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PRECIPITATION IN Fe—Nl-Co ALLOYS

LN

G. Thomas} I -Lin Cheng} and J. R. Miha1151n2
December 1968 - g

ABSTRACT

Ptecipitationvin-Fe/Ni/Co maraging alloys occurs by formation of

austenite plates from martensite on'{lIO} planes. The.crystallography'

: follows the Kurdjumow-Sachs orlentatlon relatlonshlp. Complexities'invthe'

‘ electron dlffractlon patterns are explalned as a result of multlple dlffra-

tion due to interactions between bce and fcc'reflectiohs. If this pheno-

‘menon is 1gnored, erroneous identification of other phases in maraglng

type alloys can result during electron mlcroscopy 1nvest1gat10ns.

The presence of small amounts of Ti results in in-situ formation. of

‘Ni3Ti from austenite. A possible mechanism for’thisvto occur is by way of

faulting. "This mechanism may apply generally to maraging alloy steels.

lDepartmtnt of %aterlals Science and Engineering, Unlversity of Callforrla,’

Berkeley, Californmia. o , : I %

>2Pau1vD. Merica Research]Loboratory, International Nickél Co., New Yotk.



e

~ UCRL-18649
INTRODUCTION

Maraging steel is based on the Fé-NifCo system (RefSa»l,Z),.énd some

:a£tembts have beeﬁ'made tquelineate the hardening mééhaniéms and idéﬁfify
fthe ﬁ;écip¢tation that occurs in maraging steel by studying rela;ively"
‘ simp&é sysfeﬁs (3,4).' Both X-ray wbrk;éﬁd eleétron micrésc;py énd'diffrac- 
" tion show Ebnclusively that the decomposifionvof the ma?tensiteuoccurs'
'»{with.precipitatipn ofré fcc!phaée with aokB.SSZ [aué;eniﬁe] (3;4). When |
': ,sma;1‘amounts of titanium are presént; NiSTi méy also be iééntified.(&).
~ The electron diffraétion patterns obtainéd during the course of Ehin‘foil
;eléctron miéroscopy are very complicated and problémé may ariselasxto the
-interpretation of these patterns. It is the burpose of this paper to explain
,andtidentify such pafterns; to draw attention to the importance of multi-
" ple diffraction, gnd to suggest a possiblg mechanism for in-situ precipi-

_tation of compbunds:such as Ni3Ti within austenite.

Experimental

Fe-Ni-Co (3) and Fe-Ni-Co-Ti (4) alloys that had already been investi-
gated were used in this study, (Table 1). The heat treatments were the

same as those used previously and thin foils were.prepared in the usual way

for the electron microscopy and diffraction investigationms.

Results and Discussion

Figure 1 shows a series of bfight—fieid and dark-field micfbgraphs

' corresponding to the diffraction patfern'shown in Fig. 1(¢). This paﬁtern

is in the [011] matrix (martensi#e) orientation with three variants of

austenite patterns all in <ill> orientation'superimposéd.v The orientation

.relationships correspond to that of Kurdjumow-Sachs, viz., (111) becc //

1(011) fcc;v[Oil] bee // [111) fcé. The pattern is complicated, however,
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end extra epots are preduced as avfesult of-multiplevdiffraction.' Thié'
effect has been noted pfeViously~(4,5), but until noW;thé'briginSAOf,
_ double and multiple diffraction have not been derived. The interpretatiOh
is based on the simplest situafion, viz., in Fe/Ni/Co where only mareensite
and austenite are bresent. By considering this situafibn, Qee ean disfv
tinguieh reai diffraction‘sﬁots due.to pfeciﬁiféteé'frbm.spots'that.are
generated merely by interaction effects; If this is not done, erroneous
d~spacings are obtained; leading to errors in idengification of phases.

| The multiplicity of spots in fhe diffractioﬁ pattefnSvcan be’accqunted
for byjebnsideringvdouble'and multiple diffractien resulting from the com-
;Bination of fec and bec reflections. These combinations produce diffraction
ﬁaxima a;.positions which do not correspond to the‘strucfufe factor pre-
dictions for.either the bec or the fcc phases. In single phase bce or fcc
'etructufes, multiple diffraction cannot yield extra spofs. For example,

if one eensiders multiple diffraction from interactions of only bee feflec-
‘tions (or fec Qiih eaeﬁiother) no extra spots Qill'result, e.g., in the
v[ilO] bec'orientation we'have possible interactiené such as

o [002] + [110] ¥ [112] or [I12]
and [110] + [112] ¥ [222] or [002] etc.,

"i.e., the iﬁteractions yield only bcc positions in the pattern. 'However,
wheh bce and fcc reflections are present in the same pattern, end interact,
fs;nee the magnitudes of the reciprocal lattice (gj'vectbre for each_phase
are different.(but g[Oli] bee ~ gtili] fec),’and since'the‘sﬁruc;ure faetor
'rﬁies are different for bec and fec materials, interactiqnsvcan generate "extra"
spoté in the pattern. Derk—field‘iméges of Such'dbubiy (er_triély, ete;)

diffracted spots.then yield weak ﬁmages where reversal of contrast occurs
L . . N .

