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Object»    To determine the variation of critical shear and nor- 
mal stresses of alpha iron alloyed with 0-3.?■% Ni at tempera- 
tures ranging from -1G0°C to + lbo°C. 

Summary;    Equipment and processes used in the experimental pro- 
gram concerned with production of ths si.r.gle-crystal specimen 
required for the analysis of critical stresses is described. 

Conclusiont    Single-crystal specimens were obtained for pure 
iron.    Nickel alleys did not respond to struin-ann?al treatment 
for single-crystal growing. 
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INTRODUCTION 

The explanation of the mechanical behavior of metals at low temper- 

atures presents a perplexing probier at present. In particular the loss of 

ductilityjor "transition? which is found to occur in metals that are not 

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

case of body-centored-cubic ferritic steel, the brittle transition impose» 

a serious limitation on the application of plain-carbon steel for low-temp- 

erature service. Although the factors influencing this behavior arc many, 

it has been reported'^ that nickel in ferritic steel lowers the temperature 

at which the tran sition occur?, as well as raising the overall impact re- 

sistance of the stool. Increasing the nickel content from 0 to U%  by weight 

not only increased the inpact strength at 0°C and about -50rC tut the low- 

tempera ture values increased at a faster rite and, f^r the upper limit of 

nickel alloying, approached ths room-tcnperaturo values. For the alley con- 

taining U% Ni no loss in impact strength was observed at -46°C, This mark- 

ed effect of nickel (~n the mechanical behavior of ferritic stc^l warranted 

further investigation rf tb basic nature of the duf' rmaMn processes in 

iron-nickel alloys. 

A iefrrmati n study ->f i r-n-nick -1 alleys f r rcl"ti"> H 1 i r, twin ■ 

ring and cleavage ~ -ch '.nisms should provide the means f evaluating the r lo 

of nickel in the plrst'c ;r'-css--s in ir-n. The ductility --f a metal is 

measured by the am-mnt •' ■l-.atic deformation (which at 1 w temperatures 

is a r suit f sli; aad/.- " twinninr) that the metal can undergo before it 

fractures. Tr.j amount f jlistic fl w possible is g ■vernei in {art by the 

critical res- lvr>d stresses which "re required to cause shear and cleavi.je. 

Ä qunlitati/ü representation of the rolati. n of critical shear "n1 cleav- 

age stresses and the effect of temperature on them »trusses is -iven in 

-1-     Engineering Research Division, New York University 
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Fig, 1. When the shear stress is loss than the cleavage stress, as is the 

case at high temperature, plastic flow, which is accompanied by strain 

hardening, results. As shewn in the illustration, the critical shear stress 

and critical cleavage stress both increase with decreasing temperature, the 

shear stress increasing at a faster rate. The intersection of these two 

curves would be equivalent to the "transition" print, for at this temper- 

ature and temperatures below it, fracture would occur without any plastic 

deformation. 

The discussion presented in the preceding paragraph is very much 

idealized. Such factors as orientation, rate of loading, and triaxiality 

cf stress were neglected. However, a careful study of single crystals in 

which these factors are controlled can yield data which will approach the 

ideal condition. A study of the type undertaken would show whether or 

not the effect of nickel on the impact resistance was a function of the 

normal deformation processes. 

Since ther:- are many factors involved in the brittle fracture of 

metals, the experimental program was designed to el linatc or carefully 

control those variables which may affect accurate measurement , f the in- 

itial stress variation with nick .1 content, F~r this reason, hi ;h-;u-ity 

iron and nickel wer.- used; the stressing ur.it war designed to eliminate 

triaxiality and bonding luo tc eccentric Ira ling; and thj loading rate was 

controlled so as to preach static loading. 

In outline, the stops in the experiment al ; r< gram are (a) produc- 

tion of suitable single crystals cf ir-n-nic'col alloys c ntaining UJ to 

3.55011 (b) stressing of these crystals in c-ntr-llod tenp-raturo baths 

until slir, twinnin;, and cleavage are observed; (c) correcting '^h< loads 

at which defomati-n occurred for orientation relnti^nshirs cf thd crystals 
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to obtain the resolved stresses; (d) evaluation of the data obtained to de- 

termine the effect of nickel. 

