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THE ENHANCEMENT OF SUBSTRUCTURE STRENGTHENING OF MARTENSITE
| I-iin Cheng
Inorganic Materials Research Division, Lawrence Radiation ILaboratory

Department of Materials Science and Engineering,.College‘Of Engineering,
4 - University of California, Berkeley, California

ABSTRACT

Thé_structure and mechanical properties of‘t@o types of precipita-
tion hafdenable'austenite alloys are studied, One is based on
Fe-EQﬁiuﬁMo?de28C where the precipitatés are Mo,C and the other is
dFe—EBNi—éTi where the precipitates are coherent FCC v (NiBTi) ordered
phase. =

Both{types of alloy can be transformed martensitically in 1iquid
nitrogep, thﬁs rendering pqssible tﬁe studyj§f the éffect of precipitates
on the substructures of martensite and the kinetics of martensitic
transformation. it is found that the substrﬁcture strengthening effect
of martéhsite could be enhanced by dispersion. hardening the austenite
prior;td martensitic transformation.

' In addition, the stabilities of the austenitic alloys are such that
S ) E (1) upon certain aging t?eatments, the alloys,tranéfofm partially to |
martensite (due to precipitation of solute.étoms), thus.the mechanical
'propérties of these "composite" materials éould be evaluated in terms
of_thé.strengthening,effect‘of eéch of theICOmponent phases. (2) Upon
straiﬁihg, martensite forms in both types of alloys ahd micréstfucture

Y

observations are then made.
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I. INTRODUCTION

Ausforﬁing‘is'a thermomechanical treatment;'whereby the metastable
austenité is deformed at elevated temperatures before iéotherméi decom-
position takes place and then cooled to allow the martensite transformation
to occur. The mechanical properties of ausformed martensite are in general
superior to those of conventional heat treated martensite, for example,
ﬁhe tensile strength could be increased by as much as 30% with generally
an improvement in ductility.

It has been concluded previously1;2,3

>that the high éfrength of aus-
formed.mértensite is controlled primarily by the high dislocation density
in thelstructure. More recent work4 showed that sfrengtheniﬁg was achieved
by the formation of subgrains (or cell strﬁctures) as well as the increased
dislocation density in martensite as a result of'ausfbrmimg.

However, the strength levels attained by prior ;ustehitic'deformatién
for alioys with essentially no cérbon; e.g., maraging;type alloys,5 or éteels
havingvho strong cérbide forming elements (Mo, Cr, V,wetc) e.g., low alloy
4340 steel;é aré not;greétly iﬁcreased; that ié; a poor aﬁsforming response
in terms of improved properties. Hence,bit is known that éarbon andtéarbide
forming elements are indispensible to obtain a useful ausforming responsé. -
It haé also been shown that carbides are formed during deformation of meta-
étable_austenite, either directly detected by electron micros‘cdpe1 or
indirectly deduced from the increase in Ms tempe:ature.8 The role of these

carbides was thought to pin the dislocation substructuves in austenite T

that the latter are not likely to be swepf away by the advanéing martensite

. boundaries -on subsequent martensitic transformation and are thus inherited

in the resulting structure. In addition, the carbides can also result in



the generation and multiplication of dislocations generated during the y-
o phase7transformation. The resulting snbstructures high density dislo-
cation'in ausformed martensite is then produced from either prior deforma-
tion or shear transformation and possibly both.
Theinajor difficulty in the extensive appliCation of ausformed steels
is the large amount of plastic deformation required'in order to cause
appreciahle strengthening in the reSultingbmartensite as compared with the
vconventional heat treated»martensites, for example, even H;ll.alloyed steel,
a high ausforming response steel has a strength increase of‘about 10600 -~
1300 psi per percent reduction deformation.9 10 -

l It is the purpose-of this thesis to investigateAthe.significant,f
strengthening contribution(s) and hence the origins of the high'dislocation
density in ausformed martensite. ‘Generally,:the martensitic transfornation

_can be considered as a special kind of plastic deformation where the |
thermodynamlc driv1ng force is analagous to the. applied stress. Also,
a‘very‘mnch higher work hardenlng rate of the alloys containing a
second'phase particleﬂwas.ohserved, which was presnmablyrdueltodan
,increase>in”dislocationqdensity, o o |

| Hence,'if_we dispersion.harden the austenite and takejmaximumvadvané
tage of the:martensitic shear transformation, e.g., enhance the substruc-
ture strengthening effect by the presence of perticles;-etc.,vit may be

expected that the strength attained in this way should not differ . too

:much from that of normal ausformed steels; That is, thevprocess of deforming '

austenite is JUSt to introduce the necessary carbide to effect pinning and
multiplication as pointed out by Thomas.l_ Consequently, the ausforming
process could possibly be replaced by a process of dispersion—hardening

the austenite followed by quenching to martensite.

'
i

b
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Two types of alloys were used in this research. The first one was

. based on an alloy of Fe-22Ni-4Mo-0.28C. The choice of Mo as an alloying

element is-due to its highest diffusivity as compared to the other carbide

formers lA(hence greétest‘Strengthening’contribution and rapid kinetics

of precipitation). This alloy 'was then deformed in the austenitic condition

and subsequently recovered or reérystallized in an attempt to reduce the

dislocétion density but retain the carbides. The "reCOVered" austenite
was tﬁen qhenched to marfensite énd compared with the normal auéformed
mértensite. The second type was an Fe—28Ni—2Ti alloy, where proper aging
in austeﬁitic condition (ausaging) was known to produce the preqipitation
of y'_(NiBTi) particieé.ll The microstructure énd ﬁechanical-prgperties
of tﬁe'martensite quenched from ausagéd specimens were then analysed in
order to help undefstand thé‘role played by precipitates of particles dur-
ing the ﬁérténéitic transf§rmation.v
In éddition, there were two."by—produéts” as a result of this inves-
tigétion. The firs; one was the formation of strain—inducéd martensite
- upon straining the metastable austenite; in other words, the stabiiities
of the austenife in both types of alloys.were suéh that plastic deformation
between Ms and Md temperatures yields martensite. The production of
.strainrinduced martensite during ﬁlastic deformation is well known12 to
increase the work hardening rate and delay premature necking. Thefefore,
a combination of high strength, ductility and toughness was possible
and was actually the essence of the development of the soecalled "TRIP"
steels.13 The second "by-prdduct" was the formation of a mixture of aus-
tenite and martensite upon suitable aging treatment. This phenomenon

was again related to the stabiiity of austenite. Since Ms temperature was



-

shown experimentally14 to be depressed by nearly all‘alloying elements
except Co,‘pﬁe depletion of solute atoms from the matrix by precipitation
should generally raise the Ms temperafure. Consequently, marténsite should
form partially after cooling to room temperature. The resulting mixed-
phase sfructﬁre would provide an intéresting aspect. Work done on 304
stainless steel15 has shown that the yield strength of a “composite' of
martensite énd austenite was linearly proportional to the amount of martén-
site regardless of what kind of treatment was performed to form it. In
the present case, because both the martensitic and austenitic phases were
'strengthened substructurally, e.g., by dislocations and precipitates,
what was; theﬁ, the effect of these strengthening parameters (work harden-
ing, precipitation hardening, etc.) on the overall yield strength behavior
of the "composite" as a function of the amount of martensité?

Finally, it should be mentioned that this investigation entailed a
" correlation between the substructure and mechanical,prOperties‘whenever
poséible; The former was examined primarily by tranémission’electron.

microscopy.

[
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II. EXPERIMENTAL PROCEDURES
A. Material
Two "types of alloy containing Mo and Ti respectively were used in this
study. For.the sake of convenience; the Mo containiﬁg alloy is assigned
as Type I al}oy and the Ti alloy as Type II; Tablg I lists their chemtcal

compositions: Type II alloy was kindly'supplied by International Nickel

Company through Dr. J. R. Mihalisin.

. TABLE T Chemical Composition of Alloys (Wt.%)

Fe Ni Mo Ti C

Type I - bal 21.67 4.11 — " 0.24
Type TI  bal  27.69  =-—- 2.01 £0.005

B. Thermal and Mechariical Treatments

@D) Tjﬁé I élioy:

The ingot was cast in a vacuum melting furnace. It was homogenized .

first at 1250°C for three days and rolled to 0.125" thick blank after

releating to 1000°C. The rolled sheets were then annealed at 1200°C for

two hours, put in a 500°C furnace and reduced 30% in thickness immediately.

The products were water-quenched after rolling. Tensile test sheet speci-

~mens and coupons for measuring Ms temperatures, x-ray diffraction and -

1

transmission electron and optical microscopy were machined from the ausformed

sheets.

Tﬁe samples were vacuum-sealed in quartz tubes for subéequent annealing
treatments at temperatures of 500°C and 600°C reSpectiVeiy. Martensitic
structures were obtained by quenching the annealed specimens into liquid'
nitrogen.

(2) Type II alloy:
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The materials were received as hot-rolled sheets of about 80 mils in
thickness, from which tensile test specimens and céupons were machined.
The sampies were then solution heat treated in argon atmosphere at 1100°C
for two hours followed by rapid ﬁater quenching. It should be noted
here that a high quenching rate was very important, as, otherwise, the Mé
temperaturé could be raised above room temperature due to the precipitation
of N13Ti. Aging.treatments were performed at 300°C, 500°C, and 600°C for
various periods of time. Subzero temperature cobling was performed by
liquid nitrogen (LN) andra miiture of‘liquid nitfogen and methyl alcohol (LNA)
at aboﬁt ;100°C.

C. Mechanical Tests

Both Rockwell-C hardness andiVickérs micro-hardness measurements were
performed'on>a11 specimens, except some specimens in alléy Type I1I. where
"they were too soft for R-C measurement. The use of micro-hardness was to
ensure'fhere was no trénsformation of the'metastable austenite to martensite
by indentation.

Tensile tests were carriéd outvon an Instron maéhine with é cross-head
speed of 0.05 cm/min. Percent elongation to fracture was measured from a
presé; gége with marks 2 cm. apart.

'D. Ms Temperature Measurement

The martensitic transformation temperature was measured by differential
_thermal analysis, where the apparatus used was very similar to that of

L .
Goldman, 6 et al.

