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AN ELECTRON. MICROSCOPIC STUDY OF MARAGING STEEL
I-Lin Cheng
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
and Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California
“March ‘19677
ABSTRACT -

- A careful examination of one system of maraging steels based on

Ni~Co-Ti~Fe has beén done primarily using electron microscopy, in an

~attempt to.delineate the hardening mechanism in terms of the substructural

changes,

The results indicated that precipitation hardening is the main

‘strengthening mechanism. Upon plastic defromation, the specimens exhibited

a brittle failure ynder typical maraging treatments which gave micro-

structures having grain and/or martensite sub-boundary precipitation,

Identification of precipitates by electron diffraction and electron beam

microprobe indicated that they were a (Ni~Ti) intermetallic compound,

is (00 0) , [2110 i1 .

£ (00D) //(120) , (2110 //(a1], |
An‘analysis is made,uéing‘both the Orowan and Ansell models to

account for the initial yield stress of this-alloy. It is concluded

that the Ansell model is the contrblling one,

-probably, NisTi.' The orientation relationship of them with the matrix
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I. INTRODUCTION

Because,of their.superior high étrength;1 ductility,! high'temperatufe

cree.p:resistance2 and-idw tempera#ure pfopepties,3 maraging steels have
- beéome one of the most ﬁromising materials for stfuctural purposes.

The -high' nickel, low carbon, alloy st‘éel', wh‘en annealed and quenched,
can prodﬁﬁe alrelatively soft (RCZS) and ductile B.C.C. martens;te._ Upon
rehea;ing or aging, intermetall{c compouﬁds,'instead of carbides,‘precipitate

" out from the suﬁerséturated solution. It was precipitation which was
thought to be responsible for the major hardening meéhaﬁism‘,""b Recently,
Mihalisin® utiliéed neufron diffréction analysis énd féund,*besides precipitation
hardening, that ¢rdering might alsb_playjé'réléain-Strengthening.

'Here a simpler system'of maraging_steel'of Fe-Ni-Co-Ti was studied
in order to delineéfe the hardening‘mechanism'more:clearly. ‘The changes
in microstructﬁréS'with mechanical properties were.reléted; The orientation
relationship between?thé ﬁatrix and precipitates was dete;mined using
selected area electron diffraction of the thin foiis.. Identificationvof
ﬁhe precipitates was done by using én eiectron microprobe analyzer and
x-ray microanalyzer on ovefaged'samples.

1L ExﬁERIMENTAL..

The material used“for this studyiwas supplied by International

- Nickel Company as a hotﬂrolléd,baf. The chemicél compésition is given in

Table I;

wt

The bar was hot rolled with iﬁtermediate_anhealing:down to' 25 mils.
Further reductionito produce foils suitable for electron microscopy work was

done by cold rolling to 10 mils. thickness.



TABLE I

Chemical Analysis

Composition, wt %

Ni Co AL - Ti o Te

20.3 23.6  0.068 0.17 0.055 Balance

A, MSDetermination

The measurgﬁent of transformation températurevauridg heating énd
cooling was done By using a differéntial'thefmalvﬁe#h@d.riAs shown in Fig. l;
two specimens, bne thévsteel sémple and the other a nickel sample,'whichv
acted as é dummy because it possessed no_transformationsl;n the temperature
range investigated, ﬁefe_spark we;ded to two.separate chromel-alumel’

" thermocouples. WO temperature recorders were uéed, one for.the temperature
and one for the'Qifferential temperaturé. The transformation teﬁperatureé
were observed whenever_therg Was a peak in the diffe;enfial temperature
curves.

B.  Heat Treatment

The samples were vacuum sealed in quartz tubes and solution. treated
at 2100°Ffor &4 hours.'ifouf different cooling rates.wefe used, namely,
furnace,.wéter, aig and liquid nitrogen. The‘aging treatments were
performed on‘all'bf_éhé;fogr'cooling rate Speéimens, using 700F and 900F
as aging temperatures, since this ‘is the‘temperatufe.range which was tﬁought
of interest;

C. Mechanical Tests

Rockwell hardness was measured for each as-quenched and aged sample. .
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Tensile tests were carried out on an Lnstron machine w1tn a cross head
speed of 0.0S'cm/min:
D. vX-RaX
Using a XRD—B diffractbmeterfwith_vanadiuﬁ filtered chromium -
radiation, the volume percentage of austenité was determined by diréct
comparison of the>intégréted intensity of an austenite line with-fhat of
a2 martensite line. ' " o , :. ' o _ ,
E. Micfogfobe.
'ectfon mlcroprobé analy51s was made by using an MAC Vodel AOO
Electron M1crop1"obe Analyzer on an overaged spec1men and. Slemens x-ray MA
micrcanalyser in conjunction with electron‘microscopy using carbon extraction
replicas. | |
F. Microscopy
Speciméns prepared_fof optical microscopy wefe“mechanically_pélished
with emery papers and etched in fe;ric chloric aéid. Extraction replicas' -
were prepared by.depositiﬁg carbon on etched specimens (éfchanﬁ 15 mml HCi,
-10 mml acetic acid, 10 mml HNO3, and a few drops of glycerine) aﬁd removing
the carbon film by subsequentletChing. -Thin fpils for-électron microscobe
were prepared by cheﬁical and electro—pplisﬁing. 10 mil specimens were
chemicaily thinned in a HZO -H PO4 béth.to.abbu;-3'mi;s. Eleétrb—polishing
was performed utlllZlng the ”windod'method‘in an electrolyte of 90% glacial
acetic aCLO ‘and lO/ perchlorlc ac*d w1th an applled voltage of about 20 v DC.
All the replicas and thln foxls were observed in a Slemens LINISAOP IA micro-
scope with an operating'condition of 4OFKV for x—ray microanalysis and 100 KV
for ?eplicas and thin foills. | |

Dark field techniques were performed to study and reveal the precipitates.
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Preliminary identification was performed by inserting. the objective
aperture on the precipitate diffraction spots. However, for the best

resolution, gun tilting is necessary to avoid spherical aberration.

