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NORMAL STPESSES FOR ALPHA IRON™
Final Report

Object: To determine the variation of eritical shear and nor-
ral stresses of alpha iron alloyed with 0=3,%, Ni at tempera-
tures ranging from -100°C to +100°C,

Summarv: Equipment and mrocesses used in the experimental pro-
gram concerned with production of th: single-crystal specimen
required for the anal;'sis of critical siresses is descrited,

Conclusions Single-crystal specimens were obtained for pure
Iron. Nickel allcys did not respond to strain-anneal treatrent
for single-crystal growinge
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INTRODUCTION
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The explanation of the mechanical behavior of metals at low temper-

atures presents a perplexing problem at present, In particular the loss of

ductility,or "transition! which is found to occcur in metals that are not

face-centered cubic has become the subject of extensive research. In the

case of body-centered-cubic ferritic steel, the brittle transition imposes
a serious limitation on the application of plain-carbon steel for low-temp-
erature service. Although thc factors influencing this behavier are many,
it has been rcported(l) that nickel in ferritic steel leowers the temperature
at which thetransition occurs, as well as raising the cverall impact re-

sistance of the steecl. Increasing the nickel ccntent frem O to 4% by weight

il i S

not only increased the inpact strempth at 0°C and about -50°C tut the low-
temperaturc values incroased at a Zaster rate and, for the upper limit of
nickel alleying, arvrenchod th: roometomperature velues.  Fer the alley con-
taining 4% Ni no less in impnct strensth wan chserved at -4G°C. This mark-
ed effect of nickel cn the mechhnienl tehavier of ferritic ste~l warranted
further investicnti-n ~f t+ tasic nature ~f the defermation Jrocessos in
iren-nickel alleys,

A defermati nostuedy ~f dironenick:1 alleoys £ r orel-tive 2lir, tuin
mng and cleavage = chinisws sheuld provide the mewns of cvalunting the role
of nickel in the jlest'c (ro~csses in iron, The ductility ~f a metal is
measured by the amsunt -€ :1-seie dofer=aticn (which 2t 1 @ temperstures
is « rosult ~f s1i; <3/ tueinnine)  that the metel can unlerge hefure it
fractures. Th: am-unt o f jlustic fl-w pessible is g verned in part by the
eritic~l resclved stresses wnich nre requlred te cnuse shenr and cleavae,
A qualitative representaticn of the relatin of criticnl shear »nl cleave

age stresses ond the offect of temperature on these strosses ic siven in

~1-  Engineering Research Division, New York University




Fig. 1. When the shear stress is less than the cleavage stress, as is the
case at high temperaiure, plastic flew, which is accompanied by strain
hardening, results. As shcwn in the illustration, the critieal shear stress
and criticsl cleavage stress beth increase with decreasing temperature, the
shear stress increasing at a faster rate. The intersecticn of these two
curves would be equivalent to the "transition" peint, for at this temper-
ature and temperatures below it, fracture weuld occur without any plastic
deformaticn,

The discussicn prezented in the preceding paragrarh is very much
idealized. Such factcrs as crientati~n, rete cf loading, and triaxiality
of stress were neglected, Hewever, a careful study of single crystals in
which these factcrs are contrclled can yield data which will arproach the
ideal conditirn. A study of the type uniertaken wculd show whether cr
not the effect of nickel an the imract resistance was a function of the
ncrmal deformation processes,

Since ther: are many facters invrlved in th~ brittle fracture of
metals, thc experimantal proaram was desigred to =1 »inate or carefully
contrcl those variablas which may affect ~ccurnte measurement of the in-
itial stress veristicn with nick.l centent, F-ir this reascn, hish-ju-ity
iron and nickel wer: uscd; the strossing urit wac designed te eliminate
triaxinlity and bending tue to eccealric leading; and tho leading rate was

contrclled se as te nyiroack statie leoading.

"

e 1 4+ 3 mas rynl - ¢ ¢ ~
taors in the exrerimental jrogran are (a) prreduc-

In cutlin:, the
ticn of suitable sinele crystals cf ircn-nic'el alleys ¢ ntaining vy to
3.5fN1 (b) stressinc of these crystnls in contr-1led temporaturc baths
until slir, twinnin’, and cleavage are cbhserveds (¢) corroeting the loads
at which deformati-n cccurred for crientaticn relaticashifs cf the crystals

-2-
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to obtain the resolved stresses; (d) evaluation of the data obtained to de-

termine the effect of nickel.

I. EXPERIMEMTAL FROCEDURE

The experimental progrem was subdivided into two parts: (&) the pre-
paration of suitable single crystals, and (B) the evaluation of the crit-
jcal stresses at test temperatures. During the past year work was centered

on Part A. Part B could not be carried out until specimens wzre nvailable.

