches®.

After the specimen had been mounted in the machine, the concentricity of
the assembly was verified by the use of an Ames dial gage. Supports were
placed under the beam to prevent bending of the specimen while it was
being heated and, with the furnace closed, the heating circuit was

switched on After the furnace was up ic the pre-set temperature,

thirty minutes were allowed for the specimen to reach thermal equilibrium.

The motor circuit was then switched on, the supports removed and the

machine ltoaded.
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4. Statistical Procedure

All statistical calculations were based on the assumption cf a log-

RS,

normal distribution for cyclic lifetimes under any particular set of con-
ditions. That such a distribution is approximately valid has often been
observed. {7) Since only about ten specimens were tested under each
condition a "smell sample' analysis was employed. One of the sources
containing work of this kind is a book by Brownlee. (8)

(a) Means and Confidence Limits

The mean of each set of results was calculated as tke number of

cycles corresponding to the mean value of log N

i.e. log N = 2 (lon N) (1)
Where N = required mean value of fatigue life

N = number cf cyctes to fracture
n = number of specimens in the set
2 denotes summation

The confidence limits for any set of results specify the range wiinin which
there is a ceriair probability of finding the true value of the meen as
determined by the sample and according to the distribution law which has
been assumed. ¥or example, there is a 0. 95 probability that the mean
of the true population will lie within the 95% confidence limits to be

established here.

Let the upper and lower confidence limits be Nu and NL respectively.

Then,
log Nu =log N +}%.— (2)
log N, =log N -j% (3)

- MAITE IS AN DT E VOV T e




Where o = standard deviation of the set

N

n -1

i.e. a ://E(IO&N - log N)?

and t is a quantity known as ''Student's t" for which tables are available
according ‘to the number of ''degrees of freedom'. For comparison in
which a relatively small number of specimens are being tested, the number
of degrees of freedom is one less than the number of specimens. In this
report we shall primarily be concerned with 4, 9 and 18 degrees of freedom.
Values of 't'"' for these degrees are give: in Table I for different levels of

significant difference.

(b) Comparison between Sets of Lives

Since tlie investigation was concerned with the detection of strengthen-
ing due to strain aging, it was necessary to decide whether the results at
one temperature were significantly different from those at another, i.e., to
estimate the chance of the two sets being drawn from the same population.

The method used in this report was to compare the means of the iwo
sets through the value of Student's "t" in order to establish the level of
significant difference between them. Subscripts 1 anc 2 refer to the two sets
of results which are being compared.

For this case 't" is defined by:

log N, - 10gN, n, n,

X i *, o

-
"

2 2 - 2 X 2
2 (log N,)° - 2 log N,)° + (tog N,)° - (Zlo N,)
Where X . 2 1 __.ﬁ.ig__x_ 2 2 __=EE__3__

2
n1 + n, - 2
X, +X,
= _._*__2. fur conveniznee (5)
n1 + n2
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Where X1 and X2 resgpectively nre the first and second paire of terms in
the numerator of the line above.

When the value of t in Equation 4 has been determined, Table I is
entered at (n1 + n2 - 2) degrees of freedom to determine the level of sig-
nificant difference between the means of the iwo sets. If, for example, the
value of t was 2. 00, the number of degrees of freedom being 18, there
would be a significant difference at the 10% level but not at the 5% level
which requires a value of t of at least 2. 10. The conclusion would then
be that there was a C. 9 probability that the sets of lives were drawn from

different populations
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10
III RESULTS AND DISCUSSION

1. Microstructure

A photomicrograph (x150) of the material in the "'as received"
condition is shown in Fig. 4. In Figs. B to 7 are shown the material desig-
nated as Batches I, II snd III reapectively.

In Fig. 5 it will be seen that ample carbon was present in Batck I to
cause strain aging effects while in Fig. 8 the lower concentration of carbon
in Batch II is confirmed by the absence of pearlite. Nitride needles may be
seen in Fig. 7 indicating that sufficient nitrogen had been re-intrcduced to
Batck III to cause strain aging properties to reappear.

2. Tensile Tests

Tensile stress-strain curves for the three batches of material are
shown in Fig. 8. The early portions are reproduced to a more convenient
scale in Fig. 8.

Batch I shows the characteristic 2% plastic elongation at the yield
point of low carbon steel. The value of the yield point was 27,500 lb. per
sq. inch and the ultimate stress was 58,000 lb. per sq. inch, the total
elongation on a 1 inch gage length being 40%.

In Batch II there was little, if any, indication of a yield point. The
0. 2% yield strength was 24, 000 lb. per sq. inch, the ultimate stress was
48,200 1b. per sq. inch and the total elongation on a 1 inch gage length was
33%. The diaappea.rance of the sharp yield point is & consequence of the
removal of carbon and nitrogen and is consistent with the strain aging con-
cept described in Appendix A.

There is a small but definiite plastic elongation at the yield point in
the sirzos-ctruin onweva for Ratch 111 Again this is consistent with the

return of strain aging properties. The yield point wss 29,600 lb. per sq
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inch and the ultimate stress was 56,400 lb. per sq. inch.
elongation on a 1 inch gage length was 37%.

3. Fatigue Results

All fatigue tests were run in the rotating beam machine at a speed
of approximately 2,600 r. p. m. and at a nominal stress of 35, 000 lb. per
8q. inch. The number of cycles to failure of each specimen is shown in
Table II and the data are plotted in Figs. 10, 11 and 12 for Batches I, II
and III respectively. In these figures are also marked the value of
log N and the 95% confidence limits for @ach set of results. These are
denoted in each case by three short horizontal lines, the middle one
representing the value of 1og N, the other two the upper and lower confi-
dence limits. The numerical values are computed in Table III, acccerding
to the methed previously outlined.

{a) 1he Original Low Carbon Steel (Batch I)

The confidence which may be placed in the apparent peak in fatigue
life (Fig. 10} is readily assessed by means of the statistical work presented
in Table IV. Comparing, in turn, the sets of lives at 220°F, 300°F and
420°F with the set of lives at room temperature, the table shows that there
exists, in all cases, a 5% level of significant difference between the means.
This may be interpreted as saying that there is only one chance in twenty
that the lives of the specimens at any of the three elevated temperatures
were drawn froin the same population as the lives at room temnperature.
Comparing the actual life values, it may then be concluded that, for these
four different temperatures, the shortest life occurred at room tempera-~
ture.

Apgain comparing, in turn the lives at room temperature, 220°F and

300°F with the lives at 420°F, it is found that, in all cases, a significant
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difference between means exists at the 5% level. Hence it may furthar
be concluded that, of the four sets of values, the mean life at 420°F was
the greatest.

Au important point here is that two specimens tested at 420°F did
not break at more than 3 million cycles but ihe statistical work has been
carried out on the sssumption that failure took plage when the machine
was stopped. Thus calculations involving the comparison between the
mean life at 420°F and the mean life at some other temperature are
bound to err on the congervative eide, tae true mesan life at 420°F being
greaier than that shown in Fig. 10.

Turning now to the data at 530°F and 700°F and comparing these
sets of lives with that at 420°F, it is found that there is, in ali cases,

a significant difference between meana at the 5% level. Hence the life
at 700°F was shorter than the life at 530°F which in turn was shorter
than that at 420°F.