I. EXPERIMENTAL PROCEDURE 

The experimental program was subdivided into two parts: (A) the pre- 

paration of suitable single crystals, and (B) the evaluation of the crit- 

ical stresses at test temperatures. During the past year vork was centered 

on Part A. Fart R could not be carried out until specimens were available. 

A. Preparation of Single—Crysta1 Specimens: 

1. Materials: 

High-purity iron and nickol were used for the alloy specimens in or- 

der to minimize the effects of impurities. Particular care was taken to 

obtain iron with a minimum of oxygen and carbon rünce it has been reported^»-*' 

that small amounts of those two elements cause marked reductions in the im- 

pact strength of iron at low temperatures. Brick's dnta/^' however, does not 

confirm this effect for carbon in high-purity alloys. Table I c-ntains a 

statement of purity of the iron and r/~kel used and the source from which 

the metals were obtained. The purity of the as-received ircn was censid^ •- 

ed high enough to permit its use without additional purification. 

2. Melting: 

Alloys wore melted in a cold-electrrdo furnace of th<< type ured far 

titanium melting.    The design .and operation of these furnace bar. "Deer, re- 

ported on in detail!^>    Ingots were prepared in the form of flat slats as 

shown in Fig. 2. 

Hardness measurements were used as a ccntrcl guide for contnmina- 

tion during melting.    No significant increases in hardness uere vbserved. 
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The alloy slabs were spot checked for uniformity of nickel content by chem- 

ical analysis of samples taken from various points «long the Length cf the 

slab. In general they were reasonably homogeneous. 

3. Forming: 

The arc-molten" slabs were formed into two shapes suitable for ten- 

sion testing: a reduced-section, rrund specimen and a tapered, flat spec- 

imen. Figures 3 nni h  illustrate the two types. The round cross-section 

specimen was obtain*.; by c^ld forging the flat slab to a cress-section 

about 1/2 inch square and then turning it down on a lathe. Flat specimens 

were prepared by coll rolling the slab to a .275In.flat and then milling it 

to shape. 

After machining to final shape, the specimens were annealed to re- 

move any induced strains. 

A. Crystal growing: 

A survey of methods used for single-crystal production was made. Of 

the methods available, crystallization from the melt and high-temperature 

grain grouth ceul^ not be c< nveniently used because of the transformations 

which take {lace on cooling to room temperature. Strain-annealing, which 

had been previously used with some success^' for graving ir~n single cry- 

stals was selected. Cycling about the transf- rmation temperature was con- 

sidered as a supplementary techniaue. 

Essentially, the strain-anneal method ensists 'f Trr-'.ucinrr a crit- 

ical amount of plastic strain in the samjle, controlled hcatin." at a rel- 

atively slow rate to a tempor-ture above the retrystallization rnn:e, and 

annealing at that temperature for the ncccrsary tine interval. The strain 

required, hc*tin* rates reouired, and other factors, as well as results ob- 

tained, are discussed in the following secti. n under Pat' and Dir.oussion. 
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The critical strain was usually obtained by pulling the specimen 

in a tensile tester, A photograph cf the unit as set up for this test is 

shown in Pig. 5. The chain assenvly is used to minimize eccentric load- 

ing and twisting during application of the load, The critical strain was 

measured by the percentage cf reduction in area. In some experiments the 

strain was induced by bending or compression hit the results obtained were 

not satisfactory. 

To prevent oxidation, the strained specimens wsre sealed in argon- 

filled quartz capsules prior to annealing. Annealing was carried cut in 

nichrome-wcund tuve furnaces built with a six-inch constint-temperature 

heating zone. Controlled heating was obtained by means cf a dial-type en- 

off controller, the dial veing rotated with a reduced gear motor drive so 

that heating rates of the order of 50CC per day were obtained. 

Standari etchin~ techniques were used to reveal the grain structure 

after the treatment was crmpleted. 

