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" LOW-TEMPERATURE TOUGHNESS OF BCC Fe-Ni-Ti ALLOYS

|
1

' Go Sasaki
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California

ABSTRACT

The microst;uctﬁral and kinetic factors coﬁtrblling low-temperature
toughness such as recystallization, substructure, grain siée, precipita-
. tion hardening, austenite formétion and retained'auéfeﬁite were
systématicaily ipvestigated on inters;itial-frée BCC Fe-Ni-Ti alloys.
Among these factors, the grain size was found to Ee_most influential.
The enhancement of low—temperaturé.toughness by cbntrdlling these
microstructural factors was 5ucces§fully accomplishéd. As a reésult,

a new cryogenic alloy with the extréordipary‘cd@bination of strength'
ahd toughness was déyeloped. The Fe-12Ni-0.5Ti alloy has a yield
stress of ~ 209 ksi and a V—notch impact energ?_df ~ 100 ft-1bs at
- 267°C (6°K). ‘Up to this daté, no comparable régults have been reported.
The effect of the grain size on fhe;ductiléfbrittie tfansition
tempe?ature,'T;, was also investigated. There e#ists a shift from a
low grain siie depéndencé oﬁ TC to é'high‘grain.éize dependence at
grain éizé ~ 5U.  When the grain size is_reduced¥td less than 3u, the
ductile-brittle transition is suppressed to‘a lower temperature and
does noﬁ appear evenvat temperatures véry close‘t;}ébsblute zéro.
v Hénce, haging the:bcc structure ih iron alldys'is a necesSary condition

for the presence of the transition, but not a sufficient one.
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I. INTRODUCTION

,

Is the brittle behavior.of bce iron alloys inevitable and

unavoidablé? This is a question that engineers and scientists have

‘asked themselves since the discovery that iron.can exist in two

different crystél structures. iBrittle‘failures éoﬁtiﬂue to occur
iﬁ oilvtéﬁkers, airplanes, pipelines, etc. wi;h §i§rming frequéncy. ?
This stud& will énéwer the‘long—pehding, difficﬁltvquestibn: .cgnlbcc
iron be ﬁaaé to behavé in a ductile manner at-éfjogenic.temperatures.
Lef‘us cdmpére the mechanical properties aSéopiated with the |

two most common crystal structures, fcc and bcec. It is now well

established that the stress-strain curve of bcc single crystals can

,Be divided into three distinct stages. Stage I,,in‘which the Work'

vha:dening rate is approximately linear, is called'”easy glide.”" 1In

S;age IT the work_hardening rate is also liﬁear; bﬁt much greater than
that:of Stége I,vof the order of.G/300. Stagé 111 éhows a region in.
which the wqu’hardening rate décreases continﬁd§sly'with increasing
strain. Polycrystalline fcc metals and alloys'ddfﬁot show Stagé I
and deform primarily in a way_equivalent to Stage.III in a single
érysfgl deférméfioh.. N

The stressfstraihicurve of annealed’ﬁolycfyétallinevbcc is

charactexized'by an Uppér yield point, a lower yield point and a Luders

- strain rangé. ‘It is, howevef; also true that many polycrystalline bcc
' S o ST ' L

i

crystals, equ$ially intérstitial—free.materials,'do_not show these

|

' ' ‘ : ; 3
phenomena, nor do quenched and tempered steels. T. E. Mitchell, et al.



found the'streSSQStrain curve for zone melted higﬁipurity Nb single

crystals:tq be similar to those'characteristic of fecc crystals. - The

three-stege»hardening curve has since been'observe§ in many bcc metals, .

iron’,l‘_.&'.tentalum7 and ﬁolybdenum.s' In sbife ef‘this increased
_vknowledge;‘tﬁe'stress—strain behaviOr of-bcc-cfyetais isvﬁot.ye;
.cléarly*understood. S |
Ihere'exiSt two iﬁpertant diffefences in ﬁeehahical behavior
between'polyerysealline bce ‘and fec metals wheeeehe&'are teefed‘at_low
temperaturee (T < 0.2 Tm)- The.first is a Streegitemperatﬁre deéendence
of flow stress in bcc cryetels, while there iéfee@eeh éméiler_tempére-u
ture depehdence for‘fcc metals. VD. F. Stein anﬁ j;;R. Low9 reported
that theeteﬁperatﬁre dependence df'ehe floﬁ streseeiﬂ bcc.ifon ceuld:
be decreesed as the impurity level, especielly'interstifial”eleﬁent'
impurities, is 1owere§. HoweQer,'eQen when iméupiey'levels were‘ .‘
extrapolated td_zérd, there etill exists a»reléti?el& efrbpg tempera-
ture depgn&ence; | s |
Tﬁe flow stress consists ofvtwo:components; a-ehermel component"
o* and an'ethermalicompbnent Ou} ‘In the poifcfxeeeiline fc¢Tcryetals;
Ou is_the:lerger eomponent, aecounting fer.more?tﬁen_7dlpereenc of."
the total stress. vOn the.other-hand, in the polYéfystalline-bcc; oL
is:the_lerger component at very low femperetufee;;eAnalyzing the'
activatienlenefgy and activapion velﬁme for disieeeeion motion, |

H. Conrad10 indicated that the thermal component?q*:is<associaéed

with the'overcoming of:a high Peierls~Nabarro fofceein the bee crystals.
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The second difference is that bece materiél§ ﬁndergo the ductile to
bripfle.tféns#tion, whereas there is no such transition in?fcc metals.
The embrittlement of bee matefials occurs over_é_rélatively small
‘temperafﬁfe range, the ductile-brittle transition temperafﬁre; TC.

The Tc is known‘to be straiﬁ rate and stre;é #@ncéntration
sensitiﬁé. The TC determined by Charpy impact_teSﬁ'is‘usually higber
than thét By'conventional tensile tesf, due mainiy to the two reasons,
its highér étréin rate and the presence of a noﬁéﬁl Consequently,
the matérials can be used when .the safety parametéf, TC; determined
in.thé same sérvice conditions. of the mategialé,.isvalways'scrupulously
kept belpw the sevice temperature.

Tc'is also the temperature where a relétivély-temperature—
insensitive fracture stress, O, becomes equal téﬁﬁﬁe flow stress,

Of, asvmegsured by a conventional tensile testf Hence, for a given
strain rate, Tc can be lowered by‘

1) raising the fracture stress level

v2)v,decrﬁasing the thérmal component of fiow étress o*

3) Tdecréasing the atﬁermal component of fld&»stress OU

. .Several ﬁajor ways.to_achieve a decrease'in the trgnsitibn
tempérafu;e have been suggested:

a) use of uniformly distributed fine duétiie précipitates

‘b)v>thermomechanical treatment | |

é). decréaSe in grain size

d) wultra-high purification

e) use of a getter to remove interstitials_

s



‘The fracture.stress leyel?can be raised’by:a),ib)tandic). Both_O*.
and Oﬁ can be reduced by d) and e) | N |

A group research effort was conducted to design and develop a -
v superior h1gh strength alloy; eSpecially for cryogenic service. The )
Fe—NiFTi ternary system_was found to be excéllentjfor'this purpose
for fivehreasons. First 'the structure'with hiéhrdislocation density'
(in equiaked alpha or massive martens1te, o ) can be obtained when
- the alloy‘is quenched fromithe auStenite,region.z Secondly, the |
ferrite, d;'which is an:annealed.a',:can provide»the s1tes:for
precipitation to_occur;»hThirdly, ultrafine grainESize can be achieved
by thermalband thermomechanical treatment utiliaingkthe a' >y reverse
transformation.v All'of these tactors will raise the.fracture streSS"
level. ' Fourthly, the use of the purest possiblerraw materials of sub-
stitutional elements such as nickel and titaniumract to décrease'd*.
Finally,'small amounts of'titanium can act_as avéetterhof not only the
interstitials such as carbon and’nitrogen:but-also"oxygen. )
| Earlier work done in this laboratory by W. Horwood has demonstrated
that a ternary Fe—12 wt % Ni-0.5 wt. / Ti alloy exhlbits a remarkable
combination of'strength and tOughneSS'at - 196° C;, The'properties of
this alloy are superior to those of the presently existlng commerciall
alloys, such as 9Ni steel and 304L 11, l? lhere_are several factors
thich will.affect the mechanical properties of the.Fe—Ni—Ti.ternary'
alloys,'and the mechanism respons1ble for the comblnation of high
toughness and high strength is considered to be due to complex

interactions of ‘these factors.. Hence, it was felt important ‘to study

b

1)

<




y‘

ﬁq
i
X
-
4
&
-
-
et
“"b
g
POss.
L

each'faétor-sepafatély aﬁd then to consider the miXe& effects of
coﬁbinations. |

Tbe objeéfiVe ‘of this study was to elucidate‘the mechanism
requnsible'fOr the‘high toughness of the Fe—Ni-Ti'élloys, by using
allqys.with three different nickel coﬁtents (8%5.122 and 16%).

This study was divided into two parts. vIn'pért 1, the mechanical

properties of the Fe-Ni-Ti alloys at - 196°C were systematically

‘ investigated,i The microstructural factors controlling the low tempera-

ture toughness were.studied and, as a result, ffemehdous improvement
in low—teﬁperaturé toughness wés obtained by controlling the micro—
st;uctural constituents.

InApart 2, the effects of grain size on'thé'dﬁctile—brittle
transition_temperature were investigated, and the results were compared

with existing theories.



. II. EXPERIMENTAL PROCEDURE -

,FA;, Materials Prgparation-_'

1. AlloZ>COmpositionﬂ ::. . - RS ﬂd[ . ’}
The:alloys used for the investigation werejprepared.by induction

melting:in an argon atomsphere.' The raw“materialslwere electrolytic

h “iron (99 9/), high purity nickel (99 9/) and sponge titanium (99 9%).

' The melts were cast into 20° 1b. ingots (l 75 1n. diameter by ~ 10 in.

length), which were homogenized for 72 hrs. at. 1100 C. The ingots

were cross forged to a 1. 75 in by 2.50 in. shape at 1000 C.

The specimens for chemical analysis were cut from the center of

the forged billet the results of which are given “in Table 1. The ___'

flow stress-and the toughness of bce iron are known to be greatly -

influenced by impurities such as carbon, nitrogen and oxygen.9’13

The alloys‘used showed impurity levels of C ~ 40“ppm max., N ~ 100 ppm

max. and o -~ 400 ppmvmax. The nechanical properties~of concern were

those of ‘the 8N1i-0. 5Ti 12Ni-0.5Ti and 16Ni 0. STi alloys. The binary

alloy 12Ni was used to check the role of titanium The weight percent

‘is given*unless otherwise mentioned.v

2. Processing and Heat-Treatment

Inzorder to'investigate the effect of prior Structure on the
mechanical properties of the 12N1—0 5Ti alloy, three processings were

happlied.‘ The first processing was a standard treatment (STD) in which

0
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the fofged billets were cut into a 0.625 in. by 2.50 in. plate, and
annealed at 900°C for 2 hrs.
Without cutting, the other forged billetsvweré directly annealed

at 900°C3for 2 hrs. and used for the second and‘;hird processings.

The second processing was warm rolling to 0.625 in. by 2.50 in. plate

at 680°C (WR), which was_the middle of the As (aﬁStenite start
temperature)'and Af (austenite finish temperaturé).‘ The third was
cold rolling at rbsm temperature‘to 0.625 in. by 2.50 in. plate (CR).
The ré&uctioﬁ of ~ 66% was chosen so that cold wsfkiﬁg penetrated into
the centerg'the reheated structﬁfes'were uniform throughsut the seétion.
The:heating and cooling curves were obtained by using specimens
of the samé size as those used for the mechanicai_tests. The thermo—
couple'was‘attachsd into a 0.063 iﬁ. diameter Q.SOO’in. deep hole, made
at the cehter the specimen. After-processing, ﬁhsx0.625 in. by
0.50 in. specimens were cut, heat treated in an sir-fu;nace,(157c)
and quenched into 0°C water. ”
The 0.125 in. by 0.125 in. by O.iZS‘in. sPecimens, cut from the

plateSvalreédy processed, were used for aging studies.

B. - Mechanical Testing -

1. Hardness Tests

A Wilson Rockwell Hardness Tester was employed for hardness

measurements; the "C" scale was used. At least five hardness impres-

‘'sions were made on each specimen for Charpy impact test and aging

studies; and the hardness values reported .are average values.



C 2. Charpy Impact Tests

When the Charpy specimens were machined the sPec1men number and
notch direction were marked for each specimen, and the hars were then
heat treated Figure 1 illustrates sectioning ofrthe specimens and

the notch direction. Standard Charpy—V—notch spec1mens (Fig Za)

. .were used except for the test at -266°C in which case shorter specimens, .