In summary of Fig. 10, it may be concluded that the fatigue life
of the material was greater at 420°F than at room temperature and that
the lives at 220°F and 300°F had intermediate vaiues. At temperatures
higher than that at which the peak life occurred there was a steady drop
in life as shown by the data at 530°F and 700°F.

An attempt was made to estimate the exact value of the peaking
temperature by drawing straight lines through the mean log lives in
Fig. 10 at the various testing temperatures. It may be szen that the
value of temperature corresponding to maximum life is approximately
480°F. If we estimate the error in tempersature calibration of the
specimen as + 253F, the range 355" - 465°F io ausived 3t for the

peaking temperature.
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This range of ternpersature may be compared with the predictions
of the theoreticai treatments developed in Appendix A. These are based
on the hypothesis that the temperature at which maximum life occurs is
determined by the rate at which dissolved carbon and nitrogen atoms
segregate to dislocations in fatigue affected zcnes.

The first of the theoretical treatments (after Nabarro, see
Appendix A) assumes that the carbon and nitrogen atoms have to travel a

B cm. during the aging process. Fig. 18 shows

distance of 2 x 10~
loglot'1 plotted against £F2 where t is the time available for aging and

T is the absolute (Kelvin) temperature. If t is equal to the time for a
single load cycle to be applied then, at 2,600 cycles per minute the corres-
ponding temperature in Fig. 18 is 500°F for both carbon and nitrogen.

This temperature agrees well with the observed peak.

The second of the theoretical treatments (after Cottrell, see
Appendix A) describes the manner and path by which the interstitial atom.s
move in reaching dislocations. As shown in the appendix, the maximum
aging effect is forecast in the range 385°F to 585°F when the diffusing
atoms are nitrogen. Again this agrees well with the experimental peaking
range of 435°% - 485°F. With carbon as the diffusing atom the predicted
peaking range is considerably higher and this seeming discrepancy will be
referred to later.

It may be well to emphesize that both mechanisms essentially des-
cribe different aspects of the same phenomenon. Cottrell's was developed
from a fairiy rigorous mataematical treatment but tells nothing directly
about the size of domain involved. On the other hand, Nabarro's work
suggests Jiai e averags interstitiol atom moves a distance of the ovrder

6

of 2x 107" cm. bit tells nothing about the distribution or availability of

the interstitial atoms. It is interesting to note thai the stated distance is
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identical with the thickness of the individual lamellae in the picture of
glip in aluminum (Fig. 13) observed by Heidenreich and Shockley. This
size of domain also is comparable to the so-called '""limiting fragment

n(8)

size or the closest approach between dislocations in a heavily coid

worked zone. It appears then that the process of aging is one of dif-
fusion to a dislocation from the fragments of linear dimension 2 x’ 10'6
cm. immediately adjacent to the dislocation.

Although much of the work on the deformation of metallic crysta's
has been established on the strength of electron microscope observations
of aluminum, a structure of both fine and coarse slip lines has lately
been observed in iron by Paxton, Adams and Massalski. (i0) In common
with aluminum, copper, lead and gold the formation of the slip lines was
gensitive to the state of preparation of the surface. Whether the lamellae
in iron are the same thickness as those in aluminum and are displaced by
the same amount is not known. In any case the validity of the diffusion

calculations, and of the strain aging model is not critically dependent on

the exact mode of slip within the crystal.

In comparing the theoretical predictions with the experimental results

there is another point which should be ncted. The theory predictis that, as

temmperature is increased, life will increase up to a maximum because of

the larger number of dislocations heing re-anchored at the higher tempera-

tures. It might be expected then that, when some maximum strength has
been reached, the fatigue life would be constant over a certain range of
temperature since, if the interstitials have time to re-pin the dislocations
at gay 500°F, they have ample time to do so at 550°F. Howe er, it will
be observead in rig. 10 thaf :mmedAiantely after the pesk was reached .here

was an extremely sharp drop in life. T'wo possible rnasons suggest
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themselves for this decrease. The first is that, as soon as the maximum
poseible strengthening effect due to aging has been realized, the weakening
indicated by the continuous drop in yield strength with incresase in tempera-
ture begins to be evident. The second is that when the peaking temperature
is exceeded at a particular cyclic frequency the interstitial atoms are able
to move about so freely that they no longer exert a significant restraining
influence on the movement of dislocations. This would be analogous to the
sharp internal friction peaks observed in torsion pendulum experiments. (1)

A margin of error of + 25°F in the experimental apparatus has been
assumed above. Agreement between predicted and actual results will also
be dependent cn the accuracy of values of constants in the theoretical equa-
tions. While the laiest available data have been used (in Appendix &) in
evaluating the equations, there is naturally the possihiiity that the values
were somewhat in error.

The changes in the prodicted peaking temperature brought about by
altering the assumed values of the time t available for aging, of the
distance x the interstitial atoms have to move and the activation energy
\ H of the diffusion process have been investigated in the appendix and
are illustrated in Figs. 19 and 20. Even allowing moderatzly large
variations for t, x and AH the predicted peaking values still fall in the
same general range as that obtained experimentally. The method appears
to be sensitive enough, however, tc enable the conclusioii io be drawn that
diffusion from the interslip region (Fig. 13) is unlikely. The necessary
value of 10-5 cm. for x gives a predicted peaking temperature of 750°F
which differs by nearly 300°F from the experimental value of 4SO°F, a
deviation which is well outside the range ui cap<:izmicnia! soror (nravided

always that the value of AH has not been grossly overestimated).
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So far as the value of t is concerned, it seems reasonable that a
time of the order of the cyclic time is significant since a slipped plane
would presumably be subjected to maximum attack once per cycie. No
final conclusions can yet be drawn on this point, however, since it
happens that the predicted peaking termperature is not greatly affected
by variation of t alone. This is because,in Equation 8,time and
temperature are related through an exponent.

(b) Specimens with Carbon and Nitrogen Greatly Reduced (Batch II)

These results are presented in Fig. 11. Statistical analysis (Table 1V)
shows that the mean life at 420°F was different from that at room tempera-
ture so that a peak life persisted in the material in the 400° - 500°F range.
However, if the lives at 420°F are compared with the lives of Batch I at
iiic same temperature, it is found that these two sets of lives were also
different at the 5% level of significance. Hence there was a less pro-
nounced peak in the wet hydrogen treated batch, occurring at about the
same temperature as did the peak for the original material.

The tensile stress~strain curves of Figs. 8 and ¢ show that a trace
of yield point remained after the wet hydrogen treatment so it is logical
to expect that the strain aging characteristics would not have been en-
tirely removed. It is known from tensile experiments that traces oi
strain aging are present even when carbon and nitrogen are removed
below the limit of ordinsry chemical analysis. As little as 0. 001% of
these elements is sufficient. to cause strain aging tendencies.

To explore this avenue further a few specimens were subjected to
the wet hydrogen treatment in a glass tube furnace instead of in the steel
pot whicn was picvicucly emninved. The aim was to secure a more
thorough removal of carbon and nitrogen. Fatigue results for these half

dozen specimens are denoted by triangles in Fig. 11. 1t will be seen
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that the peak i3 now absent, there being a continuous drop in life from room
temperature up to 420°F.