ITI. RESULTS AND DISCUSSION

A. Transformation Temgg;ature

The range of ferrite3a§§;enit§ transformé?ioﬁ temperature g-y, or As-Af,
as determined_bylthe differeﬁtial thermal methéd,'was‘foﬁnd“#o be 1400°F-
1620°F,.ahd the martensite transformation‘temperatgre 690°F#540°F.‘ The latter
was obtained by-fufﬁécé cboling saﬁpies Qiﬁh a cooling réte of about 4.8°C/min.
Since it has been féund tha; cooling rates h;d no significant effeét on the

M. temperature for the Fe-Ni alloys,’ it is concluded that M

S temperatures

« s
do not differ appreciably froﬁ one énother by. the four kinds of cobling
studied. The mértensite tragéformation temperatufe was'highgr than that
observed from the iron-nickel binary ailoy transformation diagram. Tﬁis
is expected because of the_high cobaltvand lowrcérbon contenﬁ of.ﬁhis
alloy and the fact that cobalt tends to raise.the Msltempefature whereaé

carbon lowers the M, temperature.

S

B " As Ouenched State

All the samples from different cooling rates showed mainly a BCC
structure after quenching; as revealed by both optical and clectron micrographs

ig. 4. No acicular feature characteristic of martensite was observed in

g

in
the opticai micrograpb,-but blocky, irregula£ fe;rit grains Qﬁich is
"usually referred to as ''massive martensite'.® LIﬁ the thin foil electron
microgfaphs, léths of martensite g;ains‘were observed?whiéh contain a

high dislocation density in a form of tangles or irregular structure, which
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presumably arise as a result ofvthé shear traﬁsformatién (y=u) of the
material. No internal twinning was obse%ved. -This is consistent with the
fact that MS femeprature of this alloy is high and the readily visible
dislocaﬁion‘substructures wifhin martensite graiﬁé.lo‘ Séme of‘the marténéite
laths were twin reléted as can be detected from the selec.t aréa diffraction
pattérn from two édjacent grains.

In the electron micrographs, the martensite “laths" appear to be
parallel with siight.misofientation. Bundles of these lathg‘are thought

£ o

tq'produqe the blocky structure as seen in the optical micrograph.

There were no substantial diffgrehces ih the quench¢d>stfucture
among these fpur treatments, except the liquid nitrogén cooling specimen
shoﬁed narrower martensite '..laths “wh&ch‘might be responsible for the
higher hardness and yield stress’éﬁserved after this treatment (Fig. 2 and
Table II). The strength_of the as—quenchéd marteﬁsite is due, principally,
to the solid solution hardening coﬁbined with thevwork hardening-confributions.
from transformation gﬁbstructure. The high ductility of ﬁartensi;e
produced is preéumably due to the low carbon.content (which reduceé-the
bfittleness of this phase .just as it doés in_pléih éarbon steels), the absenée'
of any precipitates,* and the high dislocation density. |

The ofientation-relationship between martensite aﬁd austenite cogld not
be obtained be;ause_of ;he relatively small.aﬁount of'austen;te remaining
aiter quenching, as revealed by x-ray diffraction analysis.

Finally, the "burst'" formation gf martensite needles could 5@
revealed from the differential temperature curﬁes_in the transfofmation tempera-

ture determination which showed serrated peaks as the MS temperature was reached.

'

*No precipitation was detected in as—quenched martensitic structures, even
after many attempts to detect them using dark field techniques.



C. Aged Stgte»
1. Mechanical.Proéerties
The. changes gf properties resulting fromvdifferénﬁ aging conditions
were measuredvéﬁ room temperature and the résults are shown in Table IT
and TFigs. Z_and 3. It is seen fme‘Fig. 2 that éhé hafdneés increases
very rapidly and the form of hardﬁess Qtime cﬁrvés_ foll§w§ those of pre-
cipitaﬁion hafdenihé'alloys3 ipé.g maximum hardness occursﬂat longef

times as the aging temperature is lowered (700F vs 900F). 'The yield and

ultimate tensile:strength increasés, but there is.é loss in ductility,
‘as shown in_figu 3. Also,:the suggested typical maraging.treatmgnt,l
900F +>3 Hours aging was not suitable for this alloy.‘ All theISPécimens
in the 90CF aging.treétment a@peafeé to fail.in a brittle maﬁne: with aﬁ
intergrénular fraéturez“ before yielding. Tﬁis:pheﬁomendn.wiii be discussed
in assbciatiénVWith:the microstructural cbangés. ‘Higher work hardening
rateg were'also.obgéfVed'from thefstress;strain cﬁrves.(Fig.'B) as the
aging progrésses; | . |
2, | Identificatign of Pregipitates