51 mm in 1ength instead of 55 mm (2 165 in )(2 009 1n ), were used

The tests were conducted on a 223 ft-1bs capac1ty Charpy impact testing o

- machine between the temperatures 25° C (room temperature) and - 267°C
(1iquid He temperature) | |

Methyl alcohol (997) bath cooled by dry ice was - used for the test
at -77°C iSOpentane bath cooled by liquid nitrogen was used for v

S

temperatures between -120 c and -170°C Liquid nitrogen was the coolant
for the —196 C test. ASTM Speciflcation E—23 64 was carefully followed
throughout ‘the test. Specimens were kept at»least 15 min. in the

, o ‘ P
cooling bath and'were impacted‘within 3 sec. after removal

The impact test at -267°C was conducted using a 0. 50 in. by 0.50 in.,=

" by 2 50 in. lucite box in which the specimen was placed with styrofoam
- and liquidvhelium waspdirectly inserted . By thlS method which is
descrihed hy S. Jin, et al.,14 the specimen was’ cooled to —266 C within'
3 min. and kept at that temperature for an additional minute before the

y

e e . et o
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3. Tensile Tests

The 1.000 in. gage length, 0.250 in. diaméter_rouﬁd specimens

_shown in Fig. 2b were used for determining the tensile properties

bexcept for the test at -267°C, in which case, the 0.500 in. gage length;

0.125 in{‘diameter subsize round specimens were used.
An 11,000 1b capacity Instron Testing Machine'was used at a cross

head speed of 0.05 cm/min (~0.02 in./min) which gives a strain rate

.ofv10_4/sec.

The testing températures were 25°C (room températufe) and three
lower teﬁperatures, -77°C, =196°C and -267°C. Tn the latter three
cases, the -tests were conducted in baths of 1) methyl alcohol (99%)

cooled by dry ice, 2) liquid'nitrogen and 3) 1iquid helium, respectively.

C. Dilatometry

| - '
. Dilatometric studies were carried out to determine the As, Af,

MS (martensite start temperature) and Mf (martensite fi;ish temperéture)
and also:to investigate the martensite-austenitecfeversevtrénsformation
charactériétié?. The dilatometer was especiaily desigﬁed»and made 'so
that itlnot'only give'fhé heating éna céoliné.régg of 3°C7ﬁ1n; but
also simulate g%aétly the same heat treatmen; céqaition (~50°C/min)
as the specimens used for mechanical tests. Figufé:S shows the oﬁtline
of the equipment and the specimen dimenéions, |

When the Tsothermal study was being performed, the se£ of the

dilatometry including LVDT (linear variable differential transformer),

glass tubes and the specimen was charged into the'ﬁertical furnace at
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'a predetermined temperature. The thermocouple was attached to a

0.063 in. diameter and O. 125 in. deep hole in the middle of ‘the specimen.1

The steadyjstate conditlons were obtained withinva minute. During
heat treatment,'high purity_argon'gas;was charéed:from'the hdttom’of.‘v
“the furnace throughout'the'test in order to prewent possibie scale
formationfon thedspecimen surface which could iead'to an error in
readingt.-After the test, the set-was taken-fromfthe furnace and the!

vM and M values were measured.

A length change durlng the exposure at the three phase (o +y+ ppt) '

range, AZ was compared with that of a length change AQ in the

austenite-range.__

" D. X—Ray'Analysis

The amount of the retained austenite was determined using a

(K 1 54050A) radlation

v Norelco type 12045 diffractometer with CuK ' ol

and monochrometeru
The_specimen was polished.and slightly etChed.f The intensities
"~ of 110 200 and 211 reflections from bce and 111 200 220 reflectlons

from fcc were determined and compared

E. Microscopy

1. Optical Microscopy

Specimens prepared for optical microscopy'werefpolished with

‘ energy paper and 1. Ou diamond paste and finished with 0. 5u Al 3

particles, The etchant used ‘was a freshly mixedjsolutlon of 50%

¥
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Kalling solution and 50% nital. Observations were.made on transverse
sections for ell specimens and both transverse ehd-lohgitudinal

sections for warm rolled and cold rolled specimeﬁs.

2. Scanning Electren'Microscopy

Theefracture surface of selected charpy impact and ﬁensile
specimens was examined with Jeolco JSM-U3 scanning.eleetron mieroscope
(SEM) Qith,secondary emission at 25 kV. L

- A'techniqﬁe in which the polished and eechedseﬁfface; eed elso the

fracture surface can be observed simultaneously:was developed and

utilized to correlate the microstructure directly to the fracture

path. The specimens were mounted by transoptic‘powder so that the

fracture surface will be at an obtuse angle with respect to the would-

be pqlished surface. The specimens were heavily etched after'bolishing

and bﬂ*en»off mechanically from the mounts; The ebservation was made

under SEM with the specimen tilted to obtain optimal focus and contrast
|

conditions in the picture.

3. Transmission Electron Microscopy

Thih foils were observed with a Hitachi HU-125 electron microscope

and a Siemens Elmiskop 1A microscope both Ope;ated\at 100 kv. Foil

preparation consisted of cutting 20 mil seCtioﬁs from bulk eamples,

chemical thinnihg to 2 ~h4_mils,.followed by.eifher jet polishing or

window technique; The ehemical thinning solutienrwas 5% hydrofluoric

acid in-hydrogen>peroxide. The polishing solutioe was- an electrolyte

of 75 g":bf‘CrO3 in 400 cc of acetic acid and 20'ee‘of HéO.
v ‘ . : . .

i
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"~ 'III. RESULTS

A, Phase Transformation,fh;w

The'phase transtrmation temperatures were”determined by using the - -

dilatometer which is shown in Flg. 3. The specimens used were‘previously'_

) o
austenitized at 900 C for 2 hours and then air cooled The heating

and cooling rates werev3 C/min. The austenitehstart and finish
_temperatures;,A' and Acs and.the.martensite startuandfinish temperaf
tures, M and Mf are listed in Table 2. |

The equilibrium phase diagram was constructed from dilatometric )
and metallographic studies,'as 111ustrated in Fig.i4} The structure
of high dislocatlon density, equlaxed alpha or-massive martensite

(both bcc structures) can be obtained when the iron—rich Fe—Ni—Ti

‘valloys are cooled to room temperature from austenite, Y. This quenched

structure is referred to as the alpha prime phase a'.’ As the structure

4

is reheated~again to higher temperatures the rewerse a' > vy transforma-
.tion occugs, In the:intermediate temperatures;fd{;transforms to‘ |
austenite 'Y; ferrite. a3 and.the precipitate'phase, ppt; ‘The austenite
N Y thus formed transforms to o' during quenching while o remains

unchanged. In the lower temperature range, _aY

changes to a and the
precipitate phase, ppt. In the phase diagram by R. Vogel and

H. J. Wallbanm,15 the precipitation of Laves phase (FeNi) Tl appears
only in the lower temperature range. Our observation, however, shows

the evidence of the precipitation in the intermediate temperature range

as well as'in the lower temperature range. G.‘RQrSpeichl6‘also reported
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the threé phase range at the intermediate temperatures. The identity

.of the precipitates is still controversial. This_problem will be

discussed in Chapter III, F,
: € . |

:.B. Mechanical Tests at - 196°C (776K)

1. ﬁEffeétg of Prior Structure

As described in the material preparation section, three processings

" were applied to investigate the effects of the prior structure on the

mechanical behavior of the alloys. They were a) stahdard treatment,

" annealing at 900°C (STD), b) warm rolling 60% at. 680°C which is

approximately the center of As and Af_temperatures (WR), and ¢) cold

'rolling at room temperature with a reduction of 60% (CR); The'purpqée

of the second and the third processings was to increase the fracture
Stressvlevel,‘which could lead to a decrease in the ductile-brittle
transition temperature, Tc' After these\processings the alloys were

reheated at intermediate.temperatures (600°C ~900°C) for an hour and

quenched into 0°C water.

The V-notch Charpy impact energies were measured.at liqﬁid nitrogen

vtemperature,'—.196°C. The results. are shown in Figs. 5, 6.ana 7 for

STD, WR and CR; respectively. The hardnesé readings at roomvtgmpera—
ture and fﬁe-effecfive grain diameter, d*, are éiso‘indicated in the
figﬁres. bThe effective grain diameter indicates the grain size of the
quenched structure aﬁd does not necessarily me&p #he austenite grain

size. This topic wili be discussed in detail in section 111, F.
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The'tensile'pr0perties7of the lZNi—OQSTi'alloys'at —_196°C are

1isted‘in Table 3.. As the reheating temperaturefincreased,vthe strength
' followed the same pattern independent of processings, though the |

strength levels for CR and WR conditions were higher than that" of STD

The strength was at a peak at 600°C and it gradually decreased to

700°C Where it leveled off. The tensile at - 196 C did not show any

brittle behav1or. - '

The V-notch Charpy impact tests, on the other hand, showed both
brittle-and'ductile fractures.b The impact energyﬁvalues of high :»
‘toughness.were quite similar (1OO4130 ft—lbs) for the three processings
treatments, but the width of the high toughness plateaus were sensitive
to the processings. The plateau was narrow only a few degrees at

V _700 C for-STD. For the WR and CR specimens however, it extended
between:7001~‘800 °C. The toughness at lower temperatures (600 650°C)
of the WR specimens remained comparatively higher whereas that of the
STD and’ CR-specimens was lower._ W Horwood observed the high
toughness plateau between 700 and 750 C in the 12Ni—0 5Ti alloy. The '
different prior structures changed the kinetics of the reverse o' >y
phase”transformation producing the different microstructures»which

affected the mechanical response of the material.

2. Effects. of Ni-Content'

The effects of Ni content on the mechanical properties in the
Fe-Ni—Ti ternary alloys were, investigated using the 8N1-0. STi
12N1~ 0 5Ti and 16Ni 0. 5Ti alloys. Figures 8 and 9 show the results

of the Charpy tests at the liquid nitrogen temperature,-- l96 C, for

-}

a

T

1




-15-

the STD and CR specimens, respectively. The hardness readings are

again indicated on the same graph. The tensile'properties of the

alloys-wére_determined at - 196°C, as shown in Table Q. The yield
stfengthvwas_found to increase remarkably as the nickel increased
from 8% to 16% for both STD and STD - 700 specimens.

As shown in Figs. 8 and 9, the impéct energies changed drastically

- according to the increase in nickel. The STD specimen of the 8Ni-0.5Ti

alloy, did not show any peak; the 12Ni-0.5Ti showed a narrow peak,
and the 16Ni-0.5Ti showed an extended peak. In the case of CR

specimens;,the'BNi—O.STi alloy did show a small peak, the 12Ni-0.5Ti

 a wide peak and the 16Ni-0.5Ti an extended peak. iThese facts clearly

negate the yalidity of the original explanation,ll’12 that high

toughness plateau corresponded to the.three phase (@ + v + ppt)

range.

C. Mechanical Test at - 267°C (6°K)

The V-notch Charpy tests éﬁd the tensile tests were carried out
at 1iquid.helium temperature, - 267°C, by the method described in
éection iI, As shown in Table -5, the_impact energy'values are high.
Both specimens of WR-700 and WR—7QO cycle, did‘not show anyvﬁ;ansition o
from ductile ﬂo brittle even as low as - 267°C.--Tﬂe i%pact Qaldesﬁof
92 ~ 101 ft-1bs at - 267°C were the highest values attained. The
specimené of WR - 700 cycle were prepared by warm'réliing and multi-
thermal cycling (five times) at 700°C followed By 0°C water quenching.
The thermal cf?ling was used to reduce the effective grain diameter,



_The‘tenSile'testsvdid not reveal any brittlevfailure, as'illustrated
in Tablej5. The strength increased from ~ 140 ksi to 200 ksi and the
‘tensile.duCtilities remained'almost.the same as.the.testing tenpera-,
ture was decreased from —196 C down to‘— 267°C. |
Investigating the mechanical properties of the Fe—12N1-0 25Ti
- alloy, S..Jin et.a1.62-very recently reported'the,impact energy values
which exceeds the authors values in the Fe—lZNi 0 5Ti alloy._ The yield
stress of the Fe-lZNi 0. 5Ti alloy (~ 200 ksi),. however, is superior to
.'the Fe-lZNi 0.25T1 alloy (~ 185 ksi) To the authors knowledge, no
comparable results have ever been reported in the literature.

