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ABSTRACT

Thie thesis presents the results of an exverimental investi-
gation of the behavior of sn anpesled low-carbon steel subjected to
rapidly asprplied constant stress and to repeated short duretion stress.
rulees. The magnitude of the stresses in the short duration strese-
wulres wes greater than the upper yield stress. The materinl wes aped
at various temperatures between stress-pulses, end the effoct of the
time of aglng on the number of stress-pulses %o induce yleldiug wes
deternined.

Flastic and snelastic microstrain of b x lO“é in.fin. to
37 % 1076 in./in. is observed prier to the onset of ylelding in rapidly
applied constant stress teste and in repeated stressg-pulse tests. The
relation between equilibrius microstrein snd stress is determined for
strenges helow the static unper yleld stress. Aging of the specimens
for a sufficient length of time at 8 given temperature between siress-
pulses induces recovery in the meterial such thet yielding does not
oecuy in repeated stress-pulse and aging cycles. The sctlivation energy
of the recovery procesg corresponds, within the limits of the experimental
sccuracy, to the activation energies of carbon and nitrogen diffusion in
the material.

These effects sre discussed in terms of the disloestion theory
of yielding. The recovery process is ettributed to the diffusion of
carbon and nitrogen to dislocations vhich have been displeced, thus
stabilizing the array of dislocations for the perticular stress condition.

Egquilibriuvm microstrain preduced by a particuler configuretion
of dislocations is theoretically investigated. An slectrostatic anslogy
of the dislocation model is used in estimating the microstresin., Compar-
ison of the theory and the experimental data lends to the determination
of & characteristic length of dislocation vhich agrees with previous
concepts of s mesalc block structure. The delayed yield phenomencn may
be quelitatively described by the sction of the theoreticel dislocation
model.,
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INTHOGOUCTION

The dependence of yield point and strain-eging phenomenon on
carbon Bnd nitrogen in steel has been studied by other investigators.

Mulr (1¥ and Davenport end Bain (2) have demonstrated that the soetivetion
enerpy of strein aging (return of the yield point) ie aluset exsctly that
for the diffusion of carbon in alpha iroun. Beveral other investigetors
have demonstrated that the pressnce of the upper yield point In lovecarbon
stesl ie intimately related to the pressnce of carbon and nitrogen {(3),
(ky, (5). The upper yleld point end strain-sging phenopenon have been
theoretically desceribed by the concept of disloestions and thelr ilnter.-
action with interstitial solute atone, such es carbon and nitrogen in

the steel (6), (7), (8), (9).

The theory of Cottrell and Bilby (%) iec based upcn the ability
of interstitislly dissolved carbon or nitrogen atoms to inhibit the moticn
of dislocations. The interstitisl atowms relieve hydrogtotic tension strece
in the dilated portion of the dlalocstlion field which produces an inters
action ensrgy between the dislocetion and the interstitial stom. Thus,
the iatevstitial atoms tend to 41ffuse 4o rreferred vositions in the
disloeation field, forming an atmosphere sround the diglocation. A
cencentretion of carbon atoms of the order of 0.00L per cent is sufficlent
to form ssbturated atncespheres sround ell of the dislocations in’anueale&
glvha iron.

A dislocation with a complete or partielly formed atucsphere
cennot move freely vhen external stresses are applied to the wateriasl.

The ensrgy required to relesse a dislocation from ite etmosphiere 1s a

#P{pures arpearing in parenthesie refer to the refersnces lias%ed et the
end of this theeis.
L



funetion of the auplied stress, and Cottrall and Bilby have made an
approximate computetion of thies function, If a sufficlently high stress
ig applied, 8 diglocation way be separsted from ite etmosphere and move
through the meterial. The separation process may be sided by fluctuations
of thermal energy. A thermal activation of the separstiocn process indi-
cgtes & rocsible time dependsnce for the initiation of -lemstic deforma-
tion under constant strese.,

Previouvs investligetions in the Tupect Laborstory of the
Celifornie Institute of Technology (10), (11}, (12), (13), (14}, and
(15) have shown that a definite period of time is required for the
inftiation of yielding in ennesled lowv-carbon pteel subjected to &
rapidly epplied constent stress exceeding the gtatic upper yield stress.
The time required for the initistion of yielding has been called the
delay time and ite dependence on stress and temperature has been doter-
mined. Clark and Wood (15) have shown that a single activation energy
does not adequately desecribe the temperature dependence of the delay
time. This indicetes that the delsmyed yield cannot be explained by
B process involving only the eseape of dislocetions from theilr atmos-
pheree of lnterstitisl solute atoms in the mannsr of the Cottrell-Bilby
theory.

The purpose of the present investipgation is to study the
delayed yield phenomenon in order to gmin & more complete understanding
of 1ts mechanism. Two experimental techniques are employed:

L. To determine whether or rot the cumilative time at stress
for a series cf stress-pulsec ie the same es the delsy time required for
the initistion of ylelding in a single rapid-loading test. This can

be visuplized with the sid of Fig., 1. How ig the time ta related to



6, = tl + Ly o b, 4 t&? Furtherpors, the influence on ths delay time

of aping et differert temperatures for different intervels of time betueen
the stress-pulses 1e o be determined fn this study. By congidering the
concepts of the diplocetion thecry, ohe may suspact thet if the materisl

ie subjected %o & strens prester thoen the stetic upper vield strecs and

that streese ie releasaed before yileldirg can take place, some condition-
ing sotion ccoure vhich may luve & permansnt effect on the deley chernc-
taristices of the meterial.

2. To detercine vhether cr not any plastic cr snslestic
nicroctrein oceurs during the delay time prior to yielding., Ths cceur-
renee of micreetrain during the felay time would indicete that the
roleass of diclocetinne from thalr atmosyheres and the initistion of

yielding do not oceur simultansously.
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PREPARATION DOF TEST SPRCIMERS

Meterial ap Recelvaed

The spzeimens uged in this investigation were mschined from
5/8 in. diamater, hoterolled bars from e pingle billet from hesat e,
T688%, Columbis Bteal Company, Pibtsburg, Califurris. Three check
mnalyses made by the nill on rendon bars ell gave the follovipng results:
Carbon 0.12%

Mangenose  0.b3¢
Thesphorus  0.019%

Cul fur 0,044
Silicon 0.27%
Ceprer 0,05
Tin ¢, o077

Teot frcelinen

£ dreving of the test specimen used in this investigation is
shown in Fig. 2. The gage section wes finished by grinding., £ thin,
flet gege section wog employed to facllitate the mppliecation of SRk
strein gepes.

Heat-Trostmaent

Two groups of specimeng were employed in this investigeiion.
The firet group consisted of specimens vhich hed been snnealed for a
previous investigation (LL4), but not tested. These vere ueed for &
study of plestic end enelastic microstrain prior to ylelding. The orlgm
inal annesling wves done in en atmosphera of pure dry hydrogen aﬁ & tem-
varature of 1700°F (930°C) for one hour.