Quaiifa;iﬁe chemiéal aﬁalyéis.by x=-ray midroanal&éis and electron
beamvprobe showgd_that ﬁhe:precipitate ié composed to n;ckel aﬁd_titanium.
As shown in Fig; S?Zﬁhe extracted preéipitates show énvNi.Peak rounted
on a Ti grid_and.a Ti pegk ég mounted on an Ni.grid,vﬁhén_examined on
the electron microSgape using x?réy'miqroanélysis.*‘ Also,'in Fig.-6,
it is seen that;xin tﬁe'overaged‘condifions, the precipitates‘gfow’into
the size which iévdétgctable in the opticél.hicfosébpe;and’the electron

beam probe using TiKg showed some agglomerates of Ti.. In this case,

*The XMA has bee calibrated before analyzing the precipitates. See Appendix IT.




-7- . UCRL-1733

-because'of:the thickness of precipitates and'penefration of the electron

beam,_thé Ni content of the preéipi;afe Was difficult to determine

because Ni ﬁogether with Fe + Co'is the abundant element in ﬁhe matrix.
'Fig. 7a shows an electron micrograph of the carbon extracticn

replica from a sample overaged at 600°C for 19 1/2 hrs., which showed

‘a’ Rockwell hardness of only RQZ“. Compared with the thin foil micrograph

in Fig. 7b, the_lérger plates.are probably the preciéi:ates.along'formér
»marténsite boundaries, the rest being distributed uniformly'throughout

the matrix. Ddring overaging; some austenite reformed. -The little
.dots op the,replicavmicrograph are presumed to be due to this phase. This

deduction hasbeen confirmed by examinations of other replica:::.zL+

which were
free of p:ecipitafes, but which also sho&édﬂtﬁe same‘”dot”_structure; and
by agstenipe rings that were idenﬁiﬁied on a diffraétion pattern.

Fig. 7c¢ is -the sélecﬁed‘area‘diffraction pattern. from Fig. 7a. The

g spa?ings from the selected area diffracﬁion péétefn of the this foil
_(ﬁot shown here), éﬁd'thevrelatiﬁe intensities of>the :eflections, are

- shown in Table III, . Comparing these déta with x-ray powder data for
Ni,Ti yiélds a reasonable match. The precipitates are:thus tentativély
identified within the limits of electron diffraction és Ni3Ti hexagonal
pﬁase with a DquAstructuré.. -

In some cases, rectangulaf ﬁarticles weréextr:bslvc.te_dzL+ and these
particles were tgntatively identified as TiC 6rUTiN by means of théir
selected area diffractidn pattern.’ Tﬁe_érystal structures of TiC an@
TiN are identical and they Ba&e éimiiar:iattice parameters, go,'as
_Reisdorf hés:suggested,lz Ti (C,Nj is used .to iﬁdicate tﬁié compound.

B
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3. Observations of the Maraging Structure .
Observations of the maraged structure were done exclusively by
electron microscopy, since no evidence of precipitation and only dark:

etching along the grain boundaries were observed in the optical microscope.
o

7oQ€-A?ing'

During the éariy'stagé of aging, é{g., lﬁ‘minﬁtgs; no precipiéation
could bewdgtected ih'the:photomicrograph. :However, in‘the‘diffraction
‘pattern, féint streaks'thrbﬁgh the matrix diffraction spots weréJdbSerVed;
whiéh may'indiCQte-plate—iike Qr.aisc—shaped ”pfecipitafés”.withifﬁe |
streaking>direction perpendicuiéf{to the.pléﬁe.of the‘“clusﬁers”; This}l
is Quite feasonable; sincetit'is‘oftén ppSsibie to detect the gvidénce
of solute atoﬁ clusteriﬁg or G.P. zones in theraiffracfioﬁ pétterns before
a precipitate can be eééily seen in the_microstructure; Aiso; because of
the difference in atomiﬁ size Qf'the_matrix and precipitate; anAeLastic
‘distortion of the maﬁrix would also produce diffraction gffects. This
vgives rise tovsome streaking of tﬁe laﬁtice points in a direction ?éréllel

' - . . :
to the distortion, except for the_centfal‘épo;.13,NQ strain contrast of
matrix could be revealed on thevphotdgéaph, pfobébly_bnguse the strain
contrasﬁ is too small to be resolved.and'of compléxitiés'dué_to iﬁcoherent
scattering froﬁ the high_dislocation‘density.’_After the 3 hours'agiﬁg
treatment, small particles could be detécted_in the bright field image,
but the§ were rather obscgre'bécause of the.high_disiocation deﬁsit?.
However, -in the dark field image produced by guﬁ tilting, the presence of
precipiﬁates is qui;e_ob&ious'as Fig. 8 sﬁOWS. .Thé preéipitatés haQe an
aQerage diameter of about 180-200&. The precipitates-ére uniformly
distribuéedytbfoughout thé mdtfix‘which sﬁggests that théybmay.have formed
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on the dense dislocétion structure produced during the ﬁarteqsitic
transformation. Precipitation'oﬁ dislocations is generally fatored
because some of the strains resulting from the differences in lattice
parameter of the precipitates and matrix can be relaxed; In addition,
the precipitate.atoms diffuse more rapidly along the dislocations as
a result of "pipe e diffusion" and this acceleretes.aging. The br pltateb
vbegin to grow, having definite orientations and having a tendency to
1segregate on the martensite sub—bouedaries in an aging time of lZlhours
(as compared.te 3 heurs previpusly); This can be eeen in Fig. 92,
eépecially in dark field photomicrography. = The precipitates become
latger at longer aging times.' Because martensite boundaries and grain
boundaries prov1de better 31tes for the prec1p1tatlon boundary prec101tatlon
occurs and boundary particles grow much lafger‘than these in the metrix
(Fig. 105). |