B. Evaluati-n cf Critical Stresses at Test Temreratures: 

The chamber shown in Fig. 7 was designed and built fcr the pur; oso 

of prcviiing C'-nstint-tem- :rature baths during testing. It was anticip- 

ated thnt the critical stresses would be determined it sevornl \ ~ints be- 

tween 100rC an! -1B0°C. This charH-r ir, assembled on the tensile unit as 

«shown in Fig. 6. The li<-ht and microscope verts ir-' included so that the 

onset cf slir can '<s ."bserv<.>' and nls^ to v»?rn?t mcticn-5 ictnr■: rjc-r'.ing 

of the progress of slip an-', fracture. 

The stress value recrrde1 ' y visunl cVr.ervatirn is resolved into 

components using the two-surface moth ' of ."nnlysis to c'eteriino the cry- 

stalloprrnphic Hrectirn of slir. The rientntion of the crystal is .'.eter- 

mined by Laue analysis. 
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II. DATA AND DISCUSSION 

The experimental method used for growing single crystals of iron- 

nickel alloys was based en that used by Stcne ^>  for pure iron. His tech- 

nique consisted of straining 3.5-3,3$ (reduction in area produced by tens- 

ion) , heating from 450°C to 900CC at a rate of 50CC per day and holding at 

900°C for 100 hours, followed by furnace cooling. The reported success 

was 30$. It was necessary to modify this procedure to compensate for fac- 

tors introduced by the nature of the present investigation. 

Table II is a summary of the pertinent data obtained for the single- 

crystal-growing experiments. As indicated, single crystals were obtained 

for pure iron only. 

In general the prrbaVility of success of the strain-anneal method is 

increased if the starting grain size is small (ASTM*6 or smaller is desir- 

ed), the critical strain is a miniraum, and the annealing temperature is 

close to the molting print cf the alloy. The physical nature of the alloys 

used for this investigation limited the likelihood of attaining these op- 

timum conditions. 

The grain size prior to strainin;; cul not be kept snail, partic- 

ularly in pure irrn. Alsr, tho (»rain size could not Kc re-r'ily controlled. 

The ps-cast grain size in the in-ot was generally rrenter than ASTM #1. The 

inr^ts were cold re Hod an! annealed for grain refinement, but a maximum of 

only 20t reduction in area was p-. ssiM-j before the s;eci-en recax: too thin 

to >« used. This 20* reduction was tc-o  srr.il to produce grai.j nz-iS much 

smaller than ASTM *2 in pure iron a:»-. ASTM %■ 5 'n alLys. .terlt! cycling 

ab-.uc the transformation tenj-^raturo vas. n  ' *- refine tho - J.i c.^ze, but 

th- results were inconsistent and unacceptable . The difficulty in chtain- 
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ing fine-grain specimens may be attributed tn the high purity of the iron 

since grain growth takos place vary ra; i Uy in pure Totals, 

Since control of starting grain size was not feasible without add- 

itional processing, it was decided to continue with large-groin specimens. 

These specimens were found tc require higher critical strains for recry- 

stnllization, A program for determining the variation cf critical strain 

with grain size was carried cut. Experiments in which strain was induced 

by bending, compression and tension were carried out but significant data 

were obtained only for the tension experiments. The results obtained from 

bending and compression experiments indicated that the induced strain was 

not unifcrm and the results could not be properly interpreted. The first 

successful results were obtained in a series cf pure iron specimens (lies. 

