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Abstract 

This paper presents the results of an experimental iu
vestigation of the behavZ:or of an annealed low carbon steel 
subjected to a rapidly applied constant stress and to re
peated short-duration stress-pulses. The test sf1'esses were 
greater than the upper yield stress. The material was aged 
at various temperatures between stress-pulses, and the 
effect of the time of aging on the number of stress-pulses 
to induce yielding was deten1·~ined. 

Plastic and anelastic tnicrostrain of the order of 30 X 
lo-a in./in. is observed prior to the onset of yielding in 
rap,idly applied constant stress tests and in repeated stress
pulse tests. Aging of the speci11·tens for a sufficient length 
of time at a given tem.perature between stress-pulses in
duces recovery in the mate1'ial such that yielding does not 
occur in repeated stress-pulse and aging cycles. The activa
tion energy of the recovery P1'ocess corresponds, within 
the limits of the e.xperirnental accuracy, to the activation 
ene1'gies of carbon and nitrogen diffusion in iron. 

These effects a.re discussed in terms of the dislocatioll 
theory of yielding. The, delayed yield and th e microstrain 
are attributed to the action of dislocations within the 
crystals of the material. The 1'ecovery process is attributed 
to the diffusion of carbon and nitrogen to the dislocations 
w hich have been d1:splaced, thus stabilizing the array of 
dislocations for the part·icular stress condition. 

T HE DEPENDENCE of yield point and strain aging phenom
enon on carbon and nitrogen in steel has been studied by 

other investigators. Muir ( 1) 1 and Davenport and Bain (2) have 
demonstrated that the activation energy of strain aging (return of 
the yield point) is almost exactly that for the diffusion of carbon in 
alpha iron. Several other investigators have demonstrated that the 
presence of the upper yield point in low carbon steel is intimately 
related to the presence of carbon and nitrogen ( 3-5). The upper 
yield point and strain aging phenomenon are theoretically described 
~ figures a ppearing in pa rentheses pertain to the refe t·e nces appended to thi s pa per. 
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by the concept of dislocations and their interaction with interstitial 
solute atoms, such as carbon and nitrogen in the steel. Such descrip
tions have been given by Cottrell (6, 7), Nabarro (8), and Cottrell 
and Bilby (9). 

Previous investigations at the California Institute of Technology 
(10-12) have shown that a definite period of time is required for the 
initiation of yielding in annealed low carbon steel subjected to rapidly 
applied constant stress exceeding the static upper yield stress. In those 
investigations, the tests were continued at constant stress until yielding 
occurred. By considering the concepts of the dislocation theory, one 
may suspect that if the material is subjected to a stress greater than 
the static upper yield stress and that stress is released before yielding 
can take place, some conditioning action occurs that may have a per
manent effect on the delay characteristics of the material. 

The purpose of the investigation discussed in this paper is to 
determine whether or not the cumulative time at stress for a series of 
stress-pulses is the same as the -delay time required for the initiation 
of yielding in a single rapid-loading test. The influence of aging at 
different temperatures for different intervals of time between the 
stress-pulses is considered in this study. Sensitive strain measure
ments are made during the stress-pulses and during rapidly applied 
constant stress tests in an attempt to detect any plastic or anelastic 
microstrain that may occur. 

MATERIAL, TEST SPECIMENS, AND TREATMENTS 

The specimens used in this investigation were machined from 
%-inch diameter hot-rolled bars from a single billet. Three check 
analyses made by the mill on random bars all gave the following 
results: 

o/o 
Carbon 0.12 
Manganese 0.43 
Phosphorus 0.019 
Sulphur 0.042 
Silicon 0.27 
Copper 0.23 
Tin 0.037 

A drawing of the test specirnen used in this investigation is shown 
in Fig. 1. The gage section was finished by grinding. A thin, flat 
gage section was employed to facilitate the application of SR-4 strain 
gages. 

Two groups of specimens were employed in this investigation. 
The first group consisted of specimens which had been annealed for 
1 hour in pure dry hydrogen at a temperature of 1700 °F (930 °C) . 
These were used for a study of plastic and anelastic microstrain prior 
to yielding. 
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The results of a previous investigation ( 12) indicate that a 
homogenizing treatment at 1300 °F (700 °C) for a long period fol
lowing the annealing treatment brings the material closer to a state 
of perfect equilibrium and considerably reduces the scatter in the 
rapid-load test data. Such a treatment was given to the second group 
of specimens, which were used for the static tests, rapid-load tests, 

Fig. 1- Test Specimen. 

and stress-pulse and aging tests. The hydrogen atmosphere was 
purified, and a pure hydrocarbon was introduced to prevent specimen 
decarburization. The heat treatment was as follows : 

(a) Annealed at 1680 OF (915 ° C) for 20 hours. 
(b) Homogenized at 1300 oF (705 oC) for 22 hours. 

