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Effect of Strain-Temperature Histor¥ on the Flow and

Fracture of Ingot Iron at Low

emperatures’

{Slenn W. Geil and Neshit L. Carwile

The: offect of the straln-tetaperature history of ingot iton on the frue stress-strain rela-
tionahip for tenstle epegimens extended at temperatures ranging from — 1967 to 4+ 10070 is
orited. Bpecimens of ingot fron in vationg Inltial eonditiona were extended to a apecified
slrain st a selected tetmpersture ahd subaequently extended to fracture at & different temy -
ture, The deviation of the true atress-airain values for the second atege of these teats from
varraspanding values for a single-atapas test penetally increase pt a decreasing rate aa the
preatrain of tﬁ'm apesilnett iteteades,

The "rheut.m&c embrittlement” and work hardening (strain handeni%%. plua ztrein
Aging} vary wilth the heat treatinent and prestralu biatory of the ingot iron. e brittleness
at or below —78°C of normalized or hot-rolled fngot iron i3 partislly curable by prestraining
in tenaion at ropm temperetnre.  However, prestraining in tension of annealed ingot izon &t
yoorn termperature doeresscs the duetlity retalned st —154% and —198"C. The predomi-
nanee of strain agitg ot the highet temperatures and strain hardening at the lover tampera-
tures capnes the total work hardening of the spe¢imean during deformation to mexineunmn load
to incressa as Lthe tost temperature 13 eliher lnerensed or decressad froon sboot =150

1. Introduction

In recent years sevoral investigations [1 to 11]3
ol the mechanical properties of metals at low tem-
perntures have shown conclusively that the true
gtreps-atrain relationship of metala and alloys ox-
tended in tension depends on the strain-temperature
history, as well as on the lnstentansous walues of
strain, strain rate, and teat temperature. In moat of
these investigations very little information wes re-
portel] on the part played by strain sging dunng the
prmr'hlstog of the specimen, 43 atrain aging was not
pronounced in most of the metels studied. A previ-
ou= investipation [10] at the Bureau showed that
strain aging affected the true stress-strain relation-
ship of ingot iron specimens extended in fensicn at
sligh tly elewated temporatures and even at ‘some sub-
zero temperatyres (—120° to 4100° C). Within the
temparature ranga, —196% (o +100° C, of that in-
veatipation the steain havdening of inget iron in-
creased with a decrensc in termperature, wheress tha
strain aging decransed with o decraase in temporature,
Therefore, work hardening * of ingot iron may either
increase or decreass with increase in testing tempera-
ture, depending upon the relative magnitede of the

nnges in sirein hardening and strain aging with
variation in temperatuze.

The rate of atrain hardening of ingot iron is in-
fluenced by the mechanism of deformation. The
ﬂﬁaciug of the glip zones within the crystels and also
the number of slip bands in & zone vary with the tem-
perature of deformation of the metal. These factora
are helieved to ba directly ns=ociated with the inerease
in the rate of atrain hardening of the metal with de-
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cregse in testing temperature. Moreover, as pre-
viously reported [10], considerable deformation by
twinrong wes obzerved in spacimens of ingot iroh
slowly extended in tension af temperatures below
ghout —120° C. The sxtent of the (winning duriog
the tengion test ineressed preatly as the temperatars
was lowered from shout —120% to —196° . The
miluence of this factar on the rate of strain hardening
of the iron may be considerable.

The purpose of the present investigation waz to
ohtain pdditional information on the influence of the
strasin-temperatura history, and eapecially the effect
of strain aging, on rome of the tensile properties and
the true etress-strain relationship for specimensz of
ingot iron subsequently teated in tension.

2. Material

The material used in this investipation was ihgot
iron in the conditions a= annealed, hot-rolled,
quenched and tempered, normalized, and eold-deawn.
A detsiled deacription of thie material was reportad in
a previous paper [10]. The principal chemical eon-
stituants (in percent by weight) other than iron are
as follows: Carbon, 0.02; manganese, 1.02; phos-
phorus, 0.005; sulfur, 0.018; silhcon, 0.002; copper,
0.1¢; oxygen, 0.058; nitrogen, 0.002; and hydrogen
00005, is iron. wase prepered from a single melt an
was furnished by the menufacturer in the conditiona
as hot-rolled s cold-drawn to 14- and 24-percent
roduetions of aree. The heat treatments gpplied to
the ingot iron in this laboratory ere summarized in
table 1.