As illustrated in one of the. curves in Figs. lO to 12, the stress
strain curves of specimens tested at - 267 c showed the serrations |
after yielding. This serration phenomenon is notvUncommon at testing
. temperatures very close to absolute zero.17 18, 1? There have been
a number&ofaexplanationsbfor the cause of this:phenomenon such}@s_
deformation'twinning, martensite:formation, etc;,halthough now_it is

Vgenerally:agreed that the serrationiare caused bY’adiabatic heating.17’18

D. Mechanical Tests at - 77 and_25°C

Specinensvwithvvarious sizes.of recrystalliéedfaustenité.graiﬁsﬂ
were selected from the 12Ni—0.5Ti’allov,vand tenséle tests and Charpy_
impact tests were carried outvatldry ice'temperature,v-'77°C,hand atbd
room temperature, 25°C. The results for -77°C and 25°C are shown-in:”

Table 5 and 6, respectively. No,brittle'failurebwas observed.

)
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E.  Temperature Dependence of Mechanical Properties

It is>oflﬁnﬁXTanCe to investigateva Qide faege of properties to
obtain;an.oveﬁell picture and an understanding of the ﬁrincibles in&olved..
Itvie espeeially'important for bce materials such.as the alloys ueed
in this‘investigation; because they demonstrate s§rong strain retevand
temperature dependencies. |

In:the feneile tests, the strain rate wasjkept;constant at‘lO—alsec,
and tﬁe stronger effect of the temperature'depeqdeﬁce on the ﬁechenical
prdperties_wasviﬁvestigated. Figures 10 to 12 sheﬁ typical engineering
stress strain curves at the varioﬁs testing temﬁeretures. Several
serratioﬁsiwere obsefved just affer yielding in'pﬁe stress strain
curve for - 267°C. The stress strain curves for fhe - 196°C, n?7°C
tests and those made at 25°C showed a small workxhafdening, but no
yield'drOp. |

The‘effect of the testing temperature on 5Qﬁh tensile and impact
properties differs with processing treatment. _figUres 13 to 13 show
such effects for the STD, STD-700 and WR-700 speciﬁ;ens, The yield
stress end ultimate tensile strength‘increased slley from testing =
__tempefeture;:25°C to -100°C, and retherrrapidlymfeere efter,_as the
testing tempereture decreased. The tensile eloqgation increased
slightly with decreasing testing temperatures of 25°C Eq -19§°C, and
.then decreased_as_the femperature was furtﬁer lowered toward -267°C.
The reduction of area cur&e had a peek at.—77°C; and decreased rather
rapidly aé fhe testing temperature decreased.

S



The-tensile.testSudid not reveal any ductile¥brittle transition
even at~;267°C. The transition was observed in“the'Charpyvimpact
‘tests where the strain rate is high As shownwin'Fig. 13, the STD

specimen has the ductile-brittle transition temperature of -170°C in :

Charpy tests. When the grain 31ze was decreased the ductile-brittle '

. transition temperature decreased'(Fig, 14) and-finally, the transition

did not occur in the Charpy'tests (Fig;‘15). The effect of grain size

will be discussed in detail in Section IV.

F. Metallographic Studiesf;

Metallographic studies are especially important for correlating
mechanical properties wiﬂlmicrostructures. Optical microscopy and
transmission electron microscopy were extensively used to identify
the microstructurai_featuresf Scanning electron microscopy was
successfully used to relate the microstructure‘toljfraCture_path.

1. Optical Microscopy . . i

The opticai_micrographs of the-lZﬁi—O.STi\aiiops.are shOWn in
Figs. i6;i8. Fiéure 16 iliustrates the microstructures{ofia series-of
'STDhspecimens,(:‘ o : o N | |

(a) STD (annealed at 900° C for 2 hrs ) ,
(b) 'STD-600 (reheated at 600°C for an hour and quenched into
| ‘-0 C water) | ‘ ”
(c)_‘STD—650 (reheated at 650 c for an hour and quenched into
0°c water) | |
'(d)‘ STD-700 (reheated-at 700°C for an houziand quenched,into

vO°C water)
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- (e) STD—750 (feheated at 750°C for an houfvand quenched into
0°C water) | -

_ (f)b STD-800 (reheated at 800°C fof a houfcandfquenchéd into
0°C wafer). " |

The microstructure of the STD specimen consists of both jagged

boundaries, typical of so called "massive marténsite,"

and rather
smooth boundaries, typical, of equiaxed alpha structure. The detail

onvthe‘substructure will be discussed in section IV, A.

The term, 'packet size" is sometimes used to express the size of

~the martensitic structure. This terminology is, however, not applied

to the equiaxed structure. Hehce, the term, veffedtive,grain diameter"

‘'was felt most adequate to describe the size of the quenched structure.

When the alloy was treated at 600 or 650°C, priof austenite grains
boundaries can be révealed. Figures 165, c shéW_Sﬁch micrograpﬁs.
Using thé‘intercept method,20 the prior_austeniﬁe”grain siée aﬁd the
effective grain diameter were.measured,as_SOU aﬁd 24u, respectively.
The:microstfﬁcture 6f the STD-650 specimen (Fig. l§c) %ndiqates the

presence . of duplex structure of o and o'. As shoWn-in Figs. 16d, e, f.

. The STD-700, STD-750 and STD-800 treatments produéé:thé well recrystallized i

structures:
The microstructﬁres of ﬁhe WR and CR speciméné are shown in
Figs. i7:and’18, reépectively. Both warm'rolling and.cold roiling:
produced the fine recrystaiiized'strﬁctures at.70be (See Fig, 175
and 18d) and tﬁe-stfuctﬁres remained small compared to1the éTD specimen

with the same,rehéating temperatures suchlas 750, 800 and 850°C.
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lheletfectiveigrain diameter;ld*,twas.neasured for-all recrystal4b
lized speCimens, STD-700, STb-750 STD-800, WR;7OO 'WR-750, CR-700,
CR-750, etc , and the results are plotted in Figs 5 7.

The microstructures of the 8Ni- O 5Ti and 16Ni-0 5Ti alloys, both '
STD specimens, are illustrated in Figs. 19Vand ZQ,‘respectively.w The
.?“neaiing é?nditions;'at 900°C for 2 hrs,fwere?selected to enable'all
three alloys'to start nith,the.same'grain size. Comparisons can be
made by observing Figs 16ajb. Figs 19a,b and Figs. '20a,b. The ‘

: structure of the 8Ni 0 5Ti alloy (Fig. l9a) consisted of both smooth
and jagged boundaries indicating a mixed structure of massive martensite d-
and equiaxed alpha. The annealed structure ‘of the 16N1- O 5Ti alloy
(Fig. 20a) showed only massive martensite. :

The STD- 700 and STD- 750 specimens of the 8Ni O S5Ti alloy :
(Figs. 194, e) had duplex structures of ¢ and a' - It wasn't until
800°C that a recrystallized structure could be- obtained (Fig l9f),

for the-A.S and Af of_the "8Ni-0.5T1i alloys are shifted to higher
temperatures, For the 16Ni—0,5li alloy, massiue}nhaSe transformation

- takes place; especlally at the prior austenite‘boundaries, at'650°C :

(Fig. 20c), and the alloy recrystallizes at 700°C (Fig..20d). -

2. Transmission Electron Microscopy

v

The purpose ofvthe transmission electron'microscopy work was to
 observe the nrecipitate and the substructure‘ o

A large number of fine rod-shaped precipitatesvwhich are regularly
oriented to the natrix,'were'found in .the STD—QbOIand STD-650 specimens
of thev12Ni;OQSTi.alloy,'as‘shown'in Figs. 21 a¢d122, respectively.

I
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- The dimensions of the partiéles range from a cross section of 40 to

100A in diameter and length of 100 to 1,0004, Such pgrticles had

not been‘obéerved‘in the recr&stallized specimens (such as the STD-700,
STD—750, étc.). Attempts to determiné the‘crystal étructure of the
precipitates was unsuccessful; the particles were too small to be _

extracted. The phase diagramls’l6 suggests that a Laves phase (FeNi)zTi

21 3 22’23f24 have been reported

to form in the Fe-Ni-Ti ternary system.

The substructure of the anﬁealed 12Ni4O.5Ti_ailoys consisted of

both lopg'péfallel laths, typical of massive mar;ensite, and large
-tangléd @islocation sfructureé,“typical of equiéxéd alpha sfructure.
. Subsequent heat treatment at 700°C to 800°C produée'more round
_boundaries as well as 1oﬁg lath boundaries, indiéafing the presence
' of'boﬁh mixed structures of massivé martensite gﬁd‘equiaxed élpha.

_The substructu}al change among the recrystalliéed specgmens, i.e.,

STD~700, STD-750 and STD~800, was too small to make a quantitative

measurement. This was also true for the recrystéllized structures

" of the WR and CR specimens. Figures 23 and 24 shows the typical .

substructures of the STD-700 and STD-750 specimens, ‘respectively.

3. Fractrography

P _ : R
A technique in which one can simultaneously observe both polished
and etched surface and fracture surface under the SEM was developed,
and extensively used to correlate the microstruéture directly to the

fracture path. Figures 25 to 27 show such pictufésffor Charpy impact
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specimens:of theh12Ni—0.5Ti alloy tested‘athfIQofé;f'The observation'
was madegon'the entire fracture surface, but the;nictures;were:taken
_from_the:center'part of the fractured specimens.iii |
Figure'zsa indicates that'brittle fracture actually occurred at
‘the massive martensite boundaries in the annealed (STD) specimen..
Fracture mode was mostly quasi—cleavage.» Figure 25b shows the ductile l

dimple structure of the STD-700 specimen which’ has the Charpy 1mpact

energies-of ~ 120‘ft—lbs~at —196 C. There seemed to be no - clear

relationship between the microstructure and fracture~path in the ductile

specimen, in which numerouslholes always'existedtbelow the fracture
surface,;often as far as 2 mm from the surface;[.. -

In_Fig. 25a, the STF-60d‘specimen indicated-that'fracture occurred:
- mostly at- the prior austenite grain boundaries, suggesting the fracture

mode of intergranular fracture, less: cleavage. This was due to the

preferred formation of austenite at the prlor austenite grain boundaries,

(SeevFig._léb) "On the other hand, the WR—600 in which the prior
austenite structure was small (of the magnitude of 5u) 1ndicated the
ductile dimple structure as shown in Fig. 26b. | -l lu

In case of the STD 650 austenite forms not only at the prior
austenite grain boundaries but also at the martensite boundaries,
and the. duplex structure of o and a'.becomes dominant (Fig. 16c)
As illustrated in Fig. 27a, the fracture'mode of the STD-650 specimen,:
was a mixture of cleavage and intergranular fracture; ’The WR—6§O

. specimen, however, fractured in a;ductile'mannerias.shown in-Fig. 27b.
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‘The éffect of the festing téﬁpefaturé 6n th; ffacture mode was
investiéafed by observing the fracture surfaces 6fithe Charpy épecimens
_ tested at 25°C, -77°C, -196°C and -267°C under SEM. Figures 28 and 29
'show scanning électron mic¢rographs of fractured_surfaces fér the
. STb-700 énd WR-700 multicycled specimens.. The effective grain size
for the former was 5.5u and 1.7u»for the iatterﬁ: The dimple sizes do
not seem{to'be affected by the grain size diffégencg. The dimple.
sizéé_df:the specimens fractured at 25°C seems fé Ee a little 1arger

than those fractured at -77 and -196°C.
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IV, . DISCUSSIONS

Thisisection will"be divided into two‘partsr"fIn Part l,'the
bdiscussion-will focus on the.microstructural factors controlligg the
1ow-temperature toughness_ofithe_Fe-NifTi alloieffThe_discussion Will
belfurther extended'togdemonStrate hon an.improuement,in toughness
can be achieved by controlling.these.microstructural.factors. In
vPart 2, .the effects of the effective grain- size on’ the ductile—brittle

transition temperature are investigated and the results compared with

,existing'theories;
" PART 1 -

A. Microstructural Factors Controlling LoweTemperature Toughness

.vlheregare several factors which-control the?mechanical properties
of the'Fe;Ni—Ti alloys and the mechanism responsible for high strength
}_and high toughness is considered to be the. complex effects of tLese'
factors;‘ The effects of these controlling factorsvon the low temperature
.toughness are schematdcally'show 1n Fig. 30 for‘the reheating tempera—

: ture range (600‘to 900°C). The impact energies at —196 c are also

shown for.three different~urior proce331ngs. These effects intricately

‘overlao:at a certain temperature;. ﬁence, to eluc1date the mechanism

.‘ of low?temperature'toughness, it-is.of imuortancef;o isolate'eath_
A . R v i

factor from other factors. S : 'f{‘f. o h

In this section, six microstructural factors which control the

low-temperature toughness will be independentl&‘discussed. The
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mechanism will be explored in the next twé sections. The six factors
are aslédilows: |
15' rgcrystallization and recovery
2) éubstructure
: 3). grain size
. 4) precipitation hardening
5)‘ f§rmation ofvaustenite,,duﬁlex structure

6) - retained austenite

The discussion will be based on the results of the 12Ni-0.5Ti alloy,

unless otherwise stated.