As carbon and nitrogen were removed from solution there was a pro-
gressive decrease of the peaking tendency in fatigue life. This is entirely
consisteni with the picture of strain aging being the responsible mechanism.

3. The Re-Nitrided Specimens {Batch III)

These fatigue results are shown in Fig. 12 where it will be see.: that
a strong peak in fatigue life was once more present but in the region of
300°F as compared with 460°F for the original material. There is little
need to suppert this conclusion by statistical work. MNcre of the five
specimens which were run at 300°F broke, while those run at 420°F all
had lives of less than two and a half millio~ cycles. The room tempera-
ture performance for this material was very much the same as for the
previous two batches so that a true peaking phenomenon was observed
and not merely an all round increase in strength.

The strain aging theory indicates that a peak should re-occur on
the reintroduction of nitrogen but the apparent shift in peaking temperature
was an unexpected result. When it was observed, the calibration of the
apparatus was checked but 1o adjustment was found to be necessary.
Nabarro's work, as plotted in Fig. 18 lead to the expectation of nearly
equal peaking temperatures for each of the two types of interstitial, es-
pecially at cyclic speeds in the region of 2,600 r. p. m. where the carbon
and nitrogen lines run close together. However the experimental resuit
indicated that when carbon and nitrogen were both present the peaking
temperature was higher than when nitrogen alone was present.

Suci a saiis i peaking femzoerature might be accounted for by the

existence of interaction between carbon and nitrogen atoms when both

are present in the iron lattice, Wert(,ll) using internal friction measure-
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ments, has concluded that the rate of aging of one type of interstitial is
influenced by the presence of the other. At 110°C he found that the pres-
e:ice of nitrogen caused carbon to precipitate 2-1/2 times faster than it
othicrwise would. Aga‘n Fast (12) has found differences in behaviZr between
iron containing nitrogen and iron containing carbon. For example, the
Charpy impact value of technical iron shows a minimum at temperatures
between 750°F and 930°F but there is no such minimum when carbon is the
only impurity in the iron. With nitrogen as the impurity, there again is a
minimum value in thig temperature range. The difference in the critical
temperature ranges for impact and fatigue might be accounted foxr by the
higher rate of strain in the impact test.

It is interesting that calculations, based on Cottrell's work, which
are presented graphically in Figs. 22 and 23 predict a difference in peaking
temperature between nitrogen and carbon if they are separately present.
Where nitrogen should cause a peak in fatigue life between 380°F and 580°F,
carbon should not cause a peak in life until the range 700° - 1,100°F. The
difference is due mainly to the greater solubility of nitrogen at lower tempera-
tures.

Possibly then the experimentally observed peak was in reality due to
nitrogen, the effcct being strengthened by the premature precipitation of
carbon. More experimental work is needecd to distinguish finally between
the separaie and combined aging effects of the two elements.

4. General

The results suggest that mildly elevated operating temperatures are
beneficial to fatigue resistance as far as low carbon steel is concerned.

The best operating temperature 18, Dy ine argumcnt purcuz?d in the annendix.

dependent on the frequency of the fatigue loading; in ¥ig. 24 are shown the
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theoratical temperatures for best performance at frequencies from 60, 000
y to 10 cycles par minute. This curve is based on Equation 10 and so, in
the light of tke experimenial results obtained, may give temperatures which

|
: are slightly too kigh. Also, at the higher temperatures, oxidation may
: become an important factcr and there may be other changes in the metal
: which could prevent the formation of a relative peak.
! It is noteworthy tkat, in general, as the mean fatigue life increases r
so does the scatter about ihs mean. This applies to each of the three dif- ]
fereat batches of material and is revealed by examination of the calculated
values of standard deviation (Tabie III). Such a resuilt is in agreement with
previous observations on the width of scattar bands at different stress
levela('n in room temperature tests.

It is suggescted that the variation in life observed in the present study
may be interprcted in ths following manner:

At constant stress amplitude the relative scatter in life is a function

of the number of microscopic zones in which fatigue cracks are aucleated.
If a large number of cracks are nucleated, they may grow together and
hence result in a short life for the specimen. Nucleation and growth of a

small nuwber of cracks should result in e longer life. Thus, to a first

approximation, the life may be said to be inversely rclated to the number

of craciks nucleated in the plane of final fauilmre. Due to the inhomogeneous

formed, at the same nominal stress, in individual specimens of a given

sample. This variation will b2 reflected in larger scatter in life when
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i character of real materials, there will be different numbers of crecks
E the mean number of cracks is small because the percentage variation in

e acGunei of croslke fo greater. At slichtly elevated temperatures, the

n

strain aging mechanism described in this paper has the effect of reducing
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the mean number of cracks nucleated at a given stress, thus resulting
in increased fatigue life accompanied by increased scatter in life. This
argument sppears to be in line with the experimental results obtained.

Even at room temperature soine atrain aging must occur during

repeated loading and any picture of fatigue damage concerned with, say,

low carbon steel should take this into account as a contributory feature.

For example, the coaxing phenomenon, for materials which strain age,

(3)

1 is to be expected. During coaxing a low stress is applied for a large

number of cycles (i.e. , a long time) so that the affected zones are
strengthened by aging. The stress is raised slightly and again a large
number of cycles is run so that further strengthening of the same, or
different, zones occurs. Thus the fatigue resistance is gradually
increased by a progressive strengthening of the weakest portions and the 1
aubsequent inhibition of crack nucleation and growth. Again the increase
in strength which occurs during rest periods after the repeated loading of ]

ingot iron( 13)

may be accounted for by the aging of fatigued portions.
In the final analysis it must be kept in mind that all work in this

report which has been characterized as ''q:antitative' might be more aptly

described as ''semi-quantitative' being based as it is on practical measure-
ments of diffusion constants, solubility figures and moduli of rigiditly
besides the microscopically observed nature of crystal slip. Although a
degree of success has been achieved in predicting the temperature at which
peak fatiguie life should occur for low carbon steel, the direct theoretical
problem of predicting the magnitude of this peak life is another, much more

complex question. Nevertheless, in this investigatica an attempt has been

-
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meade tn apnolv to an engineering problem findings made in the more basic

field of metal physics. It is believed that such correlations of different
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fields of knowledge offer, as indeed they have in the peast, a fruitful

approach to the undersianding of fundamental engineering science and

therefore promise hope in the future of substantial advances in

engineering practice.
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iIv CONCLUSIONS ‘“
The following conclusions may be drawn from the investigation: 4
The low carbon steel used in the tests exhibited considerably grester g
fatigue life in the region of 400°F to 500°F than it did at room il

temperature.
Subsequent tests showed that the increase in life could be attributed

to the presence of carbon and nitrogen in the metal. The effect

gl e

could therefore logically he classified as one of strain aging which

occurs during the course of the test.