The results of & previous investigation (Lh) indicate thet e
homogenizing treatmant at 1300°F (700°C) for a long period following the
enncaling treatament brings the materisl closer to e stote of perfect

3
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agquilibrium and consfderably reduces the scatber ip the rplid-load bvesnt
data. Such m trestment was glven to the sacond groun of specinens, which
wepe usad in the present iavestigation for the static teste, repid-load
tepte, and stresse.pules end aging tests., The epparstus used in ths
heat-treatment is deseribed in reference 14, The hydrogen atmoschere
wak purified, and & pure hydrocarbon wag Introduced to nrevent ggeciman
decarburization. The hydrogen wae treated by peseing it through the
folloving equipment prior to entry inte the furnece:

(1) De-oxo eatalytic hydrogen purifier, e product

of Baker end Compeny, Inec., Hewsrk, New Jermsy.

(2} Dri-rito {C&s%} drying towver.

(%) Hormal heptane bath held at 32°F (C°C).
The heat-trestnent wag sg follows:

(1) Annesled at L682°F (915°C) for 2 1/2 hr.

(2) Homogenized at L300°F (TOL°C) for 22 hr.

Photomicrogravhs of o transverse and longitudinel sectizn of
an snneeled and homogenised test specimen sre showr in Figs. 3 and b,
The A.S.T;H. grein size determined from these photomicrographs is €.7.
The homogenising treetment did not chenge the grein slze or hardnsss of
the material. The average hardness of the trested material wes 54 Rocl-
well B for 20 determinations vith values rerging from 55 4o 50. Miero-
soopic exsmivation of the weterisl showved that no detectable change in
the smount of pearlite at the surface of the specimsr wes introduced by
the homogenizing treatment. The fact that the hardress of the moterial
wae not changed by this trestment eleo indicetes that the carbon content

was not changed appreciably.



Fig. 3 Microstructure of Transverse Section
of Annealed and Homogenized Specimen.
Etch 1% Nital. X150

Fig. 4 Microstructure of Longitudinal Section
of Annealed and Homogenized Specimen.
Etch 1% Nital X150



BQUIPMENT

The tests were made with the rapid-load testing macnine
described in reference 10, Suiteble alteration of a oart of the actu-
ating mechanism permits the avplication of a stress-pulse to the test
specimen. The setuating cam used in prevlcus tests and the new cam hy
which the stress-nulse can be obtsined are shown in Fig. 5. The sfress
is applied to the specimen when the follower moves down the cam surface;
the stress remains cmnstanﬁ until the follower is forced up by the
second sloping cam surface which unloads the specinmen. The duration
of the stress-pulse rmay be varied from approximately 20 4o 150 millisec
by varying the cam speed.

The extensometers describad in reference 13 were used for
tests in vhich only the initiation of yleld strain was to be detected.
Tengile and bending strains were measured by means of SR-L resistance-
gengitive wire strain pgepges. One type A-5 gage vas bonded to each side
of the page section of the test svecimen. Suitable electrical connections
between the sneciman gages and temperature-compensating dummy speclmen
gages comnleted the strain gage bridge clrcults.

Plastic and snelastic microstrain was measured by employing
a strain bar which was sttached to one end of the snecimen. The nowlinal
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 ere nearly
equal. The strain bar is made of %hl30 steel, hest-treated so that it
remains elastic under the loads used in this investigation. Two type A-5
gages are bonded to the gagé gection of the strain bar and electrically
conpectad Lo the two gapes bonded to the gage section of the specimen

a

4
b
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LOADING CAM

LOADING — UNLOADING GAM

Fig. 5 Loading and Loading-Unloading Cams
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in such & momper that the elastic straln in the strain bar is subbracted
from the total strain in the specimen. Thic arrangement rermits the use
of the maximm possible sensitivity of the recording system without ox-
ceading the total strain-~recording capmeity of the system.

- The loa¢ acting on the specimen was measured by ameans of &
dymamometer emploving type AB-1k, SR-h strain gages with suiteble tem-
rerature c¢cmpensation., The dynamometer wes celibrmted with an Olsen
bean-type universal teeting machipe. A recent calibration of the testing
machine showed the error to be within 0.3 per cent of the indicated load.
The dynamometer, specimen, apd strain bar are shown in Fig. €. The
cover for the gagn section of the strain bar is removed to show the
arrangement of the gages.

The signels from the strein gage bridge circuits were reecorded
on photographic raper by e recording oseillogreph momwfactured by the
Censclidated Engineering Corrorsticn, Pasadens, Californie. A 3,000
cycle/sec carrier bridge smplification system wag used. The natural
frequeney of the galvanometer elements employed in the oscillograph is
ﬁOG eyclee/sec. Timing lines et intervals of 0.1 or 0.0l sec arc nro-
Jected onte the tect record to provide a time basge.

The equipment for aging the specimens at temperstures above
rocm tempereture consisted of an oil bLath heated by an immersion heater.
The temperature was contrelled tu #1°F by a Fenwal thermel switeh in
series with the heater. A stirring motor provided agitation to sasure

uniform temperature of the bath and to incresse the mate of heat transfer

to the specimen.
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TEST PRUCEDURE AND IMPERIMEITAL RESULTD

Static Tension Toots

The static tenmsicn teshs were perfourmed in the resid-lomd
testing machine by manual operstion of the prossure systom. The load
was applied to the specimen i{n inerements, and oach increment wes held
for 5 min before recording velues of losd andéd temsile strain., ¥When the
gvceinen yiclded, the lood wes romoved and then reapplied in increments
to determipe the lover yield siress, The test was dincontinued vhen
the bonded strain gages came loose from the arecimen st g strain of
aprroximmiely 2 ver cent. The statlic propertics of the materisl are
listed in Table I, and static stress-gtrain curves are prescated in
Figs. 7 and 16.

Ranid-Losd Tenglon Teats

The ranid-load tengion testas which were made to determine the
gtresa-aeley tiwe charscteristics of the materisl vwere performed in the
marmer desceribed in reference 10, The test resulis are listed in
Teble IT and plotited in Fig, 4.

The extent of bending In the specimen during ropid-load tension
tosts wag investigated. The seximum bending straim found ip niag tests
was 6.2 per cent of the tensile strain, and the wmesn wms 2.9 ner cent,

R@n@&t&d Stress-Pulse T sis

The tests wvhich vere employed to study the effeet of siress-
sulses and eging on the delay time vers made by Ilmmosing s stress-pulse
of essentially constant magnitude and duration on the specimen. The

milge was ag follows:



Table I

STATIC FROPERTIES OF THE MATERIAL TROTED

Annealed Material
(Data from Ref. 14)

Urper Lower
Yield Stress Tield Biress

ABTH Hardness  Creclmen e 5 ~ Yield Strain
Crain Size Rockwell B Number 10° 1b/in.® 10" 1v/in.” %
B.7 3 101 h3.0 2.0 1.1
215 he. 30.5 1.5

Apnegaled and THomogenized Material

ffooer Lower
3 21¢l 5
ASTH fardness  Specimen ?igld Stress Xiglﬁ Streds  yiela strain
Grain Size Rockwell B Number 10° 1b/in.®  10” 1b/in.” %
6.7 6} 134 8,5 30,0 >1.6
181 k.3 26.0 1.7

Annealed and Homogenized Material
After Stress-fulse and Aging Treatment

Aging Between

Stress-Fulse Stross-iulses Upper Lover
Tio Yiald Tield Yield
Snec. ,ézgnituﬂﬁﬁ Puration Stress- Tenp., Time gtxasg ihr@aﬂ  Strain
To. 10” 1v/in.® see  iulgses 'F min 10”7 1b/in.? 107 1bfin.” %
107 1Y 0,099 15 56 105 B3.5 50,5 T3k