The homogenization treatment did not change the grain size or 
hardness of the material. The ASTM grain size was observed to be 
6.7, and the average of 20 hardness determinations was 54 on the 
Rockwell B scale. Microscopic examination of the material showed 
that no detectable change occurred in the amount of pearlite present 
in the surface of the specimen as a result of the homogenizing treat
ment. The fact that the hardness of the material was not changed by 
this treatment also indicates that the carbon content was not changed 
appreciably. 

EQUIPMENT 

The tests were made with the rapid-load testing machine de
scribed in a previous paper ( 10). Suitable alteration of a part of the 
actuating mechanism permits the application of a stress-pulse to the 
test specimen. 

The extensometers described in a previous paper ( 11) were used 
for tests in which only the initiation of yield strain was to be detected. 
Tensile and bending strains were measured by means of SR-4 resist
ance-sensitive wire strain gages. One Type A-5 gage was bonded to 
each side of the gage section of the test specimen. 

Plastic and anelastic microstrain was measured by employing a 
strain bar which was attached to one end of the specimen. The 
nominal dimensions of the gage section of the specimen and the strain 
bar are the same; hence, the elastic strains in the specimen and the 
bar are nearly equal. The strain bar is made of X4130 steel, heat-
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tt·eated so that it remains elastic under the loads used in this investiga
tion. Two Type A-5 gages are bonded to the gage section of the 
strain bar and electrically connected to the two gages bonded to the 
gage section of the specimen in such a manner that the elastic strain 
in the strain bat· is subtracted from the total strain in the specimen. 
This arrangement permits the use of the maximum possible sensitivity 
of the recording system without exceeding the total strain-recording 
capacity of the system. 

The load acting on the specimen was measm·ed by means of a 
dynamometer employing Type AB-14, SR-4 strain gages with suitable 
temperature compensation. 

The signals from the strain gage bridge circuits were recorded 
on photographic paper by a galvanometer-type recording oscillograph. 
;\ 3000-cycle-per-second carrier bridge amplification system was used. 

TEST PROCEDURE AND ExPERIMENTAL RESULTS 

Static Tension T ests-The static tension tests were performed in 
the rapid-load testing machine by manual operation of the pressure 
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system. The load was applied to the specimen in increments, and each 
increment was held fm· 3 minutes before recording values of load and 
tensile strain. When the specimen yielded, the load was removed and 
then reapplied in increments to determine the lower yield stress. The 
test was discontinued when the bonded strain gages came loose from 
the specimen at a strain of approximately 2'7"o. Static stress-stt·ain 
curves for the annealed and homogenized material are presented in 
Fig. 2. 
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Rapid-Load Tension Tests- The rapid-load tension tests which 
were made to determine the stress - delay time characteristics of the 
material were performed in the 1nanner described in a previous paper 
( 10). The test results are plotted in Fig. 3. 
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The extent of bending in the specimen during rapid-load tension 
tests was investigated. The maximum bending strain founcl in nin~ 
tests was 6.2'fo of the tensile strain, and the mean was 2.9'fo. 

Repeated Stress-Pulse Tests- The tests which were employed 
to study the effect of stress-pulses and aging on the delay time were 
made by imposing a stress-pulse of essentially constant magnittd~ 
and duration on the specimen. The pulse was as follows: 

(a) Stress of 45,000 ± 800 psi applied in approximately 0.007 second. 
(b) Stress held essentially constant for 0.029 ± 0.001 seconds. 
(c) Stress removed in approximately 0.003 second. 

The delay time for the material when subjected to a stress of 
45,000 psi is approximately 0.050 second, which is greater than the 
duration of one stress-pulse and less than the duration of two stress
pulses. Thus, the material might be expected to yield during the s~c
ond stress-pulse if there is no recovery between pulses. This pro
cedure provides a method of detecting any recovery that may occur 
between stress-pulses. 