Calculations based cn the assumption that the strengthening was

caused by the diffusion of carbon and nitrogen stoms to dislocations

which moved during local yielding predicted the peaking temperature

closely, provided that:

(a) The time available for aging to occur is of the order of the
t{ime to apply one load cycle,

(b) The distance the carbon and nitrogen atoms have to travei to
achieve aging during the fatigue process is the same as the

distance they travel under tensile conditions, namely
6

2x10

cm. (Which also approximately corresponds to the

"limiting fragment size,' and to the closest approach of
dislocations in a heavily cold worked metal)

Provided the thec:ry, as developed, is substantially correct it is to be

expected that the peaxinyg temperature depends on cyclic rate. It !

should range from about 300°F for a rate of 10 cycles per minute {

———y
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up to about 700°F for 60, 000 cycles per minute.
It appeared that when both nitrogezn and carbon were present the

peaking temperature was somewhat higher than when nitrogen
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alone was present. The reasnn for this is not clear, but it may be
that there is an interaction between the two kinds of atoms when
both are present. There is an indication in one aspect of the theory
that a higher peaking temperature is to be expected for carbon than
for nitrogen when they are separately preseni.

At higher values of mean life there was, in general, an increase

in the scatter of the results. This is consistent with the idea that

the fewer the active damage spots, the wider is the scatter.
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APPENDIX A
V DEFORMATION OF METALLIC CRYSTALS
While it 18 not the purpose of this part of the report to examine in
detail the mechanism of slip and the allicd phenomenon of work-hardening

—processes which cre, as yet, imperfectly understood-it will be useful

SR e S

to review certain ideas w’ ‘ch have gained acceptance as helping the under-

povery

standing of some of the observed chainiges in crystalline structure under

load. More particularly, these ideas help to explain the production and
growth of slip bands, and as such lead to the development of the strain
aging theory to be described. Microscopic and other experimental evi-
dence will be considered before an outline of the theoretical approach is
given.

1. Evidence from the Microscope |

When a metal is subjected to stress and its crystalline structure
observed through a microscope at differen. stages of deformation, dark
bands make their appearance and increase in number and thickness up to

fracture. The bands are due to one layer or portion of a crystal slipping

over th2 next, the sum total of these slippages being of the same order

as the overal!l deformation of the material.

It is beyond the power of the light-microscope to resolve the internal

g
i
|
f

structure of slip bands but, by use of the electron microscope, Heidenreich
and Shockley(14) have shown that, in the case of aluminum, the bands are

comrposed of clusters of lamellae (Fig. 13) whose thickness is about 200 X

Each lamelila has slipped relative to its neighbor by about 2000 ,R, a

distance which is remarkably constant for that metal. The motion is not

i ' one of pure translation, the lamellae being rotated through smal! angles
relative to each other. 1ne eaperund..is nave oogn regastad by ather
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workers with similar qualitative results for various metals, though none
ie so easy to deal with, or gives such consgistent results, as aluminum.
At this atage of development it i8 not possible to say whether the 2000 8
slip distance occurs all on one plane cr whether there are contributions
by a number of successive atomic plareas. Brown(ls) suggests that the
region may consist of about 50 adjacent atomic planes each of which has
slipped by several atomic distances.

The occurrence of slip bands in pure aluminum represents a fairly
advanced stage of deformation, the first faint bands making their appear-
ance when the strain is perhaps 0. 025%. The spacing between the bands
is then a few microns.

Previous to the inhomogeneous mode of deformation characterized
by slip bands, the electron microscope indicates, according to Brown

and Honeycombe, (16)

that there exists a more homogeneous movement
which has been called "micro-slip. "' The general domain undergoes
deformation in which a great many atomic layers are moved relative

to one another by a few atomic distances. At a certain stage slip bands
make their appearance on a small number of favorable planes. Once
created they seem to interact with each other since it is observed that
fresh bands tend to appear midway between two existing ones. Deforma-
tion proceeds both by the creation of new bands and by the addition of
lamellae to those already existing.

Siip bands are a feature of plastic deformation both under static
loads and under fluctuating (fatigue) loads, but the modes of deformation
are somewhat different in the two cases. Under tensiie conditions, the
creation of new bands seems to predominate, while in fatigue the broaden-
ing of bands formed early in the test is a salient feature. In fatigue,

cracks eventually initiate within the slip bands.
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2. The Dislocation Concept

Much present day theoretical work on the deformation of :mall

metatilic domains hinges on the concept of a dislocation. This term is

used to refer to an imperfection in the atomic array originall; conceived
to account for the difference between the calculated and actual resistance

tc plastic deformation. The simpiesi type of dislocation may be thought

of as an extra plane of atoms inserted on one side of a potential slip %
plane AB (Fig. 14). The material above AB is in compression, that below

AB in tension. In an annealed metal it has been estimated that there are 4
about 108 dislocations per square cm; in a heavily worked metal there

12 .
per square cm. The symbol .l is often

are many more, possibiy 10
used to denote a dislocation.
If now the dislocation moves acrosgs the crystal due to an applied
shear stress, the material above AB slips one atomic distance over the
material below AB. From this point of view therefore, the occurrence
of slip may be regarded as a consequence of the movement of dislocations.
Many of the effects observed in the microscope can, in fact, be explained
in such terms. For instance, micro-slip may be described as an internal
redistribution of dislocations which do not leave the surface until the
stress is increased sufficiently to cause slip steps to form in preferred
localities.
It has already been mentioned that these observed slip steps are of
the order of 2000 £ or about 700 atomic distances and this nuraber of dis- %
locations cannot be assumed to be present on any one plane in the virgin
lattice. A multiplication process for dislocstions is therefore necessary

and such a process is provided by the "Frank-Read Source. " {17) (18)

According to this mechanism large amounts of slip can take place on a

single plane by the rotation of a dislocation about anchors provided by

St A




s s o e

27

dislocations in another atomic plane. This is shown diagramatically in
Fig. i5 where the disiocation in the original position 1 is pinned at P and
P'. Under the influence of an applied stress it bows into the successive

positions 2, 3, 4, 5 so generating a new ging ond leaving ithe original line

PP! to repeat the operation. Alternatively, if a potential Frank-Read

source ia negr the surface it may be pinned at oniy cne point and a smasller

force will be required to activate it than if the configuration is as depicted
in Fig. 15.

Seitz (18) has suggested that active slip planes seize up because, after
about 1000 dislocations have passed on one plane, the densily of vacancies in
that vicinity is very high. This causes strong distortion of the lattice which

(20) and Brown(zl) have

hinders the passage of further dislocations. Cottrell
made proposals utilizing Frank-Read sources to account for the lamellar
nature of slip bands.

If the view is accepted of the dynamic behavior of disiocationg being
the root cause of slip and work hardening both in tension and in fatigue, it
may thus be argued that the prevention or hinderance of the movement of

dislocations will lead in turn to the retardation of the yielding process and

the postponement of crack initiation. This will be recognized on the macro-

scopic level as increase in strength or fatigue life.

o
et

In the next section the proposition is developed that the mechanism of
strain aging during fatigue provides , as it does during tension, just such &
hinderance to dislocation movement and is, therefore, an effect which

should be taken into account when fatigue properties are being evaluated.
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VI STRAIN AGING THEORY APPLIED
TO FATIGUE

) 1. Strain Aging Effects in Tension

If a mild steci specimen, possessing both upper and lower yield

. points, is strained into the plastic range and the stress is removed but
is then immediately reimposed, (Fig. 16b) plastic deformation will con- G

iinue at almost the same stress at which the iest was interrupted. There

will be no reoccurrence of a definite yield point. If, however, the
material is left unloaded for a sufficient time and is subsegquently re-
loaded. =sn upper and a lower yield point will once more be observed as
shown in Fig. 16c. (22) Annealing at 2 mildly elevated temperature
after straining greatly accelerates the return of the yield points. (23)
Increased hardness, increased tensile strength and decreased duc-
* tility accompany the return of the yield points and these effects are recog-
' nized as 'strain-aging’.
: Besides acceleruting the return of the yield point in an interrupted
test, increased temperature has impcrtant effects during the course of
an uninterrupied tensile test. As depicted in Fig. 17, m:ld steel shows

an increase in ultimaie strength at temperatures between 450°F and 550°F.