E. X-Ray Quantative Measurement

There has been considerable work done using x-ray techniques to

identify and measure the relative amounts of austenite in hardened steels.l7’18




The basic principle involved is that the relative.integrated iﬁtensity
of each phase is proportional to the-relafive.amount or volume fractibn
of that barticular phase, ”

Zr filtered Mo tube was used in this study for a shorter scanning
angle range, say; from 30° to 406, and three well-separated peaks
corresponding to (ZZG)Y; (211)% and (311)y were obtained (because Mo
radiation has short wavelength). The usé of the austenitic peaks as proposed
by Dietche was intendedto average out the effect of preferred orientation
thaf may exis£'in austenité, thch could lead to seriéus errors in quanti-
fative X-ray analysis.
| For eéch_peak, the diffracted intensity I is related to the volume
fractidﬁ of that phase by:19

I = K(—%—) FZPLe;—-sz(,’Z?];)_ _— e - e e e e - = L ._. '_ - (1)

" where K is a constant for é given experimental condition
v isyvolumévof unit cell
F ié'the Structure facfor
P is multiplicity factor
L is the Lorentz-polarization factor
* "f> ' e " is the temperature faétor:
.V is volume fraction of the phase consideféd
5% is'the absorption faqtor for flat specimens

setting R = C—%—) FpLe 2T

v

then for the two-phase mixture,
Ty = RyVy = = = = = =~ - - ' (2

Io = RaVot = = = = = = = — - , . ‘ , (3)



in addition
VWH+Va=1l- = - - - - = : (%)

combine (2) (3) and (4), and we have

O

o Re/RY) |
Va = (I + Ra/RY)Iy ~ ~ ~ -G

vThﬁs,'after putting suitable values for calculating "R" of (220)y .
(311)Y.énq (le)d'planes, the ratib'of Ru/Rijcaﬂ:be obtainea for both
'typeS'of‘élloyé in this work; It was foﬁnd that fof-Type I.ailoy fhis
fatis ﬁag ~ 1.35 ﬁhereas for Type II alloy, a’valﬁe of ~ 1.42 was oBtaiﬁed.

Thé.metﬁodvfor measuring relative integratédvinfensities wés facili-
tated by thé'use.of an automatic counting-rate brintef which recorded at
intervals the intensityvbfAthebradiation &iffracted, thus%théuprbfile
of theviﬁtensity peak washactually sfep—scanngdAand affer substfaéting
the béckgrquhd'intensify, the.ihtegrated iﬁtensiﬁy:couid‘be feadilyv
estiméfed;‘ |

Soﬁe.qf‘the épecimens were éxamined usingAa.Norélco.x-ray diffracto_
meter‘wiéh (éOO)'—LiF érystalvméndéﬁromatéf. ‘Tﬁié‘ﬁonochrom;;iéation |
device-eiiminated most of the_k-réy fluorescence.backgfoUndg.éo that a’

CuKa target tube could be used.

F. Optical Micro'scopy o

" The Specimenstﬁere electropolished in a 90% acetic and 10% per- P VV

chloric-aéid fifst and subsequently etched in ferric chloride solution:
.'The'usé of.electropolishing rather than conventional mechanical grinding :"
was to avoid possible phase transformation due to grinding the austenifig
specimens. Electropolishing is also much faster.

Observation and photograph§ were performed with a Carl Zeiss:0ptica1



microscope.

G. Transmission Electron Micéroscopy

Thin foils for tranmission electroﬁ microsgopy were prepared by
first chemical thinning in a 1:1 H202 bath' at -~ 56C, Rapid initial
electropoiishingvand good surface finish were obtained by using an
electro&ytié éolﬁtion of 9 parts glacial acetic acid énd 1 part perchloric

acid, operating at 20 vdc at room temperature. Final thinning was performed

by elecfropblishihg in the well-known chromic. oxide-acetic acid solution

’(135 ml glaéial acetic acid, 25g chromic acid, 7 ml water) at 10 vdc and

-~ 5°C,

A siemens Elmiskop. IA microscope operating at 100 kV was used to
observe the microstructures. Usualiy, a series of dark field image
pictures of_the.same area were taken in order to avéid any ambiguities
in the identificaiton of the phases present and in the interpretation

e 20 | |
of diffraction patterns.

H. Scanning;Eiectron.MiCroséOPe

The use of scanning électron microscopy td observe thévfopogréphy

of fractured surfaces héé onl& fecéntly been widely applied; This tech-
nique possesses advantageous features over the con&entional replica
fractography in_that: (1) Essentially no sample preparation is required
and direct examinatidn_on the surface is possiﬁle. (2) Image formatioﬁ
is due tb secoﬁdary'electrons emitted from surface layer of - 1002
depth, so that a three-dimensional picture is obtéiﬁed which faéilitatés-‘
imagg interpretation.

" In this'study; gome fractured (in tension) surfaces were examined

in a FELO U3 scanning electron microscope operating at 25 kV. The source

of image formation was secondary electrons.
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III. RESULTS

A. Martensitic¢ Transformation Temperatures

(1) Type I alloy:
The Ms temperature of the as—deformed austenite was found to be ' v

about -85°C. However, after the annealing treatments of the metastable

| .
i

austenite, Ms teﬁperaturés as seen ianig. 1 were raised due to carbide
- precipifﬁﬁién in.auétenité.during the éging_(depletion of Mo and C from
matrix); :This.was éohfirmed by transmissibn eléctron microséopy as will
be shoﬁﬁ>in a later section. In additién, from.the variation in Ms tem~
perature with aﬁnealing time a étudy'of prenipitatioﬁ-kinetics was possible,
i;e;; the énﬁéaling times reduired to achieve for a.giQen Ms temperéfure' |
at different.annéaling temperatﬁréé wefe calculate&._ It was found tha#
the activation énergy;fof ﬁhié preéipitation précéss ﬁas ; 60 k cal/ﬁole;l
: which'ié‘of the right brder of magnitude for diffusion>of”substitutionai
Solﬁte at¢m‘in-y iron, and is also very close to fhe vaiue ;epofted by.’
Thomas,'ef'éi.l from PofteVin;Le Chatelier effect.

(2)'Type iI Ailoy: |

As in the case of Type I, Ms temperatures Weré geﬁerally.raised as:

" a result of precipitation; However, after 500°C/1 hour aging, the Ms

@

'tempergturéAwas found to be lowered from ~ 60°C (fhe unaged austenite)

to . 90°C,vand consequently, the amount of martensiti; phase transformed: .
was émgller as detected by x-ray diffraction analysis (figa 35.‘ A possi;
ble explanatibn for ﬁhe decrease in Ms temperature will be given in a -

later section. S

 B. X-Ray Diffraction Analysis

(1) Type I Alloy:.
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Fig. 2 and fig. 3 show reSpectlvely the x—ray diffraction profries
from the annealed austenite and transformed (by LN cooling) martensitic
specimens. »Io fig. 2 the appearance of a martensitlc phase can be seen
as a result.of annealing because Ms temperature_was.raised‘above room
temperature. As a matter of fact; after 600°C/500 hoor annealing, the
specimens were rendered essehtially martensitic, LN COoling the annealed

austenite, it was found that although shorter annealing time, say, 600°C/

7 hours, Ms temperature was raised apprec1ab1y, (flg. 1), the amount of

retained austenlte dld not decrease (fig 3) as would be expected. A
plausible explanation for this will be given together with the results
of tﬁe ﬁicrostroctural investigation and mechanical properties. In
addition to the above'observations, it is noted that there_is a shift in

peak position of the martensitic phase'in fig. 2, i.é., an increase of

~ 0.2° in (29) valve for the lower two profiles. This increment in (20)

value would correspond to a decrease in "d" spacing of the martensite

lattice as required by the Bragg's law. This is thought to be due to the

removal of solute:atoms from the solution to form carbides on annealing,
. [
because the radius of Mo atom is larger than that of Fe atom. (1.36A vs.
1.26A).
(2) Type II Ailoy:
Fig. 4 gives the volume fraction of martensite with'different-
thermal treatments. Curve "a'" shows the amount of martensite increasing

almost linearly with time during annealing the austenite after a certain

"incubation" period -- beyond which the Ms temperatures»were above room

‘temperature. Curves "b" and "c" both show:an initial decrease and then

. a small but steady increase in the amount of martensite. As mentioned
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earlier;vthere was a lowering in Ms . temperature at this particular

annealing stage which can accordingly account for the lowered o amount.

C. Mechanical Properties

¢ Type I Alloy:

The results of hardness measurements are shown in fig. 5(a). The
dotted lines in thevplot represent a two-phase mixture so that an abrupt R
change in hardness is observed Fig. 5(b) gives the results of 0.2% flow
stress of the marten51te and in the case of austenltic condltion, the |
upper yield stress. ‘It is seen that there was a drop in yleld stress upon
annealing ‘the deformed’ austenlte; lﬁowe§er, for the LN quenched mattensitic
specimens, the vafiations in flow Stness are eharaoteristic of the‘preoipi—
,tation—hardenable‘ailoys;"Tnis is a very interesting point and wiil oe
treatednin a later disenssion. ‘Tensile.strengthvvaiues:(UTS).are also
plotted'vs. annea1ingitine-in fig.VS(c). It apoears that the strength
levels inorease.on annealing'tﬁe.deforned austeni te. .This is due tO'thEs
forﬁation ofvsttain;innueedAmattensite\as confirmed by its microsttncture;
Elongation curves for 2 cm gauge'length of the soecimens are given in
fig. S(d), It is seen. that the as—deformed austenite has a very high
elongationv(SSZ) and, as the annealing progressed, the elongation Values :
drop ratner dtastica11y, Wheteas the e;ongation Qalues for the LN cooled
specimens“do not behaﬁe similarly to their "parent" phase; i;e;,’the curves'
are fatherAflat initialiy and decline very slowly at longet annealing timé;a

There are some'other interesting features.regarding the tensile
properties. Firstly,'thefe was a pronouncded yield drop on the stressfsttain
curves for the as-deformed austenitic specimens, and this yield drop

decreased in magnitude upon annealing at temperatures where the mechanical

(2
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proper#iéévéﬁowed'significant cﬁangeé, e.g;.600°C. Secondi&, after several
perCent of stréining the austenitic specimens, _serrationé appeared én

the Sttésé—straiﬁ curvés, and audible click sound could be heard. This
phenomehon is neither due to the Portelin-Le Cﬁatélier:effect as the -