The specimens were aged for various intervals of time between 
stress-pulses at temperatures of 70, 150 and 200 °F (21, 66 and 
93 °C). The procedure of aging the specimen at 150 and 200 °F 
( 66 and 93 ° C) after a stress-pulse was as follows : 

(a) Specimen removed from rapid-load machine and placed in an 
oil bath at desired temperature within 5 minutes after stress
pulse (temperature controlled to ±1 oF). 

(b) Specimen removed from oil bath after desired aging period and 
immediately cooled in powdered dry ice ( -109 °F or - 78 °C) . 

(c) Specimen brought to approximately 70 oF in an alcohol ]nth 
5 minutes prior to next stress-pulse. 
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(d) Stress-pulse applied when specimen reached 70 oF; specimen 
temperature determined by thermocouple and recording poten
tiomete r . 

The initiation of yielding was determined with the extensometers 
in the maj ority of the stress-pulse tests . A typical record of a stress
pulse is shown in Fig. 4. 
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The cumulative time at stress before yielding is plotted in Fig. 5 
as a function of aging time between stress-pulses for the three aging 
temperatures . The specimens which were aged at 70 °F for 3 minutes 
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yielded during the second stress-pulse, and the cumulative time at 
stress before yielding was approximately equal to the normal delay 
time at the same stress. Aging at 150 °F and 200 °F for periods equal 
to or greater than a certain critical value induced recovery from the 
effects of the previous stress-pulse. This is shown by the fact that 
yielding did not take place in successive stress-pulse and aging cycles. 
The data show that recovery is accomplished by aging for a minimum 
of approximately 12 minutes at a temperature of 200 °F and 100 
minutes at 150 °F. 

Measurement of Plastic and Anelastic Microstrain-A typical 
record of microstrain in a rapid-load test is shown in Fig. 6 . A cor-
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Fig. 6----Typical Record of lVf icrostrain U nder Constant Stress. 

rection must be applied to the data obtained from this record in order 
to obtain values of microstrain. This correction is made necessary 
by an imperfect balance between the elastic strain in the specimen and 
the strain bar. The sources of the inequality of elastic strain are: 

(a) A diffe,·ence in cross sect ional areas of the strain bar and the 
specimen. 

(b) A difference in sens itiviti es of the gages on the strain bar and 
the specimen. 

(c) Misalignment between specimen and st rain bar at the threaded 
connection which can result in a difference of the bending moment 
in the specimen and in the strain bar. This wi ll result in bending 
strain inequality. 

(d) A difference in Young's modulus between th e X4130 strain bar 
and the test specimen. 

These sources of elastic strain inequality do not produce any change 
in the indicated strain while the stress remains constant. Therefore, 
the changes of indicate(! strain which occur during the period of sub
stantially constant stress may be attributed to plastic and anelasitc 
microstrain in the specimen. The microstrain shown in the records 
is indicated by a downwa1·d deflection of the trace, whereas an un
balanced elastic strain may deflect the trace in either direction. The 
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strain which is indicated on the record during the period of stress rise 
is subtracted from the total indicated strain; thus, any microstrain 
occurring during the period of stress rise is neglected. 

A nelastic and plastic strains which may occur in the strain bar 
also introduce a subtractive error. Hence, the measured microstrain 
is always less than the true plastic and anelastic microstrain in the 
specimen. Although it is difficult to make a reliable estimate of the 
total error clue to these effects, there is some justification for believing 
that it is small. First, the strain correction for elastic unbalance is 
normally a small portion of the indicated microstrain during the entire 
record. Hence, the microstrain which may occur during the period of 
stress ri se is small compared to the total micwstrain. Second, the 
stress in the strain bar is approximately one-fourth the value of the 
yield stress for this material ; therefore, the anelastic and plastic strain 
in it should be negligible. 

A mean value of microstrain of 30 X w-o in./ in. was found to 
take place prior to yielding in ten tests at various stresses. Although 
the microstrain varied from 20 X w-G in.jin. to 37 X w-G in.jin. in 
these tests, there is no systematic correlation with the magnitude of 
the stress . The microstrain rate dm·ing each test decreases with time 
until yielding starts. A recovery of approximately 50% of the micro
strain was observed when the stress was removed. Successive stress
pulse and aging cycles showed decreasing amounts of microstrain in 
each stress-pulse cycle. When the aging conditions induced recovery, 
the decrease in microstra in for successive stress-pulse aging cycles 
was greater. 

