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ABSTRACT

Alternation of austenitization and austenite + ferrite two-phase
decrmposition treatmeat in a cyclic thermal treatment allows the
achievement of ultra-fine grain size in sieels containing 8-12% Ni. ‘ihe
grain refinement lrads to a substantisl improvement in cryogenic
mechanical properties. The ductile-brittle transition temperature of a
ferritic Fe-12Ni-0.25Ti alloy was suppressed to below liquid helium
temperature by this grain refinement procedure; the transition tempera-
ture of commercial "9Ni" cryogenic steel was similarly reduced by
combining the grain refinement with a final temper which introduces a

small admixture of retained austenite.
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I. INYRUDUCTION

The quest for a strong ferritic steel which remains tough to liquid
helium temperature 1s made difffcu’i by the ductile-l.rittle transition
behavior common to materials of BCU crystal structurc. TheAmost
promising of the available ferriti: cryogenic alloys, Fe-Ni basz alloys
of intermediate nickel content, exi:ibit a ductile brittle transition
near liquid nitrogen temperature (./°K). The tremnsition temperature is,
however, known to decrease as the prain size of the steel is made
smaller. The available evidence also suggests that the tramsition
temperature may be lowered by imcorporating a small amount of retained
austenite into the ferritic steel. In the research reviewed here these
two techniques were exploited to suppress the transition temperature of

Fe-12Ni and Fe-9Ni alloys to below 4-6°K.

II. GRAIN REFINEMENI 'YHROUGH THERMAL CYCLING

Research by Porter and Dabkuwski(l)

(2}

and by Saul, Robertson and
Adair demonstrated that steels of intermediate nickel content can be
grain refined through cyclic use oi the martensite reversion reaction.
The grain refinement accomplished hy the af + ¥y + a' cyele is presumably
due to two factors: enhanced martensite nucleation at defects intre-
duced into the austenite by shear raversion and refinement of the
marteasite packet size to relieve internal stress in the reverted y. A
single a' + v » a' cycle accomplishes an appréciable grain refinement in

an Fe-12¥i alloy.(3)

Repetition of the cycle refiunes the grain size
further. Succeeding cycles are, however, less efficient. The grain size

of an Fe~12Ni alloy appears to stabilize at V10 im mean grain dianmeter
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(ASTM #11) after 3 to 4 cycles. The saturation of the gral.. refinement
achieved through repetition of the a' - y + a' cycle is qualitatively
similar to the saturation of transformation-induced strengthening in

&)

cyclically feverted austenite and would appear to arise from the same
cause: a saturation of the transformation-induced defect strucgure in
reverted austenite. It Is hence unlikely that ultraiine grain sizes can
be obtained in this way.

Ultrafine grain size can, however, be achieved in Fe-Ni alloys
through a technique employed by Miller(s) in which the alloy is
severely cold-worked, then decomposed by annealing in the two-phase
{a + Yy) range. The grain refinement mechanism in this instance is the
fine-scale nucleation of ¥ in the boundaries of the marteunsite latheg,
which have been severely deformed during the working operation. Mean
grain diameters less than 1 im (ASTNM #17~19) were obtained by this
technique.

The research reported here sought a rhermal cycling treatment to
establish a grain size comparable to that achieved through mechanical
processing. The approach taken was to alternate the familiar a' +y>al
reversion cycle with a two-phase decomposition at a temperature just
below the As temperature at which tho shear reversion to austenite
begins. The treatment employed is shown schematically in Fig., 1, and
the evolution of microstructure during the processing of an Fe-12Ni-~
0.25Ti research alloy is illustrated by the series of micrographs in

Fig. 2. An ultrafine structure of non-aligned grains of mean diameter

Al pm (ASTM #17) results.
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A detailed discussion of this grain refinement procedure is given

elsewhere.(é) An examination of che -icrostructural evolution during

the cycling procedure has been undertaken to determine the controlling

(€))]

mechanisms of the grain refinemant. Its essential features are,
hovever, evideat in Figs. 1 and 2. The initial, annealed structure has

a grain size of “40 ym. This is r.duced to V10 pm by an @' » y + a'
reversion cycle, giving the structiwe 1A. The 1A stracture 1s decomposed
by a nucleation and gro.mia process at 650°C in which austenite grains
form in the prior austenite grain boundaries and along the martensite
lath toundarles to yleld a fine structure of lath-like aligned grains
(1B) while the martensitilc matrix undergoes ;n extensive recovery by

cell wall formation which decomposes the martensite lath with an
aggrepgate of subgrains. The preferential alignment of these grains is
largely broken up by a second austenite reversion cycle with a short
anneal at 730°C (2A). The grain refinement is completed through a final
two-phase decomposition at 650°C (2B). After cocling to room temperature
the alloy consists of fine grains of dislocated martensite. WNo residual
zustenite 1s detected by X-ray diffraction or transmission electron
microscopy.