' tésting‘temperature was too low (room temperature) fo account for it, nor
due to twihning as the ﬁroductlphase was ferrémagnetic; Thereforé; the
éerrationé.muéf be the reéult.of formation of marfensite during straining.
Thi;dly; fof the ausfenitic'spegihené; if wé cthidér the difference in
stfengtﬁ values df fhe UTS and yield stress as an indication 6f.thevémountv
of wofk hafdening contribution during the tensile test, then from fig; 6 we

)

see that there is a linear increase in the amount of work hardening (AOWH

with annealing time. The abrupt change in Ao

wg Signifies the occurrence

of a two-phase mixture. Fourthly, the difference'in flow stress values
6f mérteﬁéitic.spééiméﬁs With.thosé of the corfésponding‘aﬁstenitic:
sﬁécimeﬁs may‘be'taken as an indication of tﬁe cont;ibufion due to marten- .
sitic tfanéformatiqn; i.e., AGMT' Again; it appeérs that AGMf is 1ineafiy ‘
increased with the annealing.timé (fig; 7), which implies precipitafion on
- annealing may enhance. the strengthening effectvof martensitic transfofﬁaﬁion.
(2) Type II Alloy: | |
Miﬁrohardness vélués_and'tensile proﬁerties of this alloy iﬁ éusteﬁitic
and martensitic conditions at different thermél treatménts are.shoﬁn in fig; 8
(a), (b)), (c) and (d). Dotted lines in fig. 8(b).represent the beha?ior of
é mixgd phase structure. It is evideﬁt that only 500°C annealing giﬁes ;-‘
significant chénges in mechénical properties, and for this reasén,_a detaiied

study of ‘this alloy was done particularly at this temperature. ‘Fig.”9(é)

gives the varlations in tensile properties with different isothermal
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annealing time. It seems clear thét.chaﬁges in tensile properties wefe
‘drastic in the early stage of'annealing and. leveled off at longer anneal-
ing time. This wbuld imply that theré is also a significéﬁt change in
the corresponding microstruttures as will be demonstrated in a later »
séction.b Fig. 9(b)'shows the strengthening effecﬁ by tensilebdeformation,
AOWH (dﬁe to strain induced'martenéite) and by LN cooling, AOMT (due
to.mértgnsitic.transformation) as a‘fpnction of annealing tiﬁe. It is
nofed'thaf thére is a definite inqréase of Ac values in both cases.

A cd@parison between thévténsile behavior of this allby with that
of'type'i was also ver§ inferesting. .Fifstiy;‘thefe was no yield drop
at the oﬁSef of plastic dgformation, and the deviétion from 1inearit§
on.the ééress—étréin curve occurred-at much lower stress than that of
_'Alloy typé I((fig. 10)? 'Secéndly, there was essentially no ér undetect—
able Sefratién on ﬁhé stress-strain cufveé in the wof? hardéniﬁg région'
(fig. 10)."Third1y, a highér work ﬁardening rate Was e#hibited for this
élloy as compared witﬁ_ﬁhat of type 1 allo§ [figi‘ib curves.(l) and (3);‘v
(2) and (&)]1. | | o

Finally, it is noted that the'stress—strain cﬁrves of the as—annealed
tWO—phéseémixture specimens were very similar to those of the LN cooled

specimens, except in the case of type I alloy, where serrations appeared

Tt

on the stress-strain curves just before necking occurred. _ T

D; Optica1>Mefali§gréﬁﬁy'

| Fig. 11 (a); (b) shoﬁé the microstructures of the type I alloy in
fhe LN cooied condition (é), and 6006C/7 hours annealed'then.LN cooied, .
condition (b), respectively. It can be clearly seen that as a resultvéf“

prior austenitic annealing, the average martemsitic grain size was reduced
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and the general darker etch of the structure upon subsequent cooling in

LN, the later phenomenon was generally taken as an indication of

.precipitation of carbides in the alloy.

The"morphology and distribution of strain induced martensite were
also 1nterest1ng. fig. 12(a) shows the morphology of stra1n—1nduced—marten81te
in regions above the gauge length i.e. the portion in the specimen that
is subjected'to 1ittle deformation. It 1s seen that most of the martensite

crystals have the form of "M" shape whereas flg 12(b) shows the martensite

in the gauge length region that had been induced by stralnlng up to 16%

tensile'deformation. It is observed-that some of the martensite phase
was apparently nucleated on or confined to the former austenite grain -

boundaries and their morphologies were more or less in the form of

bundles of needle—shaped martensite crystals.

(l) Type 1 alloy.
a. Mlcrostructure of Austenite: v

Fig. 13(a) shows the microstructure*of'the deformed (30% rolled
at 500°C) auStenite; it is obvious that there exists a high dlslocation
density, and this kind of distribution, i.e., tangled dislooations; would
indicate that eonsiderable cross slip had occurred as a result of deformation.
Careful gun tilt dark field illumination could not reveal the expectedll'
precipitates uniquely, rather; only.d151ocations were ln contrast; The
diffraction pattern also did not show the precipitate spots. ‘This is-
reasonable due.to the small size of the_precipitates and the possihllity‘
of nucleating them on the dislocations. In some regions; deformation twlns

were observed as confirmed by dark field selected area.diffraction studies.
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The twine were found 1lying on {111} plenes.
Fig. 13(c) gives the structure of the austenific alloy after

anneallng 7 hours at 600°C. The foil-orientatinn was the same as

in Flg 13(a), i.e., [112]. It is seen that thevdislocatinns have

a tendency to arrange themselves into elongated cells of varled size
approximately parallel to <110>, and the disloCation density in the

cell weiis is very high. Dark field on matrii sﬁbﬁ (220) revealed the
_presenee of very fine.precipitefes (~V80Z); agein the dislocgfions were also
in contreet.' A positive identifieation of,the'preeipitates'isinot possible
due'td-the small size and volume fraetibn'of the precipitates. Annealing
for a longer period- rendered ‘the structure partlally martensitlc; and thus
will be shown in later sections. Annealing at 500 c showed a similar
change in microstructnre; althongh the kinetics Werebmuch s1ower;

b;;Migrostructure of Martensite:

Fig. 14(a); (b)'shows'typical microseructural feaeuree of the martensite
phase Obtained Hy:LN cooling of the unannealed‘enstenite, that is; the
conven#ional ausformed martensite. In fig. 14(a)?;bendind-of distortion

ef a maftensite plate,‘preeumably due to the in;er&ction'df the propagating,
martensite‘erystal during phase tranefornation nitn the pre-existing
precipitete-decorated slip band in austenite, can be seen at "A;" sharp
ended ma;;ensite crystals at "B end.fine transfofnetion twins at "C;"
In‘sonejcaées,bas.seen in fig. 14(b), the twinnen erea seems to be at the
mid—rib at "p" of:the large martensite plate, wne;eas in the edge portion
.of thejnéfeensite plate, say.at "E," a high density of dislocations was
bpresent, 1fhis would mean that two modes of lattice invariant shear co-exist

in the-Sane martensite plate. Work done on the deformation mechanism of
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bee crystals, or more speciflcally, ferrlte\cryetals has found that
tw1nning is the favorable deformatlon mode at high straln rates and/or
1ow'temperatures. Since marten31t1c transformation could be considered
as a special kind of piastic defbrmation; the.first;formed hartensitev
crystals, i. e.; the central or mid-rib portlons. were formed at high
speed (hlgh strain rate) and 1ow temperature (low Ms temperature). It
is obvious that twinning is a favorable modelfor lattice invariant shear.
The outerfportions.of the'piatevwere formed later at slower speed and.
higher tehperatures‘(because heat is generated asAmartehsite crystals
formj, and consequently slip mode takes place. ~The microstructure of
martensite.formed_bvaN ceoling of the 60050/7 hours'annealed austenite
is ahown‘in fig._lSiand fig. 16. Generally, a finer martensite grain size
washobserred whieh»ﬁas also shown in pptical microscopy (fig;_ll), and the
martenéitie crystals seem to arrange themselﬁes; or self—aecommodate, in
‘apﬁrekimately the same erientation:(fig. 15b). FreqUentl§, darkifield
iilﬁminatien usually-revealed‘the presenee of fragments of martensite
trystais,'e.g. at "F“vin fig. 15(b), (c). Fig. 16 shows ahother area of theh
same specimen in [100] orientation,‘a magnified dark field picture on the
{002} matrix spot, e. g. (b), (c) reveals uniquely the presence of fine.
-prec1p1tates, (- 80A) It should be mentioned here that the dlslocatlon'b
den51ty in thls case is still very high (fig. 15a, fig 16a), although a
quantitatlve measurement is 1mpract1ca1 -

.'It is interesting to examine the martensitic structure_when the pareﬁt-
austenitie‘phse contains sizable precipitates; say 200 ~v3002t Hewever,ae
with this size of precipitates or at longer annealing time at 6QO°C, e.g.,

42~1/2 hours, the austenitic alloy transforms to martensite on cooling
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to room femperature as mentioned in an earlier part of the thesis, and
hence it was not possible to retain enough austenite to reveal its precipi-
tation hardened structure. Fig. 17 shows that the presence of precipitates

caused the martensitic boundaries to Be'irregular:and less well-defined.