The distribution of the microstrain over the specimen gage length 
was investigated . The difference in strain between two regions of the 
gage section was measured by means of four Type A-8, SR-4 strain 
gages. Two gages were bonded to each region, one on each side of the 
gage section, and the four gages were electrically connected so as to 
measure the strain difference between the two regions. These strain 
gages have a gage length of Ys inch, and the specimen gage length 
is 0 inch . The specimen was subjected to a rapid load, and the 
resulting test record indicates no inhomogeneity in sti·ain prior to 
the initiation of yielding. A second indication of the distribution of 
the microstrain was obtained in the following manner : The surface 
of a test specimen was mechanically polished, etched, and examined 
microscopically at magnifications of 100 and 600 diameters between 
successive stress-pulses in an attempt to detect the formation of slip 
lines. No slip lines were observed until ·y ielding took place during 
the third stress-pulse. Slip lines were then observed within the single 
Luders' band which had formed. 

Tests on 1\11 at erial Prev1:ously Subjected to Stress-Pulse and 
Aging Cycles-The influence of stress-pulse and aging cycles on the 
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static stress-strain relationship and on the stress- delay time relation
ship was investigated. Tests were conducted on specimens which had 
been previously subjected to stress-pulses followed by sufficient aging 
to produce recovery. Hence, none of these specimens had previously 
yielded. 

The static upper and lower yield stress and the yield strain are 
not changed significantly by the stress-pulse and aging treatment. 
The results of the stress- delay time determinations are plotted in 
Fig. 3. These tests show that the delay times are greater by a factor 
of approximately 4 than the delay times for the original material for 
corresponding stl·esses. 

DISCUSSION OF RESULTS 

The relations between delay time and stress for the annealed and 
annealed and homogenized material are given in Fig. 3. The scatter in 
the data was found to be reduced by the homogenizing treatment. This 
treatment also produced changes in the stress- delay time relation
ship which was previously reported for the original annealed material 
( 12). The reduced scatter and the changes in the stress - delay time 
relationship can be attributed to a closer approach to the equilibrium 
state in the annealed and homogenized material. The amount of bend
ing found in the rapid-load tensile tests is sufficient to introduce the 
scatter found in the stress- delay time determinations of the annealed 
and homogenized material. 

The results of the repeated stress-pulse tests, presented in Fig. 5, 
show that a definite recovery from the effects of the previous stress
pulse takes place when the time and temperature between stress-pulses 
is sufficient. An activation energy for the recovery process can be 
found by assuming that the recovery follows a law of the form 

where t is the critical aging time for recovery, 
Q is the activation energy of the recovery process, 
R is the gas constant, and 
T is the absolute aging temperature. 

The recovery times of 12 minutes at 200 °F and 100 minutes at 
1 SO °F give an activation energy of 18,800 cal/ mole for the recovery 
process. There is an uncertainty of 105"o in this value clue to scatter 
in the critical aging time and the fluctuation of the aging temperature. 
This activation energy corresponds to the activation energy of strain 
aging (1, 2, 8), (18,100 caljmole), and to the activation energy of 
the diffusion of carbon and nitrogen in alpha iron [carbon: 18,100 
cal/mole (13), 19,800 cal/mole (14); nitrogen: 17,700 caljmole 
( 14)]. Thus, it is reasonable to assume that the mechanism of re
covery from previous stress-pulses is related to the mechanism of the 
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return of the yield point and to the diffusion of carbon and nitrogen 
in the steel. 

A microstrain of approximately 30 X w-G in. / in. was measured 
prior to yielding for both rapid loading and 1·epeated stress-pulses. 
The microstrain appears to be independent of the applied stress within 
the range of stress covered in this investigation. This value of micro
strain agrees in order of magnitude with that found by Averbach 
( 15) (50 to 60 X w-o in.jin.) in static tests on polycrystalline 
samples of iron and steel. 

Cottrell (7) has recently presented some promising additions to 
the previous concept of the mechanism for the initiation of yielding in 
polycrystalline low carbon steel. He extends the previous theory of 
dislocations anchored by interstitial solute atoms to include the fol
lowing concepts : 

(a) Releasing a dislocation from a grain boundary requires a larger 
force than releasing an anchored dislocation within a crystal. 

(b) A few dislocations are released prior to yielding, and their move
ment is obstructed by interaction with other nearby anchored 
dislocations or grain boundaries. Yielding is not initiated until 
the resi stance offered by obstructions to the movement of dis
loca tions is overcome. 