122 5 0,009 12 150 103 5.7 28.5 1.k
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Fig. 7 Static Stress vs. Strain
Annealed and Homogenized Material



AESULTE OF THE BAVID-LOAD TFESILE TESTS

Table I

-
ib

STRESLH~DRELAY TIME RELATIONSHIPS

Armealad and Heomogenized Materisl

3 . \
Sreclimen

umbaer

Stress

0% 1p/in,”

Delay Time

aec

Ammealed and Homogenized Materisl
After Stress-‘ulsc and Aging Cycles

11
10

i) -
WAL -

O]
[l

ooy Tu
9 I g

op
w

PO LI N A M T2

]

A

] TN B D g

50,0
WLl
47,5
7.2
BG,T
hés 4
he, e
he, o
i, o
&, 0
hg, 5
hs 8
5.8
5.0k
BT
bz h
hi,o
33k
8.k
5?:6‘
5.0

Q. 006
3, 00h
G008
0,055
0,087
0, 0ho
0,0k
G082
3.030
Q,03%8
Q.09
0,00k
0,003
0.11
a,58
1.79
1.22
0.60
28.1

Gtresa-iulse:

‘menitude = 45,000
Dureticn = 0,029 20,001 gee

Aging Deotuween

200 ibfin,?

I E
»u?m:x}at%va Stress-iulses
Time of - Stress o
Goeeimon  Otress-Iulsos (f{:‘% - Tme 3 o Delay Time
_Bumbor P, ¥ min 107 1u/in.? sec
108 0.hos 150 100 5.5 G, 021
5 0.573 200 11 50.7 G, 00G
T 0.595 200 i3 hs.1 0,157
Ta a.h27 200 13 45,0 0,112
% 0,502 200 15 a5 .08
ho 0.h6h 200 15 40,7 15.2
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(1)} Stress of b5,000 #800 1%/1a2.% esplied in

approximately 0,007 sec.

{(2) Stress held essentially constant for

0,029 3,001 see.

{3) Stress removed in approximately 0.003 see.

The delay time for the material vhen aubjected toc & stress of
h5,000 1b/in.® is approximately 0.0%0 see which is greater than the
duration of cne stresg-pulse and less than the durstion of two siresg-
wwlses, Thus, the meterisl might be expected to yield during the second
stress-palse if there ls no recovery between rulges., Thie rrocedure
srovides a method of detecting any recevery that may occur between
stross-pulses.

The specimens were aged for varicue Interwvale of time between
ctress-uulses at tempersturas of TC°F (21°C), 150°F {66°C}, and 200°F
{53°C). The rrocedure of aging the specimen at 150°F and 200°F after
a stresc-pulse was as follows:

(1} Biceinen removed from rapid-lcad machine and placed

in olil bath at desired teupersture within five mimutes
after stress-pulse.

(?) Srecimen removed from oil bath after desired sging

vericd and immedistely cooled in powdered dry ice
(-199°F or -78°¢),

(3) Sreeimen brought to appreximately 7O°F im an slechel

peth Pive minutes prior to next stregs-pulse.

(i) Stress-pulse applied when specimen reached TO'F;

specimen temperature determined by thermoecuple and

Leeds and Northrup recordlog ocotentiomater.
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The initdation of yielding weg determiped with the exitensometers
in the majority of the stressé-pulse btegis. lastic and anelestic micro-
strain was measured by means of the strain bar in two tests. A typical
record of a stress-pulse isg shown in Fig. 9.

The results of this series of tests are listed in Teble III.
The cumelative time at stress before ylelding is plotted in Fig, 10 as
& function of aging time between stress-pulses for the three aging tem-
reratures, The specimens vhich were aged at 7O°F for 3 min yielded during
the second stress-pulse, and the cumilative time at stress before ylelding
was svproximately equael to the normael delay time ai the came stress. Aging
at 150°F and 200°F for periocds equal to or greater than a certain critieal
value induced recovery from the effects of the previous stress-pulse. This
is shown by the faet that yielding did not teke place in successive stress-
pulse and aging cyeles. The dats show thet recovery s accomplished by
aging for a minimum of evoroximetely 12 win at a temperature of 200°F
and 100 min at 150°F.

Measurement of Plastic and Anelastic Microstrain

Tyricel recerds of wicrostrain in rapid-load and stregs-pualoe
tests are shown in Pigs. 11, 12, and 13. A corrsction musl be applied
to the data obtained from these records in order to obtein values of micro-
strain. This eorrection is mede necessary by en imperfect balance between
the elsstic strain in the specimen and the strain bar. The sources of
the inequality of elestlc strain are:

(i) A difference in cross-secticnsl areas of the

strain bvar and the scecimen.
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Fig. 9 Typical Record of a Stress-Pulse
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Table IIX

RESULYS OF THE REVEATED STRESC-PULBE TESTO

Annealed and Homogenized Material

Stress-fulse:

Aging Temperature TO'F
Tent Temverature TO°F

Durntion = C.020 20,001 sec

Aging Temperature 150°F
Test Temperaturc 70°F

Magnitude = 45,000 2300 1b/in.”

Aging Temperature 200°F
Tost Temperature TO'F

Cumuiative Cumslative Cumalative
Time Time Time
Aging Time at Dtrees Aging Time at Stress Aging Time al Stress
Between Before Between Before Between Before
Spee.  Uulses Yield Siree., lulses ¥ield Srpec.  ulses Yield
Ho. mip 58¢ Bo. min gee Ho. min sec
26 3 0.0kl 113 21 0,081 3k ) g.070¢
30 3 0.051 114 21 Q, 057 35 5 0,080
100 3 0.0kT 75 5 0.087 36 5 0.088
112 S0 G, 053 50 Q 0.136
Vis 8o 0.0h6 58 10 0.059
10h 05 .056 hs ic 0,104
108 G5 0,07 L& 10 0.0h3
109 o5 8,093 by 10 0,200
102 100 0.140 48 10 0,052
108 100 0, o 52 10 0.0ho
106 100 0,085 853 11 0,03
107 103 0, 3G2% 5% 11 0.08%
122 103 0,337% 55 11 0,035
110 106 0, 3Chs 53 11 0, 575%
59 11 0,038
61 11 0,036
6o i1 0.Ch2
6l 11 0.036
65 13 G, Ghh
65 12 0.045
o 12 0,039
b 12 0.576%
T2 13 0, 5595%
7= 13 O bR
ho 15 0, hbhs
i3 15 0, 52w

#Speeinen did not yield.
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{(2) & difference in sensitivities of the gmages on
the streln bar and the siecimen.
(3) Misalignment between specimen and strmin bar
at the threaded ceonection which can result in
a difference of the bending moment in the speci-
men and in the astrain bar. This will result in
bending strain inequality.
() A aifference in Young's modulus between the
X130 strain ber and the test svecimen. .
These soureces of elastic ctrein inequality do not produce any chsnge In
the indicated strain while the strese remming conetant. Therefors, the
changes of indicated strain which oceur during the pericd of substantially
constent stress may be attributed to plastic and apelastic wmicrosirain
in the svecimen. The microstrain shown in the records is indicsted by
a dovnward deflection of the trmce, whereas an unbelanced elastic straln
may deflect the trace in either direction., Thig explaing the difference
in the direction of deflection at the bepglmning of the strmin trsce in
Pigs. 12 and 13. The strsin vhich is Indicated on the record during the
period of stresg rise ig subftracted from the totsl indiceted strain:
thug, any aicrostrain oceurving during the period of stross rise is
neglected,