L

In some.éases; aé shown at F iﬁ'fig- 18; only fragments of the martensite
plate are in contrast, indicating a change in éfientafion of the otherwise
neariy flét plate, because tilfing of the foil would observe the "continu;
ing" view ofvfhe same martensite crystal; In additfon fo the above obser-
vatiohs;‘up.to this sﬁage of annealing the precipitates were lérge enough
to give rise to discernible‘diffracted»spots and‘fhuS»céuld be identified;
Taﬁlé II lists thgbresults of the "d" spaéings ffom_several diffractioﬁw
Vpattefns; Wi;hin the limit df eléctron diffracfion}'the preéipitates are-

2

are arrahged in Widmanstatten patterns as shown clearly in dark field. (fig.

identified as B-Mo,C, a hexagonal clbse—pagked phase. These precipitates
19¢, 4). .Also, the mbrphology of the precipitates_éppears to be needle- or
rod—liké, as seen from the micrograph._ The orientation relationship‘between
the matrix, -in this caée,vmartéhsite, and MoZC rods is very intereStiﬁg;

The crystaiiographic featureé of.hexagdnal'ﬂuise; e;gQ B—MOZC and e—carbides

. : ; : ;2 . . opd . .
in bce matrix are well documented. b 1wo different orientation relationships

7

b(differ by a rotation of 5° in the basal plane pf_the.h.c.p phase) have

been established'thus far. The one‘given b_v.Pi_t'sch—Schrader22 showed that: ¥
(011 // (0001)Mo,C
(100, // (2110)Mo,C
(1001, // 121101Mo,C

'jwith the [lOO]a being the growth direction of the Mo,C carbides. - Since

the misfit between the two phases i5‘sma11est'(4.7Z)21 the éther relation-

ship was due to Jack23 on e-carbide in tempered martensite:
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(011 f//  (0001) _
aon, // (lon)
(111, // [1210]

5T1 precipitation with martensite

This was identical t0‘£he case of hep Ni
in maragipg Steels;24 For the preéent-alloy, fig.vZO}reveals.that the
drientation relationship by Jack is obeyed. This is not surprising

because the precipitateS'must ﬁéve formed already in austeni;e during

annealing. (Ms témperaturé'estimated by extrapolating in fig. 1 is found

to be ~ 50°C up to this stage of annealing). Upoﬁ transforming to

martensite, the precipitates were not likely to be shesred because of

their‘largebsize, and thus the observed orientation relationship should
reflect a relationship_between the precipitates and the matrix before
phasé transformation, i.e., austenitic phase. Because of the close

lattice match between fcc austenite and hecp precipitates, it is'expected

 ](111)Y /] (000L)hcp |
”[1id]Y /1 [1§io]5cp
wheféas if tﬁe austenite tfansfbrms'to,marfensife obe§iﬁ§'tHe K;S
relationship, némely,
(111, // (01
[1I0] // [111]
as orientation relationship identical to the present'result can be

obtained. Similar results were also obtained in isothermal decomposition

-of Mo austenitic alloy rec_ently.25

Specimens holding at still longer periods, e.g. 600°C/600 hqu;é,'the
morphology of the precipitates change from rod to spheroids or rectangles.

o ° : o o
(- 1000 ~ 2000A), as seen in fig. 21. No orientation relationship
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between precipitates and matrix could be found. The precipitates were

identified by selected area electron diffraction as .Fe ,MoC, an orthorhombic

2 .

phase. Previous work on overaging reactions of Mo containing ferritic

v

alloy steezlsz'6 has shown.that if ;he Mo/C réﬁio ié ﬁore than about 20,
the inﬁérmediéte;carbidés'M2306 and Mgcb form:éfter M02¢ and before
MéC apd MoC, 1In tﬁéfpresént caée;'the Mo/C ratio is about 17 and hence
we see that‘fhe above rule'might be ‘applied to thé austenitic phase as
well, |

(2) Type II alloy:

| a;:Miérostfucﬁure of Austenite:f

, Quantitative_k?rayv(fig. 4); hafdness and floﬁ stress measurements

(fig. 8) have indicated that the solution—#reafed specimeﬁs were austenitic.
.Howavef,'the tféhsmissidﬁ e1ectr6n micrography and‘electron diffraction
study showed’théf'fhe thih foil'was marténsitié. This.phéndmenon was
aiso dbééfved b&IGérwoodvand Jones27 in their work on 252 Ni, Ti; Al
mafaging steél, and Qas éonéi&efed'to be due to spoﬁﬁaneous traﬁsfbrmation
to mértenéite arisﬁné from Stresé reia#étion at the foil sdrfaceébduriﬁg
thinning. |

Austenitic spe;imens annealed 5009C_fpr one hour showéd'a stfucture
which was mqstly aﬁs;eﬁite. This means that the austenité_wasvrendéred
. more stable'by the above anneaiing treatment and this ma& be confirmed
from the fact that Ms temperatﬁre of the alioybat this stage.of annealing B
treatment was 1oweréd. Fig. 22 shows typical microstructures and its .
corresponding diffraction pattern. Both bright field and dark field

illumination revealed the presence of very fine spherical particles."

Precipitation in this system, viz. Fe-Ni-Ti and age-hardenable stainless
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steel has been studied quite extensively due to their prominent high tem-
L _ . 11,28,29 L s
perature mechanical properties. " It was shown that hardening in
these alloys was attributed to the precipitation of metastable y' parti-
cles, which are coherent with the matrix of composition and.posseskthe
Cu3Au(L1 ) ordered crystal structure. Coherency strain contrast in this
case, however, could not be detected probably because the strain is very'

small, if any. Besides, many diffraction beams were operatlng which may

also preclude the observation of strain contrast. This is in contrast to

- the similar age hardening Ni-Ti superalloys, where the lattice misfit

between the y' and matria is large enough to reveal the coherency strain.
contrast, and the shape of the! particles is cubmidal.30‘ Some areas_in
the micrograph e.g. fig. 22(a) (b), show that the particles had a ten-
dency to line up in approximately <110>Y direction, probably 1nd1cat1ng
the initial formation stage of the meore stable heXagonal NiBTi Widman—
statten phase. This:presUmptionbis‘not unreasonable, since faulting in

a' particles could lead to the in-situ formation of the hexagonal phase

'in the same way as 1t might happen in certain maraging alloys 20

After 3 hours anneallng at 500° C, the structure was partlally
martensitic and hence will be treated in the next sectioni>

b. Microstructure of Martensite:

For the sake of clarity, this section will be divided into -two
groups,.namely, (i)_transfdrmation ofrmartensite by ausaging only; ’
(ii) further transformation by:LN cooling.

(i) Transformation by ausaging:

Fig. 23 shows the’strUCture’after 500°C/3 hours annealingvtreates

ment' the bright field image (a) clearly reveals the spherical particles,

marten81te plate "M" and line-up partlcles at "A;" the selected area
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diffracfionbpattern (c) indicates a K-S relationship andvsuperlattice
~ diffraction spots at circled area. However;.another area of the same
foil shows that the orientation relationship between the métrix(bcc)
and the fcé precipitates is N—W; namely‘(liO)m /"(100)p, [1i2]4?~[011]p, é
as seen in fig. 24(f). No‘apparent reaSoh couid'be given for this
bbservation. ﬁThevaSSible spéculations are (1) unceftainties of orienta-
tion determination by electron microscopy; since the K-S and N-W relation-
" ships differ only by 5°‘167,:(2) éithér'of the K-S or N-W related
martensite'crystéls ié iﬁ the ffansition stéte, i.,e., squectéd té différént
henVironment" which makes.fhe rotation'of_5° 16' stsiB1e:as in the-
case of ﬁafteﬁsite'nucleatioﬁ iﬁ1304 stainless stee1;3@ In some régions
of ‘the foil, discéﬁtinﬁous or cellular frecipitation could 5e séen_adja-
"-cent to ;ﬁéigrain boundéfies, é}g., fig. 25. The orientaﬁion relationship
between the martensite matrix.and‘the lamellae precipitafes; identified
by electron diffraction ._as hep Ni,Ti,is:

(0001)Ni,Ti 4 (01l)e

[1210]N1,T1 | [1i1]°;
i.e., the Jack relationship, which also reflects the original relationshib
of the hcp'preCipitate Qith_the fce austenitic.matrix lattiCeé being _ - ‘.

closest matching. Fig. 25(b) also shows streakings on the Ni_Ti spots,

3

the direction of the streaks is parallel to [0001] Ni,Ti and of course,

3
perpendicular to the lamellae precipitates. This type of boundary
precipitation is generally known to be very detrimental to the ductility
of the méterial as evidenced by the low elongation value at this stage.

Longer time annealing at 500°C causes the growth of the spherical

particleé, cellular precipitates, and the zig-zagged martensite crystals.
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(i1) Transformation by.tN cooling:
HES The midpograph of LN cooled dnapnealed adstehite”shows"tipical
suBstrUCtdre Of-the'low—Carbdn; or dislocated'lafh-martenSite (fig..26’, -
where ﬁoéfvof the martensité crystals are afrahged'id bundlés’withiﬁ
whidh they ﬁisorient éliéﬁtly;

Fig. 27 provides tBE'micfographs of 500°C/1 hour annealed, LN

- quenched structures. It is seen that the grain is distorted and size

finer than that in fig; 26,.presuﬁab1y due to the presence of fine
precipitétes as shown clearly in dark field (c), (d). Fine scale twins
lie perpendicular to <112§a:are also seea in both bright and dark field
pictures.d Fig. 28 shows a magnified viev of a martensite crystal, p1a54;

tic deformation of its surrounding matrix by the martensite plate is

eésily'seen and according to Chfistian32 this will lead to stabilization

of the martensite piété by losing some coherency of‘the'glissile interface.

The microstructures of the 500°C/3 hour annealing LN qqéhched—

‘specimen are in general almost indistinguishable fﬁom fig. 23, 24, and

hence will not be shown here. '
~c¢. The growth of v' precipitates:
The kinetics of growth of y' particles in Ni-base superalloys has

been studied in detail over the past decade and recently by Ardell.3o

It is generally recognizéd now that the grthh of y' particles is by

diffusionfcontrolled'coarséning. Fig; 29 shows a plot oflpdrticle
radius ve. (annealing Fime)l/ %, although we have only three data points
it is seen that a straight line is obtained in accordance with the

Lifshitz-Wagner equat_ion,33 namely,
, 2
3 —r 3 _ 8DyCo
o 9RT

r t where
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Co = the quilibrium solubility of large precipitates
= voluﬁe of precipitate per ﬁole of solute

Y = interfacial energy of_the solﬁte-matrix interface

Ro = ihtitial ?adius of the precipitates

(3)-Mi§r05truc£ure of Stfain;Indﬁcéd'Mafténsite in Type I Alloy:

'vFig; 30(a) shows the morphology of strain—indgced ﬁarteﬁsite in the

region above gauge length of the:ténéile sﬁecimen, this is.consistent
withitﬁezlight micorécopic‘eQamination where '"M" shaped martensite was
frequentiy obsefved (fig. 12a). Similar fM".shaped’morpholoéy was also
seen in the alloy aftér 16% tensile elongation.as.shown in fig. 30(b).
Fig. 31 demonstrates thé k-S orientation relationship between the auétenitic
- matrix and strain induced martemsite. It is notéd that in fig. 31(d)
the marte#site cryétals.wefe diépersed in the.matrix. xFig.-32.shows’the
neddle-iike.mértenéité morphology, which aiso Qas_obsered by 1igﬁt micro-
scopy (fig. 12b). .Thésé marfénéite needles aré arrangéd parallel iﬁ
groupéqu two diregtiohs, the areés between twé a&jacent needles are aus-
tenitié matri# confaining high disléca;ion densityf o

Of éll the strain induced mértensite crystalé observed thus far,
in no case was any internal. twinning found, even though the LN quenched
_ marteﬁsité of the same aiioy shéwed gome fwinning (fig; 14).v

F. ScanniﬁgrElectron MichScopy

The modes 6f failuré in metals can be roughly characterized by the
names cleavage, dimple rupturé (or microvoid coalescenée), fatigue and
'intergraﬁular separation. Usually, combinations of the fracture modes
are also observed.