An anchored dislocation within a crystal may move when its total 
energy is greater than the potential energy of the anchoring barrier. 
The potential energy of the barriers changes with the applied stress. 
For a given stress, the number of dislocations which can move in a 
given time is determined by the statistics of the fluctuations in thermal 
energy of the dislocations. Therefore, a definite period of time would 
be required for a particular stress to release a given number of dis
locations. When a sufficient number of dislocations are released and 
move to an opposing obstruction, they may overcome the restraint 
offered by the obstruction and initiate an avalanche of dislocations 
which results in yielding. The delayed yield phenomenon may be ex
plained by this mechanism. Furthermore, the relatively constant value 
of microstrain observed before yielding in this investigation can also 
be qualitatively explained by these concepts. 

No inhomogeneity in microstrain was found prior to yielding. 
This indicates that the microstrain does not result from the progres
sive formation of the Luders' band which appears on yielding. For a 
quantitative ti·eatment of the dislocation theory of the observed micro
strain, the number of dislocations which can be moved or the distance 
which these dislocations can move before being stopped by obstructions 
must be assumed. If the density of dislocations which are moved is 
p per unit area and if the mean distance which the dislocations move 
is L, the movement of the dislocations causes a tensile strain of about 
pLAo/ 2, where A0 is the magnitude of the dislocation slip vector. 
If the obstacles which stop the movement of a dislocation within the 
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crystal are assumed to be the mosaic boundaries with a spacing of 
about L = 10-4 em ( 18), and taking Ao = 2.5 X w-s em for alpha 
iron, then by the above formula, between 107 and lOS dislocations per 
cm2 must be moved to produce a tensile strain of 30 X w-o in.jin. 

When the stress is rapidly removed before the initiation of yield
ing, approximately SOo/o of the microstrain is recovered. This in
dicates that some of the dislocations which were displaced by the 
applied stress return toward their original positions when the stress 
is removed, as might be expected. 

The microstrain rate, prior to the initiation of yielding, decreases 
with time. This might be accounted for by a depletion of the reservoir 
of dislocations which may be moved by the applied stress. This may 
also account for the decreasing amount of microstrain induced by 
successive stress-pulses when recovery does not take place. When the 
aging treatment between stress-pulses induces recovery, a greater 
decrease in the microstrain in successive stress-pulses is found. The 
recovery mechanism may be explained by the diffusion of carbon and 
nitrogen to the dislocations which have been displaced. The resulting 
array of dislocations, anchored by atmospheres of carbon and nitrogen, 
may be expected to be more stable than the original auay under the 
particular stress condition. Successive stress-pulse and aging cycles 
then produce less microstrain, and yielding does not take place. The 
more stable configuration of di slocations for the particular stress 
condition is also indicated by the results of the rapid-load tensile tests 
on the material which had previously been subjected to stress-pulse 
and aging cycles in which recovery took place. The delay times for 
the initiation of yielding are increased by a factor of approximately 
four over the delay times for the original material for corresponding 
stresses. 

SuMMARY AND CoNCLUSIONS 

The results of the repeated stress-pulse tests on annealed low 
carbon steel show that a definite recovery from the effects of the 
previous stress-pulse takes place when the combination of time and 
temperature between stress-pulses is sufficient. For aging periods 
longer than the critical recovery time at a given aging temperature, 
repeated stress-pulse and aging cycles do not produce yielding. For 
aging periods shorter than the critical 1-ecovery time, the specimen 
yields when the cumulative time at stress is approximately equal to 
the normal delay time. This 1-ecovery process is found to be associated 
with an activation energy corresponding to the activation energy of 
strain aging and diffusion of carbon and nitrogen in the steel. The 
repeated stress-pulse and aging treatment stabilizes the material such 
that the delay times are increased for the same stress. 
· Sensitive strain measurements under conditions of rapid loading 
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and stress-pulses indicate that a plastic and anelastic microstrain of 
approximately 30 X w-G in.jin. precedes the yield strain. T he de
layed yield and the microstrain may be attt-ibuted to the action of di s
locations within the crystals. 

The recovery phenomenon and the increase in delay times for the 
previously stressed and aged material may be attributed to the diffu
sion of carbon and nitrogen to the di slocations which have been di s
placed, thus stabi lizing the array of dislocations for the particular 
stress condition. 
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