bl
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in those areas oflthe'foil whose diffraction vectors cérresponabto Fhosev

involved in the ihteraction(s). An éxample ié'shown'for the dark;field
‘imége,‘Fig.»l(a) of théydouble diffraction spot a, shown in Fig. l(e); where &
.weak matrix (eXtinctibn contoufs), and weakréuéfeﬁité (precipitéte platéS)
cont;aét reversal occurs. This result proyeé‘the validity‘of this interpre-
tafion.’ Furthefmofe, spOt.E is the (220) austénite reflection and itS'&ark-‘
field iﬁage; (Fig. lc),'rgverses only thosé auétenité plates in'this par-"

. ;icuiar K-S va?iant.' Similér results are obtéiﬁed for other Spéfs such as

£ (Fig. 1f). | - | :

| If this interpretation is éorrect;'it should'bévpossiblé to_eipléinv
all the patternsvthat can be obtained. The particular multiple diffréctions
are deﬁermined only by the reflections that can occur iﬁ a givén'orienta—
-fion, e.g., in Fig. 1 the muiti?le pattern iélgeneféted‘by cqmbiﬂatiOné of
the {2001, [211], [011] bece reflections with the various [220]'austenite'
reflections from each [111] 6rientation. Likewise, in [ill] bcgrorientatibn,
muitipie diffraction océgts by interaCtioqs of [1101 bcc-feflections and
{2001, [lll], f220] fce reflections., ThiS»inFerpretation has been found

to apply in all Cas;é after careful analysis of a wide range of.oriéntations.
Figure 2(a), .(b) shows one example for a [111] bcc‘orientation, which con-
fi#ms the multiple diffraction interpretation.

Wﬁen a combarison is made between‘the_difffaction patterdé from the

_alioy containing no titanium'with:an alloy containing Ti (Table 1), small;
but recggniiabie, differencgs caﬁ‘be detécted, (Figs. 2.and 3). However, -
in the images; the moxrphology of érecipitation remains the same, i;é.,
aﬁétenite plates form on_theA{llOf martensite and are oriented by theAK—S
;elatiBnShips (compare Fig. .2(a) with Fig.‘lQ,'Ref. 4). TFor example,

- Fig. 3(a) shows the [111] bee pattern with the three variants of the {110}

i
1
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"{austenite patterns supetimposéd; A close examination of the pattern reveals ‘
spots (triangled in Fig. 3(a), (b), not preSéﬁt in Fig. 2. As shown in

-another paper (6), this pattern can be interpretéd in terms of the super-

position of a hcp pattern whose c/a is not quite the same as that for the
fcc structure.(i.e., v8/3). In fact, the spacing of the first order triangled

reflection correspbnds very closely to the 2020 spacing of Ni T1.

3
Flguref4 shows an extraction replica where an'NijTi single crystal
pattern in [0001] can be identified uniquely (see e.g. Table 2 of Ref. 7).

. |
A comparison between the present results and thosé of other workers -

shows that published unidentified "d'" spacings {see e.g., Table 2Jof the

éeview by Floreen (7)} can be explained by multiple diffraction from ma;~

tensite with austenite and-also of course with any other phases that may

3 3

cpmplicatioﬁsvcaﬂ be sorted out during electron metallographic investigations

. 'be present such as the intermetallic compounds Ni Mo and Ni,Ti. . The possible

by using dark-field imaging and noting possible multiple diffraction in

i the diffraction patterns, as shown in Fig. 1. Similar techniques apply

when extraction replicas ate examined wheﬁ more than one phase is extracted.
"It is interesting to note that in seversl cases where maraging steels.

hste been examinéd byveiectron microscopy, few if any, differences exist -

bétWeen'images'and diffraction patterns of’such steels and those from the

gasis Fe/Ni/Co alloy used here. As an example, compare fig. 1 of this

paper with Fig. 11 of Ref. 5.