900F Aging

Aging for 1 hour atvthis temperature caused extensive gtaiﬁ
boundary precipitation along fermer martensite boundaries,. as in Fig. 10.

This kind of precipitatien should have_e sigﬁifieant affect on the

toughness of this alloy and will be discussed.later. ‘Aging’for 3bhouts,
which is the suggested typical tteatment, produced both the matrix and
boundary precipitatioe, althougﬁ the boundary precipitates grow faster

than those in the matrix. Dark field photomlcrographs as shown_in‘Fig. 11,
usually indicate the size and dlreetion of the matrix ore01p1tates, while
the boundary precipitates are usually in different orientations. Rather
.vstrong precipltate diffraction spots produced in the diffraction pattern

are thought to be responsible for the dark precipitate contrast in.the
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bright field micrograph. Twelve hours aging at this temperature caused
some formation_of,Subgrains due to recovery and recrystallization besides
growth of precipitates (Fig. -12).

4. Morphology of Precipitates and their Orientation Relationship with
the Matrix. L : ‘ '

Because of streaking in.the'diffracfioq’patte?n, it.is Seeﬁ_tﬁat the
shiape of the p;eéipitate is ‘either disc;likg or ﬁlate—liké'(due to relaxation
of Laue diffraction édndition in one dimenéion). This is-doﬁiifmed.in the
ﬁicrégraph shﬁwn in Fig. 11, where_thg projectioﬁs‘of‘the’pretipitdtes

“on (110) plane ‘show :éctangulaf shapes; Analysié.of the diffraction
paﬁterns showed ‘that theiprecipitates lié oniflIO} planeé of " the matrix.
As indicated by Pitter and Ansell,l“ the ﬁi3Ti iS'a'hexagonai:Phase andv

has an orientation relationship with the matrix such that (0001) // (110)
. ' > a

. and [ZiiO]q// [lil]d.5 The relationship is confirmed in this investigation,

and an example is shown in Fig. 13.

‘5. Reversion of. Austenite v _ '
‘The amount of austenite was determined by using the_formula;ls'
| 00

1+ @WnED

volume ¥ austenite =

"where Io = . integrated intensity,qu(ZOO—OQZ) martensite x+réyiline;
Ly - integrated iﬁtenéity of (200) auétenitevline}
The value éf ”l.7ﬁ’was'éaléulate& in the appendix.

The results aré:given in Table IV. It is seen thét ﬁ#on aging .the
.aﬁount of austenite gradually increases. This bhenomenoﬁ'is thought to
-be due to the reversion of.the metastable BCC phase to tﬁé eqiilibrium

austenite and ferrite'phases~becau%e gf'the risevid Ms température

resulting from depletion of Ni from the matrix as a result of precipitation.
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Overaging by aging at 1100°F for 19.5 hours caused softening of this
alloy (Rec 25). This phenomenon is related with the amoun£ of adstcnite
present which ié rather high (39.4%). Examination of thin foils of the
overaged specimen revealed dots of sﬁall-lumps of parﬁicles which were
‘determined to be austenite by electron diffraétién analysis. 'Heﬁce,.it
was cohcluded that overaging'bccured primafily béééuse of austenite
reversion (with a éoﬁcurreﬁt slight gfowth of pfeéipitates);

There appears tb be a critical amount of austenite at which the
softening océufs; In thé usuél maraging treatment, although the amount
of aus;énite,increases, its.softéning-effect is ovérshaddwed'by.the
precipitatiqn hardening effect.

6. Structu:éi Changes and~Mechanical-?ropertieé

vTheihigh-ductility observed in the as~quenched sﬁate is thougﬁt to
be related to the iow carbon content (which eliminates the brittleness
characteristic which exists in pléin carbon éﬁeels), and the high dis-
llocation density introduced during tfansformation. Combihing with its
softness, the martensitic product may exhibit goodimacﬁinability.and
formability prior'to any aging treatmeﬁﬁ.