Cylindrical tensile specimens with a 2-in. g:ﬁe
length were uged. The redveced section was pradually
tapered from ocach end; the diameter {0.433 in.) at
the midaection of tzlaiga.ge length waa about 0.002 in,
less than at at end. The specimtens wers
finigshed to the final dimensions by grinding snd
polishing in the axial direction. The ends of the
specimen were machined with ¥ in. 314 threads, and




the shoulder filletz were machined to a radius of .75
in,
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2. Method of Investigation

The gpecimens were extended in tension in & pen-
dulum hydreulic testing machine of 50,000-1b
capacity. Tha specimens, execept those tested at
roomm temperature, were fully immersed in an appro-
}i‘riate liquid meinteine] ai the desired temperature,

he loading was so controlled that the rata of redue-
tion of area of the specimen, beyond the region of
initial yielding, was maintained at approximately 1
percent/minute. Measurements of the diameter ol
the specimen throughout the course of each test were
made by means of a specially designed reduction of
area gage [12]. Changes in dismeter of & specimen
were meseured by this instrument with an accurscy
of 100001 in. A detniled deserviption of the t.&strlﬂg
equipment snd the method of maintaining the desire
temperature is given in previous papers [10, 17).
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In the present investigation, a specimen was
extended at a selected temperature to & specified
strain vahic and subsequently extendad to fractnrs st
a different temperature. In general, the specimen
was kept in the testing machine betwoen stages under
s zmsll load of spproximately 200 1b to maintain the
alinement of the specimen i the testing roachine.
However, when the second stege of s two-atage teat
was &t Foom lempersture, the specimen was removed
from the testing machine hetween stages so that the

adapters and adjacent portions of the head and base
of the testing machine could he guickly brought to
room tempersture. Moreover, i two special tests
the load attained at the end of the first stage was
maintained on the specimen in the machine between
stages. The specimena were kept cool between
stages, as reported in table 2, in order to minimize
strain aging during this period. Usuvally the second
ﬁtng'f was begun approximetely 4 bt after completion
of the first stage.

4. Regults and Discussion

True stress-strain data obtained n two-stage ten-
gion teste on ingot-iron sperimens at selected temper-
atures ranging from —106° to +100° C are =um-
mearized in figuerea 1 and 2, and 4 to 9. True strogs-
strain curves obtained in the singlestage tension
teats, reported in a previous paper [11], are included
in these graphs as broken-line curves, and the upper
end of these curves represents imitial fracture, The
truc stress-strein velies represcoiing the completion
ol the first stage and the data obtzined in the second
atege of the t#o-stage tension tests are shown. The
dets obtained m the first stage of the test conforms
t0 the curve representing the corresponding deforma-
tion in & single-stepe test and these values are, in
most eases, not plotted in these praphs, The true
stress-sirain velues during the vnloading and the
initial part of the reloading also are not shown in sornp
of the figures. The true-stress and true-strain values
attained at the fracture arce of the apecimen at the
initiation of fracture are designated in this paper as
the fract ure etressea and fracture straina, respectively,
and, exeept for ecertain specifically designated cases,
they wre represented by the ﬁnﬂi tme piTess-strain
values ploited in figures 1 and 2, and 4 to 9.

41. Annealed Ingot Iran

In order to determina the direct sifect of & reduc-
tion of load in a tension test for a short time on the
subsequent true stress-etrain valyes, a special tension
test was made st & single tamperature (room temper-
pture} on £ specimen of annealed ingot iron. The
deformation of this specimen was carned out in four
atages and included an initial loading to & selected
extension, an unlosding to 200 1k for a peried of 5
minutes, followed by a reloading &0 a second selected
extension, then repeating the procedure until & totnl
of four stages had been completed. As shown in
figure 1, the true stress-strain values for this four-
stage test generally coineided with those of s singla-
atage teet made on & spevimen of annealed ingot iron
at room temperature, except for the true siresses at
the initial straing of the second, third, and fourth
steges; thesa true siresses were slightly higher than
the corresponding stresses im & singleztage teat.
Apparently, the combined effect of the strain aging at
room temperature during the 5-minute perods
between steges and the unloading and reloading
wad sufficient to increase the trie-stress values st tha
initial vieldin%rin the last thres stagea but wae not
sufficient to affect appreciably the subsequent true-
atress values., It is helieved that, in general, short
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Fageme 1, Frue steess-slvarn podwes abtamned aoith an annealed
inpot=tron apecimen Chat won exbimadd n o faur-stago bension
(el ol waten Teeegieral '

mterruptions of this ivpe s tension fest with ingor
o ot tobne or lower temperatoves, m o which the
temperstare of the spedimen is held constant doring
the test, have very hittle offect on the troe stress-
sirnin values, except those during the wmitinl vieldine
in the next stage of the test.