1. Recrystallization and Recvovery

- The microstructures of the specimen reheatéd at 700°C and‘aBove
- for all.three pfocessings, i.e., STD,VWR>and CR‘shbwed ciear rec?ysﬁal-
1lized struéturgs. (See Figs. 14—16) The duplek structure did not
show consistently higher toughness; the WR—600:aﬁd WR-650 remained
comparafiveiy high in toughness whéreas the toqghnéés was low for the
»STD—600,:STb-650, CR-600 and CR-650 specimens. The 8Ni-0.5Ti alloy
recrYstallizedfat 850°C, but the structure ﬁecame qoagse._ Howe?er,
the léNi—OQ;Tiirecrystailizéé‘at 700fC and the structure reméined fine
to femperatures as high_as 900°Cc. (Figs. 17 aﬁd‘185. Hence, the. |
‘recrystallized‘struéturéris a sufficient condi;idﬁ}for high toughnaess
but not a ﬁecessary one. | |

Reco&ery is important for the cold rolledvspécimens. Investigat{ng

the effect .of cold working on the microstructures of 9Ni steel,

| :
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R. L. Hillerzs reported that,cold‘workingipribrutblanhealihg resulted'
in a new‘uniformly distributed equiaxed graih structure, whereas - |
uithdutlprior.cold work, the microstructure retained the acicular
appearance,bf the original martensite. Many factors, such as
precipitatidn hardeniug and duplex.structure' oberate'at the recovery
I_temperature, ~ 600°C, of the alloy.” An attempt has been made to isolate

each of the factors and this will be discussed 1n section Iv, C.

2. Substructure—-MaSSive Structure

)

' The so called "massive" structure in iron—basé allojs is misleading
since the definition of the terminology varieS'frdm one researcher to

26,27

another;‘ Fdr example, Parr's group div1des the morphology of the

substructure in d1ron-base alloys into three structures, i.e., equiaxed
ferrite?'massive and martensitic. On the other.hand Owen's group28 -30
-proposes'that a‘massive structure in iron—base alqus can be'divided_
l intc tuo in.view'of the transtormation.uechahish;v'Acccrdiug to Owen'sv
group,.onefof the structures is fbrmed by shortfrahge diffusionvacross
an incoherent,‘or possibly'semi-coherent; interface'with uo;resulting
shape change. It is called eduiaxed albha Structure,‘which ccr;eSponds
‘to the massive structure in the Parr s termlnology. 'Thebsecond
structure;vthe massive marten51te, is.produced byna;martensiticiprOCess
_involuiug3shear. This is simply called martens1tic in Parr s termiuology
| A, Gilbert and W. S. Owen ? first observed‘the massive structure

in ferrous.alloys and p01nted out its resemblance,tq the massivé_alpha'

structure in nonferrous alloys. For the above reason, the use of the

} ‘

-
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Owenfs g?dup's terminology and definipioﬁ was felt adequate in this
study.';Furthérmore; the word '"massive martensife"ais now Qidely used
. (see the éurvéy‘by G. Krauss and A. R. Mardér31)§ 

Three-kindsvof substructure result when Fe-Ni al1oys‘are quenched
from austenite range, és,shéwﬁ’in Figs. 3la, b, and c;32 The first
picture'shoﬁs an equiaxed alpha structure which appeared in the Fe-8Ni
alloy. Tﬁis structure consisﬁs of approximately équiaxed grains,
althougﬁ'thevgrain'boundary contours are more irrégﬁlar than in a
fully annééled metal;27 No surface relief effeépglare observed and the
' cfystal strﬁcture is bcce.

Thévsecond struéture; observed in Fe—lZNi;alidy is called "massive
mérteﬁsife;" The crystal structure is becc and fheAinterfaces of this
structure~§écomev;ery jagged with many straightvfréces'of.planes
| interSeqt¢d by the.polished surface.27 The tréééﬁdrmation is accompanied
by a shépé change, andiit is cléssified as a m&rﬁééSitic transformation.
. Figure 3lc represents "acicular martensite" which“isvcharécterized by
the existence of midribs andkinternal twins. The'érystal structure of
aciculér'ﬁértensiﬁé is bct and there is always an éépreciable volume
fraCtion-of_reiained austenite.g7 |

'The mofphology of fhe quenched.structure iﬁ-thé Fe-Ni alloys is
affecfed‘by severalvfactérs sﬁch as cﬁemical cbmﬁgéition, cooling rate
and ausfenitizing temperature; First,'tﬁe effectféf the chemical

'~compositibn wiil be discussed.
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Summarlzing all available papers29 33 -35 onfthe effects of -alloy

'chemistry on the morphology’of substructure in fortous'alloys,"it can
be stated thnt the substructure in Fe-Ni alloys changes with nickel
content ns follows:

Ni(%) < 10 equiaxed .
Ni(?) 10 ~ 29. ma331ve martensite
Ni(/) > 29 acicular martensite

This mofbhology chénge is, howeVer; greatly infinenced by thé-carbon
content. In a simple Fe—Ni-C ternary system (Ni’ < 29), the effect of
-carbon on the martensite ‘marphology is as follows'_

C(%)0.0 ~ 0.6 magsive map;en;ite

c(®  >0.3 acicular martensite
The_effgctvof carbon'on the_transition'from_eqﬁiaxgd alpha structure
to masSivegmartensite has.not been'established;,nAé,demonstrated by
C. L. Magee and R. G. Davis,3§ depending on the nickel and carbon

content, a wide range of mix structures of both massive and acicular
martenéité;tan’be observed. The 9Ni steel, a commercial cryogenic
steel containing 0.10C shows massive martenéi;é"With'inte%nal'twins

but only the massiVe.ﬁartensite is-observed Whén_the 9Ni steel carbon

level is decreased to 0,.01%.36

A'small amount of titanium in the Fe-8Ni-Ti.alloys WJS found to

S % 32 - - -
_ enhance massive transformation. : 7 o | s

All discu391ons thus far are based on the observation of a regular_

cooling rate such as water quenchlng (~ 10 7C/SQC)_and air coollng

. s 1 o
(o 10 »C/sec). W. D. Swan and J. G. Parr26 investigated 'the effect of

cooling :éte (from 80 °C/sec up to 60,000 °C/sec)non the JubStruoture .




“ R I - b % Ca (%]
J NN ¥ S B B 2 " A B

-29-

and digcovered two tfansformations, i.e., dnreq#iaxed alpha and massive
'martensitéfin‘Fe—Ni alloys with nicke1 content'ffombzero to seven peréent.
At a feggiarvdooling‘rate, equiékedbétructuré is 1ike1j to form in Fe-Ni
wi#h nickél up.to-sevén percent, and massive mérte@sitévwith ten percent
nickel;iv

» The annealed structures of the Fe-Ni-Ti allgys follow a similar
pattern}. The substructure of tHe 8Ni—0.5Ti alloy showed the mixed
struqture.of equiaxed alpha énd massive martensité»(Fig. 19a), and that
.of the lZﬁi—O.STi showea fhe same mixed struct@fe buf in thié latter case
there was more massive martensitéx(Fig. l6a). fﬂé‘substructure of the .
16Ni—0}5Ti alloy, on the other hand, was comple£e1y>maséivg maftensite
(Fig; 205).‘ The formation of the mixed structﬁre is probablf as follows:
on continuous cooling; a specimen may transform partially by fhe short
range diffusion, eduiaxed alpha.type transformétion, and at lower
temperatdres completes the:transformation.martéﬁsitically.
3. -GrainlSize

The now well known Hall-Petch relationéhip démonstrates-that the

flow stress, 0. is a function of the reciprocal square root of slip band

f

length;dﬁ grain size; d.

| 2 '
2 e

.Of = OQ +.kd

where Oo’ the frictional stress, and Kk, thé‘Hall—Pétch,slope, are

constant. The}original models proposed by E. O.'Hail37 and N. J. Petch38

are based oh'a pileup of dislocations at the gfain'boundaries. The lack
of direét evidence of dislocation pileups in bce materials, however,

has 1eéd to the development of non pileup theories on yielding.

! : ,
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v.Recentlypthis subject_was critically.reviewéd'b&.d;dc. M. Li and - -

: Y.‘S..Chou..3'9 According to. Hr Conrad‘-10 N. J. 7Petch40’an9 A. H.
Cottrell41 42 give rather good support to the relationshlp
|
. . . N |
o aA CEX)I/Z V ‘ii“'fh v yi,. : (2)-.
F Y T

where Of-is1the fracture,StreSS, E is Young's nOdnius,’Y the surface
energy and d the grain Size. . The frécture‘stress,leveldcan be raised
. by decreasing the grain size which.decreases the'hrittle-ductile'

transition temperature, TC. The effects of thefgrain size on the'

mechanical’properties_were'extensivelyjstndied»andfcriticallY;discussed

in part II.~

4, Precipitation Hardening .

Thegeffect of_precipitetes on the low-temperature toughness is

not c1ear1y understood. A massive precipitationeat'the grain boundaries

is alway harmful to toughness. However, introducing fine ductile

|
uniformly distributed precipitates may posslbly lead to idcreased

toughness. These precipitates limit the dislocation motion, which
R . _ ' B N I '

can increase the fracture stress level and decrease the Tér

The Laves phaseAFe2

manner,iwhich indicates a ductile componnd{43n.The'N13Ti is also

believed ‘to be a ductile compound. o - 'hf. J

Ti was found to deform partially in a ductile

The thin f01l work showed fine rod—shaped precipitates in the

specimens reheated at.600 orp650?C (Figs. 21vand'22). The WR-600 and

WR~650‘specimens did_show high toughness at - 196°C. There still

1
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exists more room to further enhance the strength and toughness by
R - _ » .
introducing more particles.

5. Forﬁatibn of'Austenite——Duplex Structure

The austenite in the iron rich Fe-Ni-Ti alloy with nickel ~ 10%
is s0. unstable that it transforms completely to o' when the alloy is
quenched from the‘austenite reg1on to room temperature. No existence
of retaiued austenite was observed. The result\agrees with other
rworks.2§;29f30 This is elosely‘related to the faot-tbat the.crystal
Structure‘of massiue martensite or equiaxed alpbabisvnot bect but bee.

| Wheuvthe’alloy is treated in}the.three:phase (d + v + ppt) range,
the foruation of austenite and precipitation hardening occur simultaneous-
1y. Nickei partitions also occur in o and Y»phases, and there exists'
the possibility of the existence of retained austenite when the alloy
is queuched'from the three phase range. This subjeCt-is described in
the‘nextbsection. | |

Smail but noticeable contractions were obserued approximately
100°C below:AS'temperature in the dilatometricfcurVes of the 12Ni-0.5Ti
and 16Ni‘—'0 5T1 alloys. This slight shift is due to the formation of
:austenite, suggesting that the first austenite forms about 100°C below
the A temperature. Srmllar observations ‘have been reported in the
_works36’4é’45 on the commercial 9Ni_steels.

The foruation of austenitevis a‘time and teﬁoerature depenoent
bhenomenon. The austenite first forms at the prior‘austeuite and

massive martensite grain boundaries, and then in the matrix. The

alloy gradually develops a duplex structure of o with precipitates
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" and Y,aﬁhich later transformsninto a' or possihiy'is'retained.

: I.I‘l'_.ovrder to understand the nechanicalvpropefties of.theﬁspecimen .
treatéd-at5the three phase range, quantitative stuoy of éhe'anount of
both a andfa'.is a_necessity.'rThree methods can;begapplied‘toineasnre
the volume fraction of austenite (or a') Theﬁdifficult& lieslin the
fact that o and a’' are both becc. | e - 1‘ |

One method is the use of X—ray diffractometer with high tempera—

ture-camera. " Two groups of researchers applied this method to measure-

the volume fraction of austenite in 18Ni- maraging steel, 31,32 but one

iof themvreported temperature varlations of as much as 40°C from one
location:to ‘another on the sample sorface. -Hence,;this method presents
’difficulties. | : -
Another possible approach is a metallographlc method using the
extraction'replica technique. o and o' are dlstinguishable because
'avwill become decorated with‘precipitates whereasld;.wili be free

from precipitates. "This method, however, is not alway reliable.: For
example, in the early stages of precipitation, this-technique does

" not reveal v181ble precipitates in replicas._-

) The best method is to measure a length change A2 during the |
1exposure.at the three phase.range and . compare it with a length change
v.AZO in thelY rangeiby the use of a dilatOmeter,ngy this nethod it‘is
also possible to investigate the kinetics of phasertranstrmation.ivAs
indicated'inFSection_II, the dilatometer'can Sinnlate the-same heating

conditions as in the heat treatment of the mechanical test specimens.