In these experiments, iﬁ was founé that. the ductility’décreased with-
aging time and/or temperatuie.. Careful examinétionrof the -substructures
showed that there was a strong téndency for grain boundary.segregation of
precipitates to occur and this was associated Qith‘a marked decreasé in
the ductility, (e.g. 7OOF/l2 hrs agedvséécimenj as in Fig. 9. Also, some
of the specimens broke in the grips which'indicated'a‘poticab;e notch
sensitivi%y. Thié brittleness feature hés been indiéa;ed by Floreen and

Speich!7 as due to grain boundary embrittlement in the absence of Mo.
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They showed by carbon replica fraptographs of the su;facesAof fractured
charpy bars that the molybdenum—cpntaiﬁing élloy showed a dimpled-type
fracture surface characﬁeristic qf ductile ffactufe, whereas thé‘brittle
-tiﬁanium COﬁtaining alloy showedla flat fracture surface typicai of a
brittle intergranulaf fracture. This is consistent wiﬁh experiments

now in progress.2% Preferentigl precipitatidﬁ along.thé boﬁndaries, i.e.,
both: grain boundaries and sub-boundaries, makes the boundaries strénger.
Thus, thevdislbcatiéné cannot eaéily croés_the.bqundaries_tq continue the ~
deformation and havé.a tendency.to pilé up égainst the bouﬁdaries until

the internal"stresgeslset dp éfe iafgé enough to breék or shear the
precipitates én the Boundariés; _ihis phenomenon is clearly shéwn in

Figs. l6,A15 and 16 where the bending and/or shearing-of particles can

bé seen, It is:also iqteresting to note that the precipitates in.the |
matrix are.relatively undeformed and the shearing‘directions of the boundary
precipitates afe <lll>, il.e., the'slipbairection iﬁ BQC.métais.

In gdditioﬁ;.the presence of Ti(C,N) partiéles;'as ext;acted on
replicasvin_this resea:.ch',zl+ may also be a faqtqr causing low notch
toughness of this ailoy.18 J

The increasing_work hafdening rate occurring during the aging treat-
ment is thought to.be due to the resistance to_dislocatioﬁ motion by
precipitates or by multiplicatioﬁ of dislocafions‘as a result of dis-

location precipitate interactions.

D. Strength of Maraging Steels
There are thiree factors which are thought to control the hardening
mechanism. Namely, dispersion hardening, ordering, and martensitic grain

size. Another factor is the carbon content, which in the present alloy

.
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is rather small éd that its contfibution to hardeningvmay‘be neglected
as- compared to.fhevoﬁher pafametgfs.
1. D%spersion of Precipitates
. Several theoriés,have been préposedvtb“accdunt fér the yield stress of
precipitation hardenable a_lloys.19 Orowa ' suggested that the plastic
strain results from the expansion of dislocation loops surroﬁndimg
N pargiéles which intersect the glide piane; - Ansell and Lenel?0 suggested
tha;'deteetéBle plastic_fiow would occur only wﬁen the particles are beéing
sheared or brokehvby thev?assing‘disloéations;. Dislocations pile up
against'éecondAphasé partiélés arid the particlesvrupture:wheﬁevér the
accumulated stre$s is largelenOugh. .The;e two theories will be tested
separately'as follows: |
a. | Orowén type:
The,modified Orowan relationéhip is %hatvthe initial shear

~yield stress should be given by:

TE T f:%% ¢Qn"~{d£§r} ‘(d—2i)/2~' @
whefé
G é‘shear modulus of:the matrix'=:7300 Kg/mmz-
1, = initial yield stress ;f the matrix, take:the.value Qf

- as—quenched state, = 53,500 bsi.
b = Burgers vector =l2.49§
r = mean pargicle radius = 90 ~ 1208
d = mean plénar interpafticle spacing = 400 —‘SOOK _
) =-l/2(l 4+ 1/1-v). v = Poisson's ratib:m 0.3. »@.ﬁ 1.215°
The aﬁové values are basea on fhe aging éoﬁditidm of 700F/3 hf;,

Where the yield stress and precipitates were detectable. Using
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, ‘ Lo .
the above values, we obtain'r}= 140,000 psi. .
b. Ansel-Lenel type:

' The final form of Ansell and Lenel's model is that the yield

‘stress of a dispersion hardened material should be: 13

B -V S
TS % Y4 To.ez-grrny 0@

where
ot yield stréssidf the matrix, take‘-.rS = 53,500 as
previquély; |
._G';i sﬁeafvmodulus éfjthe Ti—Ni.phase,?3'8}9‘x 108 psi. 
Ci é_éonsténtvappro¥imatelynequal to 30.

f: volume fraction of particles approximately equal to

v : 1/3
- ..5.2% (for Spherical‘partigleS'i = 0.8, Wvhere r is

.ﬁradius of particles and 2R mean separation between =
'pafticles).. ,

" Hence, we obtain an initial yield streSS'éfvllO,QOO psi.

_Cémpéring the results from these.twb médéls‘with‘the experimental'.
.determinaﬁion‘vélue,‘théh sho&ed a tenéile yield streés of 192,000/2
psi,* or shear yleld of 96,000 psi,-iq'is sugéested that the Ansell's
mqael may be  the ﬁlausiblé one, :in‘addition, the bbsérvation ef“particle
shearing after further aging (Fig.'lS):may_confirm Ansell's model.

2. Ordering | |
Although the.precipitated phase NisTi (D63~or Dozu) is ordered; the’
- matrix also haé a tendency to be ordered.?! ~In view of the compééition
.éf this alloy, Fe-Ni and'éo may égﬁbine to.form,an ordered phase. 'Mihalisnf

using neutron diffraction, did observe ordering of this type of alloy in-

*By assuming ‘that-the tensile yield stress is about twice the shear stress.
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which ﬁhe ordered phase had a composition near FQZCoNi. In the present
work, an attempt was made to find the existence of superdislocation which
would indicéte order,22 but there.seemed no such evidence. IHence, the
effect dﬁe to ordering may be small,
3. Martensitic Grain Size

It was observed.in this alloy that in liquid nitrogen cooling state,
the hardness and yield stfength are Higher.than the other qhenching
medium, This Waé.explained as due to thé finer martensitic grain size
as observed in ‘the electron ﬁic%osc0pe; altﬁough no such tendency observed
by optical microscope.