Four specimens of annealed ingot iron were ex-
fondied in tension st room temperalore W specifed
strains (indivated s ghort vortical bars on the 27° O
eirve i figs 23, and subsequently extended to fracture
at — 1967 € As shown i figure 2, these specimens
exhibited vieew Hile duetility in the soeond-stage
test, slthongh a apecimen of annealed ot iron that
was extended inoa single-stape test oab —196% O
deformed to a strain of sbout 0,05 before inttinl [rae-
ture. 1o the two tests, in which the deformation
of the spectmen in the et gtage of the test gl room
temperature was gregter than the maximum load
steain, the speeimens froctured in the second-gloge
tost without any appreciable plastic deformation,
and the fractures ocourred at the shoalder of the
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neeled seplion (Bg. 3}, The final true siress-<triin
vithies as determined by the fined load aod minamom
progs-sectionnl-ared  mesziarements for those gpeci-
mons wre desigrnted as pomis A god B ip Hgies 2
As the fractures did not ocear st the minimuom
cross section of the specimens, the stress vilies
reprosentod by points A ol Boare not fradctore
slresses; these dats mdweate only that the freeture
atresses at — 1067 C' for the position of the minimum
soction of the specimens of wonealsd ingot iron that
were extended o tension at room temperntiare (o
these designated stiain values were greater than the
midiento] stress values, The fractore steesses and
[racture strains at — 1967 C of these spocimens under
the multisxinl stress conditions existing at the posi-
tion of the wotual fraetare in the shoulder of e
nocked section are shown by the corresponding
points A" and B in figure 2. 1t may be noted that
the fracture stresses ot — 1067 O in the shoulder
portion of the nedk of the specimens are lowerad to
villues hilow that of the tension specimen fractureed
at — 1067 O in unisxial tension after extension at
oo lemperature o maxinum load.,  This may be
qun-ihum}I to the influenee of biaxinl compresgive
slresses al these positions,

As the ductility of specimens of anpealed ingot
ironn in single stope lostz at — 6" O wus =mall
(trnin of spproxmately 000570, very hittle imformation
vould be obtained on the effect of prior steain ot

1967 0 of specitnens of annealed ingtt fron ok
their tensile properties an room temperaturs,  The
it obtained on 4 speomen extendod mo the fivst
atage of the test nt — LBA° (0 to o eteain of ptbont 0.02
MHT then extended o fracture in the second-=stuge
st adoroom lemperatire indicated that the tolal
work hardeningr duving the deformation af — 106%(]
was - approsmately equivalent to the totnl work
hardening of o gpecimen deformed the same smount
ul room temperatore; e true stressstrain ealues
obtwined 1 I.illu:l second stage of the test approxi-
mately coincided with the corresponding values ob-
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tained in the singlestage test at room temperature
tfig. 2). Thus the increase in the strain hardening
at —186° C above that at room temperature was
approximately agual to the strain aging at room
tempearsture, .

A specimen of annealed ingot iron was prestrained
in tension at room temperzture to maximum load
and then extended to fracture at —154* C. Thie
specimen rtetnined considerably less duectility end
hence had s lower fracture strese than a specimen
cxtended to fracture in & single-stage test at —154° C,
89 shown in figure 4. The strain during the second
stage of this test was very small in compatison with
the strain beyond maximum load in the single-stage
test at —154° €. The strain aging of the specimen
during the deformation at room temperature ap-

arently made the specimen quite brittle at the
aner temperatiare,
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An annesled ingot-iron specimen was prestrained
in tension at —154° C to maximum load snd then
extended to fracture =t room temperature. Tho
true stress-strain curve for the second stage of this
teat {fig. 4} i= considarably helow the corresponding
part of the enrve for & single-stage teat with a speci-
mon at room temperature, and thus the toteal werk
hardening of the %eciman during tha firat stage of
the test at —154° U was less than that of & specimen
deformed to the spme strain at rmom temparature,
Strain aging in specimens of in%ot: iron during defor-
maticn, 1 tension at —164° O is very ahgit [10}.
Moreover, strain hardening increases with a lower-
ing of the test temperature from room temperature
to —154°C. 'The datain figure 4, therefore, indicata
that the =train aging of theiron at raom temperature
was much grester than was the increase in strain