The isochronal phase transformation is shown in Fig. 32. Notice that
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avfair éﬁountvof austenite formed at 600°C whichﬂis‘30°C below the AS;;
qud,Working prior to‘anneaiing increésedhﬁhefréte'of‘austenite

forﬁatién;].This effect is shown in Fig. 33; Nééicé that the slope

of the heating curVe.of the CR-750 gradually decreases compared with

that of:the:STD47SQ._ R. L. Milléfzs also repof&éd:the marked increase

invthe'ratevof austenite formation by the effect of cold working.

6. Retained Austenite

Thejﬂigh toughness of thg/Fe—Ni-Ti‘alldyélééﬁ.not be explained
in thé'géme way:éé that of a commercial éryogeﬁié material, 9Ni steel,
even tho#gh tﬁé 9Ni steel has beeﬁ found45’47”to shbw a similér high
v toughness p;ak. The 9Ni.sféel develops optiﬁum.tﬁﬁghness when treated
. iﬁ.thé.temﬁeraturé range 500 to 600°C, whereas tﬁeﬁbptimal temperéfure
fof ZNIfO.STi alloys is in the range of 700 to 3oofc. The typical
AS and Af.for the 9Nilsteé1,aré 615 and 720°C,3§’wﬁichiare almost the
samé‘aé'thé 12Ni-0.5Ti alloys. The high toughne§g Qf.the>9Ni steels is
closeiy felafed to the formation of well;dispersea,ffine stablé
austenite;fwhich remains‘eveﬁ after quencﬁingvaﬁd:aﬁfs'as a shock
45

absorber.

Thevrétained ausqehite was measured on a series of STD specimens

of the 12Ni-0.5Ti alloy by using an X-réy.defrgétémeter; No retained
austenite was observed except somé notiqeablé (1115 and (200)‘peaks
from austenite in the STD-600 specimen. Thé'aﬁount was less ﬁhaﬁ

3 percéntllehisvstudy indicates that the mechénism of'high toughness
6f the Fe-Ni-Ti alloys is not due to the retaihedvaﬁstenite.

|



s

This - does not mean that the retained austenité is detriﬁental for the -

Fe-Ni-Ti alloy. When the alldy.is treated in the three phase (o + Yy + ppt) "

range iong'enough_so that the partition of nickel'ih the o and Yy phases
6céurs, thefe is the ﬁoSsibilityvof existencé'of tétainedyaustenite
Which'may contribute“to increase thé toughness;'fThis'bécurs'only when

the nickel in the Y phase exceeds ~ 25‘percentg“

'B. Toughness Transition—Higher,Témgefature Side

The”Charpy tésté'at -196°C of the 12N170.5Ti alloy revealed high o
toughheés:plateaﬁé fsr threé kinds of‘proceséingé;f;.e., STD, WR and
CR.‘(figé,“S to 7)1.Figtre 30 cleérly indicates‘thét tﬁé microstructural

| faé;ors.éoﬁtfolling the.toughneSS'transifion agfﬁﬁé.higher.témpefatufej
side are-a).recryétallization b) shbstruéture aﬁd_é).érain size. Since
the.spéciméh reheatéd at 7009Q ér higher showed.ﬁell recrystallized
structd;eé;vonly_tQQ facfors,fb),ahd c), rémaiﬁ;;'First lef‘USfdiSCuss
factoftb);}éﬁbStructure. R
| -”IﬁVéstigating fhe effect of é§stenitiziné'témperature-qn tﬁe
transfbrﬁétioﬁ temberatures in the fe—lONi aliq§, Q; Sﬁ Owen-aﬁ&
E, A; WiléénBo.feported that;thére is an abrupt;change in;transformation.
made from'fhé equi#xéd_élpﬁa to the massive maftéﬁéite~type at the
, aﬁsteﬁitiéiﬁé temperatﬁre of ~ iOSO°C; .Tﬁe specimen‘austénitized bélow
:approximatélvaOSO?C ﬁransformed at 510°C to equiaxed alphavbut théée
'éustenitized between.1050 and 1200°C tranéformed to_massive martensite
#tia much lowef teﬁperature of 450°C. .They_attfiﬁuté& this’résuit to

- thé'change in grain size, although the grain sizes were not giveh.'

i
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Thétfecrystallized structures of the 12Ni-0.5Ti alloys did not
" show aﬁy ébrupt change in substructure. (Figs. 16d, e, f; 17d, e, T
and 18d,‘é;'f)‘ All of them Qere mixed structu;¢3'0f massive martensite
and eqﬁiakéd alpha structure. But the amounf df'méssive marteﬁsite
.ténded'to.increase slightly as the reheatihg téﬁpérature was increased.
The chanéés wefe,-however,‘too smﬁll to make a_Quantitative anglysis;
as éhown in the‘transmission eleétron micrographs,kFing 23 and 24).
The highest reheating femperaturé for this study wés 900°C. This is
" substantially lower tﬁan the critical austeniti;ing:temperature of 1050°C
in Owénvagd Wilson's Qork.30 Furthermoré, during.the Y > o' transforma-—
tion, thg;Ms témperatures obtained by dilatomet;isttudies (cooling
"rate is ~ 50°C/min) for the STD-700, STD-750, STD—QOO specimens did
not shbwi.any abrupt change. Hence, the effect éf'éubstructure change
in the temperature range from 706°C»to 900°C isigdnsidered to be
insiénificant. | | | |

Lef uslﬁow discuss.factor c), the grain size.“'Figure 34 shows
‘the effect_of effective grain diameter, d* of fhevrecrystallized

|

specimens on the V-notch Charpy impact energies at'f 196°C. There
_élearly e;istsra tbughness tfaﬁsitiqn when d* éﬁﬁfdachés the‘c;itical.
value of de# ~:6.5u-  When the effective grainJAiameter,1d* is'plotted
againsf 1/T whfrevT is.the absolute temperature;ﬁ(Fig; 35), dcf ~ 6.5
falls in the témperature range where the toughﬁéSs ttansition occurs
:fbr the:three processings, i.e., STD, WR and CR;“ Figure 35 is the
direct‘evidénce-that_the;effective gféin‘diametef is'céntrolling

toughness transition. The WR and CR processings prior to reheating

i

t
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were foundbto refine the grain structure substantially compared withl

the STD processing.'.' ' o S S l] I |
‘Figure 35 also provides another interesting insight. The slope

of the curve indicates the activation energy for.the'grain'growth if
the relationship between ' the effective grain diameter d*, and ahstenite
grain diameter d, 1s linear. In the initial part of the curve, d*
increases_rather slowly between 7QO° and 800° C,:which indicates that |

" grain grthh is retarded by the phasé'transformation;v Aiso, in the.
section'of the curve.above 800°c, ‘the s1ope is thehsame for the-three.

different processings, indicating that the grain growth at 800 C or

higher occurs by the same mechanism for the three processings treatments.

C. .- Toughness Transition—Lower Temperature Side

Thehtoughness transition at the lower temperature side is more

complicatedg Figure 30 indicates that the:microstructuraﬁ factors
' o ‘ »

controliihg the-thghness transition at the lowerhtemperature side
~are a) recrystallization, c) grain size——prior austenite grain size,
d) precipitation hardening, e) formatlon of austenite——duplex structure
» and f) retained austenite. |

The recrystallization factor is a sufficient condition for high
toughness, but‘not a necessary one since the WR 650 specimen which

is not a recrystallized structure (Fig. 17c) maintained high toughness

on the average of 90 ft-lbs.
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The:remaining.factors are c) grain size-—prior-austenite grain
size, d)»preclpitation hardening, e) formation of'austenite~—duplex
etructure,;and f) retained austenite. "Since theee factors are important
in a similar temperature range;_it is almost impeseible to isolate each
of these_factere through isochronal studies.

Therefere, isothermal sfﬁdiesvwere carried.oﬁt'by measuring the
hardness change-at 600 and 650°C for, STD, WR'andhCR of the 12Ni-0.5Ti
allcy. ln order to isolate the effect of titaninm,gthe 12Ni alloy
which was prev1ous1y annealed at 900°C was 1ncluded for the study.

The results for 600 and 650°C are shown in Flgs. 36 and 37. The
characteristics of the curve d1d not change between the isothermal
treatment at 600 and 650 c except that the strength level for 600°C
was higher than that for 650°C. In STD, the hardmess drops first and
then gradually reaches a_maximum at about at 60'min. and then slowly
decreases. In WR and CR, however,‘the‘hardness rirst increases to
a maxlmum and then slowly decreases. The hardness drops sharply first
and gradually lncreaees and levels off for.thehlZNi alloy. The first
hardness'drop in the STD specimen 1is due to the[fbrmation of austenite,
as can be estimated from the curve of‘the 12Ni:alloy.h ?recipitation
hardening is censleered to be responsible.for the increaSe in hardness
o : ' : : .
thereafter.i |

The hardness increase in the WR and CR epeclmens is due to the

overall effeCt ef both the formation of austenite.which works:as a

negative factor, and to precipitation hardening, which does as a
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pOSitive'effect. ~Bothlprocessings provide avlot”of;nucleation sitesi_.
for hoth formation'of austenite and'precipitation,énd accelerateiboth
reactions..ﬂ' s |
The Charpy tests were carried out at - l96.C for the Specimens
treated for 100 hrs (6 000 min ), to compare the results of the as‘i
hprocessed specimen and the l.hr'reheated specimen, The STD-700
::Specimen‘with-smaIIEr grain size was tested instead.of the STD specimen
1s1nce the larger prior austenite grain boundarles was found to be
detrimental to low-temperature toughness (Flgs 26 and 27). As shown
in Figs. 36 and 37, toughness did not 1mprove by prolonged time
:erposure.} The fracture paths of both WR and STD—700 specimens which -
were treated at 650°C for 100 hrs. are shown in Flg 38. The fracture
'surface of the STD—700 spec1men (Fig. 38a) appears to consist of the-
‘mixed.structure of quasi cleavage and dimples._ The irregularity of
Aintersection between: the polished surface and the fractured one
indicates that the fracture'was somewhat_hindered'byvthe.duplex
:struCtureythough not.enough to fail in ductile‘nanner;' It is not“
_'clear>Whether or‘not'the_fracture path.follows the-prior austenite’
grain'boundaries.. Ittseens to so’follo& in3sone,locationsibut does
not elséwhere.'.The fracturevsurface-of the WR specimen shows a:tYPical
: ductileAfracture‘(Figf 38b), figure‘39 shows'thehhigher uagnification
| of the dimple rupture, The matrix'structure consists of duplex structure

of o decorated with rod—shaped'precipitates anqu‘fwithout precipitate}

tod
R R
3
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Rétainea austenite was measuréd by using an X-ray diffractometer
on the hardnéss specimens treated at 600 and 650;ébfor 1 hr and also
100 hrs-forftﬁreé kinds of processings. No retéihéd austenite was
obserﬁéd'exceﬁt'for a small amount (léss than 3Z)vin the STD-600
specimen. »In the 12Ni alloy, however, 30 ~ 50% of ?etained austenite
was obsefﬁéd in the specimens e#posed for 100 hrs. - Possible explana-
tions are as foliows:' In the WR and CR specimens.of the 12Ni-0.5Ti
alloy, the preéipitatioﬁ occurs nearly simultaheouslybwith the formation
ofvaustenite, and the nickel can be absorbed ip the precipitates as
‘well as in the austenite. Hence, the nickel content in austenite thus:
formed doesvndt'exceed ~ 25%, which is the nickeiiécntent of the Fe-Ni-Ti

.‘alloy with M_ of room temperature, and austenite iévnot likely to be

f
retainedfv In the»STD specimen, the austenite forﬁs first and then
precipitation occurs. The partitién of nickel in'tﬁe early stage of'
the exposure prdduced a small amount of austenite. In the 12Ni alloy,
on the othef hand, the partition of nickel in férrite and.austenite '
continues to occur until it reaches a state of‘eqﬁilibfium.

Frombthe above discussions, the factor f),vretéined austenite,
~is not a main factor controlling toughness.
Factor d), precipitation hardening, is obvioUSly not a positive
factor, gut nor is it a negativévfactor. For the WR-650 and.WR—600,
- specimens.shéwed comparatively‘high toughﬁesé. |
Let us discuss the remaining:factors,_c) gféiﬁ_sizé—4prior

austenite grain size, and e) formation of austenite--duplex structure.