The grain refinement has a marked beneficial effect on the cryogenic
mechanical properties of the Fe~-12¥i-0,25T1 alloy.(s) In the 2B condi-
tion the alloy exhibits an outstanding cowbination of strength and
roughness in liquid helium, as shown by the data presenfed in Table I,
where the cryopenic tensile and toughness properties of grain-r«fined

Fe-12Ni-0.25Ti (2B) are compared to those of the alloy in the unrefined

condition (1A) and to those of commercially processed "9Ni" and 304
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stainless steels. The fracture mode of the grain-refined alloy in
liquid helium is essentlally pure ductile rupture, as illustrated by the

comparative fractographs in Fig. 3.

IIT. TOUGHENING CRYOGENIC ALLOYS OF LOWER NICKEL CONTELT
Alloys of lower nickel content may be processed to ultrafine grain
size through a thermal cycling procedure essentially the same as that
used for the 12Ni alloy, adjusting the treatment temperatures to reflect
the shift in the martensite reverslon temperatures (As and Af) with
composition. This procedure has been successfully used to form ultra-

[C))

fine grained microstructures in cowmcrcial "9NiY steel and in an 8Ni

ao In both cases grain refinement leads to a substan-

research alloy.
tial decrease in the ductile~brittle transition temperature (e.g. Fig.
5), but this temperature remains above 4°K, The transition temperature
may, however, be lowered further by adding a final tempering treatment
1n: the lower portion of the (o + Y).fielé, which has the consequence of
introducing a fine distribution of retained austenite in the grain
boundaries and martensite lath boundaries. Such a temper is coumonly
used in the commercial processing of ferritic cryogenic steels (e.g.,
ASTM A353-72).

Commercial "9Ni" steel (Nippon 9Ni-0.6Mn-0.06C-0.2551) was grain-
refined using the same treatment diagrammed im Fig. 1 but with one hour
holding time at each step, and given a final temaer for one howr at

5759¢. (9

The temper introduces a significant fraction (\10-157%) of
retained austenite (Fig. 4) which is therwally and mechanically quite
stable at temperature down to 4°K. The reprocessed alloy has an

-,
i
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excellent combination of strength and toughness in liquid helium (Table
IT), and does not.exhibit the transition behavior obsarved in the
conventionally processed allov.

3 similar treatment applied to an Fe-8Ni-2Mn-0.23Ti research

10)

alloy( gave ambiguous results. ‘The {utroduction of 5% retained
austenite (treatment 2Br in Fig. 5) iuto the grain—réfined aiioy {treat-
ment 2B in Fig. 5) suppressed the ductile-brittle transition temperature,
as measured by Charpy impact test, trom v-118°C to below liquid helium
temperature, —-267°C. However, the transition temperature measured by
the fracture toughness test is mot significantly reduced by the presence
of austenite and remains well above liquid helium temperature as shown

in Fig. 5. This anomalous effect of austenite is now vnder investigatlon.
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Table I. Tensile and Toughness Properties at 6°K

YS TS C k
v _1C
Alloy Treatment  (54)  (MPa) (ksi) (HPa) (ft-1b) (Kgfm/cm) (ksivin) (MPavim)-
Fe-12N1-0.25T1 28 195 1346 219 1511 29 17.1 232% 255+
Pe~12Ni-0Q, 25T1 1A 182 1256 207 1428 55 9.5 75 83
oL ASTM A353-72 189 1304 204 1408 75 13.0 72 79
304 As Quenched 105 726 270 1863 128 22,1 168% 185%

*Estimated from Equivalent Epergy

an as described in Ref. 8.

Table II. Tenslle and Tcughnress Przperties of 9Ni Steel at 6°K

YS TS Cv KIC
Treatment (ksi) (MPa) (ksi) (MPa) (f£r-1b) (Kgfm/em?) (ksi/im) (MPavim)
ASTd A353-72 189 1304 204 1408 75 13.0 72 79.2
2B + 575°C, 1 hr. i9l 1318 223 1539 117 20,2 165% 183

*Estimated fiom equivalent energy, as described in Ref. 9.

-~


http://Fe-12N.t-0.25Tl

8-

Fo-Ni PHASE DIAGRAM HEAT TREATING CYCLES

£ i (rasces
= -2 l’ /2408 Ty RANGEY
H
H
TesoeaTu
L 738- 00

Fig. 1. The thkermal cycling procedure.
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MICROSTRUCTURES

XBB 739.5684

fig. 2. The evoluticn or microstruerure
dariny Chermal cvetldog.

(XBB 739~50584



XBB 762-1123

Retained Austenite in 9Ni Steel (2BT)
(a) 3right Field TEM.

v birk Tield TIY from (.’OO)V peak.

SUA-112% (top))
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