hardem'ng with decrease feam 1oom temperature

In order to determine the specifie influence of the
degies of the prestraiping of annealed ingot-iron
specimens at one (emperature on their deformation

practeriztics at another temperature, two series of
two-atage tesia were made, One sertes of specimens
was preetrained in tension at room tempecature to
different stesins end subsequently extended to
fracture at —78° . The true stress-strain data for
these tests are summarized in figure 5. The true
strezs-strain eurves for the second stage of those
tests arc above the mrrespandiné portion of the curve
for a single-stage test at —78° L. Another series of
specimens was prestreined in tension at —78° O
to different strains and subsequently extended to
fracture 8t room temperature. The true slress-
strain corves (fig. 5) for the second stage of each
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of these testa, except for the speciman prestrained
only to the lower yield, are below the corresponding
pertion of the curve for s single-stage test st room
temperature. The curve for the second-stage test
of the specimen prestraimed to tha lower yield
coincided with the curve for the single-stags test at
room tomperature.  The combined effect of the strain
hardening and strein aging during the prestraining at
—78Cin this test was equivalent to the combined
effect of the strein hardening and strain aping
during the deformation to the same strain at room
tempergture. In general, the devration of the true
stress-gtrain curve for the sscond stege of 8 two-
stage test from the corve for a single-stage test ad
the same temperature (fig. 5) increszes at a de-
creasing rate as the amount of prestraining in the
first stage increases. The above data indicate that
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tlie strain aging of a specimen of annesled ingot
iron at any strain during deformaftion in tension at
a constant temperature varies with the strain;
the strein aging At any strein depends greatly upon
the amount of t:he prior strain aging of the specimen.

In order to determine the effect of maintaining o
relatively high stresz on the specimen between test
gtages, two special tests wera made in which the load
attained at end of the first & was maintained
o the speeimen until the bepinnng of the second
stage. The irpe siress-sirain values obtained in
these tests (fig. 5} show no sipnificent deviation from
the true atress-astrain curves of corresponding two-
stagr tests in which the load wes reduced to about
200 |b between stages. The retsined ductility st
—78* C of the specimen prestrained at room
temperature to 8 stroin of about 0.26 with oo re-
duction of the load between stages was slightly
greater then that of the epecimen prestrrined at
room  temperature to  approxdmatelr  the same
amonnt, with the load reduced to 200 Ib bLetween
stages. This amall difference in ductility, however,
is not believed to be significant. In genersl, the
gtrainz to fracture of the sperimens in the fwo-
stage tests sumumarized in figure 5 were approximate-
Iy the same at hoth temperatores and elso were
about the salne as thosc for the single-stage tests at
theae temperatures,

Ripling and Bsldwin in reporting on the phe-
nomencn they called the Yrheotropic embrittlentent”
of steel [11] concluded thet a large part of the de-
ficiency in ductility of annealed ateals at low tamper-
atures is rheotropic and can be removed by prestrain-
ing vnder more ductile conditions at a higf;er temper-
aiure. The date chiained in the present inves-
tigation on annesled iogot iron, however, indicate
that the low-temperature embrirtlement of this
miterial is not rheotropic in the manner proposed
by Ripling and Baldwin; prestraining of the annealed
ingot iron at room temperature reduced, rether
than inecreased, the ductility retained either at
—154" or —196° . The embrittlement duoe to
strein aging during the prestraining of the specimens
at reom temperature, 12 believed to ke the main
couse for the lozs in the retsined ductility at —154°
or —196° " Another factor that probmbly haes
conziderable infleence on the retained ductility is
a decrease in the degree of deformation twinning
ovccurting at the low temperature following n pre-
stTRining at room temperature. Thiz latter factor
ia baing studied in some dofail and will be discussed
in & separate report.