A. Preparation of Single~Crystsl Specimens:

1. Marterials:

High-purity iron and nick:1 were uscd fer the alloy specimens in or-
der to minimize the effects of impuritiecs, Particular cnre was taken to
obtain iron with a minimum of oxygen and carben since it has been reported(2:3)
that small amounts of these two elements cause marked reductions in the im-
pact strength of iron at lcw temperaturcs, Brick's dnta}A) hewever, does not
confirm this effect for carbon in high-purity alloys. Trble I c~ntrins a
statement of purity of the iron and n’~kel us~d and the sourccs from which
the metals were obtained. The purity of the ns-recoived ircn wes consids -
ed high enough to permit its use withcut additional purificaticn.

2. Melting:

Alloys were melted in a cold-electrede furnace of the type usod for
titanium melting, The design and operatien of these furnaces has been ro-
ported on in datai1f5) Ingots ware prepared in the form of flat slats as
shown in Fig. 2.

Hardness measurements were used as 2 centrel guide foir contaminne

tion during melting. Nc¢ sienificont incroases in hardness were cbserved,

-
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The alloy slebs were spot checked for uniformity of nickel ccntent by chem-
ical analysis of samples taken from varicus peints 2long the length cf the
slab, In general they were rerscnakly homcgeneous.

3, Forming:

The arc-mclted slabs were formed intotwo shares suitable for ten-
sion testing: a reduced-secticn, rcund specirmen and a tapered, flat spec-
imen, Figures 3 an? 4 illustrate the twc tyres. The rcund cress-section
specimen was chta_n~i bty c~1d ferging the flat slab to a creoss-section
about 1/2 inch square ani then turnins it down on a lathe, Flat specimens
were prepared ty ccld reliing the slab to a 279n.f1at and then milling it
tc shape,

After machining to final share, the specimens were annealed to re-
nove any induced strains.

L. Crystal crevine:

A survey of methrds usei for single-crystal producticn was made. of
the methods availatle, crystallization frem the melt and hizh-temjerature
grain growth cculd not te c nveniently used “ecruse nf the transformations
which take jlace on cecolins te roem temperature. Strnin-annenlinz, which
had hteen previcusly used with scme succcss(éx fcr revine iren sincle ery-
stals was selccted. Cycling arout the transformation temjcrature was con-
sidered as a supplementnry technioue.

Esscntially, the strain-anneal methed crnsists f srctucing a erit-
ical nmcunt of plastic strain in the samjle, c~ntrclla? hoatines at o rel-
atively slow rate to a temyercture nheve the rearystallization rance, and
anncaling at that temperature for the nccessary time interval, The strain
reduired, heating rates reouired, and other Tactors, ns woll as results che

tained, are discussed in the fcllowing sectlin under Nat: anl NDizcussien.

-L-
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The critical strain was usually cbtained by pulling the specimen

i

in a tensile tester, A thotegrarh cf the unit as set ur fcr this test is
1

shown in Fig, 5. The chain assenm*ly is used to minimize eccentric load-

ing and twisting Aduring aprlicaticn of the load, The critical strain was |
q

measured hy the percentage of reductien in area. In snme experiments the

strain was induced by “ending c¢r cecnypressicn hut the results obtained were

’ not SﬂtiSf&CtOFy,
To rrevent oxidation the straineil srecimens were sealed in argon-
. b4 «

filled quartz capsules rriecr te anncaling. Annealing was carried cut in i

nichreme-wrun? ture furnaces tuilt with a six-inch constant-temperature

heating zone. Centrclled henting w=s obtained by means of a dizl-type cn-

off contreller, the dial “eing rotated with a reduced gear moter drive so

5 that heating rates ~f the order of 50CC per day werc chtained,
|

Standari etchin~ technigues were used to reveal the grain structure

after the treatment was cempleted,

B. FEvaluati~n cf Critical Stresses at Test Temreratures:

T SR R S

The chamter shown in Fir. 7 wes designed and tuilt fer the pur;cse

of rrovidiing ernstant-tem' srature baths during testing. It was anticip-

EREE AN

ated that the critienl stresses woul? Yo leterrined at several j-ints ve-

twe:n 100°C an! -120°C. This charter is assewtled on the tensile unit as

shown in Fig. 6. The li~ht an?! miersscepe yeorts are ineluletl s~ that the
onset cf slir can ‘e ~toerve?! and 2ls~ te pernmit metion-jicturs reecrling
of the [rcgress of sliy an? frecture. |
The stress value reeerde? 'y visual clservaticn is res-lvel inte
cemperents usine the twe-surface moth ! of analysis tc determine the ery-

stalloprathic lirecticn of sliy. The crientaticn of the crystnl is leter-

e

mined by laue analysis,

=5

Engineering Research Divisian, New York Unwersily




h II. DATA AND DISCUSSION

The experimental method used for growing single crystals of iron-

nickel alloys was based cn that uscd by Stcne (6) for pure ircn. His tech-

nique consisted cof straining 3.5-3.3% (reduction in area preduced ly tens-
icn), heating from 450°C to 900°C at a rate of 50°C rer day and holding at
900°C for 100 hours, fcllcwed by furnmace cecling. The rerorted success
was 30%. It was necessary to modify this procedure to compensate for fac-
tors introduced by the nature of the rresent investisation,

Table II is a summary of tte portinent data cbtained for the single-
crystal-growing exreriments. As indicsted, sinsle crystals were obtrined
for pure ircn only,

in general the prchatility of success cf the strain-anneal methed 18
increased ir the starting rrain size is small (ASTM#6 cr smaller is desir-
ed), the critical strain is a miniwm, anl} the annealing temperature is
close to the meltins jcint of the alley. The rhysical nature of the alleys
used for this investircticn limited the likelikor~? of attaining these cr-
timum c~nditions.