- Finally, it should be.néted that the strength in the as—-quenched
state is controlled‘partly by the high dislécationfdgnsity ekisting.
During'the subéequent aging, the dislocations annealed out gradually
due to recovery, as Was'observed in the electron microscope, (Fig._l7}

and thus the.contribution from the dislocation density decreased as the

precipitation hardening mechanism became more effective,

IV. CONCLUSIONS
1. The structures are relatively insensitive to cooling rates, a
b.c.c. massivé martenéité was produced in each case, i.e., the cooling
rate-does not effect fhe Ms transformation tempergture'appreciably in
this alloy.
"2, . The martensite platelets produced by quénching are relatively soft
and conﬁain a higﬁ dlslocation density. Low ¢a;bon céntent and high
dislocation density may bé responsible for their ductility. The low

work hardening rate in this state may account for the fact that the
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dislocation density Already is sé high that the martensite is in a work
hardened state.

3. The pfecipitétes'were identifigd ;s,NiSTi,_which is a hexagonal
phase.  The precipitates are formed as'thin'plates and are Qrieﬁted
with the martensi;e'matrix such" that (OOOl)n// (110); ana}LZiiO]“//ﬂ
[;i1]a° . o S |
a&. Grain boundary precipitation causes'brittlenessIOf thisvalloy.” The
fféctured surface showed an intergranular fracture. The ‘existence of ”
- Ti(C.N) pafticies may be an additional factor in eﬁbrittling.
5. vaain boundary preéipitates‘break‘or'sheaf‘as tﬁe.stress1f¥om the
surrounding disloéa;ion‘groupé Becomes large gnoﬁgﬁ.” Pre;ipitates.are- 
sheared in the <ill> slip directidns of the métrix. |

6. The streng;h_of ﬁaraging”steels is due primarily to‘dispersidn
'hardeniﬁg. The Ansell model of yieldinglis probably the operating
,mechanisﬁ._" | | . : o

7. Softeﬁing occurs when the amount of austenite reversed exceeds

.a certain criticéi value, under which the age-hardeﬁing effect‘évérrides;
Overaging is thus due to révérsioﬁ of auétenite4with liﬁtle appreciable
g;owth of pfeéipitateé., o |
.8. ~ Upon ;ging, the dislocation densityvdécreaseé as a reSultlof
fecovery“ o | |

9. ‘,Although high strength can be obtianed in this ailoy; it is not very
promising because of iﬁs low ductili;y.. Hence, ﬁhé.preventioq 6frboundary
precipltation, e.g., the benefici;l addition of Mo, may impro&e fhe

properties greatly.

'
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- which Ehe ordered phase had a composition near FgZCoNi. In the nresent
wopk, an attempt was made to find the existence of superdislocation which
would indicate order,?? but thereyseemed no such evidence. Ience, the
effect due to ordering may be small.
3. Martensitic Grain Size

I; was obsefved in this élloy that in liquid nitrogen cooling state,
the hardness and yield stfength are higher than the other qhenching
medium. This was explained as due to the finer martensitic grain size

+

as observed in ‘the electron microscope, althoﬁgh no such tendency observed

by optical microscope.

- Finally, it should be.néted that the strength in the. as—quenched
state is controlled'partly by. the high dislocation dgnsity existing.
During'the subsequent aging, the dislocations annealed out gradually
due to recovery, as Was‘observed in the eléctron microscope, (Fig. l7)»v
and thus thé:contribution from the dislocation density decreased as the

-

precipitation hardening mechanism became more effective.

1v. CONCLUSIONS -
1. The structures are relatively insensitive to cooling rgtes, a
b.c.c. massive martenéité was produced in each qése, i.e., the cooling
rate-does not effect ﬁhe Ms transformation tempergture'appreciably in
this alioy.
2, The martensite platelets produced by quenéhing are relatively éoft
and confain a higﬁ dislocatioﬁ.density. Low ¢a;bon céntent apd high

dislocation density may be responsible for their ductility. The low

work hardening rate in this state may account for the fact that the
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dislocation dénsity Alreédy is so high that the maftensite is in a work
‘hardened state.

3. The preciﬁitates_were identified as,NiBTi,_which is a‘hexagonéi
phase.' The precilpitates are formed'asAthip,plates and are Qrieﬁted
with the marteﬁsite matrix such- that (0001)‘// (llO)a and1]21i0}n//.

Llll]d. E o N ‘ ." SR |   .

4, Grain,b¢undary precipiﬁatipn causes brittleness’of this alloy. The
fractured>surface_showed an intergranular fracture. Tﬁc existence of

~ Ti{C.N) particles may be an additional factor in eﬁbrittling.

-5, Grain boundary preéipitates'break or-sheaf‘as the.stress-f;ém the
surrounding disloca;ion'groupé Becomes large enoﬁgﬁ.” Preéipitates_are
sheared in the <111> slip di‘rectijbns of the matrix.