,
due to strain aging during the test, in spite of decrease in yield strength.‘24)

it is to be noted, however, that the rate of straining modifies these results,
the peak sirength occurring at higher temperatures for higher stiain rates.

2. Tenegile Strein Aging Explained in Terms of Dislocation Theory

4 The most satisfactory explanation, at this time, of the occurrence of
the upper yiel” point and of strain aging effects is that due to Cottrellgzs)

According to his theory, small interstitial atoms (e. g. carbon and nitrogen
in 1ron) wend v concinirats ot the tensile side of dislocations in the crystal

VA v

lattice since, in such positions, their energy is a minimum. From the
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mechanical point of view, more space exists between atoms at the
tensile side of a dislocation; this enables solute atoms to fit in more
easily thus relieving the surrounding stress field. Once a particular

solute atom occupies such a spot, energy barriers exist which make it

§

difficult for a change of position to take place. This may be expressed ’

by saying that there are attractive forces between dislocations and the

clouds of interstitial atoms. [
If crystal slip is regarded as a consequence of the movement of

dislocations, it will be necessary, before slip can take place, for the

force between dislocations and nearby solute aioms to be overcome.

However, once this has occurred, a smaller force will be required to

continue the movement of the freed dislocations which culminates in the

slip process. Thus the theory gives a natural explanation of the two

yield points encountered in strain aging materials. The effect is greatest

in those lattices in which the interstitial atoms cause an anisotropic

strain, e.g. in body-centered cubic systems such as e -iron.
If now, after yield has taken place, the material is unloaded but

the load immediately re-applied, yielding will continue at the same stress

at which the test was interrupted since the interstitiel atoms have had no

time in which to diffuse to the new dislocation sites. (

If, however, the material is unloaded and allowed to rest for suffi-

T

cient time to allow the interstitial atoms to diffuse and re-pin the disloca-
tions, then upon reloading the two yield points will, once more, be in
evidence.

Should the temperature during the rest period be raised, the carbon

1

and nitrogen can diffuse at faster rates. Less time would then be required

for the return of the yield points. As previously mentioned, this 13 exactiy
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the effect observed. Cottrell's model also accounts for the different
peaking temperatures shown in Fig. 17 gince at faster rates of straining
there is less time for aging to occur and therefore a higher temperature

is required for the maximum effect. Evidently then, the time required

to obtain the maximum strain aging effect for given solute atoms in a

given laitice depends upon the rate of diffusion (i. e., upon the tempera-

ture) and upon the distance to be travelicd by the solute atoms. %

3. Consideration of Repeated Load Conditions

ik el

In general, slip induced by cyclic stress i8 much more localized
than slip caused by steadily applied stress. As has already been stated,
slip under repeated load proceeds by the broadening of a few slip bands
rather than by the formation of numbers of new bands as in tension. There
are also other differences between the two types of deformation. For
! example slip bands formed during repeated stressing may start and end in
the interior of a crystal whereas those formed by static tension almost
invariably begin at a crystal boundary.

However, these differences do not invalidate the picture of slip and

eventual crack initiation being the result of the dynamic behavior of disloca-

tions. It should, therefore, be possible to utilize the mathematics of a
valid tensile strain aging theory to account, both qualitatively and quanti~ f
tatively, for certain variations in the fatigue life of strain aging materials,
such as low carbon steel, at different temperatures and differeni rates of
cyclic stress.

If aging is to help prevent further damage after initial slip, there are
three major factors which will govern the process. These are (a) the time
available for aging, (b) tae distance the soiuie atoms have to travel in order
to catch dislocaticns, and {(c) the number of solute atoms required to achieve

the pinning effect.
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It seems reasonable to suppose that the time available for aging
is of the same order as the time required for a single stress cycle to be
imposed since, presumably, any particular atomic plane is subjected to
maximum aiteck once per cycle.

The sverage distance to be travelled by the interstitial atoms is a

difficult quantity to estimate, but agsin it seems reasonable, from the

argument which has been developed, that the distance in fatigue is of the 5

same order of magnitude as the distance under tensile conditions, about

which more is known. 2
Some work(zs) has previously been done towards the necessary

weight percent of solute required to pin the density of dislocations present

in a heavily worked zone and the results are used in cne phase of the cal-

culations which follow.

4. Theories of Strain Aging Applied to Fatigue

(a) Nabarro's Work
Nabarro(27) has carrieu out strain aging calculations based on a
movement of carbon atoms in ¢l - iron, after tensiie overstraining, of

(28)

2 x 10”8 cm. and has shown 2ood agreement with Muir's experimentsl

results on the time of recovery of yield point at various temperaiures.

However, values of diffusion coefficient and activation energy of carbon [
in iron were used which are not now the best available, and in the following

work, values due to Wert(za) are utilized. The effect of the movement of
nitrogen will also be considered.

The diffusion coefficient D of a diffusion process is defined by the

equation:
J=-D -g-;i- (6)
Where J = Quantity in grams of the diffusing substance which passes
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per unit time through unit area of a plane ai
. right angles to the direction of diffusion.

¢ = The concentration of the diffusing substance per

unit volume (gr/c.c.)

LS PRBTNP PRV CF TR

x * Ordinate coinciding with the direction in which

diffusion occurs.

D = Diffusion coefficient (cm2/ sec)

ik

By a process of diffusion of interstitial atoms to dislocations, the

order of the time t (in seconds) to achieve equilibrium in & pattern of

s

linear dimensions x (centimeters) has been given by Nabarro(27) as:
2

t=7p i
In conjunciion with Equation 7 we may use another diffusion relation-
ship which gives the coefficient at any temperature in terms of the coefficient

at infinite temperature.

Where D  ~ diffusion coefficient at infinite temperature (cmz/ sec)
A H = activation energy for the process (cal/mol)
R = universal gas constant (=1. 986 cal/OC/mol)
T = absolute temperature (degrees Kelvin)

Substituting from Equation 8 into Equation 7 we get:

x?
or log wt-l = log,, (2Dox‘2) - —%,F- log, qe (10)
’ and for a particular x, AH and D_:
C
log, ot 1. C,- _TZ_ (11)
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Where C 1 and 02 are constants. It followe that a gict of lcgl ot-1 against
1/T should be a straight line.