Fig. 33(a), (b), (c) and (d) show the fractographs of tensile broken
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surfaces?o%_&Ybe.i al}oy; énheaied at'GOObc/i hours és annealed‘(é), fb) .
and LN cooled'(q), (d) respectively. It is to be noted that strain induced
marteﬁsite occurs in’(a> whereas in (c), the martensiﬁe is.formed by LN
cooling; _Béth types of martensite stfucture show é‘dimple fraéture mbde,
or microvqid coalescence. However, fig; 33(5) iﬁdicates ﬁhe degree of
necking around the dimples is génerally higher than'that in (e), although
the dimp&étéiéé is similéf in both'casés.

For type II alloy, the ffacfograph of unannealed sample is shown
in‘fig. 34. It is seen that.a'dimble mode ffacture develoPe& with a
size much ;éréérvthan the tYpé I alloy. After 500°C/1 hour aﬁﬁealing;
the fractﬁté mode shoﬁs a-mixture of aimple,'quasi-cléavage and iﬁtef:
granular, as seen in.fig. 35. In additiop, tﬁe ﬁégking'ofvthe dimples in
“ fig; 35(é)iis;decreaséd aé compared with fié.'34(a). Fig. 36 éhows.the.v
vfracfﬁrea surfaée‘éf the LN cooléd uhanneéled sample,'where the dimples
are also éhailower than those in fig. 34(a). LN cooied;’500°C/l houf
annealed‘sémple again sths a mixed mode of failﬁfé; i.e;, éﬁaliow diﬁples
and flatvgfain boundary frééfure path (fig. 37).

‘IV. DISCUSSION

A. Recovery and/or RecrystallizatiOn.of'the Aﬁsformed‘Austenite

It has been well established that the pfesencé of_diébefsed secénd o
phases één”either aécelerate or retard the softening of the deformed.
structure op'annéaling.34.'Recenﬁ work35 has éhoWn'the inte;—barticle
spacing is the determining factor of this effect regardless bf the par— 
ticle siiekof volume fraction of thg precipitate. Large interparticlé
sbaCing caused an acceleratioﬁ effect whereas considerable retardation

was encountered when the spacing was reduced.
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In ;he present study;'upon annealing the higﬁ dislocation density
austehité, two'simultaneous‘events are believed to occur: (1) the
growth of the precipitates, which can Be'promoted by pipe difquion
via dislocatiohs; (2) disentangling of the dislocations from-pafﬁiqles,1  
rearrangement of dislocafibns into low energy configurétions and/orﬂ,
short raﬁée‘annihilation ofttheiaislocations. _Thére-iS'a close rela-:
tionship'Between the ébéQe.two events as the precipitates form and grow,
n;mely, (1) the stacking.féult energy of thé ﬁatrix is raiéed due to. |
solute atom depletion,“wﬁidhfwili assist crbss—slip ¢limb and hence
rearrangement of the diélocatiqns, (2) reduced surface free energy by
coéiéscéhce of smallér precipitates;can also provide driving force for
the:rediSfribution of dislocations. The net reéult of the annealing was
that elqﬁgated dislocation:cell structure developed where the cell wall
conéisted of high diélocatioh_tangleslconteiﬁedvin‘£ill} planes (fig. 13c).
Recr&stallizétion, defined as tﬁe sweeping of high—angie boundaries
through the.deformed‘cryStal in ordef_fo create strain-free regions
behind thé moviné ffont; did.noﬁ séem to occurbfo.éﬁy detectable degree
in this case. The possiblerreasons are: (l) pinﬁigg and ﬁhus.immdbili—
- zation of the sﬁbgrain boundaries by preCipitatés, (2) ébmpetitive
nature qf the recovery and recrystallization behaviors described by
Nbbili’et a1.%6 in the study of the recrystallization of SAP alloys.
(3) the’uniform; hémogénéous distribution of disloéations bv ausforming
in tﬁe structure causes less lattice misorientation and hence less
nucleation sites for effective recfystallizatidn.
Thé flow stress of the austenite did show avslight decrease as
a result of annealing and may be attributed to the’rediétribution of

dislocations in the microstructure. Detailed analysis is complex
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because two opp051ng mechanisms are operating, namely, prec1p1tat10n
hardening and the larger "cell” size, The 1atter was shown to follow

' : 7 . .
-(t: cell diameter, k = constant), 3 'where the dislocation

. pile—ups were thought to determine the strength of cell substructures.

B. Effect of Austenite Structures on the Subseguen ly Transformed

'Martensite 4-'KinetiCal:

It.is generelly accepted that the defect structure of the austenite,
e,g. dislocation density, controls.the kinetics of subsequent martensitic
transformation.38 For instance, the number and size of martensitic
embryos,'the propagation of the embryos, etc, are closely dependent on
the austenitic condition. A high dislocation density is associated
with a low Ms temperature:and a high initial rete.of:martensite formation.39
However, little attention has been received as'to the effect of
preclpitates or dispersoids on the martensitic transformation both
kineticallyﬂend espec1ally, structurally; Before going to the SDeciflév
details, general features of the effects of pre-ex1st1ng precipitate
on martensitic transformation will be discussed:

(1) Nucleation of martensite:

'The presence of precipitate in the metastable austenite usually

'°w1ll tend to promote the formation of marten51te by prov1d1ng Sultable~

nucleating sites, because (a) chemically, regions in the vicinity of

precipitates are known to be solute—atom depleted and hence are ener-

geticslly more stable with'respect to martensitic phase, i.Ew they are

. potential areas for the formatlon of marten51te once the driV1ng force B

for transformation is large enough. (b) mechanically, prec1p1tates
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will either elastically strain the surrdunding.austenitic matrix  (which
is valid for coherent, partially coherent and incoherent) or cause
plastie flow in the matrix near the preciﬁitates. Since martensite
embryes are usually considered as strain embryos, these strain centers
in the'austenitic matrix are thought to be regions where the restraining
force for martensite formation is minimum and naturally, whenever the
chemieeibdriving force is large enough, martensite phase will form in
these'regions. From the ergumehts of both (a) eﬁd (b), we may expect

a more or less controlled.and.uniform distriBution of martensite.phase
by transforming a diSpersion hardened austenitic phaée.

(2) Growth or propagation of martensite:

'Beceuse of tﬁe compatibilit&-and continuity between lattices of the
marteneite phase and auetenitie.matrix; the latter must be plastically
deformed bv the growing martensite crystals.- Since a disperSion hardened
austenite has a higher flow stress than the 51ng1e—phase austenite, we
may expeet that‘the growth of martensite crystals in the strengthened
austenitlc ‘matrix must be 1mpeded to some extent. The result is that
the martensite crystal size tends'to be smaller and the“arrangement of
martensite'crystals may be in.such a way that they:grow only on certein
crystallographic_habit planes and/or self—accommodated in bundle ferms
in order to‘minimize the resultant strain energy of the system.

Hornbogen and Meyer40 found a decrease.in Ms temperature of a y'
precipitated austenite after short aglng times at 600°C and they attributed
this effect to the shearing of the f.c.c. prec1p1tate to a b.c.c. struc-
ture when the austenite was transformed to martensite. Presumably excess
energy was requir 2d to shear these particles to a new crvstal strueture.

A similar effect 1.e., lowering in Ms temperature, was also obtained in
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the present study, so that it is very in;eresting.to examine how a fine
coherent precipitate in austeni£e éan change the va1ue of.freé energy
change Wﬁen.theﬂaustenite~martensite transformation occurs; |
Letbus,consider a ﬁomogeneous éﬁstenitic solid solution with.a Ms
temperature.aﬁd totél driﬁing forée or free energy change AGS fof mar-
tensitic transformation; Ms and To [the équilibrium temperature at which
free gnergieé of austenite and mértensite afe equél, approximately taken
as 1/2 (As % Ms)]:are usually known to.increéseIWith decreésiﬁg amounts

of solute whereas the measurement of AGS is generally taken as the magni-

tude of (To-Ms), and hence decreases moderately with decreasing solute

concentration. With this fact in mind, we now consider the annealing or

aging effect of the ailoy. As soon as precipitation occurs, because of the

solute atom deplétion from the matrix, the Ms temperature is raised and AGS

reduced in the manner described above. But in addition to this change.in
propertieé of the matrix, the effect of precipitate per se must be considered.

Two possibilities may occur when the austenite containing fine coherent

f.c.c. precipitates transforms to martensite: (1) the precipitates are

deformed or sheared in conforming with the surrounding.austenitic métrix.
(2).the'pfecipitates aré not sheared during ﬁaftensitic transformation

of_the austenite. These two alternatives are shbﬁn schemétically in fig;

38, whéfe the martensitic transformation is simulated by absimple homogeneous
shear. fhe possibility (1) would involve the energv consumed to.allow'for
the shearing of tﬁe precipitates, whereas the possibility (2) would,réquire
the réarrangement for mass surrounding the particles which essentially
creates a high energy incoherent interface between fhe matri# and_particleS.