' —40-

The observations on the polished‘and etched surface in Figs. 38
and 39hindicate that the ratio of o and o' in the duplex structure is
_about 2 to 3:and that the shape of the a' is oyal..’Hence'facthr:

-e) is much_the same among the specimensvwith prolonged exposure}for

WR and STD 700. S »

The difference of the prior structures, WR (Fig. 17a) and STD—700
(Fig. l6d) is not only the grain 51ze,_but also the grain boundary
structure and the matrix structure. The matrix structure of the WR
specimen is partially recrystallized whereas that of the 1atter isv
totally recrystallized. The effective grain 51ze is'2.1u for_the
WR specimensland"S Su for the latter. The grain boundary for the WR
specimens is therefore much greater in area and is: thought to be
higher in energy so that the kinetics of phase transformatlon and
'-precipitation are much faster thanlthat for the-STD-700 specimen.

When the*grain of the prior’structure"is-large grain b0undar1es

form an envelope of a' along which the fracture occurs (Figs. 26 and 27).
A close observation of the fracture path structure in the STD—7OO
specimen'wrth prolonged‘time exPosure (Fig. 38a) 1ndicates that the‘
fracture s1ze‘is roughly the same order of magnitude for the STD—600',
and STD—650 specimens. This may suggest that the structure pri’r to

i thev7QO°C treatment the STD treatment is atfecting the fracture path.
The_isothermal treatment at- 700°C the duplex-struCture develops firstf'

and recrystallizationvis delayed in case of heating rateiof

- .~50 °C/@in.ll For that reason, it is quite possible that the orienta- -

tion ofgthehgrains in the STD treatment'remains'relatively unchanged
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even after recrystallized structure is'developed by reheating at 700
for 1 hr. ~

Thé aufhor thus far has attempted to demonstrate and discuss the

importance of the grain size in controlling toughness. However, a

more systemétic research study needs to be done to. explore the mechanism’

of the high tqughneSs plateau at the low temperature side.

";D. Enhancement of Toughness by Grain Size. Control

It is well established that the grain refinement increases both

49 This study has demonstrated

strength -and toughness in unhardened steel.
that one of'the main microstructural factors controlling low-temperature

toughness is the effective grain diameter. ln'tHis-sectiOn, the

discussion will focus on how the 1owftemperature:toughness is enhanced

through‘gtain size control.

1. Thefﬁomeéhanical Treatment and Thermal Cycling

The.thermomeéhanicél treatment including cold working and the
thermal cycling are the two major techniques to?fefine the structure
of the_matérial.49 Both warm working and cold‘ﬁérking were applied
in thisiétudy}"fhé effécts of thesg two pfoceééiﬁgs on the low-
tempéraﬁufe toughness have already been discuséed,iﬁ section III,B;

1V,A and IV,B.i Figure 40 shows how the grain refiﬁing occurs at 750°C

in the -CR épecimen and this is compared with that of the STD. 'Large

number of nucleation sites are observed in the CR_Specimen during the

early stage of reheating. The grain in the CR specimens remains fine

even as the reheating‘temperature increéases (Fig. 35).
i S



Multithermal cycling was also applied to enhance the lov—temperature
toughness through grain s1ze effect As indicated in Fig 41 ‘the
WR—700 cycle specimen which were previously cycled flve times at 700°C
'was tougher at - 267°C (6 K) than the WR-700 spec1men and did ndt show | .» S

‘ ' i

g'any ductile—brittle transition. Upon examination, the effective grain : .

diameteriwas found to be reduced from 2.8u.to I;ZUbe multicycling, K

2. .Two—Step Heat Treatment.

The a' >y reverse transformation of the Fe—Ni alloy w1th Ni ~ 30% e

54,55

“have’ been reported to occur by a diffusionless process " or ‘both

v by diffusionless, and nucleation growth processes56.5 depending on
the heating rate. Thevdirect observation:of the transformation is
easily'accomplished-in theiFesjoNi alloy;vin which.the austenite thus
transformed‘can he retained at'thevroom:temperature sincevits Ms:is
below.zero;v Tvo typesdof‘the reverse transformation may be poSsihle
in a low n1cke1 Fe-Ni alloy. In such an alloy;ihowever; the direct

observation of the a' »> Yy reverse transformation is difficult since the

reversed austenite_transtrms again into a' during cooling.

The effect of the heating rate on the microstructurevwas . | (f" _ '
'investigated as shown in Fig 42 ' The slower heating rate of

~ 10 C/min. was'. found to produce a much finer structure compared with
( .

the more;rapid heating rate of ~ SQv C/min. Utilizing th1s 1dea, the

two-step heat treatment was designed to produce a similar effect. In
the two-step heat treatment, the specimen_is treated at 650°C for one

hour as a first step and then reheated at thé-higher temperature.



to 730°C (regular A

As shown.in Fig. 43, the microstructures were substantially refined
by the two- step heat treatment The results of Charpy impact test at
-196°C demonstrated that the high toughness plateau was extended to
between 700 to 750°C.

The mechapism of tHe grain refinement througﬁ_the two step heat
treatment is different froﬁ that of the thermomeeﬁanical treatment.’
There exist two ptases, o and o', with differeﬁt.nickel contents after
the first step treatment (GSOfC x 1 hr.).v Wheﬁ'this structure is.
reheated to_7505C, each phase'traﬁsforms idto sdstenite with different

A and Al temperature. This effect can clearly befseen in the

dilatometric study (Fig. 33). The fact that the A was increased

£

£ = 718°C) indicates that the reerystallization

was suppressed until a hlgher temperature and as a result grain

structure. was refined.
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"PART 11

”'A. Hall—Petch,iYield'Stresstrain Siée“Relation

The orlginal mechanlsm of Hall Petch, relatlon involved a disloca-
tion pileup at the grain'boundaries. as discussed in Part 1A. Many

theoretlcal studies have been done since their work to correlate

dislocation’mechanics to the experimentally,derived'Hall—Petch relation.

This.includes non pileup mechanisms such as workfhardening theories
and graingboundary source.theories:as well as_nanvapileup.mechanisms.'
‘ There'have been no_data-available on the Hall-Petch,relation for

the interstitial free:substitutional_alloys except:the recent report50
on the iron!with dilute amount of substitutionaluelements. In order
to check thelvaliditv of.the HalléPetch relation.in7a interstitial—free
substitutionalvalloy an attemptvto-correlate thevvield stress.to the

_ effective grain diameter has been made in the lZNi 0 STi alloy using

" the tensile ‘data (Tables 3, 5 . The yield stress——effective grain
diameter relation was plotted for the four testing temperatures 25°C;

- =77°C, -196 C and -267°C, as shown in Fig. 44. At room temperature

- the data was: in excellent agreement with the. Hall—Petch equation,

whereas data scattered both at -77 and -196°C. 'A simple Hall—Petch
relation did not hold at -267°C. For -267°C, 1t‘appears that the
curve cons1sts of two 1ndependent curves, each w1th different Hall-

vv‘Petch slopes, suggesting that two different deformation mechanlsms

- could be.involved.




~45-

Theﬁfrictional stress, O_ and Hall-Petch slope, k for 25 c, -77°C

and -196° C were determined and listed in Table 8. The value of k for

-1/2

25°¢C, 0 15 k31/mm was unusually small compared to the reported

values of the Hall-Petch slope, which were

[

| . ' -
1/2 o 50

2.26 ksi/mm : for the Fe-3Ni alloys
2.0 ksi/mm -1/2 for 9Ni steel25
~ 2.0 ks:l/mm'_l/2 for mild steels5

Even.ifvthe’yield stress is plotted against the prior austenite grain
diameter,.the value of.k remains uhchanged. Theireason for the unusual
small value df k is not known, but it cohld be'dherto a different |
deformatidn mechanism. The values of k for testingitemperatures of
—77 C and -196°C were found to be nearly the same and approximately

4 times larger than the value for 25°
/

B. Effect of Grain Size on Ductile-Brittle Transition Temperature

v Thé'sﬁecimens with a variety.of effective grain diameters were

- prepared and Charpy tests were conducted at various temperatures to

determine thehductile—brittie'transition temperature, TC. The results
are.ehewh:in'Eig, 41. 'Té were determined to.be'—174°C; ;189fC ahd
-207°C for the sﬁeeimehe with the effeetive grain»diameters,_Zd, 11.5
and S.Sﬁ,‘respeetively. ' v ,. | 1 |

| As reﬁorted eariier in Section IiI,vno brittle failure was observed
in the tensiie test at the various testing_temperatures (25°C to -267°C),

The ductile-brittle transition temperature, chmeasured in the Charpy
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- impact test differs from that_of the tenSile‘test?dne mainly to two
reasons}*iFirSt; the strain rate of the impact:test is of the order.

| of‘103/se;awhereas-the strain rate of ourktensileitest ig.of the order
ofH10’4/secr The increase in,Straln.rate raisesfthe flowbstress level
with the fracture stress unaffected, so that T 'lncreases...Secondly;
"the sharp notch in the Charpy test specimen raises the T value._ |

A. H Cottrell42 developed theories on the ductile-brittle

.transition both for the tensile and Charpy tests. vCottrell svtheories SR

~ 58-60

were later mod1fied by R. W. Armstrong, e Experimentally; however,

the effect of graln size on T for the Charpy test can be expressed

53 61 either

A+ B tnd /2

=
I

(3

or

T = .Av; B a 1/2

" where A;and,B are constant.
The.relationship between Té and the effectlne grain-dianeter;fd*

were plotted according to the Eqs.:(3) and (4) as shown 1n Figs. 45

R and 46;=respectively. Both flgures clearly 1nd1cate that at. least the

two defornation nechanlsms are.inyolved_ln controllingvTc. ‘Curve 1

indicates the small grain.size:dependence for relatively'larger grains

(6 ~'25_iJ) and curve 2 shows the larger grain slzehdependence for ultra

fine grains (< 5m1). vDataSI for the Fe-1.84Ni alloy.are also indicated

in Fig. 46. The slope of this alloy is close to ¢urve 1 in the
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12Ni—0.5Ti_alloy,_suggesting #hat therdeformation méchanism may be
the saﬁe. fA§poésib1? explanation for fhe shift froﬁ the curve 1 to
2, is éé:fdllows: when the graihvdiameter ig lérgé, toughness, plastic
flbw i; brobably enhanced by the motion bf thevdislocations in the
grains. jWﬁen the grain diameter is bf the order'éf'a few microns,
the dislécétions are generated from the source ét'fhe grain boundaries
undgr a_éhoék load, and a large plastic flow méyvbé préduced by the
'motion,;f_the dislocation'along the grain boundéf{eé'réfhér than in
the.grains; | | |
Thié is‘of course a simple qualitative expléﬁation. Almoét no
theoretiéél studies on the defofmatidn process:;nlaﬂultra fine structure
has been done exéept some studigs‘in the field ‘of sﬁperplasticity.
‘The aﬁﬁhof‘feit étrongly that a mgchanism is néeaéd to explain the

-deformation in a ultra fine structure.

L
iy
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V. SUMMARY
.!

A'neW'cryogenic"alloy with extraordinary combination of high
strength and high toughness was developed A The'interstitial—free

! B
bece Fe-12N1-0 5Ti alloy has a yield stress of ~ 200 k81 and| a

V—notch Charpy impact’ value of ~ 100 ft—lbs at 5267 C (6°K)g_»As‘

" far as the values.of'the'yield stress and thé iﬁpact energy are
‘concerned,no‘comparable results have been reported up to this date.

The-duetile—brittle transition'commonly oceUrs in bce metals. Thev

bcc 12Ni 0. STi alloy with grain size 2.8 and l 71 did not show

any transition. When the grain diameter was reduced to a few

microns,'the ductile-brittle transition temperature is suppressed

to a lower temperature and does not appear even at temperatures

approaehing absolute zero.

, The‘grain'diameter is the main microstructural factor controlling

’ low temperature toughness

The high toughness plateau in the 1sochrona1 study at —196 C can

be extendedAby either thermomechanical treatment or two-step heat’

’treatment. Both:processes refine the structure, but by different
mechaniSmsr | |

ﬁaii;?eteh, Yield stress—grain size relation'heid fors25°C,u—77°C
and'—196°c; Hall—Petch slope, k for the 12Ni-o.5T1'alioy was
found to be one order of magnltude lower than the reported values.
When the’ grain size 1s larger than ~ 5y, the effect of the grain
size'é on the ductile—brittle.transition tenoerature TC can he

expressed by either
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=
]

A+ B ndt/?