4.2, Nommalized Ingot Iron

The true stress-gtrain dats for two normalized
ingot-iron specimens that were extended in tension
in twostage tests at room temperature nnd —78° C
are pregented in figura 6. The affect of the preatrain.
ing in the firat atage of the tengion test on the total
work hardening of these specimens waa similar to
that plready described for two-stage tests with an-
nealed ingot iron at these temperatures. The dur-
tility, however, was alfected guite differently. As
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bests ol reom fentperaivre and — 750 O,

illustrated in figures 25 and 26 of the previous paper
[10], the ductility of normalized ingot iron, to a
leseer degree that of bot-rolled ingot iron, extended to
fracture in single-stage tests was much lower at
—78* O than at room temperature. The strain to
Tracture of ingot irom in the annesled, quenched, and
tempeored, or cold=drawn conditions, however, was
nearly the same at room temperature and st —78° .
The decrease in the ductility at —78* C of the ingat
iren 10 the normalized or hot-rolled condition may
be associnted with a preater amount of carbon and
nitrogen initizlly retained in solid solution in theaa
conditions than in the other conditions. The data
for the two-stage tests of the normalized ingot lren
fir. 6) show that the iron in this condition apparently
ia eubject to rheotropic embrittlement in the manner
proposed by Ripling and Baldwin; prestraining the
specimen at Toom temperature to just beyond the
maxtmum load inecresssd greatly the duciility re-
tained at —78° O, as indicated by the fracture atrain
of approximately 1.1 for thie two-atage test and the
frecture strain of approximately 0.5 for the single
stage test ab —758° Prestraining a spacimen at
—78%C to the maximum load decregsed the ductility
retained at room temperature. Apparently, the
thestropic embrittlement of the specimon during tha
prestraining at —78° O was not completaly removed
by the subsequent deformation at room tempearature.

4 3. Ouenched and Temperad Ingot Iron

The data obtained in two-stage tension tests with
specimens of quenched and tempered ingot iron are
sommarized mn fipure 7. These resulte indicate that
the effect of prestreining =peeimens £t room tempera-
ture and —75° C iz approximately the same as that
described praviously for specimens of the snnenled
ingot iren ; the difference in magnitude of strain aging
at —787 ' and room temperature was preater than
the difference 1n =train havdening af these tempera-
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Frause 7.  True sireas-sirarm eolues oblained with guenched ol

tempered ingat-fron specinens ihal were extended In twoo-slage

teadon tesde af room femperaiure and — F8° O

tures, snd ihe predominating effect of the stramn
?Eing resulted in greater total work hardening durijég

& prestraltung at room temperature than at —78%C,
Tha ductility retained by the specimens in the second
atage of tho teais was not affected appreciably by the
difference in the prior strain histories.

4.4. Hot-Rolled Inget iron

As the ductility of the hot-rolled ingot iron wee
congidernble, even at low tompersturcs (frecture
atrain of approximately 0.3 at —196° C), spacimens
were preatrained in tension at temperatures ranging
from —196% to 4+ 107 ! and then extended to frac-
ture at diffecont temperatures, The trie stress-
strain dats for these tests and the curves obtained in
siﬁ]e-sta testa at these temperatures are summar-
ized In fipure & Prestraining specimens spproxi-
matay to maximum load at —106°, —120°% or
—78% C had little specific effect on the duetility
retained in the second atage of the tests at room
termperature, The deformation under ductile condi-
tiona at room tompersture apparently removed BOY
rheotropic smbrittlement that may have occcurrsd
during the prestraining at low temperature.  As the
work hardening of a specimen of ingot iron during
deformation at —186° C ia mainly strain hardening,
and ss atrain hardening increases with decresse in
ternperature from —78° to —196° C, the data showing
equel work hardening of the hot-rolled ingot-iron
specimens during the presiraining ot —78° and
—~-198° C (fig. 8) indicate that atrain aging oceurred
to u considerable extent during the prostrain of the
Emimeﬂ at —78° (I, The work hardening during

o preatraining in tension at —120° C of a apecimen
approzimately to maximum load was the least for

18 sertex of tests and redulted in the prestest lower-
inﬁ of the points representing the irme stress-strain
values for the second atage of the tests from the curve
for the asinple-slage test at room Lemperature. The

atrain aging of hot-rolled ingot iron during deforma-
tion was very much less at —120° C than at —78° C.
However, as shown in figure 12 of a previous investi-
gation [10], strain aging occurs to an appreciable
axtent in specimens of hot-rolled ingot iron deformed
in tengion at —120° C and at —138° C.