6. The strength of maragingAsteeié is due primarily to.disﬁersiéh
‘hardeniﬁg._ The Ansell model of yielding'is probably the operétipg _
‘mechanisﬁ._ | . o | |
7. Softening occurs when the amount of austenite reversed exceeds

a certain critical value, under which ﬁhe age—hardening effect‘ovérrides;’

Overaging is thus due fo,révérsion of(auétenite,with_liﬁtle appfetiable

g?owth of pfecipitateé.,,_ |

8. Upoﬁ aging, the disloéation density décreaseé as a result.of

iecovery.‘ | . R

9."_Although high strength can be obtianed in this alloy; it is not very

promising because_of_i£§ low ductility.v Hence; the. prevention éf boundary

precipitation, e.g., the beneficial addition of Mo, may improve the

properties greatly.

¢
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10, It is suggested that ausforming prior to transformation to martensite
of maraging steels may accelerate the aging response by introducing more

dislocations, .and increase the strength by having more uniformly distributed

precipitates upon subsequent aging.
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+ . APPENDIX T
Calculations of volume % austenite with negligible amounts of third
phase, the_volume-pefcent pf’austenite-isﬁdeteruined by:
100
1+(—1>< )

31 ; VGZFY2PY[(1+005226)/(Sinzecbsﬁ)];[eng 2m) 1y
Ra Vdedz?a[(1+coszée)/(s1n26cose)]a[exp( 2m)]a

where F is the absolute value of the structure factor P is the multlplicity

factor, V. is the volume of unit cell, exp( -2m) is the temperature factor '

ng Lteos?26 = Lorentz polarization fact
a m or po ariza 10 actor.

¢

. Factor‘, o ' Martensite ' Austenite
| a (200-002) .- . (200)

20 . 1062 . 794
e - T saa o s

l+cos228 = .0
YOS 20 L
(s1in=6CosH) o

20815 L 0 3.293
sime/A . - 0.3 0 0,279

: P fv‘;f ..4;.'?%”i>;ﬂu‘ﬁl4+2 o }: B C. 6 |
exp(-2m) T Coii 091 o 0.9

vz T (2.866)4(2.873)2 - . (3.557)8

The ratio %ﬁ is.thus calculated from the above values: %ﬁ = 1,7 X



APPENDIX II

CALIBRATION DATA FOR THE XMA :
(the em1551on 11nes of the metals- listed below ere excited with the continuous x- radlatlon of a Pt
: target and were monochromatized with a Li- F crystal)

x-ray unit - "z"  Element Peak Position ____ Resoluction(Z)**  Peak Width

voltage-- : o Theoretical----Experimental* - - - . - 1/2 Max. Intern

40-5x%% 22 ST 451 as2 203 0 0.90

5-1 . 26 Fe . 6.40 641 0. 7 1.2 110

30-1 - 27 Co . 693 7 6.9 C16.4 . L1

351 - 28 m - 7.48 O 7.56 15.3 . 1.16

26-1 28 Ni(no mono  7.48 . 7.46 . 115 1.30
I ~ chromator T o

S0.5%xxx 40 oz 15,77 1.0 - 1110 . 1.76

ok To obtain the energy from a peak position on the PHA, the scale is so claibrated that you read

the volts on the dlscrlmlnator (0-100 VOlts) ~and multlply by O. 2

*% Deflned as (AW)at 1/2 1
Vatl

max

x 100

max

*kk
‘of the flow counter, so I have my doubts about Aluminum.

Kk F% The opposite problem: insufficient quantum yield to activate the flow counter.

+ - By E. A. Sturken

It takes a lot of intensity to get a detectable amount of Ti K x-rays through the Mylar w1ndow'

. =6T-
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. TABLE II

Tensile Properties*’

Treatment L © Yield (0.2%) Ultimate - Elongation
(2100F/4h Annealing) : v ‘ Ksi Ksi » % '

.

IN As Quenched f' ©o107 132 6.1
LN 700F1/4h | ;fi- oo 10 175 5.0
'LN ‘700F/1h ',l- . 166 _f o185 2.7
LN fOOF/Bh' o 1 | 192 192 2.0
LN 700F/12h* | " - |
WC As Qeunched'[j_ﬁ',gf g 5f; :;."' 112.2 7.2
WC 700F/1/4h )  1 3}  ‘ f -  : , 147'ff - _i, 164.5 48
We 700F/1h f" R i, 162 - i .  f'177.5. W
WC 700F/3h Af“ :”;. ‘__;u " 168 ;h' 186 2.2
we 7008/120% S e | |
FC As Quenched ',.‘_l.; o o 961t\j e 6.5
FC 700F/1/4h . ':E.ffti-,i , "} 120 f; 1375 5.2
FC 700F/1h ';*;v R 145 L 1m S
vc 7008/3n ?;f'?,y' Sl 160 2.9
rc 700r/12n" . R - |
" AC As Quenéhedf” '] :*fL_: ,;f“~ji . '97~5.jf,»1'. 1200 6.2
" AC 700F/1/4h ;' .';;-fv ;"i o 131: f' w0 4
AC'700/1h s 1"j wr 156 3.9
ac 7005/ 155 o 163 2.7

AC 700F/12nT

*All the 900F aging specimens broke before yielding.
+Broken before yieldlng.