7 = a+Ba Y2
7. The ‘grain sizevdependence on Ic was shifteg'from’a small dependence
to a lérge pné when the grain size was reduced to ~ 5u, suggesting

that‘twb'deformation mechanisms are involved. .
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Table I. _Chemical Composition (wt.Z)-ofbthe.Alloys Used -

Chemical I _ -

element Ni Ti - C . N2 O2 . Mn S

“Alloys _ ' S |
12Ni | 12.07/0.01 | o0.001 {0.006 {0.040 {| - | - | bal
8Ni-0.5Ti || 8.07]0.52 |< 0.001 [0.010 [0.029 (< 0.005 |0.004{ bal
12N1-0.5Ti  ||12.00/0.32 | 0.004 [0.004 [0.029 |< 0.005 |0.004| bal
16N1-0.5T1 15.50(0.34 | 0.003 |0.002 |0.016 |< 0.005 {0.004| bal




Table 2;kahase traﬁSermétionitemperatures, 6C’(heating and cooling

rate ~ 3°C/min).

Alloys . A A, M M

12N . 622 1700 475 415
8Ni-0.5Ti 670 762 . 544 442
12Ni-0.5Ti -~ 632 718 444 c347

16N1-0.5Ti 595 - 683 . 338 167




Table 3. Mechanical Properties of the 12Ni-0.5Ti Alloys at - 196°C

.vSpeCimen . -Prdcessing‘and * Yield stress _'Ultimate‘ .- Elongation : Reduction of"v " V-notch -
"~ No. heat treatment . 0.2% offset - Teﬁsile'S;tengthr- % - .- Area’ . . .Charpy Impact
' : e kst 0 ks . ¢ 7% . Energy ft-lbs

STD - _ Standard' _ - , e S » o I , - :
B (900°Cx2 hrs) 130.9 - - 141.6 - - » 3.9 . 65.8 14.4, 11.1
. STD-600 '_-Stanﬂard ‘ ' : » o . » _ : S : ,
600°Cxl hr .~ 139.8 | 148.3 35,3 58.4- . 8.4, 10.4
STD-700: ' Standard o :' o o . | P T B !
v 700°Cx1lhr 134.9 _ 143.8 - 36.4 _ . 65.4 - 121.2,103.6
WR ~ Karm Roll 140

R 152.1 . 38.8 _66.8 . 109.9, 93.8
 WR-600 Warm Roll o wusa - 1s9.4 36.5 . - 61.0 . 60.2, 64.0
’ 600°Cxlhr ' . S ' S

We
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 WR-700 . WarmRoll . . 1358 . 1467 - 369 . 66.2° - 116.3,117.8

700°Cx1hr
- WR-800 Warm Roll: . - 130.0 140.0 _ 3%.3 69.9 115.9,112.5
N ~ 800°Cxlhr R T s - \ o

W




Table 3 (continued)

Specimen ' Proceésing and  Yield stress Ultiﬁate . Elongation Reduction of V-notch
No. heat ;reatment 0.2% offset Tensile Strength Z o Area - Charpy Impact
1_k§1 L kst , B Energy ft-lbs
CR~ °  Cold Roll(60%) ~  169.4 1716 25,9 57.2 23,0, 19.7
CR-600  Cold Roll o R | :
600°Cxlhr : - 153.9 o 165.9 - 30.8 54.7 - 33.3, 36.1
WG | : . _
CR-700 ~ COLD Roll S ' : ' S
700°Cx1hr ' © 133.0 143.7 38.9 69.9 114.8, 90.4
wQ - : , ,
CR-800 Cold Roll ' :
~ 800°Cxlhr .. 7129.0 140.0 - 35.9 70.6. 91.1 ,126.8
' CR-850 Cold Roll o : E |
850°Cxlhr 132.5 - 141.6 36.9 69.9 _ 24,8, 31.0
WQ , : : _ ,
WR-700 - - Warm Rdll-'__ S Cee T Lo ) R
. Cyele - . 700°Cxlhr.WwQ - - 133.4 .. . . 1424 . .- . - 35,6 .. .71.8 - - 108.2,112.7.
L 5 times cycling T S O DR R
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Table 4, Mechanical-pfopértiesvof the Fe-Ni-Ti alloys at -196°C..

v_Pfdcessing and

Yield Stress -

. Ultimate Tensile nElbngatioﬁ:-,Reauction ; V—thch;:_

Allojé heat Treatment 0.27 Offset. Strength Ksi @ - -k ;“ pf_Area:%-- Charpy Impact
' R o . Ksi o S - L ' T Energy ft-1lbs
8 Ni-0.5 Ti - STD A : R _
' (900°Cx2hrs AC) - 123.8 1135.3 39.4 65.3 2.4
_ - R _ _ o . . 2.3 -
sTD . 112.3. 124.6 443 72,00 2.8
700°C¥1 hr WQ : o - o o 3.0
12 Ni-0.5 Ti  STD B _ . , , o o
' . (900°C*2hrs AC) '130.9 141.6 34.9 65.8 14.4
' . 111 '
STD o - o . o . 3
1700°C 1Xhr WQ 134.9 143.8 36.4 65.4 - 121.2 !
' - - - 103.6
16 Ni-0.5 Ti ~ STD - o S | o
... (900°C*2hrs-AC) .- :-144.1° oo 15209 < - 28.7° 68,70 . 389
700°Cx1 hr WQ 155.6 164.4 26,9 71.7 _ 96.6
- ¢ . ) .~ ‘7’ v—wl-__ R T



Table 5. Mechanical Properties of the 12 Ni-0.5 alloy at -267°C (6°K)

- : | Ultimate _ »  V-Notch
Specimen Processing and Yield Strength  Tensile Strength - Elongation Reduction Charpy Impact
No. _ Heat Treatment Ksi Ksi _ S 7% ~ of Area % Energy ft-1lbs
o _STD __ __.Standard —- _ - 177.0 187.7 28.8% 63.9% _— -
(900°CX%2 hrs AC) S
STD-700  Standard _ 196.4 : 203.2 20.2 65.0 - 20.7 , 18.6
700%1° WQ : .
WR~700 Warm Roll h 197.8 212.2 24.6 53.7 77.8 , 88.2
700%1° WqQ : o : ' ,
WR~-700 Warm Roll : 1193.8 , 204.5 . 22.8 65.0 91.8 ,101.4
Cycle 700 1° wWQ .
5% cycling

. . , . .
Reference values (testing temperature was increased at the last part of the test).

_‘[9_




Table 6. Mechanical propértiés of the 12 Ni-0.5 alloy at -77°C.

Specimen Processing and Yield Stress . - Ultimate .‘,.. Elongation Reduction V;Notch
No. - Heat Treatment - 0.2% Offset ksi - Tensile Stremgth. . % . of Area % " Impact Energy
STD Standard = .- . 93.7 - 105.8° . 29.8 . 78.0 128.2
‘ (900°C*%2 hrs ' , : . -
STD-700 *  Standard S 98,2 - . 106.2 . - 31,2 . 75.3 161.0
. 700°C<1 hr WQ | R R , : .
WR-700  Warm Roll o A - o -
700°Cxl_hr wQ 99.6 S 108.2 ' ;" 31.8 S 75,9 me——-
'CR=850 Cold Roll : L ey : Lo | _
T 850°C<1 hr.WQ 9.3 a3 303 742 118.2 .
WR-700 Warm Roll = - ST - . T S
" Cycle 700°CX1 hr WQ - 98.2 . - -105.9 29,1 75.9 144.4
. 5% Cycling o : _ . S v -




Table.7i Mechanical prqpefties of the 12 Ni-0.5 alloy at725°C.

Specimen Processing and' Yield Stress Ultimate ' Elongation Reduction = V-Notch
No. Heat Treatment 0.2% Offset ksi  Tensile Stremgth = . % . of Area %  Impact Energy
R _ ' Ksi ' ' o . ft-lbs

STD. . Standard . 85.1 92.1 25.7 74.2 170.0
STD-700 Standard 86.5 92.6 25.4 79.1 173.1
~-700°CX1 hr WQ -

WR-700 Warm Roll 86.9 93.3 27.7 78.7 - 171.0

700°Cx1 hr WQ B
CR-850 Cold Roll 85.7 90.6 24.9 78.1 152.1

850°CX1 hr WQ
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C
" Table 8. Hall-Petch parameters of.thétIZNi—O;Sialloy

. -, . . . . . . N
e | . - i

.fiTeéting A - S : S -
Temperature 25°C - =77°C - =196°C
Parameter = ' B D :

K(ksi/m /% - 0.15 0.55 . 0.56

o(ksi) ~ . 8 . 90 - 128




Fig.

Fig.

Fig.

Fig,

Fig.

Fig.

. Fig.:

Fig.

7.

FIGURE CAPTIONS

© Sectioning of mechanical test specimens.

ﬁechanical test Specimeps.

 ;(3) CharpyvV—notch specimen . i
;(b) Rouﬁd tensile specimen
 Di1atometric apﬁgratus
 (5) Schematic View of the Furnace
:;(bj.Specimén
:(q) Spécimén Dimensions.
'izFe—Ni System with Ti=0.5% constant. |
'  anofcﬁ Charpy impact energies at 4196°C‘of'the 12Ni-0.5T1

,'allOy, annealed at 900°C for 2 hrs, (STD) and reheated at

intermediate temperatures for an hour and~qUenched into a 0°C

.watér.'

“V-notch Charpy impact energies at —196°C of.the 12Ni—0.5fi

ailéy,vanneéled‘atl900dC for 2 hrs, warm rolled at 600°C (WR)
5and'reheated at infefmediate'temperatﬁréé f0ran.hour and
,quencﬁéé into a O°C water,

_V—ndtcﬁ Charpy impact energies at —196$C.Qf the 12Ni-0.5T1i

alloy, annealed at 900°C for 2 hrs,,cold.rbllgd with a reduction

Sy : .
of 607 (CR) and reheated at intermediate temperatures for a

' hourfénd:quenched into a 0°C water.

Effects of nickel content on the V—nqtéh Chafpy impact energies

at —J96°C in the Fe-Ni-Ti alloys, annealed'aﬁ 900°C for 2 hrs.

'(STD){and reheated at intexmediate temperatures for an hour

and quenched into a 0°C water. e |




~Fig. 9.
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Effects of nickel content on the V}notéh'Chdrpy impact enérgiés

~‘at -196°C 1in the Fe-Ni-Ti alloys, annealed at 900°C for 2 hrs,

"cold rolled with-a reduction of 60% (CR)‘and reheated at

" intermediate temperatures for anhour and quenched intol a 0°C

‘water.

Fig. 10.

'

Engineeriﬁg stress-strain cufves fbr:ﬁhéf12Ni~O.5Ti alloy -

" 4nnealed at 900°C for 2 hrs. (STD). ‘The Specimens_we:e_

tested at 25°C, -77°C, -196°C and —267§é;f Strain rate was

'10f4/sec.

Fig. 11.

Engineering stress—Strain curves forfihé_lZNi—O.STi alloy,

Qiannealed at 900°C for 2 hrs (STD)‘ahdyreheated at 700°C for

“anhour and quenched into a 0°C water.-  The specimens were

- tested at 25°C, -77°C, -196°C and —267?0;; Strain rate was

) 10—4/sec.

Fig. 12;{

’Engineéring stress-strain curves_for;the:IZNi—O.STi alloy,

' annealed at 900°C for 2 hrs., warm rolled at 680°C (WR) and

. reheated at 700°C for an hour and queﬁéhed_into a 0°C water.

Fig. 13.

, ihe'specimens were tested_at 259C,'—77°c;_—196fc and —267°C.

Strain rate was 10-4/sec.' % -

Effect of the testing temperature on-thé meChanical properties

in the 12Ni-0.5Ti alloy annealed at 900°¢ for 2 hrs. (STD).

Fig. 14..

Effect of testing temperature on the mechanicai-properties
v _ o |
in the 12Ni-0.5Ti alloy, annealed at 900°C for 2 hrs. and

reheated at 700°C for anhour and quenched into a 0°C water.
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Fig.vlsk Effect_of festing temperature on the mechanical properties in

| fhe 12Ni-0.5Ti alloy, annealed at 900°C_f§r 2 hrs., warm rolled

.at 680°C (WR) and_rehgated at 700°C for anhour an& quenched
into a 0°C water. | | |

Fig. 16. Optical micrographs of the series of thé'STD specimens in the

- 12Ni-0.5Ti alloy --Transverse section.' -

~(a) As STD (900°C x 2 hrs. AC) .
.. (b) STD-600 (900°C x 2 hrs AC and 600°C X 1 hr. WQ)
. (c) STD-650 (900°C x 2 hrs AC and 650°C X 1 hr. WQ)
(d) STD-700 (900°C X 2 hrs AC and 700°C X 1 hr. WQ)
‘(e) STD-750 (900°C x 2 hrs AC and 750°C X 1 hr. WQ)
(£f) STD-800 (900°C x 2 hrs AC and 800°C x 1 hr. WQ)

 Figf 17."0ptical micrographs of the series of the WR specimens in the

12Ni-0.5T1 alloy--Transverse section.