Although the total work hardening (mainly strain
hardening) of & specimen during prestraining ap-
proximeately to maximom load at —186° (' wag sbout

ual to the total work hardening (etrain hardening
plus strain aging} of & specimen deformed to the same
strain at —78° C, the resulting rhectropic propertics
of these two specimens were different. The points
representing the true stress-strain velees for the
second-stage test at —78° C of the specimen pre-
gtrained ot —I198° O Eﬂdually rise above the rorre-
sponding portion of the curve for the specimen ex-
tended in the single-stage test st —78° C (Ag. 8).
These data indicate that the strein aging duriog the
deformation from meximur load to fracture of the
former specimen was much grester than that of the
latter specimen. As the fractura strains of the above
specimens were ahout equal, the deformation duering
tEe second-stage test nt —78° C spparently removed
moat of the low-temperature embrittiement that had
occurred during the prestraining at —196°% C.

The specimen, of hot-rolled ingot iron that was pre-
ptreined in tension at room temperature to a small
gtrain of approximately 003, broke io the threads
duriog the second-s test at —196° C without any
appreciable plastic deformation of the specimen.
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The final value plotted in fgure & for this test does
not represent, the fracture stress and fracture strain
st —196° C of the prestrained metsl. Aa the yield
atress of this apecimen at —196° C was at least equal
to or greater then that reprosented by the fnal
pluttadg;alue, and as this peint lies approximataly on
the true siress-sirgin curve for the sinple-stage ten-
gion test on hot-rolled ingot iron at —198° O, the
prastreining of the specimen at room temperaturs,
apparently did not decreass the siress necessary for
continued deformation of the metel at —196° .

Specimens of hot-rolled ingot iron that were pre-
stralned in tension at room temsemtura pProxl-
mately to maximom load and then extended io
fractura at —78° —120% and —196° C, oxhibited
strain-aging effects similar to those described above
for the specimens prestrained at low temperatures,
However, g diffcrence wis observad 1t the effect of
the prestraining at room temperature on the ductility
retained at lower temperatures, and thie should be
pointed out, DPrestraining at room temperalilre
approximately to the maximum load improved the
ductility retained by the specimen at the lower tem-
peratore and the fraeture straing of the specimens
ih tho two-stage tests were greater than those of the
specimens feactured in the single-stage tests at the
same low temperatures (fig. 8). Thus, the rheo-
tropic embrittlement of the hot-relled ingot iren
during the second stage of thess teats aras reduced by
the preatraining under the more ductile conditions at
rooin temperature.

A specimen of hot-rolled ingot iron was Erﬁt:mined
in tensien at 100° {7 to a strain slﬁhﬂy eyond. the
maximum Joad and then extendesd to fractore at
—78° . The strain aging of this specimen during
the deformation at 100 was mch greater than
that of specimens deformed at room temperature,
and is indicated by the position of the trus siress-
etrain values in fipure 8 for the sccond =tege of the
test; the alavation of these points shova the eurve for
the sinple-atage test at —78° C i much greater than
that for the specimen prestramed at room tempera-
tore. The fracture strein of the specrimen prestrain-
o at 100 C was about equal to that of tha apacimen
extended to fractore in & gingle-stage test st —787 C.
However, it was considerably less than that of the
specimen prestrained at room temperature and ex-
tended to fracture at —78° C. The emhrittlement
of the apecimuen by the great ammount of etrain aging
during the deformation at 100° O apparently was
about equal to the rheotropic embrittlement during
the deformation of 4 specimen to the same strain in
the single-stage test at —78% C,

The true strees-strain data for hot-rolled ingot
iron specimenz (fip. 8) indicate that the strain hard-
ening is the predominating foctor affecting ths var-
tation of the total work hardening with temperature
at temperatures below —120° O, wheteas the strain
aging is the predominating factor affecting the total
work herdening at temperatures above —120°-(.

As described earlier, the ductility of specimons of
normalized ingot iron was much less at —75% C and
at lower temmperatures than at room temperature, and

restraining of & specimen &t room temperatire
P antl ﬂ-ml-llflg ved trhﬁuct.i]it. refained at ETS“ C.
ﬁfhe cﬁmt' ity of the mnnealad ingot iron specimens
was leas at —154° C and —196° C than at room
temperature. However, prestraimng specitnens of
snnegled ingot iron st room temperature reducad
the ductility retained at —15¢° C gnd —196° €.
Moreover, the ductility of apecimens of ngot iron
in the condition either = anoeslad, or az quenched
and tempered, waa about the same at —78° C as at
room temperature and prestraining specimens at
room temperaturn had little, if oy, offcct on the
ductility retained at —78% €. The effect of pre-
straining of ingot iron at room temperature on the
rheotropic embrittlement of the spocimens at lower
tamperatures apparently depends greatly wpon the
initial condition of the wron.