Anelastic and plastic strains which may cecur in the gtrein
bar also introduce a subtractive errcr. Hence, the measured microstrain
is alweys lesg then the true plastic and anelestic microstrain in the
speeimen.  Although 1t ig 4iffienlt to make a reliable estimmte of the
total errvor due to these eflfects, there is some Jjustification for be-

lleving that it is small. First, the straln correction for elastic



unbalance is normelly & small portion of the indlcated microstrain
during the entire record. This provides an indication that the micro-
strain which may cecur during the peried of stress rise is small com-
pared to the total microstrain. Sccond, the stress in the strain bar
is approximately one fourth the value of the yield stress for this
material; therefore, the anelastic and plastic strsin in it should
be negligible.

The total microsirain before yielding for wvarious giresses
above the static upper yield stress in rapid-load and stresg-pulse tesis
iz given in Table IV. A meen value of microstrain of 30 x 10'6 in, fin.
was found to take place pricr te yielding in ten tests at various siresses.
Although the micrnstrain veried from 20 x lﬂ'é in./in. to 37 x 10"5
in./in. in these tests, there is nou systemetic correlaticn with the
magnitude of the stress. The microstrain rate during each test decregses
with time uatil yielding starts. A recovery of avproximately 50 per cent
of the micrcstrein was observed when the stresse was removed as illustrated
in Pig. 15. Successive stress-pulse and aging cycles showed decreasing
amounts of microstrain in esch siress-pulse cycle. When the aging con-
ditione induced recovery, the decrease in microetrain for successive
stress-pulse agling cyalgﬁ wme greater.

The total microstrein {equilibrium microstrein) for various
atresses below the static upper yvield stress is given in Teble IV.
Microstrain vs. time relations for a series of rapidly applied copstant
stresses are presented in Fig. 1k,

The distribution of the microstrain over the specimen goge length

waz investigated. The difference in sirmin between two regions of the

gage section wag wmeagured by means of four tyme A-0, SR-b strein gages.



€y
20

Table IV

MICRUSTRAIN DEFORE YIFLDIRC
FOR VARIOUS STRESSES AND STRESS-PULSE CYCLER

Annegled Material

Rapidly Applied Constant Stress
Greater Than the Yield Strese

Microstrain
Specimen itrmss Priog to Yisld
Humber 10 1b/in.? 107" in./in.
198 ok P6.8
200 7,5 6.7
19% hé.5 29.0
189 46,0 2.9
192 45,0 28.0
190 45.5 20.0
202 LU 35.3
203 55,6 27.0

15 min Aging at TO°F Between Stress-Pulges

Microstrain
Sreeimen Stress w?ugziigg Prior to Yield
o R o= (¥ k o -
Rumber 10”7 1b/in.? sec 1076 in./in.
19h 45,0 0.0hs 26.5 - Yield During 3rd Pulse
196 .0 0.0kl 28.0 - Yield During 13th Pulse

Annealed and Homogenized Material

Repidly Applied Constant Stress
Less Than the Yield Stress

Bauilibrium
- Stress Migrostrain
Specimen 3 “6
Humber 10" 1b/in.? 107" in./in.
19 25.0 3,0
18 20.0 k.o
20 31.5 6.0
23 55 10,0
17 x8.5 13.0
15 B.0 21.5
16 .0 24,0
103 win Aging at 150°F Betwsen Stress-Pulses
D Microstrain
Sneoi Stress tion Prior to Yield
Srnecimen 3 of Pulses -6
Tumber 107 1b/in.” sec 107 in./in.
107 k5.0 0.029 32.8 - Fo Yield io 1% Cycles
122 k5.0 0,089 2.0 - Ho Yield in 12 Cycles
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Two gages were bonded to cach regiocn, one on each side of the gage seation;
and the four gages were electrically conmected so as to meguure e strain
difference between the two regions, These strain gages have a gage longih
of 1/8 in., and the ercclmen gage length is 1/2 in. The specimen Wao
subjected to & rapid load, and the resuliing test reeord, shown in Fig, 15,
indicates no inhcmogenelly in strain prior to the initistion of yielding.
The elactic strain difference 1lndicsted during the period of increasing
load is disregerded as in tests in which the strein ber is uged. & see-
ond indicatiom of the distribution of the wmicrostrein was obtained in

the following wmenner: The surface of a test srecimen was mechanically
polished, etched, and exemined microgeorically at mmapificetions of

100X end GOOX between nuccussive stress-rulses in &n attempt to detcet

the formation of slip lines. Wo slin lines were observed until vielding
took place during the third stress-pulse. Slip lines were then observed
within the single Luder's band which hed formed,

Tests on Material Previously Subjectod to Stress-Pulse and Aging Cyeles

The influence of stress-vulse and a&ging cveles on the stalic
stress-straln relaticnship and on the stress-delay time relationshir wag
investigated. Tests were comdueted on specimens which did not yield in
the stress-oulse end aging nrocedure hecause a sufficient aging period
vas given between stress-pulses to permit recovery,

The stress-strein relationships found in two static tests are
plotted in Fig. 16, Table I gives the static upper ané lower yield stress
and yield strain for the original meterisl and for the same materisl after
belng subjected to stress-pulse and aging oveles, The ctatic upper and
lower yield stress and the yield ﬁﬁraiﬁ are not changed significantly by

the stregs-vuloe and aging trestment.
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The resulis of the stress-~deley time determinations are given
in Table IT and plotted in Fig. 8. An increase in delay times by &
Tactor of approximetely four was foung over the delay times Ffor the

criginal material for corresponding ctresses.
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DISCUBSIOR OF EXPERIMENTAL RECULTS

7

The relations between ctress and delsy time for the anneeled
and homogenized materinl arc given in Fig, 8. The stress-delay time
relationchiy for the annealed material (14) is shown by a deshed linpe,
Phe scatter in the dets was found to be reduced by the homogenizing
tresatment. This treatment also produced changes in the stress-delsy
time relationshin. The reduced scatter and the changes in the siress-
delay time rolaticnship can be attributed to a closer spproach to the
eguilibrium state in the anpesled and howmopenized mterial., The amount
of vending found in the repid-load tensile tests 1o oufficlent to intro-
duce the scatter found in the stress-delay time determinatiomz of the
annceled and homogenized switerisl.

The results of the repsated stress-pulse tests presented in
Fig. 10 show that s definite reccvery from the effects of the previous
gtress-nulse takes clace when the time and tespersture belween gtress~
mulses is gufficient. An activation engrgy for the recovery process
can be found by assuming that the recovery Tollows a law of the form

t provortional to eQ‘f/m‘
vhere + ic the eritical aging time for recovery,
Q is the activation energy cof the recovery process,
R iz the ges constent, and
T iz the asbsolute aging tewpersturc.