Thus, the final effect will be detefmined by the balance of these two
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possibilities. To state.in a more quantitative way; we take fhe rédius of

the precipitates as r, the number of precipitates per unit volume as N,

the high energy interfacial energy per unit area of the interface as Yy and

the free energy needed to shear the precipitates per unit volume of the

deformed precipitate as AGV. Then the free énergy change for possibility
4

(1) is AG1_¥ §-JTNr3(AGv) and for possibility (2), AG2 = 4Trery. It is

seen that for small values of r, AG, is smaller than AG2 and accordingly,

1

shearing of the precipitate is preferred because the total free energy

1

change for the system AGt = AGS + AG, would be more negative. The critical
radius for the shearing of preéipitates is then r

¢ = 3r/AGv byjsimply

equating AC ‘and AG

From the above diséussion, the lowering of Ms.température in the-
present study could poséibiy be explained a; the1extra driving force |
needed to. shear the precipitates. But as the preéipitates grow coarser,
or above rc,'whefe déformatioﬁ of the pfeéipitates doeé not occur, the
raising of Ms temperaturé due to solute element.depletion becomes pre-
dOminatihgjand 0verpo&ering the possible decreé;ed Ms tempefafure‘on‘forming
incoﬁefeﬁt ihtérface on tfansformatioh;"The Variétion in Ms ﬁeﬁﬁeréture
by precipitation has been treated in the tonsidetatidﬁ of aﬁs;enite stabil-

"ization in the past years, for e%ample;.the,destruction of martensite
émbryos by precipitatioﬁ,41 locking of the martensite/austenite interface
by solute atoms segregation,42 the strengthening effect of the austenite
matrix by strain-aging processes,43 etc. But all the models for stabili-
zation of austenite ére concerned with the segregation of interstitial
solute.afoms, wliich is not the case in the present study. 'The whole argué

ment mentioned so far could be looked upon from another point of view, as

hinted by Shewmon.33 The net free energy change AG for martensitic

%
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transformatibn could.be taken as analogous to the work done by stress
applied . to plastically deform.the austenite, eXC8p£.the work hardened
product is martensitg; ‘Then the presence of precipitates will serve

to resisf the plastic flow and hence the interpartiéle spacing d is an
important parameter. Below a criticél dC value, plastic flow or trans-
formation will not occur unless ﬁofe stress or energy is added to the
systém. Ipvthe case of pfeciéitation hardening by coherent particles,
there exiéts_a éritical T, radius (for a given vblume fraction of precipi-
tates) which denot«s the change from a dislocation cutting mechanisﬁ to

a by-pass mechanism;44 The value of T, is 2Gb2/w E (by equating =t ¢ =

2bd d

unit area of the planar fault generated after cutting, G is shear modulus

U Er‘for cutting and) T - & for by-passing), where E is the energy per

"and b is Burger vector. We see that rc‘obtained in this way is essentially

the same expression as deduced previouéiy from free energy considerationé;
with sz‘(the line tension of dislocations) corresponds to the'high'énergy
interfacial energy y after martensitic transformation and EvCOrrespénding

to the free energy change due to shearing of the precipitates AGV'

C. Effect of Austenite Structures on the Subsequently Transformed

Martensite - Structural:

Deféct éubstrugturéé in the austenite are quall&vconsidered to
be inherited in the Subsequently formed marteﬁsite laftice and hence
con&ribute partly to the strength of the ausformed martensite.l In.
addition to this; the decoration of solﬁte atomé or fine prediﬁitates Bn
the_defect structure of the austenite, such as dislocations, twins,_stackingv

faults, cell walls, etc., constitutes a semi-permeable or impermeable
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barrier to the growth of martensite plates. Thus, the martensite grain
size tends to be finer and its shape is distorted.

Now, let us consider the effect of particles in the
austenite on the structure of transformed martensite. If we consider
the martensitic transformation as a special kind of plastic deforma-
tion, which is quite reasonable due to the work;hardened structure of
the ﬁartenéife, then this problem becomes very similar to the case of
studjiné work—hordening Behavior of dispersion-hardened cfystal,vekcept
.thé 1étfer does not involvehé'chéoge in cfysfol stfuctofe. ‘Lewis.and
hartin“géshowed that for a given stfain; the deoreaéevin interparfiéle
sPacing:reéulted in an iﬁcréased dislocation dénéify'for intéfnally oxi-
dized Cu. Later, Ashbyaéipresented a thoofyvof woikvhafdening'in disoersion—
hardened single crystals, where he attributed the source of work hardenihg
to the generation of secondary dislocations around each dispersed particle
during étraining (provided thévpértioles do not deform plaétically), and
the impediment of primary glide disiocatiOns by these secondary forest
accounted for the increment of apolied streso'above'thé'yieid stress.

Recent work ofi electron microscopy of the effect of disperSed phases on

dislocation distribution in plastically défOrmedocoppervsingle crystals -

by Humphréys and Maftingi?has shown that‘at'stage I, dislocations

Y

cross-slip at the particles whereas at stagé.II a more homogépeous
distribotion of dislocation substructures developed by the presence

of particles. For the oase of martensitic transformation,>a simplified
schematic_model in fig. 38 ﬁay help to: illustrate the rolegof particles.
_Suppose we ﬁake the particle out and hence leave a spherical hole in the

austenite'matrix.‘ Then upon martensite trangférmation, the spherical
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hole will be deformed inté a shape éonforming to the matrix (in this
model, an éllipsgid shape), héwever two situatioﬁs could happen to the
pérticlé:(i)>if the parficle deforms in the same way (shape) as the
matrix,ithen'éfter putting the.particle back in the hole of the
matrix;‘ohly elqstic sﬁrains due to coherency énd volume change of
the matriqes would probably exisé. 2) if thevﬁérticle does not deform,
or isrmofé~figig‘than the matrix, then on putting itvback into the hole,
rearraﬁgement ofAthebmaéé at the particle—matrix interface must 6ccur,
i.é;, pléstic deformation'by the genération of dislocations and other °
kinds of defects. Of course, the above déscription is over—simplified;
because martensitic transformation is not just a’simple homogeﬁeous
shear, but a complex deformation of ;he austenite involving lattice
invariant deformation and diiation. Nevertheless, general features of
the particle effect could be realized.

In summary, if the particles do not deform with the matrix during'.
martensite transformation, a highér defect density martensite strﬁcture
could be obtained than that of ordinary transformed’mértensite. The

_higher density of defects, such as dislocations, etc. are thought to be

generated at the particle-ﬁ%trix interface, multipliéd'by,cross—slippipg

at the particles and by. prismatic punching. It is also possible that
dislocations in the martensite are heavily jogged during phase transformation
by the presence of particles. 

D. Strain-Induced Martensite:

From fig. 10, we see that the tensile behavior: of austenite in type I
‘and type II alloys are quite different, namely, (1) a higher work hardening

rate for type II alloy and this tendency is enhanced by the presence of
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second phasevparticles. (2) serrations on the type I alloy temsile curves.
These phenomena could be explained on the basis oftthe stabiiity of the
-austenite phase in both types'of alloy as follows. When def§rmation is
performed on the spécimén; the austenite wili‘uéﬁally\be deformed by

slip as normal f.c.c. metals do. But when deformétion is done below Md
temperature,. martensite phase will tend to form during deformation énce

the applied stress level is high énough to trigger its trénsformation. <
Thus a competition between the‘teﬁdency fér the austenite to élip and
-transform to martensite occurs during straining, and wﬁatevef mode predomi-
nates will control the stfaining‘process. ‘Fof‘type I alloy, because of

the presgncé of high density of dislocation substrﬁéture énd‘fine precipi-
tatgs by ausforming, it is expected that both mechaﬁical stabilizatiOn
(restraining force on the formation and growth of martensite) and chemical
stabilization (depletion of solute>e1emehts-from matfii by precipitation)
occurréd, which fender thé austenite to be more stable and hence the for-
mationvéf mérténsite'is'ﬁade mére:difficult.‘ Upon stf;ining, the aﬁstenite
would défdrm By slip and then ﬁork—harden,'dﬁtil theviﬁternal sttéés built
up was sufficient to induce the formation of ﬁartensite. After~that, slip
occurs again until another group of martensite crystals with higher energy
of formation formed, this ﬁfbcess would repeat itseif up to the point of
necking qf this material. Because the tensile éurves actually consist of
slip defOrmatiqn of the austenite and the intermittent formation of marten-
site, the latter is thought to Se.resppnsible for the serratioms on the
stress-strain curves. The stability of austenite in type II alloy is con-

siderably lower-than that of type I, as evidenced by the automatic trans-

formation to martensite on thinning the specimen, so that the formation of
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martensite is the easy mode of deformation and the smoothness of the

tensile curves is the result of continuous formation: of martensite upon

straining. -Also, the higher work hardening rate in this type of alloy

could be eXplatned by this effect.

Ac for the effects of precipitate particles oh the tensile behavior
or the formation of strain induced.martensite, it ie seen that the work
hardening rates are iﬁcreaseo in both tyoes of alloy, although the
total elongation is reduced; The oarticles serve to increase the dislo--
cation density in austenite ahd enhance the formation rate of martensite

in the way -described in earlier sections which could account for the

‘observed higher work hardening rates.

E. Mixed Phase of Martensite and Austenite

It has been shown by Mangonon and Thomasﬂ§"that the yield strengths
of 304 stainless steelbareblmnearly‘proportional to the volume fraction
of'd irrespective of the treatment used to form’d,.i.e,, either.stressh_
nucleated or by thermal aging;' Furthermore; the atrength of the ‘above
system was better described as a special kind of composite sttengthening

due to the fact that the hard marten51te crystals were too 1arge in size-

(and large interparticle‘SPacing).to be accounted for by a dispersion
hardening mechanism, |

-Ihvthe present case;'afterrannealing the austenite to a certain
extent, precipitation and the partial formation of martensite occurred
31mu1taneously; and the whole system is actually composed of three phases,
However, prec1p1tat10n took place on a- scale much flner than that of o

martensite (as seen in mlcrographs) . The latter is not likely to effect
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the movemént of dislocatioﬁs as compared to the fine precipitéteé-duriﬁg
deformation, so that it is inﬁeresting-to see the strengthening of both
austenite and martensite on the overall behavior ofvthe "composite." The
data of type II alloy are replotted in fig. 39. It is seen that thé
"simple law of mixture" is still obeyed and the lines are displaced to
high stréngth levels depending on what extent the austenite and martensite

are strengthened.

F. Correlation of Structure and Mechanical Properties
(1) Type I alloy:

The flow stress of the as-ausformed austenite could be accounted

for primarilyvby the large amount of dislocations introduéed by ausforming.