-22- . . UCRL-17334
TABLE 111,’

Interplanar Spacings of the PreclpitateS”
(2100/4h Annealing, LN cooling, 600°C/19 1/2h aged)

Thin_Eilm o ' Replica ‘AuStenites ' Martenéite '-Ni.Ti( )+

.(Ring Patterns) -

ady /1% (&) A e ad o Un, (k)

2.20 ¥ . 220 221 20 200
2,14 M e - T 24350 201
2,075 S ==—e . . 2,08 .. ‘. 2.027 2,07 50 004
1.943 WS 1,95 o o oo 1.95 100 202
1.83 M eeee AT 183 S

e e LT 2 200 203
—— Ll el 1,54 100 122
S SRS EEIS BY'X S TS W 200 204
1.35 G emem e giape il 13300 200 205
1.26 Chomaryl R T s0 220
1.16 L6 e 17 11730 20 0 206
1,00 oMt T sTipe9 T . 1.095 10 401
el mmem ot 1.087 500 224
106 M. 1,06 T 1,068 50 402
e et L Loke . 20207
1,032 W .l ememtoih. oo 1.038 200 008
R e e 1,027 20 403

0,973 Wi e ©0.974 10 404
0.94 W liil0.94 L E S0 040 100 226,412
e e L T 0,906 0,920 10 405
0.85 W .. 0,85 . . . 0,850 . - 0.831 10 421
— e T 0.819 20 422
ceem o emn s Tl 008000 100 423
0.775 . W .. 0 meme oo Lo o 007790 10 505,414

*VS(very strong), S(Strong) M(Medium, W(Weak) )
_“+ASTM x~-ray powder data file. _ :
$By x-ray diffraction ',,~‘ -
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'TABLE IV

- Amount of Retained Austenite.

UCRL-17334

Treatment IR S %bAuéténite

Astuenched (LN)

ln5 g

- 700F/ 1/4 hr 3.57
- 700¥/ Lhe 8.34
'7dor/?3 hrs 8.93
7007/ 12 hrs 14.15
900F/ 1/4 hr:, 4,50
900F/ 1 hr | . 9.05
. 900F/ lfhr': 9.05
900F/ 3 hrs - 13.30
' 900F/ 12 hrs | 27,00
11007/ 19.5 hrs 39.40
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Fig, 1 Thermal differential apparatus for measuring
- transformation temperatures.
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Fig. 2 Hardness - aging time curves
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200 1 | I I 1 . |
LN 700F/ 3hrs /~__

LN700F/ 1hr

LN 700F/ 15min

LN as m ]

160

120

Stress (Ksi)

80

40

o L ! | | ! L
c 1 2 3 4 5 6 7

°/o Strain
MUB-13760

Fig. 3 Stress-strain curves of the liquid
nitrogen cooling state
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IM 2473

Fig. 4 As quenched states (2100°F annealing).

(A)
(B)

()
(D)

Optical micrograph (water cooling), FeCl, etched
Martensite platelets in L.N. cooling sta%e, showing
high dislocation density :
Nucleation of martensite on either side of grai
boundary

Substructural details of a martensite platelet

UCRL-1T7334
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i

IM 2484

Fig. 5 X-ray microanalysis images showing that the precipitates
are ecomposed of Ni and Ti
(A) on Ni grid
(B) on TI grid
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IM 2483

Fig. 6 X-ray image of the electron beam probe using TiKa

(A) Optical photograph (x550)
(B) X-ray image of the area
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IM 2480

Fig. 7 (A) Carbon extraction replica
(B) Thin foil mierograph of an overaged specimen
(19.5 hrs aging)
(C) sSelected area diffraction pattern irom (A)
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IM 2474

Fig. 8 2100°F/4 hrs L.N. quenched + TOO°F/3 hrs aging
(A) Bright field
(B) Dark field, reveals the precipitates clearly
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IM 2475

Fig. 9 2100°F/4 hrs + TOO°F/12 hrs aging.
(A) Bright field
(B) Dark field showing growth of preeipitates
and boundary precipitation
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Fig.10 2100°F/4 hrs + 900°F/1 hr aging showing
boundary segregated precipitation
(A) L.N. cooled
(B) Furnace cooled
(¢) Air cooled
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IM 2477

Fig. 11 2100°F/4 hrs + 900°F/3 hrs aging
(A) Morphology of precipitates
(B) Boundary precipitates
(C),(D) Bright and dark field micrographs
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XBB 671-227

Fig. 12 2100°F/4 hrs + 900°F/12 hrs aging, showing growth
of precipitates and formation of subgrains
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IM 2478

Fig. 13 Orientation relationships between precipitates .
and the matrix, shows (001)p//(110)m [200]p//[111]m
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IM 2479

Fig. 14 Quenched + 900°F/1 hr aging, 30% deformed,
showing (A), (B), (C) fragmentation of
precipitates and (D) pile-up of dislocations
against precipitates
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IM 2481

Fig. 15 Quenched + 900°F/12 hrs aging, (A), (B) bright and
dark field micrographs in the undeformed state,
(c) after 30% deformation by rolling, showing
shearing of boundary precipitates
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IM 2482

Fig. 16 Quenched + 900°F/12 hrs aging, 30% deformed,
showing bending and/or shearing of precipitates
by dislocations
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XBB 671-225

Fig. 17 2100°F/4 hrs + TOO°F/1 hr aging. Some recovery
of dislocations occurs.
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