The recovery times of 12 min at 200°F and 100 min at 150°F
give an activetion energy of 18,000 cel/mele for the recovery process. .
There ig an uncertainty of 10 »ner cent 1o this value due %o seatler in

Ih
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the critical aging time and the fluctuation of %he aging temperature.
This sctivation energy corresponds to the mctivation energy of strain
aging (1), (2), (8), (18,100 cal/mocle), and to the activation emorgy
of the diffusion of carbon and nitrogen in alpha iron (earbon: 18,100
cal/mole (1€), 19,800 eal/mole (17); nitrogen: 17,700 ealfmole (17)).
Thus, it is resscmeble to asgume that the mechanism of recovery froo
previous stresgs-pulees is related to the mechanism of strain aging and
to the diffusion of carbon and nitrogen in the steel,

The recovery phenomenon may be due to the stebilization of
dislocations which have been moved by the stross-pulses. The theory
of Cottrell and Bilby (9) for the formation of an atmosphere of inter-
stitial atoms at dislocstion eenters predicts thet the fraction of &

saturated atmosphere formed in a given time is
)3 3
I A (F) (ADLAT)

vihere t 1s the aging tinme,

q,i& the concentration of randomly dispersed solute, atcmﬁ/cm3,

A ic the magnitude of the Burger's veetor = 2.5 x 10”8 em for
alpha iron,

A is a constant related tc the intermction energy between the
sclute etom and disloeation = 3 x 10770 dyne/cmg (s),

D 1s the diffusion constant of sclute atoms in the material,

k iz Boltezmenn's constent, andg

T is the abeolute temperature.

IT sufficlent reeovery from previous stress-pulses to provent

yielding is assumed to take place vhen one half of & complete atmosphere
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hes Tormed, the critical egling time Tor recovery should be

3
50k [ .
AD(3n.A% (3)

The solubility and diffusion constapt for carbon over the
range of aging Seaperetures used in this investigation are smaller
than those Por nitrogen, so 1t mey be assumed tnet & nitregen atmoe-
phere forms, The diffusion constant for nitrogen iln elphe irom is
taken from Wert anmd Zener {17). The s dubiiity of nitrogen in iron
is teken from an extracclation of Di ikstra's measurements (18). Cal-
culated and experimental values of recovery times are given below for

aging temperatures of 150°F and 2007F.

Aging D N\e Recovery Time
I o
Temperature cm fesec atomefem” Calcuisted FExperimental
i50°F 5.05 x 1077 4,09 x 1047 570 min 100 min
2CO°F 3.4 x 107 8.53 x 1087 13 min 12 min

The differesnce between the calculated and experimentsl reccvery
times may arise from inexact values of A, P, and WM. , and from the fact
that the contribution from carbon diffusion is neglected. Thus, it
secme probable that the Cottrell and Bilby theory is substantislly corrsct
for deseribing the process of recovery of low-carbon steel from the effects
of stresse-pulses.

A microstrain of epproximately 30 x 10'6 in./im. was measured
nrior to yielding for both rapid loading and repeated stress-pulses when
the test stress was greater than the yicld stress, Although the micro-
strain varied from 20 x 1076 in./in. to 37 x 1070 in./in., there iz no

systematic correlation with the magnitude of the stress. No nonuniformity
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oomievostraln was found cver the areeimen gage ceelion rrior to ylelding.

This indieates thet the ulerestrain does not vesult from the progressive
formation of the Luder's band which appesrs on yielding. The totel microe

ctrain before ylelding Tor test otresses grester then the yield ztres

foms .

sgreas in order of magnitude with that found by Averiech (L9) (50 - 60 =

6 |

Lod ]
1 . 2. Y P = Bt o o e - L e bors 3 e
13 7T dngfing) iz ciebic tests on pelyeryminll

ine cemples of dron and

relaltions oo seversal itcest

stoel, Dxperimontal slereetinin
stresces srm precented ln Fig. 1h.  The stroin rate decreesec with time
when the test sirese is less than the yleld ciressg. ¥hen the tost stress
oxeeeds the yleld stresg, the strain rate decroceces with time until the
Initiation of ylelding, which ig charmcterized by an inerease in strain
rmte. The Plnal values of wmicrostrein {cquilibrium straip) Tor the

eries of tests in which the stress wes less then the yield otress are

2]

shown by the poldnts tlotted in Pig., 17.
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THEORETICAL DISCUSSICH

The coneepte of the theory of dislocations will be exmmined
in order to determipe vhether or nol they con explain the experimental
chegrvations of this investigation. To date, the trestment of the
atrain produced by the action of diglocations In low-carbon steel hes
been ouslitetive in neture, The gquantitative experimenisl evidence
presented 1n this thesisg provides & brais for an evaluwation of the
present theories,

A. H. Cottrell (7) has recently vrasented some promising
addltions to the previous concept of the mechanism for the initiation
of yielding in polyerystalline low-carbon steel. MHe extends the previous
theory of dislocations, anchored by Interstitial sclute stoms, to include
the following concepts:

(1) Releasing a dislocation from & grain boundary

requires 8 larger force than releasing an anchored
disloecation within & crystal.

{(2) A few dislocaticns are released prior to yielding,

and their movement ig obstructed by intersction
with other nsarby anchored disleestions or grain
boundaries. Yielding ls oot initiated until the
resistance offered by obstructions to the movemsnt
of dislacations iz overcome.

An anchored dislogation within a erystal may move when its
total emergy is grester than the potential energy of the anchoring
barrier. For & given stress, the number of dislocations which can
move in a8 given tiwe is determined by the ctetistice of the {luctuastions

59
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in thermal energy of the dislocaticns. Therefore, e definlite periocd
of time would be reguirsd for e pardicular stress to relemse & given
number of dislocations. When a sufficlent number of disleeations are
releaged and move to 8n oppesing cobstruction, they may overcome the
restraint offered by the ocbstruction and initiate en avalanche of
dislocations which results in yielding. The delayed yield uhenomenon
may be gqualitatively explaeined by this mechanise. Furthermore, the
relatively constant velue of microstimin observed before yielding
at stresses cxeesding the yield stress can aisc be qualitetively ax-
nlained by these cuncerts. The temperature deiendence of the delay
time will, by Ccttrell's theory, depend upon two factors:

(1) The tempereture dependence of the rate atl which

dislceations aro released from within & grein, and

(2} The temveraturc dependence of the strength of

tho cbetyuchions which impede the wotion of the
released disloesticns., This is indicated experi-
mentally by the temperature dependence of the
upper vield stress.
Both of these effcets contribute to the decresse ia delay time for
yielding as the tempevaturc is inereased, which 18 observed experi-
mentally (15).

A recent theory by Holden (20) attributes the yleld behavior
of single crystals of iron to & dislocation~collision process vhereln
moving dislocations free stationaxy dislocations Ly an Interchange of
energy. The result of such & process conld only give rise to & strain
rate that increases with time for & comstant stress. This is confrary

to the experimental observetionc of this investigation on polycrystalline
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materisl. Thus, the theory of Cotirell appesrs to be more suitable for
an explanation of the present experimentel vuservations.