After LN cooling, the strength of ausformed martensite is aiso controlled
by the high dénsity of dislecations as discussed by Thomas:et al;l' How-
ever, as seen clearly in fig. 5(b) and fig. 7, the difference in floﬁ
stress values of the martensite and ausfenite as a function of.annealing
time increases, which‘may imply that although thefStrength of austenite
is decreased by annealing (the effect of recover? bverridiﬁg that of
precipitation hardening), the'corfesponding strength of m§rtensite is

1ncreased The 1ncre381ng in flow stress of marten51te could not be:

attributed to the precipitation hardening,'since the material is already

-in a wbrk hardened state after martensitic transformation. Rather, ;

the precipitates are functioning indirectly on increasing the dislocation .

density during pbase transformatlon in the ways described earlier and,
accordlngly, the strength of martensite is actually controlled by the

dislocation density per se. In fig. 5(d), we see that the ductility of
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the marfensite as meésured by elongation does not deérease, althougb the
strength‘is'increased. This is thought to be fhe result of‘finer1
martensite grain size and a more homogeneous distribﬁtion of "dislocation
substructu:es by the presence of particles. In addition to the above
reasons, a decrease in'tetragonality‘of the martensite due to carbide
precipitation may also play a role.in incfeaSing the ductility.

(2) Type 11 Alloy:

Thé flow stress of the unannealed austenite is typical of the
intrinsic strength of fcc alloys with the comBination of'solid solution
hardening, grain size and moderate dislocation dénsity. The martensite

structure transformed by LN ¢ooling also shows a typical dislocated

maftensite structure as in low-carbon maraging steels24 énd.the flow
stfeﬁgfh éan be éxplained séiely by the dislocation déﬁsity bresent
from mafténsitic transformatién} On annealing (for‘exampie, 500°c/ 1
houf),vthe fléw stress of austénite increaseé and the cérrésponding
microéfrﬁétﬁre as in fig. 22 sﬁoWs the precipitation of very fine
pérticles (~.8OR), with iﬁterpartiéle spacipgvof 156 ~ 250&. Simple
calculation by Orowan criterion shows the predicﬁed strength with

this interparticle spacing is much higher thah.that actually measured,
so that it is poséible that the cutting or shearing mechanism is oper-

ating. The latter assumption may be supported by the fact that the flow

stress is of the order of the stress calculated for shearing, i.e.

r P . s . - . . A
s = 11%33 where d is interparticle spacing, r is particle radius, -y

is surface energy (approximately the same as antiphase boundary energy

in this system, - 150-200.erg/cm2). " After martensitic transformation,

however, the increase in flow stress of the martensite does not have
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the same rate as that of the parent austenite, but shows an increased
slope [fig. 9(a) and (bj]. This means that other strengthening effects
may be operating aside from the intrinsic strength of martensitg and
dispersion hardening (assume to be the same as in austenite);vwhich may
ihclUde the increased dislocation density, coherency strain, etc.

. (3) Strain Induced Martensite:

Tﬁe excellent dﬁctility combined with high strengtﬁ of TRIP
steels was thought to be due to.the delaying of ﬁeéking of the material
by introduciﬁg barriers stfongervthaﬁ dislocétion tangles —- martensite,
during:strainihg.&é The precipitates tend fo inqrease-the extent of work
hardening attainablevby tﬁe fdrmation of strain induced martensite.
_ Hence it is suggested that ifvthe precipitation process could take place
dynamicéliy'during straining and at the same timé.induce the formation
of martensite (the lattér'could be achieved by adjusting Md temberaturé),
an alléy_with gdod éreep;fesistance may prove tovbe.useful.

Since deformation twinning has been observéd in the as-ausformed
austenite.in this stuay, it is suspected that the observed neédle—
like morphology of the strain-induced martensite (fig. 32) ﬁight have
some cofrelation with it;‘for e#ample,.the in-situ formation of martensitg
on the deformation twiﬁs iﬁ.aﬁétenite, althoﬁgh‘no direct evidence has
been féuﬂd yet.

Fractographs of thé‘ausformed austenite shows a large extent
of necking around dimples, which may indicéﬁe thé délaying'of

necking during microvoid coalescence and thus has higher ductility.
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V. SUMMARY

@) Typé I Alloy:
» Up&n.anﬁeaiing the deformed auétenite; the following events occur:
¢ Msltempératﬁre.of the Specimens is raised. A kinetic study of
this phen&menoh_shows an aétivation éﬁergy of ~ 60vKéal/mole, which
indicateé7the‘raise‘in.Ms temperature. is associated wiﬁh tﬁe.précipitation
process involving substitutidﬁéi solute eléments‘(in this case, Mo). |
. (2) Values of‘fiow stresé decrease gradually; the microstructure
shows the presence of fine precipitates aﬁd the development of dislocation
celi structures. The latter is presumably the result of reco&ery. |
‘(3) Higher work hardening rate is’ekhibited on the serfated stress—
strain curve probably due to the precipitation of carbides. . “ruv
f:=&'0n.trans£orminé the anfiéaled austenite to martensite:
(1) The flow stress .of the martensite incfeases'graduallyzwith.no
abpreciabie dec?ease in ductility; this is explained by the increaée in

dislocation density by the.preéence of precipitates, the finer martensitic

- grain size and fragmentation of martensite crystals.

(2) The precipitates, identified as Mo,C, arrange themselves in a

2

Widmanstatten pattern and have a definite orientation relationship with

thé'b.c;c. matrix: (hll)a b’ (0001)Mo c

2
(101) /e (1101)M0 c

. 2
[1i11a// [15101MOZC

This relationship could be accounted for‘by the way the precipitates oCcur.
in thé matrix austenite. o |

(3) The.presence of precipitates causes the.martensitié boundaries
to be irreguiar and iess defined. |

A comparison of fractured surfaces of tensile broken austenitic
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specimen (strain-induced martensite) and LN cooled martensitic specimen

shows a deeper necking of the dimples exhibited in the former case, which

(1I) Type II Alloy: reflectsféuhighefvductiliﬁy;f

Auééged State
(1) The flow stress of the specimens in the early aging period
could be accounted for by the sheariﬂg ofvsmali fiﬁe coherent precipitates
during deformation. | |
(2) The lowering of‘Ms temperature could bevdue.to excess energy
fquired tovdeform.the bfecipitates. | | |
(3) The precipitates grow by diffusion controlled coarsening in
éccordanCe with the Lifshité—Wagner equatién.
(4) Theré aré no serrations on the stress—strain‘curvé by the
formation of martensite on sttaining.
Auséged and Tranéformed State
v'(l) As in the.case.of Type I alloy, the microstfﬁcture'of specimens
transformed from diSpersion—hardened austenitevconsiéts.of distorted,
fragmented martensite crystals and fine precipitafés. |
(2) Whether the precipitates deform with ﬁhe matrix or not during
martensgitic transformati§n the strength of resulting martensite always

incPeages. although greater strengthening effect would be achieved for

[y

the non-deformable precipitates.

(3) Discontinuous or cellular precipitation takes place at longer
aging time which probably is the cause of_brittleness in tensile tested
specimens. >Fractographic studies show mixed mode of in;ergranular |

and transgranular fracture.

(4) The flow stress of mixed phases of martensite and austenite

N
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shows a linear increase with the volume fraction of martensite phase,
despite the fact that the strength levels are raised by the substructural

strengthening of both phases,
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VI. CONCLUSIONS

1. It is shown that although sbftening of the'ausformed'austenite'
occurs on anhealing; the'COrresponding.strengfh of the'tfansformed martén—
site shows.an increase., This is explained on thé'baSis 6f increased
dislocation.denSity due fo.fhe"presence of precipitafes on annealing.
Hence; the enhancement of substrucfure streﬁgtheﬁing of martensite is
made péssible by pre-dispersion hardening the auétenite;'

2.» It is éuggested that the.conventiénal ausforming process
could possibly be modified by less deformation of the austenite. to
enhance the kinetics of»precipitation, followed by proper annealing
treatment fouget opfimum‘particle size and spaéiﬁg'for obtaining
maximum dislocation density upon quenching to martensite.

3. The good ductility of thé ausformed ﬁartensite could bé.
explainedvby the homégeneous diétribution of dislocation refined
maftenéite gfain size and the decréased'tetrégonality of:ﬁértensite
lattice.

4; The decrease in Ms temperaturé of the austenite coptaining
fine coherent precipitates could be accounted_for by the extra driving
force needed to deforﬁ thé precipitates.

5.° Whethervthe'precipigateé deform with the matrix or not during'
maftensitié trénsfofmation, there élways exists a strghgthening
effect on the final product. ﬁowever, greatef'effect is exhibited
for the non-deformable precipitates.

6. The precipitates will not only strengthen the martensite sub-
structurally, but also refine the grain size. and/or cause their irregu-

lar interfaces.
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7. The presence of particles ¢auses a higher work hardening

during the strain induced martensitic ‘transformation.

8. Higher stability austenite exhibits serrated stress-strain

curves vwhereas a smooth curve is shown for the low stability austenite.

This is éétbunted'for by how difficult the martensite can be nucleated.
9. @The mixed phase structure could be described as a "composite,"
althqughfthe streﬁgth levels are raised by streﬁgthening both austenite

and martensite.



Interplanar Spacings of the Precipitates: 7ffom Alloy 1

Thin Foil o Martensite _ B-Mozcb‘ 
D(A) a(d) d(&) -
. 4,724
2.6 (P)* - 2.600
2.36 (P) 2,362
2.28 (P) 2,278
2,027 2,027 2,278
1.71 (P) 1.748
L 1.575
1.49 (P) . | 1.501
143, 1.43 (B)  1.433 1.431
o | | 1.374
1.31 11.300
1.27 f 1.267
1.25 1.253
1.17, 1.18 (P) 1.170 - 1.181
o 1.139
1.08 (P) _ 1.087 _
o 1.013 1.075
. | £ 1.003
0.97" (P) 0.906 '

* (P):ﬁeans precipitate

e

TABLE 1I

- 0.983

hk.ge.