For evaluation of Equation i0 the following values of the constants due
to Wert(zg) have been used:

For carbon ine- iron A H = 20, 100 cal/mol. D, = 0.02 cmz/sec

For nitrogen in ¢~ iron AH = 18, 200 cal/mci. D, = 0.003 cm2/sec

The value of x = 2 x 10'c cm. has been retained and when these figures

are substituted in Equation 10 we obtain,

For carbon, log,ot™" = 10. 00 - £:500 (12)

1

For nitrogen log,,t™ = 9. 18 -4300 (13)

These equations are plotted as Curves II and IIl in Fig. 18 with
E log1 ot-1 as ordinate and 1000/ T as abscissa. For comparison, Muir's

(27) a2 shown in the

experimental results, as interpreted by Nabarro,
. same figure and these constitute Curve I.
It ic seen that the three lines in Fig. 18 lay close together in the range
of temperature examined and that the shorter the time, the higher the tempera-
ture must be for effective aging to occur. This underlines the point previously -

mentioned that at higher speeds of stressing, greater mobility of the inter-

v ——

stitial atoms is required to re-anchor dislocations which, in turn, means a
higher temperaiure is required.

If we now apply Fig. 18 to conditions of repeated load and assume, as
previously stated, that the time t available for aging is the time of one
loading cycle tten, from Curves II and III, the corresponding value of 1000/T
E may be read off. This value of T wili be the temperature at which the

material should nave a wmaauunuin s 2t the aenecified loading frequency for

stresses above the endurance limit,

Padnhe ok ol T G hﬁ%ﬁm‘{?m‘% &
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In the present experiments the machine speed was 2,600 r. p. m.

which represents a cyclic time of 60/2600 seconds. The value of log, ot"1

is then 1. 637 and, from Fig. 18, the corresponding value of 1000/ T is

1. 89 for both carbon and niirogen. This gives a value of T of 530°X or

500°F, the temperature at which 'ow carbon steel should exhibit a maxi-

o

mum fatigue strength when the cyclic rate is 2, 600 per minute.

AR =

In order to establigh possible upper and lower bounds for the pre-

<]
dicted peaking temperature, the effects of varying the assumed values

of AH, x and t are shown in Figs. 19 and 20, These figures are of the
same type as Fig. 18. They show essentially the time taken, at differ-
| ent temperatures, for carbon and nitrogen atoms to travel the indicated
distances with different values of AH.
P In Fig. 19 values of AH have been snelected which vary approximately
i + 20% from the nominal values of 20, 100 and 18, 200 cal/mol. for carbon
arnd nitrogen respectively. For comparison, the carbon line from Fig. 18
has been replotted in Figs. 19 and 20. The horizontal lines in these
figures represent the values of log1 Ot-1 for values of t corresponding to
different numbers of revolutions. The intersection of these horizontals
with the various plotted lines give predicted peaking temperaiures for the
different conditions. For example, if the time available for aging is, in !
reality, helf a revolution and the effective value of QH for nitrogen is
23,000 cal/mol., then from Fig. 19 ‘a peak in fatigue life would be expec-
- ted at a value of T given by 1-(,)#9 = 1.54i.e., T = 7T00°F. This would be
the upper limit of predicted temperature within the conditions prescribed
for the construction of the figure.
The 1nwar limit for nitrogen is given by, say, allowing 100 revolu-

tions for aging to occur with an effective AH of 13, 000 cal/mol.

R TR ATy IR P S R S et P ST RV N et & S S, i iammie 070 o o et YA

ey - .




The corresponding value of L%?B is 3. 52 giving T = 50°F. The predicted

range therefore nas the limits 50° to T00°F. In fact it is doubtful whether
AH for nitrogen could differ much from 18, 200 cal/mol. since this
quantity has often been reliably measusred. However, the concept of the
strain aging process which is being proposed is essentially concerned with
the state of affairs in a highly worked region and there are grounds for

believing that the value of AH might, in such circumstances, deviate some-

what from the value operative in an annealed region.
In Fig. 20 values of x which differ by an order of magnitude from the 3

nominal 2 x 1078

cm. have been used to illustrate the effect on peaking
temperature obtained by varying the distance the interstitial atoms have to
move. Using a similar method of analysis to that employed in the previous
figure, the lower bound of peaking temperature is8 found to be 130°F corres-
ponding to an aging time of 100 revolutions with a distance x of 10'7 cm.
The upper bound is found to be 750°F for an aging tin:e of half a revolution
with e distance x of 1075 cm.

As in the case of AH, very wide variations have been allowed here for
the linrear dimension x of the pattern. A distance of 10'7 cm. is only a few
atomic distances and it seems doubtful whether the necessary precipitation
of interstitials could take place wholly from such @ very smail domain. At l

5 cm, would invoive diffusion from the

the other extreme, a distance of 10~
interslip region.

The limits of the predicted peaking temperature are thus 50 - 750°F‘,
not a large range considering the generous variations allowzd for AH, t

and x. The value of 500°F, calculated from the nominal values, falls near

the center of the range.
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(b) Cottrell's Strain Aging Theory

The snalysis basecd on Nabarro's method assumes that the inter-

stitial atoms have to move a certain distance, namely 2 x 10"° cm., in

order to achieve pinring. The theary does not consider the exact paths

travelled by the atoms nor does it predict the number of atoms, or the

Dot &l

fraction of the total solute, arriving at dislocations in a given time at a

given temperature.

PRI ¥

A

Later work by Cottrell, based on his own model which has been
described, provides such informnation and may be used as a somewhat
different approach to estimate the temperature at which maximum fatigue
life may be expected.

It has heen shcwn by Cot!rell(zs) tnat the binding energy between
a solute atcm and a dislocation is given by:

U=% Ger % b “3} St (14)

Al Ohepi pe L TR S
L4

. Where U = Binding energy (usually expressed in eV units.
ieV=1.502x 10”12 erg)
G = Rigidity Modulus
Q = Poissons Ratio

b= Slip distance (cms. ) associated with the peassage of a dislocation.

——

r and ro (1 + e) are the atomic radii (in cms. ) of the rolvent and
solute atoms,
R and 6 are the polar ca-ordinates of the posiiion of the solute atom

with the dislocation at the origin. (See Fig. 21)

Equation 14 may be written .
Where A depénds on the elastic vuusiains, the volvme change caused by

the solute atom and the strength of the dislccation. For carbon and nitrogen
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20 2

in body-centered iron the value of A is about 3 x 10°“" dvne cm. ¢ Equation

15 breaks down at the center of the dislocation where linear elasticity
theory is not applicable, but a generalized equation will be introduced
later to overcome this difficulty. It follows from Equation 15 that U is

constant when iiﬁ—':- is constant, which means that equipoteatial lines

Len

(i. e. lines of constant U) are circles passing through the ceanter of the dis-

SR RGN L= SCY

; location and centered on the y axis. This may be shown by reference to

o v

Fig. 21 in which the circle having its center at C has a rsdius equa! to

'a'. In this circle i-uﬁ—e; = 2a = congtant.

f The remainder of the theory is developed by Cottrell and Bilby(so)

(31) The line of reasoning is that the change in U from one

and by Cottrell.
’ circle to the next provides a force F on each solute atom which gives to

it @ drift velocity v, in a direction perpendicular to the equipotential line,

given by:
v = (D/kT) F (16)

16

Where k = Boltzmann's Constant = 1.38 x 10" *° erg/deg.