Obv1ously, it is 1mportant to recognlze the phenomenon of multlple

diffraction since otherwise-erroneous d—spacings will be obtained, 1eading_

to errors in 1dentlty1ng the possible phases that exist.' Such effécts are

likely in any alloy system contalning phases of dlfferent structures.
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Since fhe corresponding images of Fig. 2 and 3 appear iden;ical,
‘the results indicate precipitation of NisTi'occﬁrs Qithin austehit?. fhis.
is not unexpected in view of the close l%ttice cofrespondence befwéen féc
.and.hcp phases. - A possible mechanism for this to occur-is 5y_way of stack-~
ing faults. When the alloy is heavily OVéréged (Fig. 5), it'isfpossible
vto'resolvefcontrast effects which are typical of those due to stabking
faults. 'Thg d—spaciﬁgsffrém the féulted'strh;tufe correspond to Ni,Ti,

‘i.e., the "faults' are actually plates of the Ni,Ti phase. This is con-

3
- firmed by_the‘daik—field imggé shown ‘in fig; 5(;).

Previous work on'austenitic-alloys has indicated that strong cafbide
:forming alloying elements such as Ti, Cr, and Mo lower ;he stacking fault
energy when in solid solutién (e.g., Refs. 8,9). Cobalt may also behave
psimilarly. It is suggesﬁed, therefore, that the pfecipiﬁationbsequence
in méraging'steels may be martensite - austénite + faulted austenite --
hcp phase(s) When_the precipitating intermetallic compound closély matches

the austenite structurally, such as Ni,Ti. The work of Carwobd and Jones .

3

(5) lends some support to these views.

Finally, i; is interesting to note thaﬁ éince the seQuehce of strug?
' ¥ures iﬁ‘aging maraging alloys is so similar, tbe rapid hardening kinetics
'nin.thése alloys may be accounted_fér'in the early stages which precludes_'
diffusion proéess.

'f$ummarv

Precipitation in Fe/Ni/Co.alloys occurs by form;tion of austenite

Zrom martensite on {110} planes. The'crystallography follows the Kurdjumow-

Sachs orientation relationships. Complexities in the electron diffraction

patterns are explained as a result of multiple diffraction.due to inter-

‘J/
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 FIGURE CAPTIONS

1. Fe/Ni/Co - 2100°F/4 hrs. air cool, aged 900°F/3 hrs. .

(a) Dark-field image of double~diffraction spot a.

(b) Bright-field image. |

(¢) Dark-field image of spot c (220){f¢c; sh;wslonly one ofwthé aus-

~ tenite sets on (110).. | |

(d) Dark-fieldﬁimage of aouble—diffractiOn'spot d.

A_(é) Symmetrically oriented [Oil],bég-diffrdcﬁion paftefhvfrqm.the area

shown in (a,b,c,d, aﬁd £). Other spots not af bece or f?c‘pdsitiOns

are due to multiple‘diffracfion'from béc and fcé reflections.
v(f),Dark-field imagé of spo;.f (220) fec.

Fe/Ni/Co, as Fig. 1; .

'f(a):Diffraction pattern.in [ill]fﬁcc.dfiéﬁtaffoﬁ; ffﬂe'sgpefimpdsed
pattern is fromﬁthree orientations Qf'aué;eniﬁe all.obeyingyfhe"
K-S réléiiénship. -?he:extra spots néaf the—oriéin are due to
multiple interactions of Bcc.and fcc reflections. | |

(b);Sketch showing principal indexiﬁg of (aj, Double~diffraction
 spots near origin ariées from'i01 bgcéa;ill fce type inﬁeractioné.

(¢) Bright-field imagé éhowing Widmanstatten austenite plates.

3. Fe/Ni/Co/Ti alloy aged as for Fe/Ni/Co alloy (Fig. 1,2).

" (a) Diffraction‘pattern-in (111] bec orientation. The pattern is éimi—
lar to tﬁat in Fig. 2(a), with the exception of the-pfésencé of
extra spﬁts (friangled). White-dotted lines in Fig. 2(a) and‘

Fig. 3(a) indicate the same direction. |

(b) Indexing bf_the area in (a), (c,f, Fig. 2(a).

Y
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(¢) Dark-field image of spot ¢ (2020) Ni
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Diffraction pattern obtainqd fme an extraction replica of Fe/Ni/Co/Ti

alloy aged 600°C/19.5 hrs. The'hexagonal pattern indexes uﬂiquely'és

N13Tl. ’ ‘ . . - | A
Fe/Ni/Co/Ti alloy aged 700°C/12 hrs. The results indicate stacking
faults, i.e., hexagonal plates within austenite.

(a) Bright-field image -- fringes indicate stacking faults .

(b) Diffraction pattern.

3Tx.

(d) Dark-field image of spot d (110) martensite.

(e) Dark-field image of spot e (220) austenite.
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XBB 691-126

Fig. 4.
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