The decreaging microstrain rate obsgerved in this study might
be attributed to a8 depletion of the reservoir of dislocations which can
be moved by the applied stress. The relation

€= €,-KE
would be predicted by this hypothesis where

K and g, are constant for & given stress apd temperature,

€ is the strain rate, and

€ is the strain.

Bxperimental strain mte vs. stroin for varicus stresses is
pregented in Fig. 18, The strain rate is not & linesr functicn of strain
ap is predicted Ly a depletion mechanism, This indicates that some other
mechanism gives rise fo the observed strain mate vsg. strain relatious.

A mechanism has been propoged by Frank and Read (21) that may
explain the cbserved microstrain. They have poetulated a multiplication
erocess for slov-moving dislocations which in effect constitutes a &is-
loeation source. The proceses is i1llustrated in Fig. 19. The segment 1C
of a dislocation loop ABC liec Iin the active elip rnlane, DEF(G; other
parts of the loop lie outside of the plane so that the points B and C
are fixed. A suitable applied shear stress will cause the segment BC
to curve and penerate new dislocation loope ss shown. The stress regulred

to form 8 new disloecation loop without the ald of thermal {luctustions ig

GAol (1)

vhere  J¢  ig the resclved shear stress,



=
Yo

a2
a
@
et
A3
5

)

i

/ By

\\i=37 X10° [b/in
8
g8 C

\

03
in./in
Eer

{t,,
L

OE

ﬁa

Microstrain,
i

15X 102 \\isexL
|

/

\isxm3 \\\j
\
il 3

0
5
o

()]

; F

sas Jad ‘ui/u) 50! ‘310M UIDJISOIDIW



2
o

Fig.

19

Frank-Reed Disloestion Souree
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oL 1ig 8 constant of the order of unity,

G ie the shear modulusg, snd

0 is the original length of segment BC.

It mey be assumed that initially the disleocations in annealed
low-carbon steel all have complete atmospheres. Ag each successive loop
ls formed under the esction of a stress, the original diglocation line is
reformed, and must again eseape from its atmosphere to form another loop.

The growth of the loops which have been formed will be stopped
by obstructions, such as grein boundaries. The rate at which dislocations
are generated by the Frank-Read source is & function of the applied stress.
The local stress at the disloecation source is the sum of the applied
streas and the stress fleld of opposite sign due to the array of previously
releaged dislocetion loops. Thus, the rate of generstion of new disloca-
tion loops will decrease as the number of previously generated loovs in-
creases. The decreasing microstrain rate cbserved in this study way be
quelitatively explained by this mechapism. If the erplied giresgs is low
enough, the generation of new dislocation loops will be stopped completely
before a sufficient number have been formed to breaik through the grain
boundaries or other obstructions, The equilibrium microstrein observed
in the experiments in which the test stress was less than the yield stress
would then correspond to the total strain produced by the disloeation
sources when the generation of new dislocation loops is stopped.

The equilibriuvm microstrain nroduced by Frank-Read sources
distributed throughout the material will novw be calculated. The nroper-
ties of an individual disloeation source will first be determined, and
then microstrain produced by a distribution of sovurces throughout the

material will be considered. The uwicrcstraln is a functioo of the number
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of disloeation loopc i.rmed, and the distance that they have moved,

Dislocation locps mny poose through some obstruetions, sueh
as disloesticn lives which intersect the sliy plane of the loop, inclu-
sicnsg, apd {orcign atoms Ly & procesg similar to the Jormaticn o 8
dislcemtion lcop. Thus, the cbetruwetions whdch gfop the neticn of
disloeation lcope may be consldered to be grain beundaries.

A Frank-Read scurce which hes formed o nuaber of disloeation
loops in & perticulsr slip plane is schemmtically illugtrated in Big., 20,
The stresg ficld asscciated with 8 short segment of a dislceation loov
is very ccmplex. However, the stresg field sssccinted with o streight
digloention line of infinite length hss been given by Koehler (U2},
The mathematical develonment of the theory is emde possible i the
intersction between opposite sider of disleoeastion loopeg is neglecieu,
and an equilibrium eyrey of stymight, carellel, diziocation lines of
infinite length is considered. The radisl spacings between the dig-
loeation loops and the source sre spsused to be egual to the equilib-
riws ospacings between infinlte dislocstion lines and & single dislocation
1ine which represents the source. The minlomus distance between the dis-
location source and the grein boundery along the slir plane is taken
to be 2L, as indicated in Fig, 20. The dislocstion model is sheown in
Pig, 2la, wvhere x is a distence in units of L. along the shortest liw
tetwvoen the scurce angé grain boundery in the elip plane., The inter-
action between a diclocation and & grsin boundery is not known. It
will be assumed thet the grain boundary camot move gnd that it my be
represented 85 8 single dislogation line,

The strecs at a point x associsted with an infinite disloce-

tion line at %y is glven by
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U Grain Boundary

Fig., 20 Schematic Representation of a Dislocation Souree
and Dislocation Loors on & Slip Plane
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T = B =
L{x~x15 ’

where 3 is the shear stress at point x,

G A L .
B = EXTTIETS) for & pogitive edge-type dislocetion, and

¥ i3 Poisson’'s ratio.

rL

i e——

it is convenient to use s dimensionless stresg ratic, P = B .
in the calculations. The main contributions to the stress at a point
hetween the dislocation source and the grain boundary are the spplied
stress and the stress due to the nearest dislocations. The stress due

to disloecations on the opposite side of the source is comparatively small
and may be neglected.

Eshelby, Frank, and Nabarrc {27) have develoved a wmathemsati-
cal method for determining the equilibrium positions of dislocations
in linear arrays. They discuss the dislocetion model of Fig. 21b for
the case with no spvlied stress. A general golution is not given for
the equilibrium positicms of the dislocations with an spplied siress.

The treatment of this case by the metheod of Eshelby, Frank, and Nabarro
is not practical when & general culution is desired.

The use of an electrostatic analogy tc establish the properties
of the dislocation model is helpful. This is possivle sinee the foree
potential asscciated with a line charge and the ciresss potential acsoci-
ated with @ line dislocation are both logarithmic. The difficulties
encountered in the method of Eshelby, Frank, and Nebarro maey be eliminated

if n dislocations between the source and grain boundary are congidered
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to be continuously distributed. The nuamber of disloccations between
the source and grelin boundery is assumed bto be sufficlently large such
that they may be represented by a contiauous dlgtribution. The electro-
static model Is shown in Fig, 21b, vhere the two line charpes with
strength Q per wnit length, at x = 2a, represent ithe source and grain
boundary. Ao infinitely lopg, thin, conducting striy with chersc nQ&
er undt length is placed between the twe line cherges; and represents
a dislecaticns on the slip plepe botween the scurce and grein boundery.
A unifoym field, B, v reprecsents the resclved shear stress ratic, PG,
in the disloeaticn model. The chargeo distribution across the strip
is thep amslogous to the dislocstion distritution between the source
and graic boundary., The line cherges mueil be separated frow the strip
by o smell distanee, & , such thet there will be nc transfer of charge

between them, Thus,
= {4+ 5, where

& << 1.