Mection of the solute atoms will therefore take place along the set of

orthogonal circles Q‘iis_f’

until they reach the position of meximum binding,
the point situated just below the dislocation at @ = 92'— From Equation 15
and 16 it is possible to show that the number of sclute atoms which will

arrive at the dislocation in time t 1is given by:

. ;
’ N, = 3n ']1/3 [ apt]?/? (17) 1
t of 2 kT ﬂé

Where Nt = Number of solute atoms arriving ai dislocations per unit
| volume of material in time _t_ |
n, = Total number of atoms in solution per unit voiune. :

T N T ——
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f = Dislocation density (number per unit area).
D = Diffusion coefficient at absolute temperature T.

The fraction f of the original solute which segregates in time t is then:

- o p (3R] ae)

Where *is a number nearly equal to 3.

Equation 18 is not applicable to the later stages of aging but Harper(sz)

has modified it to Equation 19 which is valid throughou! aging.

f=1-exp. ["’Lf el g2 (19)
The linear relationship between log (1-f) and t2/3 has been confirmed ex-
perimentally by Harper for temperatures up to about 50°C. There seems to
be no reason why the relationship should not be valid for somewhat higher
temperatures.

Turning attention once more to conditions of repeated loading,the
problem is to determine at what temperature sufficient solute atoms can
segregate to dislocations to pin them in the time available for aging.

We have the following data to work with,
(i) Tre solubility (weight percent) of carbon and nitrogen in
ol - iron for a wide range of temperature. See Dijkstra. (33)
(ii) 'The weight percent of carbon or nitrogen necessary to pin

12 dislocations per sq. cm. Cottrell and Churchman(zs)

10
showed that this is between 10~ and 10”2 weight percent.
(iii) Equation 19.
(iv) The assumption that the time available for aging is of the

order of the time for one loeading cycla

SR RO N e A i
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The speed of the machine in the present experiments was 2,600 r. p. m.
. Hence a coxhputation was made of the minimum temperature at which 10'3
to 10'2 weight percent of carbon or nitrogen can segregate in -?-ggu- seconds.
The procedure employed was to plot, for each interstitial, a curve of
solubility against temperature and also a curve, computed from Equation 19,

of the fraction, f, segregating at different temperatures during a time of

2—2-8-0- seconds. The product of these two curves gave a curve of the

actual weight percent segregating in the cyclic time. From this last curve

3
>

the temperatures were determined corresponding to segregated weight
percents of 10-2 and 10-3. These tempersturee represented upper and
lower bounds to achieve effective aging in the cyclic time. 3

In evaluating Equation 19 the following values were used:

’ A =3
r

X A =3x10

2

102 disloc ations/sq. cm.

<0 dynes cm. &

k

1.38 x 10~ '6 erg/deg.

As in the previous section dealing with Nabarro's work, values given by

Wert(zg) for the diffusion coefficients were employed, i.e.,

for carbon D=0 02e ~20.100/RT !

-18,200/RT
for nitrogen D=0.003e

Corresponding values for T and f for carbon and nitrogen, as calcu-
lated from Equation 19, are shown in Tables V anc¢ VI respectively and then
plotted as Curve II and Figs. 22 and 23 respectively. Curve I in these

(33)

figures represents Dijkstra's results for solubility and, as explained

shove. Curve IIl in both cases is the product of Curves I and II.
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In Curve III of Fig. 22 the temperatures corresponding to segregated
. weight percents of 10.3 and 10=“‘3 of carbon are 840 and 875°K respectively.
These temperatures correspond to 685 and 1, 115°F.
In Curve III of Fig. 2'3 the temperatures ccrresponding to segreégated
weight percents of 10~3 and 1072 of nitrogen are 467 and 575°K respectively.
These temperatures correspond to 380 and 575°F.

It follows that, according to this procedure, peak life should occur in

the range 885° to 1, 115°F for iron containing carbon and in the range 380°

to 575°F for iron containing nitrogen. If both carbon and nitrogen are

present a peak in the life vs. temperatures curve would be expected in

E both rangee of temperature unless thiere is gsome type of interaction be-
tween the two kinds of interstitial atoms.

E . To summarize the theoreticel findings, both procedures indicate
that a peak in the fatigue life, due to strain aging, should occur in the

region of 500°F when the cyclic ~ate is 2,600 r.p. m. A curve, calcu-

lated from Equation 10, giving the predicted temperatures for maximum

fatigue stremngth for a range of cyclic rates of loading, is shown in Fig.

24.
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TABLE 1

VALUES OF STUDENT'S "t"

See Brownlee

Degrees Values cf "t" for the following leve.s of significance.
Frgidom 0.10 0. 05 0. 02 0. 01 0. 001
. 4 2.13 2.78 3.75 4. 60 8.61
9 1.83 2. 26 2. 82 3.25 4.78
18 1.73 2.10 2. 55 2. 88 3.92
. o 1. 65 1. 96 2. 33 2.58 3.29
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TABLE II
FATIGU® TIST RESULTS

N = No. of Cycies to Failure n = Eo. of Specimens in Sample
2
X = 2(log ])2 L}E.%_‘)_
Cycles to 2
Fracture log ¥ (10g W)
'H'
tch I 5h.500 | bh.73640 | 22.4335
(original sh,700 | ».737199 | 22.
Material) 52, ‘s‘gg :.ghsa 22.;232 n =10
7 88309 | 23. .
Tested at Tg:hoo :.%m 23;3:&6 Mean (lOSal) = h.89l.u
Room Tem- 78,200 89322 25.943%5 !Zl_ggl!!
perature 83,200 | 4.92012 22.&776 ) = 239.2307
87,900 | 4.9k399 | 24.kh30 X = 239.3619 - 239.2307
107,860 | 5.03262 | 25.3273 = 0.1312
127,700 | 5.10619 | 26.0732 -13
z 806,300 48.91122 | 239.3619
. 109,800 | 5.08060 | 25.4076
114,900 | 5.06052 | 25.6068
115,200 | 5.061h5 25%82 n =10
121,900 | 5.08600 | 25.867 1
Tested at lzg:,ggg 5. 42252 §°?‘m3h Mean (1032n) = 5.1205
. 220° F. 12 5.1k17 . (z 1_og' )
141900 | 5.15198 | 26.5k29 « 262.1989
147,100 | 5.16761 | 26.7042| X = 26& 2490 - 262.1989
150,200 | 5.17667 26.7980 - 0.0501
.153,600 | 5.18639 | 26.8986 e
b 1,328,900 [51.20536 | 262.2490
43,900 | h.6h246 21.5524
75,800 | 4.87967 25.8112
117,600 5.07019;1 2.7092 n =10
131,200 | 5.11793 193 "
Tested at 13§feoo 5.12320 26.2h7§ Mean. (1°32N) = 5.2261
300° F. 158,900 | 5.20112 | 27.051 (£ log N) -
217,100 | 5.3%666 | 28.4799 n = 275.3301
257,300 | 5.k10kh | 29.2729 | X = 27h.b357 - 273.33%01
' 620,100 | 5 .792,!;6 33.5526 .
P 2,263,600 |52.28098 274 k357
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TABIEZ II (Continued)