(a)

As WR (warm roll at 680°C)
(b) WR-600 (warm roll at 680°C and 600°C X 1 hr WQ)
~(c) WR-650 (warm roll at 680°C and 650°C x 1 hr WQ)
(d) WR-700 (warm roll at 680°C and 700°C X 1 hr WQ)
(e) WR-750 (warm roll at 680°C and 750°C X 1 hr WQ)
‘(f) WR-850 (warm roll at 680°C and 850°C X 1 hr WQ)

Fig. 18; Optical micrographs of the series of the CR specimens in the

-12N1-0.5Ti alloy--Transverse section.’

(a) As CR (cold roll with 60% reduction)

(b) CR-600 (cold roll with 60% reduction and 600°C 1 hr WQ)

~(c) CR-650: (cold.

(d) CRrR-700
(e) CR-750

(f) [CR-850

(cold
(cold
(cold

roll
roll
roll
roll

with 60%
with 60%
with 607
with 60%

reduction
reduction
reduction -
reduction

and 650°C
and 700°C
and 750°C
and 850°C

X X X X X

1 hr
1 hr
1 hr
1 hr

WQ)
Q)

WQ)
WQ)
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Fig. 19. Optical micrographs of the series of the STD specimens in

the 8Ni-0.5Ti alloy--Transverse section.: | }
Do T
. (a) As STD (900°C X 2 hrs AC) S
- (b) STD-600 (900°C x 2 hrs AC and 600°C
" (e) STD-650 (900°C X 2 hrs AC and 650°C
(d) STD-700 (900°C x 2 hrs AC and 700°C.
(e) STD-750 (900°C X 2 hrs AC and 750°C
(f) STD-800 (900°C X 2 hrs AC and 800°C

1. hr WQ)
1 hr WQ)
‘1 hr wQ) |
1 hr WQ) . :
1 hr WQ) S

X X X X X
X XXX X

Fig. 20. 'thical micrographs of the series of the STD specimens in.
" the 16Ni-0.5Ti alloy --Transverse secfiéh.

(a) As STD (900°C % 2 hrs AC) S
(b) STD-600 (900°C.X 2 hrs AC and 600°C" X
" (¢) STD-650 (900°C x 2 hrs AC and 650°C X
(d) STD-700 (900°C x 2 hrs AC and 700°C X 1 hr WQ)
X
X

- (e) STD-750 (900°C 2 hrs AC and 750°C f
(f) STD-800 (900°C 2 hrs AC and 800°C’__

X X X X X

Fig. 21.  Transmission electron micrographs of-théfSTD?6OO specimen

in the 12Ni-0.5Ti alloy. Thevspecimen"waé annealed at 900°C
for 2 hrs., and reheated at 600°C for an hour and quenched

into a 0°C water.

Fig. 22;ngfansmission eiectrqn'micrographs of,theZSTD—650 specimen
'_in the 12Ni-0.5T1 alioy. The specimenlwas.annéaled at 900°C
for 2 hrsf, and reheated at 650°C fof;;ﬁ”hour.and‘quenched
" into a 0°C wétér..
| Fig. 23. -Traﬁsmissibn eleciroﬁ micrbgféphs'ofigﬁe:STD-70075pecimeﬁ in
| the lZNi—O;STi alloy. The specimen wéé:apnealed at’ 900°C
for 2 hré, and reheated at 7005C for an hqur and quencﬁed into ’

‘a 0°C water.




'Fig. 24,

Fig. 25.

- for 2 hrs., and reheated at 750°C for an hour and quenched

—69-

‘Transmission electron micrographs of .the STD-750 specimen

in the 12Ni-0.5Ti alloy. Theispeéimen was annealed at 900°C

’

into a 0°C water.

channing electron micrographs of fracture path_in the Charpy

‘specimen of the 12Ni-0.5Ti alloy tested at -196°C.

(a) STD (900°C X 2 hrs AC)

- (b) STD~700 (900°C * 2 hrs AC and 700° c x 1 hr WQ)

- Fig. 26.

Fig. 27.

Fig. 28.

Fig. 29.

Scanning electron mlcrographs_of fractUre path in the charpy

» specimen of the 12Ni-0.5Ti alloy testéd at -196°C.

(a) STD-600 (900°C X 2 hrs AC and 600°C X 1 hr WQ)
(b) WR-600 (warm roll at 680°C and 600°C x 1 hr WQ)

Scanning electron micrographs of fracture path in the Charpy
specimen of the 12Ni-0.5Ti alloy tested at -196°C.

(a) STD-650 (900°C X 2 hrs AC and 650°C X 1 hr WQ)
(b) WR-650 -(900°C X 2 hrs AC and 650°C X 1 hr WQ)

Scanning electron micrographs of the fractured'surféce in

' the tensile test of the STD specimen. in the 12Ni-0.5Ti alloy

tested at

(a) 25°C
(b) ~77°C
(c) -196°C(77°K)

(d)(—267°c(6°K)

Scaﬁning electron miérographs of the fractured surface in

fhe!tensile test of the WR-700 SPecimeﬁ_in the 12Ni-0.5T1i

all%y tested at

'(a)125°c,

(b) '-77°C
" (c) 1-196°C

(d) {-267°C



Fig. 30,

‘Fig. 31.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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Microstructural factors controlling low-temperature toughness..

Optical micrographs of three differeht kinds.of substructure:

.jin,Fe—Ni alloys?2

(a) Equiaxed'étructure in a Fe-8Ni ailoif(ZOOx)

(b) Massive martensite in a Fe-12Ni alloy (200x) . |

-(c) Accicular martensite in a Fe-28Ni-0.3C alloy (200x),

Courtesy of D. Bhandarkar.

Isothermal phase transformation in thé 12Nif0.5Ti alloy by

“dilatometric study. The heating and cqoling rate was

o~ 50°C/sec;v

Characteristics of_phase transformatioﬁ‘in the 12Ni-0.5Ti

” alloy by dilatometric étudy. The heéﬁiﬁg'and cooling rate

.. was ~ 50°C/sec.

34

The relationship between the Charpy impéct energies at -196°C

_ and the effective grain'diameter;

35.

The ‘relationship between the effeétive,gréin diameter and

the inverse of the absolute temperature.

_The hardness change of the'lZNifO.STi“éiloy during the isothermal
treatment at 600°C for thrée kinds_qf{pfocessings, STD, WR, |

7 aﬁd CR; The data of thev12Ni alloy ié included.

fThévharanéssvchange of the 12Ni—b.5fidailoy‘durihg_thev

isothermal treatment at 650°C for three different processings, .

STD, WR and CR. The data of the 12Ni is included.
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.Fig.
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43,
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' Scannihg electron micrographs of fracture path in the Charpy

specimen of’the 12Ni-0.5Ti alloy'testéd at -196°C.

(a) STD-700-650L(900°C X 2 hrs AC, 700°c.x 1 hr AC
and 650°C X 100 hrs WQ) |

(b) WR—650L(warm roll at 680°C and 650 c X 100 hrs WQ)

"Magnlfied micrographs of the Fig{ 38b;g

Grain refinement ét.750 C of the CR and STD spéc1mens water
quenched after heating at 750°C for the follow1ng time~-
Longitudinal section. -

(a) 6 minutes. The CR specimen. Temperature is approximately

600°C. .
(b) 9 minutes. The CR specimen. Temperature is approximately
- 700°C. - R
(¢) 15 minutes. The CR specimen.' Temperature is 750°C
(d) 20 minutes. The CR specimen. Temperature is 750°C
(e) 6 minutes. The STD specimen. Temperature is approximately
: 600°C. . - o : " v
(f) 15 minutes. The STD specimen. Temperature is 750°C

The effect of the. effective grain diameper on the Charpy

impact energies in the 12Ni-0.5Ti élloy; tested over a wide

‘range of temperatures (-267°C to 25°C),
The effect of the heating rates on thé»miqfostructure of the

12Ni-0.5Ti alloy.

The effect of the two-step heat treatment on the microstructure

of the 12Ni-0.5Ti alloy.

I8

ineld“StressfgrainISizé.reiatibnships-ih;the 12Ni-0.5Ti alloy

for !tour testing temperatures, 25°C,'—779C, -196°C and -267°C,

. B * . .
effect of the effective grain diameter, d on the ductile-

C o _ L .
brittle transition temperature, TC. The plots were made in

acco[dance with the equation, TC = A+ B}Lndl/2 where A and B

‘onstant.

|

|



Fig. 46.

o : ) , T x _
The effect of the effective'grain diameter,-d on. the Ductile-

Brittle transition temperature, Tc' "The plots were :made in

_172

feccordancevwith the equation, TC ='Ab+_Bd- 'where‘A and B

"are constant. - Co ' ;":” )
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" V-notch Charpy Impact Energy at -I96°C, ft-Ibs

¥ s .
¢ fn’;? 4;‘ {3 o &, I P
. - ,;3 ‘ \J R j L ,e‘;‘ . .L’: fg 5 ;’4;?;
;79f .
A P R T T T13%
O | | 12 Ni-0.5 Ti.(CR) z
i R :
' —1255
[e}
x
| o
—20w1
N
=]
<158
[ =
b
. o o420
Effective I
140— Grain Diom'eteb‘“ 10
. 1
.
120 .
o
-IOE,
100 o
(]
£
o
80 (G}
15 =
Q
60 £
v w
40 -3
2010 N
Impact Energy
olﬁAﬁ_l,'J'll ] | li
CR = 600 : 700 800 o 900

Reheating Temperature,°C . ,
. XBL736- 6286.

Fig. 7. .



-80-

5

3

| V_-rio'fch Charpy Impact Energy at 496 °C, ft-Ibs

VT T T 1 T 1 T30
-
/. N\
AN
N

10

uem -0.5Ti
. // '\ !
100 - { a m
-,"‘f“j;
. |
80 .
60 I2Ni-05Ti
40
20} | |
-/BNI OSTI ; S
0 »—JLA—-— i A S, it et = [
900x2 hrs 6OO 700 : 800 900
AC | Reheating Temperature, C = ,
| UXBL736-6287

Hordness at 25°C (Rockwell C)

4



V-notch Charpy Impact Energy at -!96°C,{ ft;ibs

6,A)‘_ . H gﬂ; »,5 %} 5 ‘;hé ‘«% 353
-81-
M l T l ’ ‘ >
O
N - o —125
I2Ni-0.5Ti e - %
\ 1 | - &
N \:\_ N 16 Ni-0O.5Ti S —H20 _
- 8Ni-0.5Ti — ©
. ~\ o n
140 |— N 1 2
A\ 8 I
(20}~ o °
O
B Ni-0.5Ti
ool | Ni O/ i
i*.fB\l/\
80 SR e
o
| : \ . ‘ \\ O o)
e e 8Ni-0.5Ti \ T T
. ‘\\ . : N » v i
oLl gL | I B—mtompy
o | ‘ Reheoting .Tevmperoture,"C_ o
1 XBL736-6288



220—

200

180

160

Engineering Stress, ksi

20

—82-

I

T T

12 Ni - 0.5 Ti
STD .

L 1

-267°C

1G -

g0~ . 30
Engineering Strain, %. o

Fig. 10. -

40

XBL 736-6289




~
*lng
-
™,
-
.
£,
i
o

Fig. 11.

_83_,
220 I — ,
12 Ni-0.5Ti
\ STD-700 -
200 o —
180 | —
-267°C
160 —
<
8 |
?_) —
)
(=)
£ -
o
@
c .
o
C ——
wl
20 . _
o | | 5 |
O 20 .30 40
Engineering Strain, %
XBL736-6290



Engineering Stress, ksi
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Plg. 16,



-89~

Fig. 17.
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"XBB 736-3423

Fig. 1.8
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Fig. 20.



_93_

XBB 736-3419
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XBB 736-3433

Fig. 25.
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XBB 736-3432

Elg., 26.
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Fig. 27.
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Fig. 28.
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XBB 736-3435

Fig. 28. {(Cont.)
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Fig. 29 (Cont.)
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V-notch Charpy Impact Energy at -I196°C, ft-lbs
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Hardness (Rockwell C)
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Yield Stress, ksi
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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