00.1
01.0
00.2
01.1
01.1
01.2
00.3
11.0
11.1
01.3
02.0
11.2

02.1

00.4
02.2
11.3
01.4

02.3

12.0




;u5_

ACKNOWLEDGEMENTS
The‘author_is deeply grateful to Professor Gareth Thomas for his
‘guidance, encouragement‘and support during the reéearch. He is aléo
indebted to Profeésor E. R. Parker and Dr; P. Ra,Qkamoto fqr'helpful
discussions. Thanks are also due to.Mrs; Carol Zum Brunﬁen for her
efforts and patience in_typing the manuscriptf
This wbrk was . supported by the United Stateé'Atomic EnergyVCommission

through the inorganic Materials Research Division of the Lawrence Radiation

Labofatofyé



-6
REFERENCES

1. G. Thomas, D. Schmatz and W. Gerberich, '"High Strength Materials,"
John Wiley and Sons, New York, p. 284 (1965).
2. 0. Johari and G. Thomas, ASM Trans. Quart., 58, 563 (1965).

3. L. Raymond and W. Reuter, Acta Met., 12, 948 (1964).

4, T. Araki, S. Watanabe and H. Miyaji, Proceedings of the International

Conference'on the Strengtﬁ of Metals and Alloys, p. 111 (1967).
5. E. B. Kula and C. F. Hickey, ATME Trams. 230, 1707 (1964).
6. E. B. Kula and J. M. Dhosi, ASM Trans. 52, 321 (1960).
7. 1. Tamura, Trams. ISLJ, Vol. 6, 249 (1966).
8. A. J. McEvily, R. H. Bush, F. W. Schaller and D. J. Schmatz,
ASM Trans.;'éé) 753 (1963). |
9. V; F. Zéckay and W: M: Justusson; "High Strength Stéels;"

épecial report 76, Iron and Steel Institute, p. 14 (1962).

10. R. Phillips and W. E. Duckworth, "High Strength Materials," John and

Wiley, New York, p. 307 (1965).
11. P. K. Pitler and G. S. Ansell, ASM Trans. 57, 220 (1964).
12. V. F. Zackay, E. R. Parker, D. Fahr and R. Busch, ASM Trans. 252,
| 60 (1967).
13. V. F. Zackay. and E.'R..Parkér, Sci. American,-gEQQ 36 (1968).
14. K. W. Andrews, JISI; 721 (1965).
15. P. L.;Mangonon; Jr: and C: Thomas, UCRL-18869 éxﬁlﬁfésgy .
vAIME Trans.:.
16; A. J. Goldmaﬁ; W; D. Robertson and D. A. Koss, AIME Trans. ggg,

240 (1964).




17.

18.

19.

20.

21.
22.
23.
24,

25.

26.

27.

28.

29.

30.

31.
32.
33.
34,
35.

36,

=M

R;’L. Miller; ASM Trans. 573 892 (1964).

H. R. Erérd,."Advances'in X;ray Analysis;“ Plenum Press, New York,

p. 256 (1963). |

B;‘D; Cﬁllity; "El;ments of X-ray Diffractién,f Addisoﬁ~Weéley,

Mass. (1956). | S

G. Thomas, I-Lin Cheng and J. R. Mihalisin, ASM Trans.Vol.. 625852, (1969).

D. J. Dyson, S. R. Keown, D. Raynor and J. A. Whiteman, Acta Met.

14, 867 (1966).

W. Pitsch and A. Schra&er; ARch; Eisehhitt‘ﬁés}lgg, 715 (1958).

K. M. Jack JISI; 169, 26 (1951).

I-lin éheng and G. Thémas, ASM Trans. 61, 14 (1968).

F. G. Berfy; A, T. Davenpof£ and R; W, K. Honeycoﬁbé;’"The Meéhanism
ofIPbasé Transformétipn in CrYstalline Solids," Proceedings of the
intérhational Sympoéiﬁm,'Monqgraph énd Repdrt Series No. 33, p. 283
(1969). I

J. H. Woodhead and A; G. Quarrell,‘JISI,,605 (1965).

R. D. Garwood and R. D. Jones, JISI, 204, 512 (1966).

'B. R. Clark and F. B. Pcikering, JISI, 70 (1967).

L. K. Singhal and J. W. Martin, Acta Met. 16, 967 (1968).
A. J. Ardell, Metallurgical Trans. 1, 525 (1970) .

P. L. Mangonon, Jr. and G. Thomas UCRL—18868'(submitted to AIME Trans.).

J. W. Christian, JISI Special Report 93 (London) & (1965).

P. Shewmon, '"Transformation in Metals," McGraw-Hill (1969).

R. W. Cahn; "Physical Metéllurgy" Morth-Holland Publ. Co. 925 (1965).
F. J. Humphreys and J. W. Martin, Phil. Mag. 14, 775 (1966).
D. Nobili, F. Mezzetti and E. Susi De Maria, J. of Matl. Sci. 3,

282 (1968).



37.

38.

39.
40,

41,

42,
" 43,

44,

45.
46,
47.

48.

- E. R, Parker and V.'F. Zackay, UCRL—18699,_January 1969.

‘;h8-

C..J. Ball, Phil. Mag. 7, 1011 (1957).
J. W. Christian, "The Mechanism of Phase Transformation in

Crystalline Solids," Proceedings of the International Symposium R

Monograph and Report Series No. 33, 129 (1969).
A; S;-Sastri and D. R; F. West; JISI; 138 (19655. .‘ |

E} Hornbogen and W; Meyer,‘ACta Met. 25) 554 (1967). - -

K; A. Malyshev and M. M; Vasilevskaya, Physicé.and Metals Metalldg—
raphy, 18, 150 (1965). k

J..Woodilla,vP. G. Winchell and M. Cohen, AIME Trans. gli, 849 (1959).
E. R. Morgan and T. Ko, Acta. Met. 1, 36 (1953); - E | |
C. Luefjering and é. Weissmann, AF., Wright-Patterson Air Force Base, '

Ohio, (Feb. 1969) AFML-TR-69-15.

M. H. Lewis and J. W. Martin, Acta Met. 11, 1207 (1963).

M. F. Ashby, Phil. Mag. 14, 1157 (1966).

F. J. Humphreys and J. W. Martin, Phil. Mag. 927 (1967).




Eig;

Fig.

'_'L;g_ i

FIGURE CAPTIONS
1. Ms teﬁperature vs. annealing time for Type I alloy..

2. X-ray diffraction profiles of the austenite after annealing.

- (Type I alloy).
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3. X-ray diffraction profiles of the LN cooled martensitic specimens.

(Type I alloy).
4, Volume fraction of martensite vs. annealing time for Type II alloys.
5. Mechanical properties-Vs.vannealing time for Type I alloys."

6. AGWHY(the difference between UTS and Us) vs. anneéliné time for
TypéﬂI alloyé; | |

7. AdMT (the difference befwéén the yield streséésAof austénite
énd corresponding‘marténsite) vs. annealing time for Type I alloys.
8. Mechanical proﬁertieS/vs. annealing tempefatUres for Type II
alloys;' |

9. Piot of tensile properties vs. anﬁealing time (a) and Ac values
vs. annéaling time (b) fof'Tyﬁe II alloys. |

10.. Stress-strain curves fof Type i and Type II alloys.

11. Optical micrographs of LN cooled Type I alloy (a) and annealed

at 600°C/7 hrs and LN cooled specimen (b).

12. Optical microgréphs of strain induced martensite in Type I alloys.

13. Electron micrographs show the unannealed (a) and (b) annealed
austenitic structufes (Type ).

14. Electron micrographs of LN cooled martensite structures (Type I). 
15. Bright field (a) and dark field images (b), (c) of 600°C/7 hrs .‘ 
anneaied and LN coOled'martenSitié strucﬁures'(Type I). b. .

16. Bright field (a) andgdark‘field_(b), (c)'images show the presence
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of very fine preclpitates in the annealed and LN cooled structures.
(Type 1). |

Flg. 17. Structure of the 600° C/44+l72 hrs annealed plus LN cooled
specimen, show1ng the 1rregular martensite boundaries and the
‘presence of Mozc carbideST(Type I).

Fig. 18. Fragmentation of martensite crpstals'by'the presence of pre—.
cipitates. (Type I, 600°C/42-1/2 hrs plus’LN cooled).

Fig. 19; lhe Widmanstatten arrangements. of Mozc carbides asba result of
annealing (600°C/42-1/2 hrs plus LN cooled).

Fig. 20 Analysis of the diffraction pattern of Fig. 19(b).

Fig. 21. Structure of 600°C/600 hrs plus LN cooled specimens show1ng
the growth of carbides into Spheroids (Type 1).

Fig. 22. Structure of the-500° C/1 hr annealed austenite showing the
presence of very fine preclpltates (Type II)

Fig. 23 Structure of the 500 C/3 hrs annealed specimen’ showing the
formation of martensite and the presence of superlattice reflection
(Type II).

Fig. 24. 500°C/3 hrs annealed specimens showing the N-W orientation

. relationship.

Fig. 25. 500°C/3 hrs annealed specimens showing the formatlon of n - N13T1
in cellular prec1pitat10n (TYpe 11).

- Fig. 26. Structures of LN quenched martensite (Type II)

Fig. 27. Structures of the 500°C/1 hr plus LN cooled martensite, showing
the distortion and fragmentation of martensite crystals (Type II}.

Fig. 28, A magnified'view of a martensite crystal in an austenitic matrix.

Fig., 29. Plot of radius of precipitates vs. (anmealing time)ll3 (Type II).
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30.’Stfu§tures’of strain-induced martensite (Type .

31, Structures of strain—induced martensite (Type i).

32. Structures of strain-induced martensite, showing the needle
shaped'morphology of martensite crystals (Type I). | |
33, Scanning electron miéfdgraphs of tehsile'bekéh sﬁecimeﬁs of
(a); (b) austenite and (c); (d) LN cooled Spécimené (Type I).
34,. Scanning electron micrbgraphs:of tensilé brdkeh specimen'of
austenitic Type II.élloys. |

35. Scanning electron micrographs of tensile broken specimens of

» 500°C/1 hr alloy showing the mixed mode of fracture, namely,

Fig.

Fig.

Fig.

Fig.

intergranular and tfansgranular (Type II);'_

36. Scanning electron micrograph of the LN éooled, unannealed -
Type II alloy.

37;_Scanning electron micrographs of the 500°C/3 hr and LN cooled
Type II alloy.

38. Schematic description of the martensitic transformation of a
dispersion—hardened’austenite.

39. Plot of yield strength vs. volume fraction of martensite of

Type II .alloy.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: '

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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