£7, 48, 49, 50) where single crystals were grown with 3.35 tc 5.56% strain 

and starting grsin size greater than ASTM #1 with a heating cycle of 50CC 

per day from 450°C to S90CC. Increasing the nickel content also re suite', 

in an increase in the. require'1 critical strain. To determine the critic- 

al strain Approximately, long tapered specimens were prepared so that en 

straining, the induced strain w-ul 1 vary alcng the length, "r 3.5£ 'M, 

recrystallization recurred at nh-ut 14^ strain. FT 1% Ni, recrystalliza- 

ticn occurrei at about 101 strain and for an ellry containing 2t Ni the 

critical strnin was f < un ' tc  be a> a>t 11$. The high vlu-s -f critical 

strain dr nrt seem t- >e a 'var.ta go us f < r single-crystal mowing. In HI- 

iticn to r"isin.' tho critic! ?tr*in, the ad.iiti n cf nickel txlr.c  levers 

the annealing temperature. Th- uj-.-r limit f ar.nealing torn; eratures is 

the traa.afr-.ati.-r zene for ircn-nickol albga. TV tr-nrf r-ati n prc- 

c-33 results in a r.-cryetailizati n 5> th"* t^c r^rain-ann.a1 ir. • t»\. ntrwnt 

for sin ;le cryft-ils canr«. t cress >ver into ta aurt.nsitc region. Firure 8 
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is a reproduction of the iron-nickel phase diagram in the region of int- 

erest. As shown, the slope of the A3 line is quite pronounced, 30. that 

for 3«5$Ni the maximum annealing temperature available is <nly 600nC, 

To overcome this difficulty several attempts were made to produce 

single crystals of hifh-nickel alleys by prolonged heatin^, alternately 

above and below the transformation range, but with little success. 

The series of flat specimens, Fig, 3, did not [rove as useful as 

had been hoped since the strain pattern produced was not uniform. The flat 

surface in contcct with the grips had absorbed higher strain, and recrystal- 

lization was found to occur on the surface but net in toward the central 

portion. Round specimens >Tive uniform stress distributions but require 1 

machining time. 

The lack of suitable sin~le-crystal specimens has hell up the work 

on lew-tcmreralure measurements, 

III. SUMMARY 

The experimental rrorram aimer* at producing single crystals fcr the 

study f-f tho critic"! stresses has met with r-rtial succo.aa.    Sin^lv cry- 

stals vero   ^btain^'  f' r ;ure  ir-n,   1 «ut the a ''itlon    f nick 1  adversely af- 

fects tho factors fr.v rir- a ]  w nuel^aticn rat ■ and r.  i '   Tain ,~rewth. 

The aidition of nickel t-  ir-n causes -in increase  in the critical 

strain required f r rocryst-lllzation an-' in n'ilti n,  1 wers the tern-ma- 

ture availa'T; f~r annealinr. 

-8- 

Engineering Research Division, New York University 

  



^^■tP^^WI 

IP^P 

REFERENCES 

(1) Teed, P. L, "Properties of Metallic Materials 
at Low Temperatures," Vol.1, John 
V/iley & Sons, New York (1950), 
pp. 118-124. 

(2) Allen, N. P, "decent European Work on the Mech- 
anical Prr orties of Metals at Low 
Temperatures," in National Bureau 
of Standards  Circular 520, May 7, 
1952, p. 23. 

(3) Austin, J. P. "Manufacture of Steels fcr Low-Tem- 
perature Service," ibid-, pp.£1-42, 

U) Smith, R. L , ^oore, 
G. A., and Brick, R, M 

"Mechanical Properties of Hiph Pur- 
ity Ir^n-Carbcn Allrys at Low Tem- 
peratures," iMd., pf. 153-179. 

(5) Cndnff, I. and 
Palty, A, R, 

"Binary Alloys cf Titanium with Car- 
Vn, Fitrnjren, Oxygen an-' Bcrcn," 
Final Report on Contract No. DA- 
30-069-ORD-7''-, Now York University 
tr Wrtortrwn Ars. rial Laboratory, 
0ct,v;r 31, 1952. 

(6) Strne, F, G. "Pro'ucticn f 'r.rrite Single Cry- 
stals," Technical N«-te N-.3, Metals 
Tochr.(l,-y, June 19^8. 

-9- 

Engineering ReseorCh Division, New York University 



^®mrnm*mmmmmimmmmgmmm mmm ^mtmmmmm 

NOTE: -This   form is   to be  executed  to show  proposed d istr ibut ion, and  forwarded in  tr ipj ici 

Chief of Ordnance   for   priuj     'oprovil  of  ill d istr ibut ions .     Proposed distr ibut ion  tc 

or   individu* Is whose  offui       interest   in  (he report    is   not  obvious must  be  justifi 

plnnatory statements  on   the   ^ ck of  this   form. 