The charpge distribution ecross the strip is found By the use
of & complax potentiel. The uwethod given in Smyihe (©B) Is used. The
votential for the eleetrostatic medel, Pig., 21b in the z plane, iz found
from the potential for a charged, copducting cylinder and two line charges,
ag shown in Fig. 2lc in the Zq plane. A trepsformetion which maps the
2% plane tc the z nlane glves the potentisl for the electrostatic dis-
location medel.

The complex potentisl for sn infinite cylinder between two
lipe charges in a uniform field EG/Q, Fig, 2lc, iz found by the method
of images to be

Wis )_-.._v.(g —-—-) 2Q, [(i*h)g"'\.t\",aznz &. _E’\'\-fz_ ::, 1' ()
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The cooplex totential for the electrosiatic dislocation model In the
z plane iz Tound from equebtion 5 by the trsnsformation &,=7 —¥{FF |

and i

Wez)=~E. {71 --_QQUM z- ““wﬁ-l

E-a-YEroy - yar-

()
w0 Era-NEi-U-Vary T
+ {7 wv\,(.*? I
Fra-Ter +Vary H)- J
The number of disloestions produced by a dislocetion source

ey be estimated by wee of the eleetrusiatic analogy., The Frank-Read
dislocetion cource will cease to generate new disloeations when the
stresg at the souree is reduced below the value given by equwetion 1.
The field st z = -8, exclusive of the fleld due to the line charpge at

that peint, is

E.o (@Eﬁﬁi“ “'V\)~

E (-a) =
N PR ia}ﬂ

Thic is analogous to the stress ratloc, ©(-a), at the disloeation source,

excluglve of 1ts osm stress fleld. Thus,

Po a ! b ¢ \ -
_ o + — — —— |+ (5)
P( ) = Voo 23 Yaroy !

gince 5%" is analogous to P. [Hence, the number of disloestions is

= i‘é i+ M;:*"' - {‘f;{if’i %’J{"’ a

F
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In the dislocation model, P(-a) is always less thon Pa for n greater
than zerc. ‘Therefore, the last term of equation § 1s smell compared
to the first term. Thus, the eguilibrivs number cf dislocetions pio-

duced by 3;’0 is insensitive tc P(-a) and 1s approximetely
nZ P -l (N
The charge between -1 and x on the strip is given by

Qxy = i—’ﬁ_UmW(Kt- lvan]

where ITm W(x) and Im W(-1) ere the lmagivery parts of Wz} cveluated

at z = xand z = -1, Thus,

Qix o | [ X- & -\5 - Var o1
= 4 —— AT Q«w«__”_{» . R4 Val -1
Qo ‘Q T \i\ -x* . tﬁ ng,_.,‘q Lan \F"““““.,Xw.

3)

w} X*?:*d _taﬂ X+ O~ xé—“k__,‘ti I S

fioa fimxr Tinrtsing)r g

where the orincinal welues for the arctangent and the arcsine are taken

in the First end fourth gquadrents, The mwber of disloemtions, n{x,,

between ~1 and x is then

Nix) = it b ?tﬂ.l;&! X-0--Y& ton x-o+¥a -y
noo = =B £ ftan LRSS s

+lan FroVa - X4 6-VETT } n (9)

oL S
Vi X}'“”“"‘ Mma)gwx
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singe @%ﬁl is anglogous to n{x). The center cf gravity, %o Of
the diﬁtr;buteé disloeations may be found by setting nf{x) = n/2 in
gquation § and solving for x. Using equation T,

1 g.*i
MFS; ) Sin X

Z o>
V- X, = (v
since the arctangent terms may be neglected for o act nesr 21. For
i mach ¢reater then one,

2 ~— - -t }é}
I-x2 = Sin X, (10)

o

and the conter of gravity is independent of the soplied stress. Thus,
the meen area of the dicloestion loops (Fig. 20) is not & function o
for T'Q wach greater then one,

The pencration of opme disloeation loop ceuses & relative dis-
placement, A , of the meterial above the aree over vhich the disio-
cation loop has passed with respect to the materisl below. The displace-
ment is in the slip direction. The mean displocement over a slin plane
of unit ares containing ope dislocatlion loop is then

AA

where 4 is the arsa swept cut by the lcop. The wmean displacement when

n loops are formed ig
nAA.., (1)

where ﬁxwi is the mean loop area.
LH

The above eguations may now be used to estimate the equilibrium
5 ]
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microstrain a3 a function of tensile stress for o distribution of
Frank-Read sources in polycrystalline materimi, The distribution
of dislocation scurces ig asgumed to te nnilorm and of density .o
ner unit volumes. or & fine grain polyerysiniline material, such 8s
that uveed im this investigation, the slip planes snd slip directicns
may be agsumed to be uniformly digtributed over all nossible angles.
The Frection of the total number of disloestion sources which can
menorate disloestions on & given sli. plane wnder the influence cf
the tensile stress is defined as H(2 ) and is 8 fumetion of the re-
solved chear stress on that siip plenc, The resclved shesr chtress oo

a slip plane is given by

v=8P _ 9 g 2@ cos @

vhere O is the tensile stress,
@ 5 the angle between the normal to the slly plane ond
the direction of tensile stiess, and

on the slip olane and the slip direction,

8 the encle betwoen the moximum shear sireas directlon

e

The pumber of sources per unit volume that will produce dis-
loecstion loops op slip plapes whilch lie between 6@ and @ + d(i‘.\ R

wvith elip directions between ? and (? + (:L(? , i3 given by

o N(2)
P
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The strein in the direction of the ftensile stress produced
by the mean displacement over ome slip plane containing one dislocation

source may be obtained from equations T and 11 and is given by

AA (Pa-1) Sin@ cosg cos @

The equilibrive strain due to all dislocation scurces on all

alip planes is given by

ki s
2 (4
€ ;4_;\({:’5 J [Am [N(ﬁl&k?ﬁwl) Sin 2@ cos@ CL@ dg (13)
g=c @=0

where A'm is the mean dislocation loop area of all loops om all slip
planes. For PO mich grester then one, A'v ig independent of PG as

indicated above. Thus,

~ 4N Am ' ram . 2
£ = _»-—.T;S—i——-—-— {N(E)l PO S5im LE‘) COS‘E‘ fif\J iid}a (;U*)
g0 850

In order to establish the velldity of the assumption thet
P, 1is mach greater than one, the distribution, n( ¢ ), of dislocation
source lengths, { , must be considered. This depends upcn the coo-
figuration of dislocatiocn loope in alpha iron which is not kpown.
However, the configuration is probably related tc a mesaic block
structure within the crystals of metals. Such & block strueture ig

velieved tc result from an array of dislocation loops. The meximum



length of dislocation lines on any slip plane way then correspond Lo
the mosalc block size. Hence, it will be agsumed thet all dislocation
gources have lengthe less than some liwiting value, ‘Qo . The form

of the asgumed distribution is

%

nay=ci- ;g—-, for X less than fo , and
]

ngYy=0 for £ greater then A, ,

where ¢ 15 a copnstant. The microstrain predicted by this distribution
will be compared te the experimental equilibriuvm microstrnin to deter-
mine whether or not the maximum disloestion length, L, ; has any

rhysicel cignificance.