The arain size pricr to strainin; crul n-t be kert small, [artic-
ularly in puse ircn. Alsc, the grain size could not be resiily centroiled.
The ss-cast grain size in *hre incot was gencrally srester than ASTM #1. The
ineots were cold rclled an! anncaled for rcrain refinement, tut a naximun of
only 20% r-iluction in arca was j.ssible Yefrre the sjeci~en teeam: too thin
to be usel, This 204 re’ucticn wns tee emnil te jroduce orain 5rzes much
smallur than ASTM #2 in pure ircen anl ASTY “4-3 “n alleys. Anrid cveling
ab~u: the transformaticn tem;orature vas n .0 ¢~ vcfine the = 40 <ize, hut

th. results were inconsistent an? unzcceptahlc. The difficulty in cttain-

-6-
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ing fine-grain specimens may be attriite? tn the high rurity of the ircn
since grain growth takes placc very ra,illy in pure metals,

Since contrel of starting grain size wes neot feasible without add-
itional prrcessine, it wes decided to centinue with large-grain srecimens.
These specimens were foun! tc reguire higher eritical strains fer recry-
stallization. A program for determining the variaticn of critical strain
with grain size was carried cut, Experiments in which strain wes induced
bty tending, cempression and tonsicn were carried cut but significant data
were obtained enly for the tension exyeriments, The results cbtaned from
bending nnd compressicn exveriments indicrted that tre induccd stroin was
not unifcrm ~nAd the rosults could not be projerly interpreted.  The first
successful results wers obtained in a serins ~f pure iren specimens (Hces.
47, 48, 49, 50) wher: single crystals were grewn with 3.85 tc 5.56% strain
and starting praein size sreater than ASTM #1 vith o heating cycle of 50°C
rer 4day frem £50°C to 830°C. Ineronsing tho rickel cortent alse resulted
in an incressc in the require? critienl strain, Te determine the critic-
al strain arrroximately, lens tayercd syecimens were jreraret so that cn
straining, the induzed strain woull vary aleng the lenith, Tor 3 5% PG
recrystallization cccurrcd at abrut 4% strain, F-r 1% Ni, recrystnlliza-
ticn cccurrci at strut 107 strein «n? fer on elley ecntalnine 2% Ni the
criticnl strain wns foun® to te oY mt 11%, The hick vilncs ~f critieal
strain dc not seen t- to n'vantaeous for single-crystel crowine, In e ll-
fticn t~ roising the eriticel strein, the atliti n of nickel nlac lowers
the arncaling tearerature. The uproer linit ~f anpecling temieratures is
the transf-r=ati-r zcne for ircn-rniskel allers,  The trensformation pre-
c~33 results in ~ roercatailizetion se tho* the streineanpen’in: trontment

f~r gin:le erystals canrot cress cver inte tn sustiasite reiien, Fpure g

-7
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is a reprcfuction of the iron-nickel rhase diarram in the region of int-

E erest. As shown, the slere of the A3 line is quite yreoncunced, so that

RCTTI

for 3.5 the maximum annealins temperature available is only 600°C.,

Tr overccma +this difficulty several attompts were made to produce
sinrle erystals of hirh-nizkel allcys by rrclonged heatine, alternately
above and below the transformaticn range, ‘ut with little success,

: The series of flat syecimens, Fiz. 3, did net prove as uscful as

had been heped since ihe strain pattern yroduced was nct uniform, The flat
surface in cernirct with the srips had avscrbed hivher strein, and recrystal-
; lization was found to recur on the surface tut nct in tcwsard the central

;

%

rortirn. Reun? specimens wive uniform stress !istriluticns hut require »

machinin:: time,

The lack of suita'lz sin~le-crystal syecimens hns hel? up the work

on low=temrerature mensuremants,

IIT. SUALRY

D e

The exrerimantal yreoepam aime? at rreducine sincle erystels for the
study of th2 critic~) stresses has met with ;-r-tinl success. Sincle ery-
stals were ortaing” - r jure irn, bot the 2''itien ~f pick:l ~lversely af-
feets tho facters fov rirs e Yow nucl-nticn rat: 2n’ ro 1’ rain srowth,

The additicn ~f nic%el ¢t ircn seuses on incronge in the eritic~l
strain rcenire? € r reervet-llization and in 2 118tin, 1 wers the ter irn-

ture nvail~*le f-r annenlinr.

-8~
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Fige 3

Scale Drawing and Photogra

s oof

Round Tensile Specimen.
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