FATIGUE TEST RESULTS

Cycles to s
Fracture log X (1og K)
lnl
Batch i 201,600 5.30%23 28.1376 # Denotes specimen did not
(original 249,600 | 5.397 29.1302 break.
Material) 376,500 | 5.57576 31.0801 | 5o
483,000 | 5.68395 32.3073
Eested at gsg,% 5.81%5 33'8682'57 Mean (log X) = 5.9072
2° r. 5 5.93369 35. 2
[ | o | Zoaor | EHEEE - 5.0
37500.000%| 6.54h07 | B2.B2k8 | X = 350.7h00 - 348.9503
3,585,000% 6.55449 h2.9613 = 1.78901
z 12,878,200 [59.07207 | 350.7k00
87,800 | &.9k3k9 | 24.B3B1
142,500 | 5.15381 | 26.5618
15!8;,6382 5.18808 | 29.9162 | p =10
15 soms 27001‘88
Tested at 1721& 5.2323: zr.ua%lg Nean (1°82") = 5.24%07
530° P. 177 5.2k 27.55 (X 1og ¥)
181,200 | 5.25816 | 27.6h82 n = 274.5939
198,900 | 5.29863 28.0%55 X = 277.7758 - 274.5939
257,400 | 5.41081 | 29.2747 - 3.1819
289,800 | 5.46210 29.83k45 *
z 1,820,600 | 52.40171 | 277.7758
2h,500 | 4.38017 19.2648
24,800 | k.30u45 | 19.3112
25,600 ll:hoﬂgg 19.&2366 n =10
32,200 507 20.% :
Tested at 32700 :;,slusg 20.3812 | Mean (log 2“’ = b.5822
700° P. 33 200 | 4.5211 20.4%07 (£ log N) :
h2,600 | b.62041 | 21.h314 5 = 209.9677
56,100 | 4.74896 22.552% X = 210.2624 - 209.96T7
70,100 | 4.8u4572 23.4810 0.2947
72,900 | 4.86273 | 23.6462 =V
= 4ak,700 | 45.82223 | 210.2624
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TABIZ II (Continued)

FATIGUE TEST RESULTS

_-_—-——‘E

{?1
Cycles to o 5
Fracture log N (log W) i
Batch II 63,900 | 4.80550 | 23.0928
(Carbon and 83,800 | h4.92324 | 24.2383 1
litrogez)) gg,sco ;-;.9 2;; gzag n =10 j
Removed 100 . A5 - !
Tested at 107,300 50 25.3069 g:_L_og)
Room Tem- 115,300 | 5.06183 | 25.6221 = 249.6817
perature 115,900 | 5.06408 25 .6hh9 X= 2h9 T717 - 249.6817
126,700 | 5.10276 26.0384 = 0.0900
136,500 | 5.13513 25.3696 :
z 1,021,300 | 49.96816 | 249.TT17
152,900 | 5.18%k1 ; 26.8781
170,000 | 5.2%045 | 27.3576
Tested at 199,100 | 5.20907 | 2B.oBoy | Mean (log K) = 5.3723
heo* ¥ 200, 200 5 30146 | 98.1055 | (Z log K)2 _ 2886382
253,500 ! 5.%0398 | 29.2030 n
326,800 | 5.51 30.4073 | X = 288.9425 - 288.6352
333,000 | 5.52244 | 20.ho73 0.3073
’ 5.77873 35.3957 )
I 2,588,000 | 53.72476 | 288.9425
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TABLE II (Concluled)

FATIGRE TEST RESULYH

‘i

Cycles to
Fracture log W (10g ¥)2
l’l
Batch III 56,200 | 4.7ThoTh | 22.5600
(Nitrogen 59,900 | 4.TT7h3 | 22.8238
Reintroduced ) éa,zgg :.79727 23,0138 | n =10
7°, ‘B Ieso 2 .51-279 Sm
Tested at g;,m ::.;”,;&9 5.2933 b=~ (1982!) - h.90‘¥31
Room Tem- 000 .54939 965 (Z log W)
perature 90,200 | k.95521 | 2h.5541 2 = 240.5230
90,300 | k.95569 24.5589 X = 2k0.6310 - 240.52%
102,700 | 5.00945 | 25.0946 « 0.1080
123,500 | 5.09167 | 25.9251 '
P> 825,600 [k9.0h31h | 2k0.6310
1, 380,000% # Denotes specimen did
3,242,900% not break.
Tested at 3,596 ,600%
300" F. 3,654 ,800% n=5
4,089,100+
93,600 h.57128 2#.7136
e | SRR |3 222|200
a , ® L]
k2o* 7. 1,211,600 6.00501 | 36.060L | Man (“52") = 5.81164
2,k54,300 | 6.38993 | h0.8312 | (= Egn < _ 168.8759
X = 169.9652 - 168.8759
= 1.0993
P> 15,879,200 [29.05821 | 169.9652
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f

TABIE V

FRACTION 'f' OF CARBON IN SOLUTION SEGRESATING TO

DISLOCATIONS IN CICLIC TIME

7, = 6.8 x 205 [(a"10/400/T) ] 2/3

4 10,400 10,400 .
aeg.avs. |=F | FF ) |o('1°""°°/"}!2/3 z lf -1 - ofZe)
373 27.9 | 132x16° | 7.43x2072 | a2 x 2076 0
k50 23.1  [1075 x 107 | 7.8 x 10-10 225 x 193 | 0.202
b3 22.0 335 x 107 | 73.5. x 10°10 k76 x 103 | 0.380
500 20.8 (1095 x10° | 1.15 x 108 97.5 x.10"2 | 0.623
573 18.1 [708. x10° | 8.48 x 10°8 55 x 101 | 0.996
673 15.% | ¥79 x 10% | 45.9 x 25-8 29.8 1
TARLE VI
FRACTION 'f' OF NITROGEN IN SOLUFION SEGREGATING O
DISLOCATIONS IN CYSLIC TISS
2, =18.2 x 10° [(0'9"'°°/ ’)/r_] 2/5
r 00 %00 - (-9,400/T) 2/3 |
m.lbc 2“1*— .(&i—') ——T_—. : ﬁ} z' F-=c .('Z)
293 32.1° 8.7 x 1013| 11.55 x 10712 209 x 106 o
373 25.2 | 8.75 x 101°| 9.52x10°2 i xa0% | o.02
550 20.8 110.85 x 308 | 1.61 x 10-8 29.6 x 1072 0.258
K73 19.9 | ¥.38 x.108 | 2.86 x 108 51.8 x.10"2| o.kobk
500 18.8 |46 x 105 | 5.7% x 10-8 106 x 1072 | 0.65%
573 16.% 5.2z 1% | 5.9 x 108 k69 x 102 | 0.992
673 1%.0 | 12.1x10° | 1.15 x 306 20.8 1
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Log, 17 (1 in seconds)
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Fig.18 Relationship Between Temperature and Recovery Time of Yield Point in
Low Carbon Stesl

v

I Muir's Experimental Results for time of recovery of yield point in mlid siael. (After Nabarro)
I Representing the time taken for carbon atcms to travel 2 x 10'e cm.

Il Representing the time taken for nitrogen atoms to travel 2 x 10~ ° cm.
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