BINDING AREA                                                  FORM  HO.   0RDBE-342L.   (Rev.)   2   Sept.   19U7 

1 

*e   to the 

T(J*nc ies 

ed by e.r - 

BINDING ARM 

COPIES                     , 
PBFPARFD                    4- 

MATERTOWN   ARSENAL 

TFr.HMir.AI    RFPflRT  D ISTR IRIIT ION 

EXTRA   C 

REMAIN! 

OPIES 

or DfWT   »in.                 J J*l "- -k N.Y.IT.     DA... 1060 
•   Final   ;<pt. 

TO: 

u. to 
O  LU 

. a 
o o 

O   -1 

o 

< a. 
o < 

UJ      >- 
I-      x 
<     UJ 
o   v> TO: 

U. CO 
O UJ 

* cT 
o o 

Si o   > o 

« a. 
o   < 

u-i    >- 

WATERTOHN ARSENAL-ORDBE OTHER: 
liberator vjf lie 1 
AvrtkMPi         '   Beeuwkes 1 u? 

OFFICE.  CHIEF OF ORDNANCE 
ORDIR-Artlllery 
ORDIM-Amnunltlon 
ORDIT-AUtomtftlV6 
0RDIS-6mftll Arms 
ORDTB-Res .  & Materials 

ORDTM-Amunltlon Dev. * 

ORDTR-Artlllery Dev. 
ORDTS-Small Arms Dev. - J'  '[         M         _^ 

OPDTT-TanK Automotive .  :' -tflmV 
QRDW-ROCMt Dev. 'W'   TfL^Ti 
ORDTX-Executlve |                                                                   ,JL      < 
ORDTX-AR - Executive  Library 1 'i '"'      wfci*. 

OROKANCE DEPARTMENT AGENCIES ■ V v 

ORDBA-Franttfom Arsenal 
ORDBB-Plcatlrmy Arsenal 
ORDBC-Rock Island Arsenal "%&             * 
f*n*!)-Sprlngriel<l Armory 
ORDBF-üatervllet Arsenal 
JKJBQ-ibtrdMn Prov.  around 
ORüJR-Rarltan Arsenal 
ORDKX-Detrolt Arsenal 

jrrt-s   KTAII        ,tr 

<   LJ-in:in;..:'(:•*>'                  i 

j   .:■-. .* i r ::■ <' 1 MI 

■ 

Ky                         _  
i  ST14lPlNil1W7                     1 

APPROVING AUTHORITY:                                                                              . ,                                             ] 
Ltr.:                                                                                                                                                        j 
D«tc:                                                                                          1    TV                                     1 
Fro.:                                                                                                               [X                                           \ 

1   ■   '               i                - i 
UNANNllllNlitD 



fTTTTTirilll III  llliTmiJWIIWirirw ..inwnipinwiiiji, iiin^mpmiii ~— .-UJWUHHIWUÜHJP, 

Table I 

Table II 

Fig. 1. 

Fig. 2 

Fig. 3 

Flg. h 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Contract No. DA-30-O69-OKD-1C60 

Final Report 

LIST or TABLES AND ILLUSTRATIONS 

Analysis of Materials Used to Prepare Ingots. 

Summary of Experimental Data. 

Qualitative Representation of Critical Stresses Versus 
Temperature. 

Ingot Produced by Arc Melting. 

Scale Drawing and Photograph of Round Tensile Specimen. 

Scale TYavrinft and Phulograrh cf Flr.t Te-uoile Specimen. 

Pound specimen 1'ounted in Tensile Machine Prior to Critical 
Straining. 

Loiv-Tempcrature Tensile-Test Appara*us. 

Schematic Diagram of Low-Temperature Tensila-Test Apparatus. 

Iron-Nickel Fhase Diagram. 
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