The fraction, H{Q }, of the dislocation scurees whose lengths

are equal tc or grester than J/ . 1z then glven by

3
N(L) = c[{——%’)m};(v%)} (15)

Using equations 1, 12, and 15 in equation LB, and performing

the integrations gives

i ‘ 2. { __f__’& el :‘~_'Q_f
€= %{% U“‘V‘)CL{%Am(%)L{?’* = \5.) }ws =
{ % = ¥ (1{:)
,Qc. ~ T 5 da\*
-..ﬁ;x,osh ji;_ ”ZKZ’;‘)M\

J. = 2GaeL /0.

where
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The quantity, Jﬂc » is the length of the shortest dislocation
source which generates nev diglocation loows under the sctiopn of the
anplied tengile stress, O .

The constants Ko and ClJfasj\;s are chosen to Tit the
experimental dats of stress ve, equilibrium microstyain, Teble IV, The
following velues are teken asz constants of the material;

A= 0,985 x :;o"'8 in.,
& = 11.6 x 10° 15/in.?,
¥

o o= 1.

i

0.3, and

Boquation 16 is plotted as & colid lime in Fig. 17 for

g 3

cles A, =2.66, ana Lo = 1.2 x 1077 4n., which is 1.07 x 10
tines the lattice rarameter of alphs irapn. The experimental points

are indicated by clreies in the figure. Egustion 16 follows the
experizental date with the excention of the region of low stress, where
the experimental strsin is somewhat larger.

The sssumed distributiom is plotted in Fig. 22, as n{f)/=
vs. £ 4n lattice parameters. The quantity, K. , corresponding to
the experimental yield stress, is Indicated in the figure. Thus, a
distribution of dislocation sources with lengths between ,Qc and Ko s
a9 shown in Fig. 22, will produce & stress-microstrain reletion similar
to the experimentally observed relation. HMore microstrain would be
nrodueed in the region of low stress if &2 small fraction of the dis-
locetion sources have lengthe greater than Jlg , 88 indicated by the
dached lipe 4in Fig. 22, Such & distyribution would predict a stress

mierostrain relation more nearly following the experimental points of

Fig., 17.
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Sowe evidence exisis to indicate that the value cf the limiting
length cof dislocestion source, -Qc , found above, is reasonable. A mosaic
block cize of approximately 103 lattice parsmeters is pelieved to exist {25)
in erystals of alvha iron. The maximum length of dislocation lines on

3
any slip plane may then be avproximately 107 lattice parameters as is
indicated by the walue of the constant, Qo,

The range of values of ZJ which rroduces disiocatinn Loons
may now be calculated if it is assumed that grain hcundaries are the
obstructions which stcp the motionm of the loors. The range of Po‘will
pe estimsted assuming spherical grainc. The mean distance Letween &
point inside & grasin and the nearest grain boundary, along & siip plane,
is approximately 0.1 D where D is the diameter of the grain, Thus,
the mean value of L is approximately C.065 D. The average grain diam-
eter of the test material is approximetely 1.4 x 10"5 in. The wminimum
stress wvhich will form dislocstion loons is

: GAst |3
T = Z—— T 10 x 107 1p/in.?

B

Then the minimum value of ?n, corresponding to the mean value of L, is

L

Q—"E*’E’SS-
Thus, only & sm&ll error is introduced by setting EO -1 =% _. The
v

minimum value of the equilibrium number of dislocatlions, n, corresponding
to tnis value of %0 is approximateiy 34. ‘Thus, the assumption that the
n disiocations may be represented by a contipuocus distribution between
the source and grain boundary should not introduce any appreciable errors

in the above calculations. Therefore, the {orm of equation i& is
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cagentisally correct, and the equilibrium micrestrain observed in the %test
material is explaingble by meens of the disclocation model.

The residuml mlcrostrain cobserved after the test stress is
removed may be guallitatively explained by the dislocstion model. When
the stress 1s remowved before yielding oceeurs, the dislocation looos
which have been {ormed collepse towsrd the source. Obstructicons within
the graing, such &g inclucions and foreign atoms which had been pre-
viously resped by the dislocstion loops with the aid of the applied
gtress, ston the collarse of & number of the loops, thus resulting in
residusl microstrain,

The recovery phenomencn and the ineresse in delay times for
the material oreviously subjected to stress pulse and aging cycles
mey be gualltetively explained by the dislocation wmodel. I the speci-
men is aged before the load is reespplied, an atmosphere of interstitial
atoms will anchor the remsining loops. Thus, additionsl obstructions
are nroduced which prevent vielding during the next stress pulge, When
the stress ls reapplied and held copstant, the delsy time for the initi-
ation of yielding should be Ilnereased over the delay time for the orig-
inal material.

'Th@ reduction of yileld point with en ipcresse In grain sirze,
cbeerved in mild steel (26), may alsec be quelitatively explained by
this disleoeation model. An increase in the grain gpize increases the
velue of L so that for s given applied siressa, F iz increassd. Then,
by equation 7, n is correspondingly increesed. Therefore, the strsss
et a8 grain boundary duoe to the array of dislocstions is increased.
Thug, the resistance of the graln boundaries in coarse~grained material

would be overcome at 8 lower velue of the applied stress.



GO
The approxizeations employed in the above analysis of the
digloestion model do not permit & relisble esbimmte of the gtress et
the grain boundaries due to ap arrvsy of dislocations, Thercfora, the
dependence of yleld stress on grain size cannot be gquantitatively deter-

ained by the metheds developed above.



SBNARY AND CORCLUEBIONS

The results of the repeated ctress~pulge taests on amneeled
lov~garbon steel show that a definlte recovery from the effocts of
the vrevious stress-pulse lekes place when the cambipation of time
and tempersture between stress-pulses 1z sufficient., For aging pericds
longer than the critiesl recovery time al a given eging teamperaiure;
repeated stress-pulse end aging cyelen do not produce yielding., For
aging veriods shorter than the critical yecovery time, the stecinmen
yielde when the cumulative time at stress is approximately eousl Lo
the pormal delay time. This recovery process iz found to be asscclated
with an activation enermy corresponding to the sctivation energy of
strain aging and diffusion of cerbop and nitrogen in the steel. The
repeated stress-pulse and aging treatment stebilires the material such
that the delay $imes are increased for the same siress.

Sengitive straio measuremenis under conditions of rapid
loading and stress-pulses indicate that @& plastic and anelasgtic micro-
strain of approximetely 30 x 19'6 inm/in. vrecedes the yield strsin.
The total microstrain produced by stresses less than the yleld stregs
18 8 function of ptress and incremses with stress until a microstrain
of evpproximately 30 x 10°6 in./in. is reached at the yield stress.

The recovery phenomcrnon and the inecrease in delsay times for
the previously stressed and aged material smy be attributed to the
diffusion of carbon anéd nitrogen to the disloecations whichk have Deen
dieplaced, thus stebilizing the array of dislocations for the particular
abress condition. The theory of Cobttrell and Bilby adecquately prudicts

61
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the cxperimental critical rocovery timeo,

The experimenially observed microsirsin is gquantitetively
explained by & disleocation~genersting mechanism. Ap electrostatic
anslopgy has been used Lo analyze the properties of the disloecatlion
model .

It is suggested that the dislocatlion model be further studied
to determine whether or not it can quentitatively deseribe the derendence
of yield stresg on grain gize, The electrogtatic analogy used in the

apanlyais of the dislocation model is incepeble of predicting this depen-

dence.
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