4.8, Caold-Dravwn Ingat [ron

The true strese-strain datn obtained in two-stage
tension testa with specimens of cold-drawn ingot ron
gre summarized in figure 9. These samples of the
originelly hot-rolled ingot iron had been eold-drawn
bg' the manufecturer ta 14- and 24-parcent reduction
of area, and were aged at room temperature for
several montha. Tha total work hardening doring
the prestraining in tension at room temperaturc to
a atrain of approximately 0.25 of & specimen of ingot
iron eold-deawn 1o 14 percent reduction of ares was
slightly zreater then that of a specimen deformed to
the rame strain at —78° C.  The total work harden-
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ing during the prestraining in tension to a stram
:)I:xsgnppmmmat.ely 0.25 at room tempereture and ai
—78% C of specimens of ingot iron cold-drawn to
24-prreent reduction of ares was approximately the
same 4= mmdicated by the coincidence of the true
giress-girain values for the second atsge of thesc
trats with the true stress-sbrain curves for the single-
stage teste. The degree of strein aging during the
deformaftion in tension of these speeimens of the
cold-drawn iron was mueh less than that of the hot-
rolled ingot-iron apecimenz doe to the prior astrain
aging thet had sccurred during the eold-drawing and
storage of the iron.

5. Suvmmary

A study was made to determine the effect of the
strain-temperature history of ingot iron on the true
stress-gtrain relationship for sperimenz extended in
tension at temperatores ranging from —196% to
+100° C. Specimens of annealed, normalized,
quenched nnd tempered, hot-rolled and cold-drawn
ingot. iron were extandad in tension to specified true-
strain values at a selected temperature and subse-
quently axtended to fracture at o different wggjm-
atme. The true stressstrain velues obtained in
these two-stage tests were compared with those
obiained in Emgllhe-e.t?e tension tests at the sarne
temperatures. ¢ deviation of the {rue stress-
strain curves for the second stage of these tension
testa with ingol iron Trom the true strese-strain curve
for m siogle-stage test st the same temperature gen-
erally increazes at a decreasing rate as the prestrain
of the specimen is inereased.

The amount of strain aping and the rheotropic
hrittlenes= of specimens of ingot iron vary with the
heat treatment and prestrain hiztory of the speci-
mens. ‘The rheotropic brittleness at —78° C or al
lower temperatures of normalized or hot-relled ingot
iron iz sensitive to and in part cureble by presirain
under ductile eonditions at higher temperatures; the
ductility retained by the specitnens In subsequent
extension in tension at low temperature is increased,
However, prostraining specimens of annesled ingot
iron in tension wunder ductile conditions at roorm
temperature decresges the ductility retained in sub-
grquent extension in tension at —154° or —196° O,

he work hardeming of ingot iron during deforma-
tion in tension at temperatures below —120° C is
mainly strain hardening, amd increases with lowering
of the testing temperature. As the tempersture is
increascd above —120° (, the influence of the strain
aging during the deformation in increasing the totol
work-hardening rate becomes the preduminatlnﬁa
Factor, and the rete of work hardening wcreases wit
incrense in testing temperature, The data obtained
on the tension specimena of hot-rolled ingot iron
indicate that the part of the total work hardening
due solely to the etrain sging during the deformation

to maximum load is considerable at temperatures
azlowas —73° . Evenat —78°C the work harden-
ing due te the strain aging iz approximately equal ta
the increase in strain hardening that oceurs as the
teating temperatuere is lowered from —78° to —1068°C,
At +100° C, the megnitude nf tha strein aging i3
akleast rqual (o0 or greater than the sirain hardening:.,

The data presented in this paper, together wit
those yeported previously 110], show that the strain

ing of ingot iron s & very important factor affecting
the true stressstrgin relationship at temperatures
g2 low as —130° C.  Sirein aging spparently ocours
i solne extent at temprratures a3 low ag —154° O,
Theze datn ara contrary to the generally prevailing
belief that the strain aping of ingot iron is insip-
nificant at sub-sero temperatures.

The auithors are indebied Lo . E. Johnson and
J. D. Grimslev for assistence in thiz investigation.
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